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Abstract: A 166-nm-thick amorphous Niobium pentoxide layer (Nb2O5) on a silicon substrate
was investigated by using time domain thermoreflectance at ambient temperatures from 25 ◦C
to 500 ◦C. In the time domain thermoreflectance measurements, thermal transients with a time
resolution in (sub-)nanoseconds can be obtained by a pump-probe laser technique. The analysis of
the thermal transient was carried out via the established analytical approach, but also by a numerical
approach. The analytical approach showed a thermal diffusivity and thermal conductivity from
0.43 mm2/s to 0.74 mm2/s and from 1.0 W/mK to 2.3 W/mK, respectively to temperature. The used
numerical approach was the structure function approach to map the measured heat path in terms
of a RthCth-network. The structure function showed a decrease of Rth with increasing temperature
according to the increasing thermal conductivity of Nb2O5. The combination of both approaches
contributes to an in-depth thermal analysis of Nb2O5 film.

Keywords: thermal conductivity; niobium pentoxide; structure function; time domain thermoreflectance;
thin film

1. Introduction

Energy efficiency and saving in microelectronic devices go along with thermal management, as
their failure rate increases exponentially with the operating temperature. The miniaturization and
increase of device packing density trigger the importance of the heat dissipation, as well as the thermal
management in microelectronics. Thus, it is necessary to develop heat dissipation strategies, which
requires knowledge of devices’ thermophysical properties. The devices themselves are composed of
multiple layers of submicrometer thin films. The thermal properties of thin films can deviate from their
bulk values and thermal boundary resistance becomes more dominant for the heat dissipation [1].

In this study, nm-thin Niobium pentoxide (Nb2O5) layer was characterized by thermal properties
and their temperature dependencies were presented in the temperature range of 25 ◦C to 500 ◦C. Nb2O5

films can be found in optical filter, electrochromic device, sensors, capacitors, and microelectronic
devices. Therefore, lots of investigations were done in terms of Nb2O5’s optical and structural
properties [2,3]. However, as far as we know, investigations about their thermal properties and
temperature dependency can rarely be found in the literature, although these are important parameters
for a device´s efficiency and reliability [4].

The Nb2O5 films were thermally investigated with the time domain thermal reflectance (TDTR)
method [5]. The TDTR records the response of a thin film in high speed (down to picoseconds (ps))
after a heating laser pulse. In this work, in addition to the common analytical evaluation of TDTR
measurements, a numerical analysis is presented. This numerical analysis maps the sample’s heat
path in a one-dimensional way as the structure function, introduced by Székely et al. [6]. The structure
function is a numerical approach, containing values of the materials’ thermal resistance (Rth) and
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thermal capacitance (Cth) [7,8]. Here, a modified calculation of the structure function was applied to
the TDTR measurements. This structure function overcomes certain up-front assumptions, which are
necessary when applying analytical solution. Furthermore, the TDTR measurements were simulated
via finite volume simulations to understand the structure function and get absolute Rth values [9].

2. Materials and Methods

An amorphous 166-nm-thin Nb2O5 film on Si was investigated at temperatures from 25 ◦C to
500 ◦C, obtaining the Nb2O5 temperature-dependent thermal properties. The amorphous nature of
the Nb2O5 was confirmed by Raman measurements (see Appendix A—Figure A1). The experimental
thermal investigations were done by two TDTR systems (PicoTR and NanoTR from Netzsch Group
in representative of PicoTherm [10]) with different time resolutions and, therefore, different heat
penetration depths. These TDTR measurements were additionally simulated to assess temperatures
of the thermal transient. Both, the TDTR measurement and simulation were transformed into the
structure function for thermal analysis.

2.1. Time Domain Thermoreflectance

Both TDTR systems, PicoTR and NanoTR (see Table 1), provide a non-contact method in the field
of thin film thermal properties metrology. The TDTR systems are based on a pump–probe technique
with fiber laser beams. A pulse of the pump beam heats up the sample with a power of 25 mW on the
Pt-layer (Front Heating). The probe beam, which has a lesser power of 0.8 mW, has to be focused on the
heated area of the pump beam. The probe beam detects the temperature change caused by the pump
beam. The temperature change is monitored by the reflectivity change with a differential photodetector
(Front Detection). The photodetector’s signal is used for further signal processing. So there are no
absolute temperature values for the thermal transient, but the amplitude is directly proportional to
temperature (thermo-reflectance principle).

