Enhanced thermoelectric figure of
merit of individual Si nanowires with
ultralow contact resistances

0. Abstract

Low-dimensional silicon-based materials have shown a great potential for thermoelectric
applications due to their enhanced figure of merit ZT and high technology compatibility.
However, their implementation in real devices remains highly challenging due to the
associated large contact resistances (thermal and electrical). Herein we demonstrate ultralow
contact resistance silicon nanowires epitaxially grown on scalable devices with enhanced ZT.
Temperature dependent figure of merit was fully determined for monolithically integrated
individual silicon nanowires achieving a maximum value of ZT = 0.2 at 620 K. Sidewise, this
work accounts for the first time nearly zero thermal and electrical contact resistances in
monolithically integrated bottom-up nanowires.

1. Introduction

The thermoelectric effect (TE) allows converting heat into electricity and vice versa with a
typical efficiency of 5-10%. The easy scalability, high stability and lack of mobile parts of
thermoelectric generators (TEGs) make them ideal candidates for applications where
unmanned, reliable operation is critical. Two paradigmatic examples are RTGs (Radioisotope
Thermoelectric Generators) in space missions — which convert heat from a nuclear source to
electricity — or thermal energy harvesting in industrial environments to power remote wireless
sensor nodes [1]. The efficiency of a thermoelectric material increases with its thermoelectric
figure of merit ZT=S’0T/k, where S is the Seebeck coefficient, o is the electrical conductivity, &
the thermal conductivity and T the absolute temperature. Nano structuration allows increasing
ZT by decreasing «, because of the increased phonon scattering at the boundaries of the
material [2]. In particular, highly doped silicon constitutes an excellent platform to exploit this
effect since despite having a high power factor S?g, it also has a high «; leading to a too low ZT
for its direct thermoelectric application (0.01 at 300 K) [3]. Moreover, there is a major interest
in using silicon due to its high natural abundance and compatibility with microelectronics
mainstream fabrication technologies [4]. Silicon nanowires (Si NWs) with diameters in the
order of 100 nm present a significantly reduced x and can be currently obtained with
controlled morphology, crystallinity and doping [5,6].

With the improved thermoelectric performance of Si NWs, the importance lays on designing
and assembling functional devices able to host dense arrays. However, it is not easy to
implement NWs in structures able to use their thermoelectric properties, as their limited
length — constrained to the 10-100 um range due to inherent characteristics of the fabrication
processes — makes them highly susceptible to the adverse effects of electrical and thermal
contact resistances [6]. While approaches based on horizontal, top-down definition of Si NWs
can overcome contact issues, they only allow the growth of nanowires in layer by layer
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process, with the scaling-up limited by the number of lithography steps [7-9]. Moreover, these
methods often require embedding, which contributes to increasing the effective x. Top-down
definition of vertical nanowire arrays by wet or dry etching allows to extend the growth in the
off-plane direction to typically tenths of um, but needs additional steps for the formation of
top contacts and embedding, with the corresponding deleterious effects for o/x [10-12]. The
bottom-up approach employed by Fonseca and co. [13—-15] tackles contact, embedding and
scalability issues, allowing growth and integration of dense arrays of suspended NWs in
arbitrarily deep micro-trenches of thermoelectric devices in a single CVD step. Moreover, these
devices are able to naturally set up a temperature difference across the NWs when placed on
top of hot surfaces exposed to air, generating useful power from waste heat [16,17], while
results often reported in literature for micro-TEG devices usually force a temperature
difference with a heater, making difficult to ascertain an enhanced thermal performance
[10,11,15,18].

While there has been a fast development and reporting of novel low-dimensional TE materials,
most works do not concern on their integration or in predicting their behaviour in scaled-up,
efficient devices [19]. Typically, thermoelectric characterization of Si-based nanostructures
deals with nanomaterials obtained by means that, so far, have not demonstrated an efficient
micro-device integration scheme, easily up-scalable and free from contact/parallel resistances
[18,20,21]. Apart from this non-representative thermoelectric characterization approach,
another issue often arises when determining ZT from different samples, i.e. by combining
interrelated properties such as o and x measured in different nanowires, which may have
different doping levels or effective cross sections [22,23]. Likely, this methodology contributes
to the large scattering in x and ZT values reported so far, for which there is still not an agreed
explanation and which have been referred as controversial [24].

