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Abstract: It is presented a process for engineering suspended Si nanostructures in order to measure the thermal 
conductivity in Si thin films and nanowires based on standard photolithographic techniques. Unlike previous works where 
the nanostructure was typically grown ex situ, and then mechanically placed and contacted between the two micro-

heaters which introduce a contact thermal resistance that difficult an easy interpretation of the experimental results by 
increasing the uncertainty of the measured thermal conductance of the nanostructure; in this research, the nanostructure 
is defined from silicon-on-insulator wafers via FIB with the objective to minimize the thermal contact resistance between 

the nanostructure under test and the heat sources. It has been demonstrated by experimental measurements that this 
suspended device is well adapted for the measurement, control and analysis of the thermal conductivity of nanoscale Si 
thin films and nanowires. FIB micro-fabrication strategy could be used to obtain Si based nanostructures with very low 

thermal conductivity which is a desirable characteristic in thermoelectric applications for thermal energy harvesting and 
solid state refrigeration as well. 
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1. INTRODUCTION 

While two dimensional single crystal semiconduc-

tors are attracting much attention due to their promising 

electrical and thermal properties, one dimensional 

structure such as nanowires might possess even more 

desirable characteristics and further improve device 

performance. 

An extremely wide range of applications is 

conceivable for single crystalline semiconductor 

nanowires, including not only nano-size electronic 

devices, but also components for medical applications 

as well as nano-electromechanical components such 

as coils, arms, shafts and motors used in MEMS and 

NEMS systems [1, 2]. 

Thermal conductivity studies in semiconductor 

nanowires are of fundamental interest due to the 

appearance of unusual phonon transport phenomena 

caused by size confinement effects. The potential 

range of applications is also driven to significant 

research due to current microelectronic devices are 

quickly moving into the low-nanometer regime and the 

corresponding thermal design urgently needs 

experimental validation of the thermal behavior of the 

materials at the nanoscale. 
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Previously, other groups have developed specific 

micro-devices for thermal conductivity measurements 

in 1-D systems. The structure consists of two 

suspended micro-hot plates or coils which are 

connected by a nanowire. The heaters are isolated 

from the Si frame through very long SiNx beams [3]. In 

this type of structures, one of the coils is used as a 

heater to generate a small amount of heat and the 

other one is used as a thermometer to detect the heat 

transferred through the nanowire. The nanowire is 

typically grown ex situ by using Vapor-Liquid-Solid 

methods or similar, mechanically placed and then 

contacted between the two micro-heaters by depositing 

an amorphous carbon film. This procedure introduces a 

thermal contact resistance that difficult an easy 

interpretation of the experimental results. In nanowires, 

the heat transport through the wire is proportional to 

the square of the diameter, while the contact 

conductance is only linearly proportional to the 

diameter. Therefore, the contact thermal resistance 

may dominate the total thermal resistance which 

increases the uncertainty of the experimentally 

measured thermal conductance of the nanowire. 

Furthermore, the low thermal conductivity of 

amorphous carbon thin films might induce a non-

negligible temperature drop in contact regions with the 

nanowire, which could difficult even more a reliable 

estimation of the intrinsic thermal conductance of the 

nanowire. Some experimental results obtained in such 

systems report uncertainties at least of 15% because of 
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the thermal contact resistance, but it could be higher 

than that value [3, 4]. 

The aim of our work is to create a device based on 

suspended nanostructures to measure the thermal 

conductance in single-crystalline silicon nanowires. 

Unlike previous works the nanowire will be defined by 

nanofabrication techniques, starting from silicon-on-

insulator wafers, with the objective to minimize the 

thermal resistance. While this structure is more 

complicated to fabricate its realization will permit a 

better estimation of the thermal conductance along the 

nanowire [5].  

2. THERMAL MODELING AND MICROFABRICA-
TION OF THE SUSPENDED DEVICE 

Figure 1 shows a schematic picture of the proposed 

suspended device. It basically consists of two 

suspended Pt micro-coils electrically isolated between 

them but thermally bridged by the silicon nanowire. In 

the device, one of the coils is used as a heater to 

generate heat and the other one is used as a 

thermometer to detect the heat transferred through the 

nanowire. The two suspended coils are supported by 

SiNx arms which also serve to electrically isolate the 

metallic heaters from the silicon chip. 