Table 1. Technical data of the time domain thermal reflectance (TDTR) measurement setups.

λPump
(nm)

λProbe
(nm)

PPump
(mW)

ØPump
(µm)

ØProbe
(µm) tp (s) Tp (s)

PicoTR 1550 775 25 45 25 5 × 10−13 5 × 10−8

NanoTR 1550 775 25 100 50 1 × 10−9 2 × 10−5

λPump: wavelength of the pump laser; λProbe: wavelength of the probe laser; PPump: heating power of pump laser;
ØPump: diameter of the pump beam; ØProbe: diameter of the probe beam; tp: pulse width of the pump beam; Tp:
repetition time of pump laser (max. measurement time).

To measure the temperature dependency of the thermal properties, there is an oven integrated
into the TDTR systems. The measurements with the NanoTR were performed from room temperature
to 300 ◦C and the PicoTR from room temperature up to 500 ◦C. All the measurements were done under
nitrogen atmosphere to avoid oxidation.

Nb2O5 is transparent for both laser wavelengths, λProbe and λPump, so an optical transducer on
the top surface of the sample was needed to get an optical reflectance of the probe laser. Therefore, a
Pt-layer (100 nm thickness) was sputtered above the Nb2O5 [11].

The PicoTR and NanoTR measurement systems vary by their time resolution. The PicoTR records
the response of pulse heating in picoseconds (ps) and NanoTR in nanoseconds (ns). Both systems also
have a different repetition time of pulse heating (Tp), which restricts the maximal recording time of the
thermal transient. These facts enable an investigation of the sample in different length scales.

2.2. Finite Volume Simulation

To validate the application of the proposed methodology, thermal simulations were carried out,
visualizing the heat path of the Nb2O5 film.
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A fully 3D geometrical model of the Nb2O5 sample was built in FloTHERM® (12.1., Mentor
Graphics, Wilsonville, OR, USA) (see schematic in Figure 1). The initial thermal properties of the
materials (e.g., thickness (d), cross-sectional area (A), density (ρ), specific heat (cp)) were added
to the simulation model according to literature values and experimental results. The thermal
conductivity (λ) and the thermal interface resistance (TIR) were adjusted to the measurements.
The experimental parameters, as time resolution (tp), length of measurement period (Tp), laser power
(PPump), and illuminated area (ØPump) were reconstructed in the simulation according to PicoTR and
NanoTR. The input of thermal power was placed from the surface 10 nm deep into the transducer,
taking into account the optical penetration depth of the pump laser in Pt [12]. The temperature change
was recorded with monitor points in the middle of the simplified uniformly heated area of ØPump.
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Figure 1. Schematic of the investigated sample and the representation of the TDTR measurement.

2.3. Theoretical Background

An established analysis for thermal transients, typically used for thermal transients of
microelectronic devices, is the structure function. The thermal transient is transformed into a
one-dimensional heat path representation. The heat path is represented in the structure function
as a ladder network of Rths and Cths. These network elements contain information about the involved
materials. The Rth is a function of d/(λ·A) and the Cth is cp·d·A·ρ [8].

In this work, the transformation of the thermal transient into its structure function was applied
on the thermal transient of a TDTR measurement. The transformation is valid when the heat source
as well as the probing of the thermal transient happens on the same place of the sample. For the
Nb2O5 sample, this happened at the Pt-transducer. Furthermore, the validity of a diffusive and a
one-dimensional heat transport has to be assured, using the structure function for validation. These
demands were met, as the diameter of the laser spot is larger than the thermal diffusion length of
the excited layer. [13] The error caused by the assumption of the one-dimensional heat transport
was estimated by the comparison of the fully 3D simulation model with the 1D simulation model.
The relative error was 3% for the PicoTR measurement and 8% for the NanoTR measurement [14].