In this work, we report the complete thermoelectric characterization (ZT) of p-type Si NWs
epitaxially grown by a CVD bottom-up approach on silicon, which enables their direct
integration and usage in functional micro-TEG devices [14,16,17,25]. Electrical (o) and thermal
(x) conductivities were measured in the very same single nanowire by using the DC self-
heating method [26,27]. The less sensitive Seebeck measurement was performed in equivalent
nanowires arrays integrated in dedicated microdevices — faithfully representing their averaged
behaviour in the final working TEG. The method employed for evaluating ZT intrinsically
allowed the quantification of the electrical and thermal contact resistances while avoided
misleading results due to contact or cross-section artefacts. Thus, the methodology presented
herein will enable the ultimate goal of accurately optimizing the silicon-based thermoelectric
materials for UTEG devices applied to heat recovery, self-powered sensors, etc. [28-30].

2. Experimental

Boron (B) doped bottom-up Si NWs were grown by means of the Vapour Liquid Solid (VLS)
mechanism within a Chemical Vapour Deposition (CVD) reactor. The NWs were grown by a
CVD-VLS approach as in the works of [15,31] and optimized for their integration in
thermoelectric devices, described in detail in [32,33].



Gold nanoparticles (Au NPs) were employed as a catalyst for VLS - NW growth and were
deposited in two fashions: i) galvanic displacement [34,35], which leaded to a highly dense NP
patterns within micro-trenches of Seebeck characterization devices and ii) electrostatic colloid
deposition [36], which leaded to lower densities and a high control of the diameter of the
deposited Au NPs and was employed for the single NW o and x characterization devices. The
steps, conditions and compositions of the organic and aqueous phases for the galvanic
displacement were the same as those employed in [32], except that a micro-emulsion
parameter of R = 10 and a dipping time of t4, = 10 min were employed in order to achieve a
homogeneous deposition within trenches [33]. For the electrostatic colloid deposition, the
approach of [33,36] was employed, using a commercial suspension of citrate stabilized 80 nm
Au colloids from Sigma Aldrich and poly-I-lysine 0.1% to promote adhesion. The use of a 5%
hydrofluoric acid and sonication of the suspension prior to the electrostatic deposition was
found to be necessary for preventing agglomeration of colloids.

The boron-doped, bottom-up, <111>-aligned Si NWs were grown in a CVD reactor First Nano
EasyTube 3000. The following CVD conditions were employed, optimized for thermoelectric
application and device integration of Si NWSs: growth temperature of 900 K, growth pressure of
2.5 Torr, growth time of 75 min, hydrogen (H,) flow of 1000 sccm, silane (SiH4) flow of 150
sccm (10% in Hy), diborane (B,Hg) flow of 50 sccm (1500 ppm in H,) and hydrochloric acid (HCI)
flow of 30 sccm (99.95% pure). A 5% hydrofluoric acid etch immediately before growth (max. 3
min between etch and loading) was found to be crucial for obtaining aligned NWs [32].

Two types of characterization platforms were employed: Seebeck (S) devices (intended for
measuring S in dense NW arrays, Fig. 1A-B) and single NW devices (for measuring o and x of
individual NWs, Fig. 1C-F). The micro-devices were fabricated in cleanroom facilities by means
of series of photolithography, metal evaporation and wet and dry etching microfabrication
steps [17]. Fabrication and architecture are described in detail in Supplementary Info sections
2 and 3. The electrically active Si layers of these devices were p-type, highly doped with boron
(ensuring a good contact with the boron-doped grown Si NWs) and featured tungsten metal
contacts on top (allowing measuring safely without dewetting / eutectic melting issuers at
temperatures as high as 900 K).

Thermoelectric characterization was carried by performing electrical measurements of open
circuit voltage (Vyc) and resistance (R) of micro-devices containing single NWs or NW arrays,
from room temperature to 620 K. Details of the approach and the set-up are given in
Supplementary Information sections 2 (Seebeck coefficient S) and 3 (o and x). Electrical
measurements were performed using Keihtley 2300 source-meter. For the Seebeck
measurements the devices were loaded within a Linkam HFS720 PB4 gas-tight heating stage in
air with the lid closed. For o and x measurements the devices were loaded into a custom,
heated probe stage in vacuum (10 - 10” mbar).