 

Figure 1: Schematic diagram of the proposed suspended 
device. 

The heating and sensing coils are powered with dc 

current and, therefore, heat losses by radiation and 

conduction through the arms have to be considered. To 

minimize losses by conduction a suitable thermal 

design of the device is an important starting point 

before any attempt to microfabrication of the device. 

When a dc current is applied to the Pt coil a Joule 

heat Qh is generated. A fraction of this heat Qb will be 

dissipated to the surroundings through the four SiNx/Pt 

beams, another part Qw will flow through the Si 

nanowire to the sensing coil and the rest of the heat will 

be loosed by radiation Qr. 

By means of a finite element modeling software 

(COMSOL Multiphysics), the system in Figure 1 is 

modeled using several lengths and thickness of the 

SiNx/Pt beams, as well as different Pt coils shapes to 

obtain the desired structure with minimal conduction 

losses. Although conduction losses through the heater 

coil beams will be larger than the conduction heat 

through the nanowire, the temperature drop on the 

nanowire can be controlled by the thermal conductance 

of the beams, thus an appropriate design of the beams 

is crucial. For instance, beams which are excessively 

long will have a very high thermal resistance, and 

therefore the thermal drop on the beams will be 

significantly larger than in the nanowire, rendering 

difficult an accurate measurement. Conversely, beams 

which are too short might increase the temperature 

drop on the nanowire but could also increase 

significantly heat losses by conduction into the 

surroundings. Under those assumptions, a thermal 

resistance for the beams from twofold to threefold 

larger than the thermal conductance of the nanowire is 

attempted. This condition is stated in order to obtain a 

temperature drop on the nanowire around 25% of the 

total temperature drop on the beams. 

Figure 2a shows the FEM modeling of the whole 

suspended device. The ends of the beams are linked to 

the silicon chip frame; the rest of the system is 

completely suspended. For clarity, Figure 2b shows a 

zoom from the central part of the device, where the Si 

nanowire is bridging the heating and sensing coils. It is 

clear that the temperature profile in the heating and 

sensing region could be considered constant which 

permits the measurement of a temperature drop across 

the Si nanowire. A predefined reduced value of the 

thermal conductivity due to the size effect in this 

subdomain is employed for the calculations. The 

modeling is only used to get a general insight about the 

optimal geometries and dimensions to minimize heat 

conduction losses for the physical design and 

fabrication of the device. Convection heat losses are 

not considered because the measurements are done 

under high vacuum conditions around 2.5x10
-7

 mbar. 

However, radiation effects may significantly affect the 

measurements. 
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Figure 3: Simple model used to calculate heat and radiation 
transfer between coils. 

Figure 3 shows the schematics of the design. The 

temperature drop across the nanowire is Tw = Th Ts , 

where Th and Ts are the steady state temperatures 

reached by the heating and sensing coils, respectively, 

once a current Ih is applied on the heating coil. The 

heat flows by conduction (Qc) and radiation (Qr) 

between the two coils by the Fourier and Stefan-

Boltzmann laws, respectively, and are given by: 

Qc =
Th Ts
Rw

           (1) 

Qr = A Th
4 Ts

4( )           (2) 

where Rw is the thermal resistance of the Si wire,  is 

the emissivity,  = 5.67x10
-8 

W/m
2
K

4
 is the Stefan-

Boltzmann constant and A is the total area of the hot 

body, here the area of the heating membrane. 

 

(a) 

 

(b) 

Figure 2: a: FEM modeling result of the suspended device at 300K. b: FEM modeling result of the suspended device at 300K. 
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By a simple analysis of Figure 3, the heat 

conduction Qc is also given by: 

Qc =
Th To( )
Rw + Rb

           (3) 

where Rb is the total thermal resistance of the four 

beams including the Pt and SiNx layers, (Rb= 

RSiNx RPt). 

Therefore, the temperature in the sensing coil is: 

Ts = Th
Rw Th To( )
Rw + Rb

          (4) 

Finally, after some algebra and substituting equation 

(4) into equation (2); the heat transfer by radiation 

between hot and cold coils is: 

Qr = A 4Th
3 Tw 6Th

2 Tw
2
+ 4Th Tw

3 Tw
4( )        (5) 

where Tw is also defined by equation (4) as a function 

of the environment temperature and the temperature of 

the heating coil. 