The thermal path investigation of microelectronic devices is realized by recording the switching-off
response of the device [15,16]. So the power excitation is a step-function. However, in the TDTR
measurement, the thermal transient originates a laser pulse excitation. [10] Therefore, the calculation
of the structure function has to be modified, which is described in the following sections.

2.3.1. Structure Function for Dirac-Delta Function Excitation (NanoTR)

To apply the same calculation of the structure function as it is used for a step-function thermal
transient, the calculations of the structure function have to be modified. The thermal excitation of the
pump laser has to be regarded as a Dirac delta function (δ) [17].

The thermal transient T(t) is the product of power P and thermal impedance Zth. Zth in the
Laplace domain as a function of the complex frequency (s), is written in Equation (1). Zth(s) can be
transformed into an analogous RthCth-network [18], a Foster-type network, where τi = Rth,i·Cth,i [19].
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Zth(s) = ∑i
Rth,i

(1 + τis)
, (1)

The power excitation in the form of a Heaviside step-function (H) is in the time domain P(t) =
P0·H(t) and in the Laplace domain P(s) = P0·1/s. P0 is the absolute power value. The temperature
change in terms of the RthCth-network is:

TH(s) = P0 ∑i
Rth,i

s(1 + τis)
, (2)

TH(t) = P0 ∑i Rth,i (1− e−
t
τi ) (3)

The power excitation by δ can be written as P(t) = P0δ(t) or as P(s) = P0, so the temperature
change is Equation (4) and its inverse Laplace transformation is Equation (5).

Tδ(s) = P0 ∑i
Rth,i

(1 + τis)
(4)

Tδ(t) = P0 ∑i Rth,i
e−

t
τi

τi
(5)

Equation (3) is the time derivative of Equation (5); the integration of the temperature change of
a δ(t)-excitation over time results in a temperature change of a H(t)-excitation. Therefore, the time
integration of the thermal transients of a TDTR measurement allows for calculating the time constant
spectrum in the same way as it is done for the step-function thermal transient (NID-method [20]).
The time constant spectrum is a function of Rth,i over τi, and hence, the values for the Foster network
after discretization. The Foster network [21] has to be transformed into a Cauer network to get a
physical meaning of Rth and Cth. The cumulative Cauer network’s Cth as a function of its cumulative
Rth is the structure function [22].

2.3.2. Structure Function for Cycled Pulsed Excitation (PicoTR)

The above-mentioned structure function calculation is only valid if the repetitive laser pulse
excitations do not affect each other. Therefore, the thermal transient has to reach a thermal equilibrium
during Tp. This demand is not always fulfilled with regards to a TDTR measurement—especially a
PicoTR measurement with a Tp of 50 ns.

Therefore, the power excitation has to be assumed as a single Dirac-delta function, but as a pulsed
cycled excitation event (Figure 2). The thermal transient of the TDTR has to be regarded as a pulsed
thermal transient [23,24]. There, the repeated pulse train of the pump beam (Tp) is assumed to appear
in a square shape, with a certain peak width (tp). Now, Zth(t) is not only a function of time but also a
function of the duty, the ratio between tp and Tp. Zth(t) of an intercycle is described in Equation (6).

Zth

(
t,

tp

Tp

)
= ∑j Zth

(
jTp
)
− Zth

(
jTp − tp

)
(6)

With the use of Equation (3), the equation above can be rewritten as,

Zth,i

(
t,

tp

Tp

)
= ∑

j
Rth,i

(
1− e

jTp
τi

)
− Rth,i

(
1− e

j(Tp−tp)
τi

)
= Rth,i

(
e

Tp
τi − 1

)
∑

j
e

jTp
τi (7)

and with the identity ∑j a−j = 1
a−1 , Equation (7) can be transformed to Equation (8).
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Zth,i