3. Results

3.1 Si NW growth and microstructural characterization



Dense arrays of boron doped Si NWs and single suspended NWs were grown and integrated
within Si micro-trenches by means of a bottom-up approach (CVD-VLS) in the conditions
described in previous works [32] and [33], as shown in Fig. 1. These settings were optimized
for achieving a high ZT and enabling scalable integration in Si-based thermoelectric generators
[16,17,33].
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Fig. 1. Boron-doped Si NWs grown and integrated in micro-devices by means of bottom-up VLS approach.
a, b) Seebeck characterization device, with dense arrays integrated in micro-trenches. c-e) oand «
characterization device with a single suspended NW. The arrows in a) and d) indicate the <111>
directions of the Si device layer. e) Tilted SEM image of a single NW suspended within a trench of a
characterization device. The inset shows a higher magnification image used for the determination of the
diameter (indicated with red dashed lines). f) Full-length SEM composed image of a single NW.

NWs grew epitaxially following the <111> directions of the Si of the trenches, allowing the
integration of large number of NWs in parallel, with a density of 1-5 NWs/um? (Fig. 1A-B), or
single nanowires between test devices (Fig. 1C-E). Thermodynamically favourable <111>
growth direction for NWs was confirmed in a former study by TEM diffraction [32,37]. In the
present work, SEM images obtained from top confirmed the epitaxial nature of the growth,
showing NWs aligned with the <111> directions of the device layer (Fig. 1B, Fig. 1D). The
process time was long enough to make the nanowires connect at the opposite wall of the
trenches while keeping the crystal continuity with the Si of the device (i.e. monolithically),
which ensures low electrical and thermal contact resistances [15,38]. The formation of
monolithic contacts is confirmed by the angle of 70.1 ° between the direction of the NW and
that of the secondary segment observed Fig. 1D, which corresponds to the angle between two
different directions of the {111} family (e.g. 111 and -111) [38].




NWs present a core of 70-130 nm surrounded with 5-30 nm thick shell, with distinct
morphology at the base and at the tip (FigSup. 1 and FigSup. 2). The core presents a small
tapering of 2 nm/um which allows for growth of NWs larger than 10 pm suitable for device
integration. The structures surrounding the core are likely to be grown by direct vapour-solid
growth, stemming from gold that migrated from the catalyst tip to the sidewalls. Some extent
of gold migration is expected at the conditions employed in the in the present work, i.e. a
relatively high temperature, low SiH, partial pressure and high boron concentration, for VLS
standards using Au + SiH,; [39]. This mechanism would explain the gradual evolution of the
shell shape along the length of the NWs. More details about the growth and the morphology
of the NWs can be found in Supplementary Information section 1.

3.2 Thermoelectric characterization

3.2.1 Seebeck coefficient

Dense arrays of <111> Si NWs were integrated in micro-trenches of devices designed for
measuring their Seebeck coefficient (Fig. 1A-B). These devices allow forcing and measuring a
AT along the NWs by means of a micro-heater placed on top of a suspended platform, while
measuring the generated open circuit voltage (Voc). The Voc vs. T curves presented clearly
linear trends, which allowed to extract the Seebeck coefficient (S = AV/AT) as the slope of the
corresponding linear fitting FigSup. 5. Additional details of the device, setup and approach are
given in Supplementary Information section 2.

Fig. 2 shows the obtained Seebeck coefficient S as a function of temperature, compared to
results from other works for B doped bulk Si [3,40-42] and for B doped Si NWs [42].
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Fig. 2. Seebeck coefficient S vs. temperature T measured in this work for bottom-up integrated, B doped
Si NWs (connected black dots) and from references for B doped bulk Si (dashed lines [3,40-42]) and for




B doped Si NWs (dashed-dot lines [42]). The labels indicate the first author and the doping level in that
work, in units of 10° B atoms/cm3.