Figure 4 shows the heat current by conduction 

given by equation 3 (solid symbols) and by radiation 

given by equation 5 (open symbols) between both coils 

as a function of the temperature in the heater coil; here, 

the surroundings are at To=300 K. The heat flowing by 

conduction through the Si nanowire is larger than the 

heat flowing by radiation between the heating and 

sensing coils. This behavior is clearly observed in the 

calculated plots for heat conduction and radiation 

through the nanowire. It is also noted that to keep heat 

radiation losses below 5%, the temperature gradient at 

300 K needs to be always below 7 K or less according 

to the predictions. Results on Figure 4 are obtained by 

using the black body radiation theory instead of grey 

body. This is done to predict the maximum losses by 

radiation. 

 

Figure 4: Heat transfer by conduction and radiation through 
the Si wire and between coils respectively. 

Once the approximated thermal design and the 

geometrical dimensions of the device are estimated, 

the next step is to establish the different steps 

associated to the microfabrication process. The device 

is batch fabricated using a SOI wafer stage 

microfabrication process. Because wires of different 

diameters will have to be measured the starting point is 

to reduce the initial silicon thickness by thermal 

oxidation and then etching with HF. This process is 

repeated several times to achieve the desired 

thicknesses. The steps of the microfabrication process 

are schematically presented in Figure 5.  

The 3 reticles and 1 mask used during the different 

stages of the microfabrication process were designed 

using Lasi design software. Figure 6 shows the various 

sets of reticles and the mask. Figure 6a shows the 

reticle to define the area of the micro-heaters and Si 

 

Figure 5: Microfabrication process for the suspended device. 
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nanowire, the area of heaters is 20 μmx20 μm and the 

length of nanowire ranges from 1.5 μm to 9 μm. Figure 

6b presents the reticle used to define the SiNx beams 

that support the heating and sensing coils. Figure 6c 

shows the reticle to define the two micro-heaters and 

their corresponding 8 connection pads, four pads to 

each Pt coil because the measurements are done in 

four point configuration. Figure 6d shows the mask 

design that was used to protect the SiNx beams and 

coils with a Low-Thermal Oxide layer (LTO), during the 

chemical etching for the final suspension of the 

structure. The SiNx beams are 450 μm long and 3 μm 

wide, the total length of the suspended device is 900 

μm. 

 

Figure 7: Pictures of the device after TMAH process. 

Figure 7 shows an optical image of one of the 

devices after TMAH process. The wire presented here 

has a cross section of 100 nm x 1μm and a length of 9 

μm as shown in the inset. Finally, the diameter of the 

wire is reduced to the desired value by using focused 

ion beam (FIB) to produce square or rectangular 

nanowires. 

3. MEASUREMENT MECHANISM AND EXPERIMEN-
TAL SET UP  

Figure 8 shows a diagram of the experimental set-

up to measure the thermal conductivity of the Si 

nanowire. Measurements are carried out in a cryostat 

in the temperature range from 30 K to 400 K under a 

vacuum level of 2.5x10
-7 

mbar in order to reduce heat 

convection. Each coil behaves as a Platinum 

resistance thermometer. Therefore, by applying a dc 

electrical current Ih through the heater coil, a Joule 

heating given by Qh=I
2
Rh will be produced on this coil. 

Moreover, the resistance of each coil lead is Rl, thus 

the Joule heating due to this two leads is 2Ql=2I
2
Rl. At 

this point it is possible to affirm that a certain quantity of 

heat flow Qs is conducted through the Si wire from the 

heater membrane to the sensor membrane, raising the 

temperature of the sensor membrane to Ts and the 

temperature of the heater membrane to Th. Therefore, 

it is possible to assume that the temperature of the 

heater coil and sensor coil rise to two uniforms 

temperatures Th and Ts, respectively. This assumption 

 

      a    b 

 

      c    d 

Figure 6: Reticles and mask designs used during microfabrication process of the suspended device. 
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can be justified because the thermal resistance of the 

membranes is much smaller than the thermal 

resistance of the SiNx beams and the Si nanowire. 