(
t,

tp

Tp

)
= Rth,i

e
tp
τi − 1

e
Tp
τi − 1

= Rth,i
e

t
τi − 1

e
t

(Tp\tp)τi − 1

Σi⇒

Zth

(
t,

tp

Tp

)
= ∑i Rth,i

e
t
τi − 1

e
t

(Tp\tp)τi − 1

(8)

To get the time constant spectrum out of this equation, the logarithm of the time variables (z = log(t);
ξ = log(τ)) is used:

Zth = ∑i Rth,i
eez−ξ − 1

e(Tp\tp)ez−ξ − 1
⇒ R(z)⊗ eez − 1

e(Tp\tp)ez − 1
(9)

Equation (9) takes into account the influence of repetitive pump laser pulses.
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3. Results

3.1. Analytical Solution of Fourier’s Law to Evaluate Thermal Diffusivity

The Nb2O5 film was measured with both PicoTR and NanoTR at different ambient temperatures.
The measured and normalized thermal transients are shown in Figure 3. An established way to
obtain the thermal properties of the Nb2O5 film is fitting Fourier’s heat equation to these thermal
transients [5]. As there is Pt as the transducer [25] and Si as the substrate, the heat equation of multiple
layers was used for further analysis. The temperature-dependent properties of Nb2O5 [26], Pt [27–29]
and Si [29–31] were based on values from the literature. The values for α of Nb2O5 resulted from the
fit are presented in Figure 4. From α, the λ can be calculated:

α =
λ

cp·ρ
(10)
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The cp of Nb2O5 as a function of temperature was taken from Reference [32]. This increasing
behaviour of cp with temperature was confirmed by Reference [33] due to the excitation of more
high-energy phonon modes. The Nb2O5 density was measured via XRR (Rigaku SmartLab 5-circle
diffractometer). XRR curves were recorded over a range of 6 degrees and evaluated by GenX
software [34], resulting in a value of 4750 kg/m3.
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Figure 4. The thermal properties of Nb2O5 presented as a function of temperature from PicoTR (a)
and NanoTR (b). The y-axis stands for λ marked as squares and α as circles. The open marker in (a)
is the measurement after the heating procedure. α and λ of the PicoTR and NanoTR measurements
show the same trend. The solid line shows the minimal thermal conductivity model by Cahill
et al. [35]—Equation (11).

The sample was measured by the PicoTR (Figure 4a). Figure 4a shows that α increased with the
ambient temperature from 0.43 mm2/s to 0.74 mm2/s. The thermal interface resistance (TIR) between
Pt and Nb2O5 of 18 Km2/GW was obtained by the evaluation of the thermal transient. The TIR showed
no significant temperature dependency in the measured temperature range. The value of the TIR was
in a comparable range to the results of References [36,37].The thermal conductivity was calculated with
Equation (10) and had a value of (0.98± 0.16) W/mK at 25 ◦C. The thermal conductivity values at 25 ◦C
and 100 ◦C agreed with the measurements of Reference [33]. The error of the PicoTR measurements
was dominated by the signal to noise ratio of the thermal transient and the uncertainty of the Nb2O5

density. The thermal conductivity showed the characteristic temperature dependence of an amorphous
solid: an increase of the thermal conductivity with increasing temperature [38,39]. An increase of
thermal conductivity by more than a factor of two was observed from 25 ◦C to 500 ◦C.

For amorphous solids, Cahill et al. [35] developed a minimum thermal conductivity model, which
was compared to the measurement results.

λmin =
(π

6

) 1
3 kBn

2
3 ∑i vi

(
T

θD,i

)2 ∫ θD,i
T

0

x3 ex

(ex − 1)2 dx, (11)

where kB is the Boltzmann constant and n is the number density of atoms (n = 7.53 × 1022 cm−3).
Equation (11) considers the three sound modes (two transverse and one longitudinal) with the speed
of sound vi. The transverse speed of sound had a value of 3202 m/s and was calculated with the
shear modulus of 49 GPa [40]; the longitudinal speed of sound was 5311 m/s according to Young’s
modulus of 134 GPa [41]. θD,i, the cutoff frequency for each mode expressed as a temperature unit,

was calculated via θD,i = vi(}/kB)
(
6π2n

) 1
3 . The calculated and measured thermal conductivities of

Nb2O5 (Figure 4) are comparable at 25 ◦C and 100 ◦C. However, at 200 ◦C, the measured thermal
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conductivity started to increase, whereas the calculated thermal conductivity stayed nearly constant
(∆λ = 0.04 W/mK between 200 ◦C and 500 ◦C). This discrepancy is still under investigation and not
clearly understood yet.