S increases from 200 to 345uV/K as T increases from 300 to 673 K. This steepness in T is not
observed in highly doped bulk Si (10%-10° cm™) [3,40-42]. However, this trend is in
agreement with the results obtained by Sadhu et al. for top-down Si NWs with high B doping.
Thus, in the present NWs, the increasing trend is also associated to the diffusive term of the
Seebeck coefficient, with the phonon drag one suppressed due to due to a drastic scattering of
longest-wavelength, electron-interacting phonons at the boundaries [42].

Observing the tendency at low T — between the values of [42] for NWs with a doping of 2 and
5:10" cm™- and the stabilization at 623 K — between the bulk values of [42] for 3-10"° cm™ and
of [40] for 8.1-:10™ cm™ — an approximated doping level of 2-5 -10* cm? is estimated for the
bottom-up, B doped Si NWs obtained in this work.

3.2.2 Electrical and thermal measurements

Bottom-up, B-doped, <111>-aligned Si NWs were grown and integrated in single suspended
NW devices (Fig. 1C-F). The direct current (DC) self-heating method was used to measure each
one of the nanowires [26]. Three NWs with a length close to the micro-trenches gap (i.e. 15
um) were measured in vacuum at different temperatures within the range 300-620 K. This
procedure allows to simultaneously measure the electrical and thermal conductivity of a NW,
preventing potential errors due to differences between samples or evolution with time. More
details of the measurement and the employed devices are given in the Supplementary
Information section 3.

The x values at 300 K are plotted in Fig. 3A with respect the NW diameter, together with
analogous reference results for smooth NWs — grown by isotropic etching or VLS [5,27,43] —
and for rough NWs — grown by wet etching [44]. Fig. 3B shows which doping level can be
inferred when comparing the average values of o and the temperature coefficient of the
electrical resistance (TCR) at 300 K obtained herein with reference data.
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Fig. 3. a) thermal conductivity x of the measured NWs (black squares) with respect to diameter d, along
with reference data (experimental values for smooth NWs: [5,27,44], simulation for smooth NWs [45]
and experimental values for rough NWs [44]). b) reference data for o [46] and TCR [47,48] vs. doping




level in boron-doped bulk Si. The shaded areas indicate the average values measured in the present
work.

The room temperature average o value (~ 270 S/cm) corresponds to a boron doped Si bulk
with a doping level of 2-3 - 10" cm?, as inferred by comparing with experimental data from
[46] (Fig. 3B). The TCR obtained at room temperature (~ 930 ppm/K) is in agreement with the
model of [47,48] for Boron doped <111> bulk Si with an impurity concentration of 2-3 - 10*°
cm™. These results confirm the doping level of 2-5 - 10™ estimated with the S measurements,
and suggest that o is not significantly affected by a potential increase of electron scattering or
carrier depletion at the surface in the present, highly doped rough NWs [6].

Regarding x, an average value of 18.3 + 4.6 W/m K measured at room temperature was
obtained for the NWs measured in this work, with diameters ranging 90-100 nm. This value is
three to four times lower than in highly doped bulk [3] and is mainly attributed to increased
phonon scattering at NW boundaries [5]. Moreover, the NWs have a x below that expected
from a totally diffusive phonon boundary scattering in intrinsic silicon — indicated by the
smooth NW reference trend (red dots and line in Fig. 3A). Nevertheless, our values are
consistent with those previously reported for rough NWs [44]. Surface roughness arising from
the naturally appearing shell in the here fabricated NWs can be behind this behaviour (see
Supplementary Information section 1), as well as the increased phonon-ionized impurity
scattering expected from the high doping level [3]. As o is not so drastically affected as x —
due to the relatively short mean free path of electrons with respect to phonons — the present
wires possess a higher o/ xk and ZT (discussed in following sections), confirming the suitability
of the doped nanowires for thermoelectric applications.
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Fig. 4. Electrical conductivity (o, in (a)) and thermal conductivity (x; in (b) ) of different nanowires
with respect to temperature T, obtained by electrical measurements and the DC self-heating method.
The error bars arise from the errors in the linear fittings of AR/AP and AR-o/AT (Supplementary Info 3)
and the diameter estimation. References from other works reporting values for bulk (solid lines [3])
and nanostructures (dashed lines [43,49,50]) are included. The labels indicate the first author and the
doping level in that work, in units of 10 B atoms/cm3.