 

Figure 8: Diagram for the experimental set-up for the 
thermal conductivity measurements of the Si thin films 
and nanowires. 

As explained before and from the results of thermal 

modeling in vacuum and with Th = (Th-To) <7K, the 

heat transfer between two membranes by air 

conduction and radiation is negligible compared to Qs. 

Heat flow Qs is further conducted to the environment 

(Silicon chip frame) through the four beams supporting 

the sensor membrane. The rest of heat Q1= Qh+2Ql-Qs, 

is conducted to the environment through the other four 

beams supporting the heater membrane. The four 

beams supporting each of the membranes are 

designed to be identical, then the total thermal 

conductance of the four beams is defined as Kb= 

4keffA/l =Rb
-1

 where keff is made up for the individual 

thermal conductivities of the SiNx and Pt, A is the cross 

section and l the length of the beam. From Figure 8 the 

heat Qs flowing through the Si nanowire: 

Qs =
Th Ts
Rw

=
Ts To
Rb

          (6) 

where Rw =Ks
-1

 is the thermal resistance (the inverse is 

the thermal conductance Ks) of the nanowire. 

And therefore: 

Rw = Rb
Th Ts
Ts To

           (7) 

Furthermore, from the same Figure 5.14, the 

thermal resistance of the beams is given by: 

Rb =
Th To
Q1

            (8) 

By substituting Q1= Qh+2Ql-Qs where Qs is defined by 

equation (6) into equation (8): 

 

Figure 9: Suspended 50 nm thick Si film nanostructure used to measure the thermal conductivity.  
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Rb =
Th To( ) + Ts To( )

Qh + 2Ql

          (9) 

By redefining the quantities Th= Th-To and Ts= Ts-To 

equations (9) and (7) can be rewritten as: 

Rb =
Th + Ts
Qh + 2Ql

         (10) 

Rw = Rb
Th Ts

Ts
        (11) 

The thermal resistance of the beams Rb can be 
experimentally obtained from equation (10); Qh and Ql 
can be calculated readily from the input Ih dc current 
and the electrical resistance of the heater coil and Pt 

leads, respectively. Th and Ts are calculated from 

the measured resistance of the two coils and their 
temperature coefficient of the resistance 

(TCR), =
1

R

dR

dT
.  

Finally, the thermal resistance of the nanowire Rw is 

obtained by using equation (11) and the obtained value 

of Rb as well as Th and Ts. At this point, from the 

value Rw and the geometric parameters of the 

nanowire, the thermal conductivity of the Si nanowire is 

obtained. 

4. THERMAL CONDUCTIVITY OF A SUSPENDED 
SILICON THIN FILMS AND NANOWIRES  

As a proof-of-concept of the suspended structures 

an ultrathin Si layer with thickness of 50nm and length 

of 10μm bridging the two heaters was used to measure 

the thermal conductivity at 300 K. Figure 9a shows the 

four suspended structures that are placed on every 

chip. The whole chip mounted onto the ceramic chip 

holder is shown in Figure 9b. Figure 9c is a SEM 

micrograph of the suspended device with the four SiNx 

beams holding the two sensors. Figure 9d is a zoom 

that clearly shows the two sensors connected by the 

ultra-thin silicon film.  

 

Figure 10: Experimental calibration curves obtained for, a) and c) the heating coil and b) and d) sensing coil. 
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Afterwards, we follow the procedure previously 

described in order to measure the temperature 

coefficient of resistance of the heating and sensing 

coils in the range 50K to 350 K. Basically, a current of 

100 nA is used to minimize Joule heating and obtain 

the voltage drop across the metal resistor. The same 

procedure is performed to obtain the calibration curve 

for the sensing coil. Figures 10a and 10b are the 

experimental calibration curves obtained for the heating 

and sensing coils, respectively. From the curve’s 

slopes an experimental value for the temperature 

coefficient of resistance (TCR), ~1.1 x10
-3

K
-1

 was 

measured. Next, in order to produce self-heating a 5μA 

dc current was applied on the heating sensor and the 

electrical resistance was then measured. Figure 10c 

shows a zoom to highlight the resistance increase due 

to the higher applied current. Simultaneously, a 100 nA 

dc current was also applied on the sensing coil to 

sense the resistance change due to the heat 

transferred from the heating coil through the silicon 

ultrathin membrane into it. Figure 10d shows a zoom 

for the corresponding resistance increment. 