After the PicoTR measurement, the sample was again measured at 25 ◦C (Figure 4a—open marker),
to see if the sample was affected by the temperature treatment during measurement. α and therefore λ,
were nearly equal before and after the heating: 0.43 mm2/s to 0.47 mm2/s and 1.0 W/mK to 1.1 W/mK.
The variation of these values were within the measurement error range. So further investigation was
carried out at the NanoTR on the same sample. The measurements with the NanoTR were done up to
an ambient temperature of 300 ◦C. The NanoTR error arose mainly from the uncertainty of the Nb2O5

thickness and density. The results of α and λ of Nb2O5 fitted to the ones of PicoTR, according to the
measurement error range. Differences between NanoTR and PicoTR may appear due to the different
time resolution and time range.

3.2. Structure Function to Analyse the Heat Path in Nb2O5

3.2.1. Structure Function for Delta Function Excitation of Nanosecond Thermal Transients

The structure function calculation of Section 2.3.1. was applied on the normalized thermal
transients of a NanoTR measurement. The trend of the thermal properties respectively to temperature
can be seen here in terms of total Rth (Figure 5) like in Section 3.1. The resulting time constant spectrum
of the NanoTR measurements showed two peaks, at 100 ns and 900 ns (Figure 5 inlet). The structure
function comprised two step-like features, accordingly. It could be assumed that two different materials,
dominating the thermal path, contribute to these features. However, the thermal transients of the
NanoTR provided only relative temperature values. Therefore, a scaling factor (x) had to be applied
on the structure function to get quantitative values (x−1·Rth and x·Cth).
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Figure 5. (a) The logarithmic time constant spectrum of NanoTR measurements, showing two dominant
time constant peaks. (b) The structure function and its differential representation (inlet), where
K = dCth/dRth, shows the lowest Rth at 300 ◦C and the highest Rth at 25 ◦C.

To verify this assumption and determine the scaling factor x, the NanoTR measurement was
reconstructed by numerical simulation. The simulation showed that the time resolution of NanoTR
was not able to catch the heat path of the transducer, the Pt-layer. The characteristic time of a 100 nm
Pt-layer lies under 1 ns according to Equation (1). The simulation revealed that the first step-like
feature in the structure function depended on both TIR, between Pt and Nb2O5, between Nb2O5 and
Si, and on the Nb2O5 film itself. These parameters were relevant for the Rth value of the step-feature.
The λ of Nb2O5 also influenced the ratio between Rth and Cth, not only the position on the x-axis but
also the height of the step-feature. The rear part of the structure function appeared to be sensitive to
the thermal properties of the Si substrate (Figure 6).



Energies 2019, 12, 610 8 of 14

Energies 2019, 12, x FOR PEER REVIEW 8 of 13 

 

determined using the non-normalized simulated thermal transient. The scaling factor x in the case of 233 
NanoTR measurements had a value of 4.53 × 10−9. With the assumption that the thermoreflectance 234 
coefficient stayed the same for all the NanoTR measurements (Figure 5)—their Rth values are 30 K/W to 235 
26 K/W from 25 °C and 300 °C respectively. 236 

 
(a) 

 
(b) 

Figure 6. Structure function (a) and its differential representation (b) of the NanoTR measurement at 25 °C 237 
with its validated simulation and variations of the simulation to see the influence of the input parameters. 238 

3.2.2. Structure Function for Pulsed Cycled Excitation of Picosecond Thermal Transients 239 
The thermal transients of the PicoTR measurements showed a signal to noise ratio of 16 dB (Figure 3). 240 