Fig. 4 shows o and x obtained for the measured NWs with respect to temperature of the
measurement T. Both 1/cand 1/k increase linearly with T, as inferred from the plots of their
respective resistances (see FigSup. 7). The linear increase of 1/o with T is consistent with
increasing phonon-electron scattering with increasing T in highly doped silicon, typical of




metals and highly doped semiconductors [51]. Analogously, the linear increase of 1/x could be
explained by increasing phonon-phonon Umklapp (anharmonic) scattering with increasing T, as
one would expect for intrinsic bulk Si [52]. However, since boundary and impurity phonon
scattering part are expected to dominate in this system — both increasing with increasing
phonon frequency —, it is more likely that this trend is associated to a higher effectivity of
these mechanisms at higher T, because of the higher population of high frequency modes
[53,54].

3.2.3 o/« ratio

The relation of/x is proportional to ZT and representative of the effectivity of
nanostructuration-derived enhancement of the thermoelectric efficiency. This ratio can be
calculated directly from the electrical and thermal resistances as o/kx = Ru/Ri-o and thus —
differently from o and x — it is not affected by possible errors regarding diameter
determination (Supplementary Info section 3).

Fig. 5 shows o/k vs. T of three NWs from 300 to 620 K, compared with other values obtained
from the literature for doped Si bulk [3,40] and doped Si nanostructures of different types
[20,21,43,50,55,56]. Only data from works in which it is ensured that o and x were obtained
for the same sample are included, for the sake of comparison.

b = THIS WORK NW1 2-5

Tang holey 5 = THIS WORK NW2 2-5
104 = THIS WORK NW3 2-5
g ] Kessler nang-bulk 40|
2 4 Zhang NW 2
(7)) i Morata nano-pulk 1-10
~ - =
= - -
~—~ -
o ,
Tang film 6.5
103 Ohishibulk 12
] - Stranz bulk 8.1
{Karg NW ~ 1 T
T I T T T T T

200 300 400 500 600 700
T (K)

Fig. 5. Electrical / Thermal conductivity ratio o/x vs. T for three representative NWs (solid lines with
error bar). References from other works reporting values for bulk (dashed lines [3,40]) and
nanostructures (dashed-dot lines [20,21,43,50,55,56]) are included. The labels indicate the first author
and the doping level in that work, in units of 10 B atoms/cma.

The o/k value for the here fabricated NWs is presented in Fig. 5. The values range from 1100
to 2000 S-K/W at 300 K. Along the 300-620 K, o/x values up to 2700 S-K/W were obtained,
with a moderate increase and saturation of the trend vs. T. The ¢/x values for the integrated
bottom-up Si NWs presented in this work are at least two times higher than any value
reported for highly doped bulk Si, despite having a lower doping level (2-5 - 10*° cm? as
estimated from S measurements, vs. 8-12:10"° cm™, from [3,40]). This increase of of k confirms
the positive effects of nanostructuration for the NWs obtained herein for thermoelectric
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application, i.e. increased phonon vs. electron scattering. These results are in a good position
when comparing with similarly doped Si bottom-up NWs [43] and Si thin [20,55], possibly
because of the low contact resistance and the high surface roughness of the present NWs,
compared to smoother structures [44]. While other works reported more complex Si
nanomaterials with higher doping and higher o/« (nano-bulk from [50,56] and nano-holes
from [20,57]), to our knowledge, the present one is the first to report on the characterization
of a nanomaterial which can be directly grown and integrated within MEMS using mature and
scalable techniques. Other structures with remarkable performance also obtained by MEMS-
compatible procedures, like holey membranes, lack from a straightforward fabrication
technique that allows to obtain them in suspended platforms [20], as is the case of the
bottom-up NW arrays obtained in the present and related works [14-17,25,33].

3.2.4 Figure of meritZT
Fig. 6 shows the thermoelectric figure of merit ZT of the B-doped, <111>, bottom-up
integrated Si NWs with respect to T, obtained with the data from Fig. 2 (S from an average of
dense arrays) and Fig. 5 (o/k from three representative NWs). References from other works
reporting the thermoelectric figure of merit of highly doped p-type Si and its nanostructures
are included for comparison.
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Fig. 6. Thermoelectric figure of merit ZT vs. T for three representative NWs (connected dots).
References from other works reporting ZT vs T values for bulk (solid line [3]) and nanostructures (dashed
lines [50,56]) are included. The labels indicate the first author and the doping level in that work, in units
of 10" B atoms/cm’.