The infinitesimal changes on the resistance and 

temperature dR/dT in the temperature coefficient of 

resistance  can be approximated to increments R/ T 

due to the high linearity of dR/dT in the temperature 

range of 50K to 300K. Therefore, the TCR becomes: 

 =
1

R0

R0 Ri
T0 Ti

=
1

R0

Ri
Ti

      (12) 

where Ri refers to the resistance of the heating or 

sensing coils during heating and R0 is the resistance at 

steady state temperature, i. e. at 300 K in this specific 

case. 

From equation (12) the temperature increments due 

to the heating current can be obtained for both the 

heating coil ( Th) and sensing coil ( Ts). 

Table 1 shows the corresponding variations in 

resistance and temperature obtained for both coils. 

These values are also used to calculate the thermal 

conductivity of the silicon membrane by using 

equations (10), (11) and the dimensions of the film. It is 

necessary to note that values on Table 1 are an 

average over 3 measurements. The uncertainty is the 

standard deviation of the measure. The time estimated 

to get a stable resistance measurement depends on 

the time required by the cryostat to achieve a 

predetermined steady state temperature, this ranges 

between one and two hours. 

From the values in Table 1, a thermal conductivity 

value k~40.3 W/m*K is obtained for the 50 nm thick 

suspended silicon membrane. Furthermore, an 

uncertainty of ± 2.41 W/m*K was found. To benchmark 

our experimental procedure we compare this value to 

data found in the literature. For a similar silicon sample 

with thickness of 50 nm Ju et al. [6] reported a value of 

k~53 W/m*K at 300 K. On the other hand, Hao et al. [7] 

reported a value of k~32 W/m*K at 293 K, also for 50 

nm thick silicon film. Our value fits in between 

previously reported data. 

In order to further confirm the validity of our 

measurement, thermal conductivity values were 

predicted by using an analytical model for free standing 

semiconducting and insulating membranes and wires 

[8 and references therein]. The model includes the 

surface scattering and the size confinement effects that 

phonons experience in low dimensional materials. 

According to this model the size-dependent thermal 

conductivity can be obtained as: 

kl = kbP exp L
exp

1

L / L0 1

3
2

      (13) 

Where kb is the bulk thermal conductivity, P is a 

factor reflecting the surface roughness,  is the phonon 

mean free path, L is the size nanostructure,  is a 

material constant which relates the root-mean-square 

displacement of surface atoms of a crystal and that of 

atoms within the crystal. For free standing 

nanocrystals, =(2Sv/3R)+1 with the bulk vibrational 

entropy Sv and the ideal constant R. L0 is a critical size 

at which almost all atoms of a crystal are locate on its 

surface, L0=2(3-d)w with the atomic/molecular diameter 

w and the dimension d = 0.1, and 2 for nanowires and 

thin films, respectively. 

Table 1: Resistance and Temperature Increments Induced by a 5mA on the Heating Coil 

Coil Ro( ) (300 K)  R( ) T(K)  ( 1 )  

Heating ~1873.924±0.03 ~2.549±0.03 ~1.237±0.028 ~1.1x10
3
±0.0005 

Sensing ~1874.129±0.05 ~2.491±0.05 ~1.208±0.026 ~1.1x10
3
±0.0006 
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The formula (13) gives a quantitative prediction of 

the size-dependent thermal conductivity. Also it relates 

the thermal conductivity of a given size with the surface 

roughness parameter, the Knudsen number, the 

crystallinity length scale and the atomic vibration 

parameter. The surface roughness takes values 

0<P 1. The larger value of P corresponds to smaller 

roughness, thus the more probability of specular 

scattering and viceversa. It is clear that the value of P 

depends greatly on the fabrication procedure of the 

nanostructures. Furthermore, when system size L 

decreases, the value of exp(- /L) also decreases, 

which reflects the increase of interface scattering and 

thus a reduced thermal conduction. There are two 

asymptotic limits to be satisfied by equation (13): first, if 

L  and P 0, then kl kb, second, L L0 or P 0, 

then kl 0. Table 2 shows the parameters used in 

equation (13) to calculate the size-dependent thermal 

conductivity predictions for thin silicon films. 