Before calculating the structure functions with the thermal transients of the PicoTR, they had to be smoothed 241 
via a Savitzky-Golay filter [42]. Here, a moving window of 351 points and a polynomial degree of 4 was 242 
applied to get rid of the noise. The calculation of Section 2.3.1. was carried out for the PicoTR thermal 243 
transients, resulting in a structure function without any features. This did not represent reality, since the 244 
sample consisted of multiple layers, multiple peaks in the time constant spectrum, and features in the 245 
structure function were expected. Therefore, the calculation of the structure function was carried out 246 
accordingly to Section 2.3.2. There, the influence of the repetitive excitation is taken into account, due to the 247 
high pump laser repetition rate of 20MHz at the PicoTR [43,44]. This effect is visualized in Figure 7. 248 

 249 
Figure 7. The sample heats up during measurement according to the repetitive pulses of 20MHz. 250 

The resulting time constant spectrum of the PicoTR measurements (Figure 8) showed three peaks. 251 
The first at a 𝜏 of (100–200) ps is comparable to the characteristic diffusion time of the Pt-layer. The 252 
second and third peak can be found at 1 ns and 15 ns. The three peaks of time constant spectrum can be 253 

Figure 6. Structure function (a) and its differential representation (b) of the NanoTR measurement
at 25 ◦C with its validated simulation and variations of the simulation to see the influence of the
input parameters.

Both the measured at 25 ◦C and simulated thermal transients were normalized, from which the
structure functions were calculated. Then, the structure function of the simulation was adjusted to the
measured one. The resulting parameters of the best structure functions’ match (validated simulation)
were: TIRPt−Nb2O5 = 13 Km2/GW; λNb2O5 = 1.0 W/mK; TIRPt−Nb2O5 = 15 Km2/GW; λSi = 150 W/mK.
The used parameters for the validated simulation were in accordance with the analytical solutions
(compare to Figure 4). After validation, the scaling factor x and the absolute values of Rth and Cth can
be determined using the non-normalized simulated thermal transient. The scaling factor x in the case
of NanoTR measurements had a value of 4.53 × 10−9. With the assumption that the thermoreflectance
coefficient stayed the same for all the NanoTR measurements (Figure 5)—their Rth values are 30 K/W
to 26 K/W from 25 ◦C and 300 ◦C respectively.

3.2.2. Structure Function for Pulsed Cycled Excitation of Picosecond Thermal Transients

The thermal transients of the PicoTR measurements showed a signal to noise ratio of 16 dB
(Figure 3). Before calculating the structure functions with the thermal transients of the PicoTR, they
had to be smoothed via a Savitzky-Golay filter [42]. Here, a moving window of 351 points and a
polynomial degree of 4 was applied to get rid of the noise. The calculation of Section 2.3.1. was carried
out for the PicoTR thermal transients, resulting in a structure function without any features. This
did not represent reality, since the sample consisted of multiple layers, multiple peaks in the time
constant spectrum, and features in the structure function were expected. Therefore, the calculation
of the structure function was carried out accordingly to Section 2.3.2. There, the influence of the
repetitive excitation is taken into account, due to the high pump laser repetition rate of 20MHz at the
PicoTR [43,44]. This effect is visualized in Figure 7.

The resulting time constant spectrum of the PicoTR measurements (Figure 8) showed three
peaks. The first at a τ of (100–200) ps is comparable to the characteristic diffusion time of the Pt-layer.
The second and third peak can be found at 1 ns and 15 ns. The three peaks of time constant spectrum
can be seen as three humps in the structure function at 5 K/W, 6 K/W, and 7 K/W (Figure 8 inlet).
The x-axis of the structure function reflected the results from the analytical solution. The structure
function of the 500 ◦C measurement showed the lowest and the one of 25 ◦C measurement the highest
Rth (Figure 8).
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To analyze the structure functions of the PicoTR measurements, thermal simulations had to
be carried out too. The simulation thermal transient was recorded after 10 ps of excitation. In the
simulation, the thermal transient was recorded in the Pt-layer below the optical penetration depth as
recommended by Reference [45]. Then the structure function was calculated from both the normalized
PicoTR measurement and simulation. The validated simulation parameters were: λPt = 55 W/mK;
TIRPt−Nb2O5 = 10 Km2/GW; λNb2O5 = 0.95 W/mK; TIRPt−Nb2O5 = 15 Km2/GW; λSi = 150 W/mK.
The validation of the measurement revealed that the first step-like feature is sensitive to the Pt
(5 K/W), whose thermal conductivity determines its plateau lengths (Figure 9). Whereas the Nb2O5