All the NWs obtained in this work perform at least three times better than the highest doped
p-type bulk Si [3]. Moreover, the average behaviour of the NWs equals and surpasses that of
highly-doped nanostructure bulk of [50] and approaches that of [56] as T is increased. As
discussed in the previous section, the more complex systems of [20,57] (ZT of 0.3-04, not
included in Fig. 6) lack full scalability and co-integrability with MEMS devices.

The steep raise of ZT with T is expected to continue and is due to: i) the increasing S observed
in Fig. 2, attributed to the diffusive contribution of the Seebeck S,; ii) the stabilization of o/x




observed in Fig. 5, which is likely to maintain if both the electrical and the thermal resistances
keep their linear trends with T due to phonon-phonon and phonon-electron scattering; and iii)
the high bandgap and doping level of Si, which implies that the Seebeck coefficient will not be
negatively affected because the onset of the bipolar effect until higher T ~ 1000 K.

3.3 Contact resistances

The total resistance, electrical or thermal, of a single NW integrated in a device can be
expressed as the sum of a length-dependent term proportional to L, a resistivity (o = 1/0 or
1/k) and a length-independent contact term R.. The contact resistance R. is originated by
dissimilarities in the electrical/thermal properties between the NW and the contacting
structures and is inversely proportional to the cross section of the connection A, as intuitively
expected. Thus, the quality of interfaces is represented by the contact resistivity p., defined as
the constant given by p. = R.A, which is dependent on the two materials forming the
interphase [58].

In thermoelectric devices — and specially in nanostructure-based ones, which generally feature
a short length — the R, term is particularly detrimental as it contributes to significantly increase
the electrical resistance of the device (lowering effective o) and to lower the AT experimented
by the material (lowering generated voltage and thus effective S) [59,60].

A series of NWs with a wide range of lengths were grown and characterized in order to have
statistically relevant data for determining thermal and electrical contact resistivity, using the
transmission line method [61]. This allows to obtain p. as half the intercept of an R-A vs L plot,
where R is the resistance, A is the cross section and L is the length. More details are given in
the Supplementary Information section 4. Fig. 7 shows the product of electrical (R.-y) and
thermal (Ry,) resistance by A of the NWs with respect to L.
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Fig. 7. Electrical (R.-p) and thermal (R;,) resistances, multiplied by cross section A vs. length L for the Si
NWs, at 300 K. Corresponding linear fittings and confidence bands of 95% are included.

Both electrical and thermal trends in Fig. 7 are clearly linear with intercepts close to zero,
indicating a low effect of contact resistances. Measurements were performed from 300 to 380
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K, yielding the electrical contact resistivity p..; and the thermal contact resistivity p.:, with
respect to T (FigSup. 9).

3.3.1 Electrical contact resistance

The system presents virtually-zero electrical contact resistance, showing p.. of 0.05 + 0.02
nQ-cm?, practically constant with T (FigSup. 9). It is worth to remark that this resistivity is
much lower than that of Ti/Au contacts evaporated on top of Si NWs (500 pQ-cm?” [61]) or that
of planar Ni-silicides evaporated on Si with a boron doping level similar to the one estimated
for the present Si NWs (0.1-0.7 pQ-cm? for a concentration of 2-5 -10°cm? [62]). Pecel IS also
two orders of magnitude lower than the value firstly obtained by the same VLS
growth/integration approach, also with SiH/B,Hs/HCI grown nanowires (3-5 pQ-cm? [63]). This
is likeably because of: i) the increased doping level in the present work (2-5-10"° vs.~10" in the
former) and the location of the possible surface charges at the rough appendixes — away from
the core —, both contributing to avoid the formation of an important depletion region near the
tip-contact region, as referred in [63]; and ii) the immediate loading of the sample within the
CVD after the removal of native oxide of the trenches and the low base pressure employed,
both contributing to avoid the formation of a perforated thin oxide layer which — despite not
interfering with the crystalline quality of the connection — is surely decreasing the active area
of the electrical contact [64]. The ultra-low p ., value obtained herein allows for the NWs to be
effectively used in micro-thermoelectric generators.