Figure 11 shows the size-dependent thermal 

conductivity of thin films from the theoretical predictions 

of equation (13) and the comparison to experimental 

data. It is clear that predictions agree surprisingly well 

with the experimental data when using a roughness 

factor P= 0.78. This large value of P implies a small 

diffusive scattering contribution related to a smooth 

surface. Our data is also plotted (blue star) in Figure 

11. The experimental value of k~40W/m*K is in very 

good agreement with equation (13). Evidently, the 

observed reduction in the thermal conductivity of single 

crystalline silicon thin film can be ascribed to the 

increased role of the phonon boundary scattering 

rather than roughness scattering.  

The same suspended structure is modified to 

evaluate the thermal conductivity of a silicon nanowire. 

We anticipate those nanowires will have a reduced 

thermal conductivity due to the atomic disorder 

introduced into the outer surface by the bombardment 

and implantation of Ga atoms from the FIB source. 

Figure 12a shows the suspended Si film. The structure 

has not collapsed. The next step is the reduction of the 

silicon film into single nanowire by using focused ion 

Table 2: Parameters Used for Modeling of Si thin Films and Nanowires Using Equation (13) 

Material At 300K Kb(W/m*K) P (nm) L(nm) Lo(nm)  

Si film 145 0.78 45 50 0.6736 2.7389 

Si Nanowire 145 0.45 45 50 0.08863 2.7389 

 

 

Figure 11: Size-dependent thermal conductivity of Si thin films at 300 K. Symbols are the experimental data previously reported 
and the solid star and square symbols (blue star symbol) represent the measurements obtained in this work for the film and wire 
respectively. The continuous upper and lower solid curves are the predictions from equation (13) with P= 0.78 and P= 0.42 for 
the thin film and nanowire respectively. 
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beam (FIB) to the desired nanoscale dimensions in 

order to obtain square or rectangular silicon nanowires, 

as shown in Figure 12b. Besides, in Figure 11 also is 

presented the modeling results of thermal conductivity 

for a Si nanowire as function of its size based on the 

Baowen Li model [8]. The solid square symbol (blue 

square) represents the experimental thermal 

conductivity value for a 150nmx50nm Si nanowire 

which is around 0.92W/m*K at 300K. Such value is 

very similar to the value measured for amorphous Si, 

i.e. ~1W/m*K [12]. In low dimensional structures, 

phonon scattering at boundaries is the main 

mechanism responsible for the reduction in the thermal 

conductivity, in contrast to Umklapp phonon scattering 

mechanism in bulk materials. Evidently, by observing 

Figure 11, the thermal conductivity value is about 50 

times lower than the value predicted via modeling for a 

nanowire with similar size; this indicates the presence 

of an additional phonon scattering mechanism. Our 

results follow the trend outlined by Hochbaum et al. 

[13], and Martin et al. [14], showing the dramatic effect 

of the surface roughness on the thermal conductivity of 

nanowires. In our situation, damage to the edges and 

surface of the nanowire created by implantation of Ga 

ions during the FIB cutting process could cause 

stronger disruption of the lattice in these outer regions. 

As consequence, an additional phonon scattering 

mechanism on the nanowire surface due to disordered 

surface is present, and therefore causing an extra 

reduction to the thermal conductivity of the nanowire in 

addition to size effects. 

CONCLUSIONS 

It has been demonstrated that this suspended 

device is well adapted for the measurement of the 

thermal conductance of nanoscale films and wires. 

Besides, the use of a FIB with nanoscale resolution 

permits better control of the spatial localization of the 

nanowires, or the fabrication of complex nanostructures 

without the use of masking strategies. However, it 

severely damages the nanostructured surface which 

induces a strong phonon scattering, and hence 

significantly reducing the thermal conductivity of the 

nanostructure. In spite of such damage, this strategy 

could be used to obtain nanostructures with low 

thermal conductivity which is a desirable characteristic 

in thermoelectric applications for thermal energy 

harvesting and solid state refrigeration as well. 
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