is responsible for the second step-feature (7 K/W). Both TIR are formative for the slope of both
step-features. The Si substrate of the sample had no influence on the structure function. This is in
accordance with the Nb2O5 heat diffusion time of 78 ns. The determining parameter for the total Rth
of these structure functions was the thermal conductivity of Nb2O5.

The validated non-normalized thermal transient of the simulation revealed the absolute
temperature and hence, the Rth values. The scaling factor here was 0.016. The total Rth decreased
from 10.6 K/W to 9.7 K/W with increasing temperature (Figure 8). The analytical solution of the
measurement at 400 ◦C showed the highest thermal conductivity. However, the structure function
analysis showed that the total Rth is lower than that of the 500 ◦C measurement. The structure function
revealed that the TIR had a lower value, or a higher thermal conductivity of Pt or Nb2O5 at 400 ◦C
than the rest. The first step appeared at lower Rth (<4 K/W).
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Figure 9. Structure function (a) and differential structure function (b) of the PicoTR measurement
of 100 ◦C with its validated simulation and variations of the simulation, to see the influence of
the materials.

4. Discussion

The temperature-dependent thermal conductivity of 166-nm-thin Nb2O5 was investigated via
two TDTR systems. The combination of both PicoTR and NanoTR enabled us to investigate the
complete heat path of Nb2O5 films, from ps to µs. The numerical analysis and structure function
visualized the Nb2O5 temperature-dependent heat path [46]. The structure function of the PicoTR
measurements showed the heat path of the Pt-layer in the ps time regime and the Nb2O5 film in the ns
time regime. The NanoTR structure function displayed the heat path of the Nb2O5 and its substrate.
The temperature dependency of the structure functions is in accordance with the analytical solutions
of the thermal conductivity. The indirect proportionality between the thermal conductivity of the
analytical solutions and Rth of the structure is a function of temperature and can be seen in Figure 10.
In order to assess the Nb2O5 performance and its stability, further investigations have to be carried out
upon thermal fatigue cycling.
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5. Conclusions

The temperature-dependent thermal properties of a 166-nm-thin Nb2O5 film were investigated
via an analytical approach and via structure function by using the signals of two different TDTR
systems (ns and ps time resolution).

The analytical approach, based on the multi-layer heat equation, revealed that the thermal
diffusivity and thermal conductivity increased with temperature from 0.43 mm2/s to 0.74 mm2/s and
from 1.0 W/mK to 2.3 W/mK.

The TDTR measurement transformed into a structure function and reflected the difference in
the heat path as Rth and Cth. The measurements at 25 ◦C to 500 ◦C showed a decrease of Rths in the
structure function. The PicoTR and NanoTR showed different length scales in the heat path, ranging
from nm to µm. PicoTR showed the heat path of the transducer to the Nb2O5 and NanoTR of Nb2O5 to
the Si substrate. The structure function offered an identification tool via heat path analysis to localize
the material’s change within the thin film multilayer stack. This approach is also applicable for other
material systems in the nanometer range.
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Figure A1. Raman spectra of Nb2O5 film.

The Raman spectra showed broad band at 650 cm−1 and 900 cm−1, which indicates the amorphous
nature of the Nb2O5 film.



Energies 2019, 12, 610 12 of 14

References

1. Jones, R.E.; Duda, J.C.; Zhou, X.W.; Kimmer, C.J.; Hopkins, P.E. Investigation of size and electronic effects
on Kapitza conductance with non-equilibrium molecular dynamics. Appl. Phys. Lett. 2013, 102, 183119.
[CrossRef]
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