3.3.2 Thermal contact resistance

Regarding the thermal contact resistivity p., it is also very close to zero, with a negative value
of -0.21 * 0.08 (K/mW)-cm? at room temperature (Fig. 7). Also, p.:, becomes more negative
with increasing T (see FigSup. 9). Of course, a negative p.; can only be an artefact arising from
limitations of the measurement method. A plausible explanation can be the existence of a
parallel heat transport mechanism that takes place only between relatively close (~¥ < 1 um) Si
surfaces. This could be the case for near field radiative heat transport, which is expected to
activate doped in Si at T = 300K at a distance of ~1 um. According to the work of Fu and Zhang
for instance, the radiative heat flow between two highly doped Si plates at 300 and 400 K
should increase swiftly at a distance of 3 um, multiplying by a factor 50-2000 as the distance is
reduced from 100 to 10 nm [65]. Thus, one would expect that in the present work the ~ 0.5 um
segments at NW edges are actually thermalized with the heat sinks. Therefore, thermal
resistances equivalent to similar NWs 1 um shorter are obtained. Indeed a shift of ~1 um to
the left of the Ry, curve in Fig. 7 would lead to the tendency expected for purely conductive
transport, with a virtually null contact resistance. Moreover, the p. trend with T — more
negative p.e with increasing T (see FigSup. 9) — is in agreement with this explanation, as
radiative transport — proportional to T,*- T;*— is expected to increase with overall T [26]. The
anomalous Ry, trend of the shortest wire with respect to T (not shown here) is likely to be
explained by the same effect: a dominant, negative contact resistance term that grows with
temperature and leads to the negative slope of Ry, vs T for this particularly short NW (1.7 um).
It is worth mentioning that this negative p.., effect is not universally appearing. For example,
in the work of Raja et al. [27], positive value of ~ 0.02 (K/mW)-cm? was reported, likely because
heat sinks of Ni were used, and thus a lower electromagnetic coupling was available for the
near field radiative heat transport.
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On the other hand, ignoring this effect and using x = L/RyA leads to an apparent increase of
with decreasing length, L, as appreciated in FigSup. 10. This explains why some x values in
FigSup. 10. are above the expected ones for the corresponding diameter (Fig. 3A). Thus,
together with the dopant and roughness effects discussed with Fig. 3A, NW length surely adds
some variability to the results obtained herein.

Due to the above discussed effect, the thermal contact resistivity of the bottom-up Si NWs
monolithically integrated in Si heat sinks cannot be calculated by this — and possibly by any
other — approach, in the range of interest for thermoelectric applications (T > 300 K).
Moreover, since apparently this effect is inherent for NWs contacted in this way and cannot be
avoided, these results can be regarded as a sort of length-dependent thermal conductivity as

some authors do for ballistic transport [65] (with x increasing — rather than decreasing —as L
20).

Nevertheless, it is worth to remark that, as seen in Fig. 7 and FigSup. 10., the NWs with
lengths > 7 um are clearly not affected by the contacts in a significant manner, implying that
they can be readily used in UTEG devices as consistent thermoelements, with a high thermal-
to-electrical resistance.

4. Conclusions

Boron doped <111> Si NWs with rough surface were grown and monolithically integrated in
micro-fabricated test devices by means of the bottom-up CVD-VLS growth. Reliable figures of
merit ZT of the NWs were obtained from thermal and electrical conductivities (o and «)
simultaneously measured in the very same single NWs. The resulting ZT values raised swiftly
from 0.015-0.02 at 300 K to 0.1-0.2 at 620 K, which represents a significant enhancement
compared to highly doped bulk. A reduction of the thermal conductivity (x) with respect to
bulk and to smoother NWs, with an increased o/« ratio, corroborated the beneficial effect of
nanostructuration. Finally, measurements of thermal and electrical resistances on a set of NWs
with different geometries revealed ultra-low electrical and thermal contact resistances (<0.05
nQ-cm? and <0.5 (K/mW)-cm?, respectively), which confirms for the first time that bottom-up
nanowires NWs can be fully integrated, thus being excellent candidates as a thermoelectric
material for uTEG devices.
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