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Abstract 
The diffusion and acoustic properties of 200‒800 nm 

thick Nb films deposited on Cu were investigated using 
time-domain thermoreflectance (TDTR). The Nb film 
grain size and thermal diffusivity decreased with reduced 
film thickness. As the film thickness was reduced from 800 
nm to 200 nm, the thermal diffusivity decreased from 
0.237± 0.002 cm2s-1 to 0.100± 0.002 cm2s-1 while the aver-
age grain size decreased from 65±16 nm to 20±6 nm. 
Damped periodic photoacoustic signal was detected due to 
laser heating generated stress in the Nb film which resulted 
in an acoustic pulse bouncing in the Nb film at the Cu and 
vacuum interfaces. The period of the acoustic oscillation 
gives a longitudinal sound velocity of 4247±72 ms-1 for the 
Nb film, which is in good agreement with the values re-
ported in the literature.  

INTRODUCTION 
Superconducting radiofrequency (SRF) cavities used in 

particle accelerators are mostly made from high-purity 
bulk Nb [1]. These cavities have reached their performance 
limit since bulk Nb SRF cavities operate with accelerating 
fields that are very close to the superheating field of Nb [2]. 
Researchers are working towards cost-effective production 
of SRF cavity material, such as medium grain Nb discs 
sliced from forged and annealed billets, which could be 
useful in applications requiring high quality factors (Q0) 
with moderate field gradients (~20 MV/m) [3]. The cavity 
performance is limited by the thermal breakdown of the su-
perconductivity, which depends on the thermal conductiv-
ity of the cavity material [4]. Nb-coated Cu cavities have 
emerged as an alternative to bulk Nb for SRF cavity appli-
cations because of the high thermal conductivity of Cu and 
the relative ease of forming the cavity structure [5, 6, 7]. 
Critical factors affecting the performance of a coated SRF 
cavity include Nb thin film thickness, surface defects, grain 
size, and the Nb/Cu thermal interface resistance. 

TDTR uses ultrafast lasers to excite thin films and meas-
ure their thermal properties, such as thermal diffusivity and 
interfacial thermal conductance [8, 9, 10]. In TDTR, a 
probe laser pulse, delayed from the pump pulse, measures 
changes in sample reflectance at various delay times be-
tween the pump and the probe. These changes in the optical 
properties reflect the temporal evolution of electron tem-
perature (Te) and lattice temperature (Tl). The thermal dif-
fusivity is determined by fitting the TDTR signal recorded 
after electron-phonon thermalization to a temperature de-
cay model derived from Fourier heat conduction law [11]. 
Several investigations have studied the thermal character-
istics and response to ultrafast heating of Nb thin films [9, 

12, 13, 14]. Microstructural properties and surface mor-
phology also influence the thermal properties and SRF cav-
ity. For instance, intragranular impurities reduce the elec-
tron mean free path and the local critical field, while grain 
boundaries serve as scattering centers. Enhancing the grain 
size of Nb films on Cu and reducing surface defects was 
demonstrated to enhance the superconducting properties of 
Nb thin films [15]. Absorption of laser pulses generates 
elastic stress, resulting in periodic oscillations in the TDTR 
signal. This ultrasonically modulated TDTR signals can be 
used to determine the sound velocity in the film [16, 17]. 
We conducted TDTR measurements to measure the ther-
mal diffusivity of 200–800 nm Nb films deposited on Cu 
at room temperature. We also measured the sound velocity 
in these films by picosecond photoacoustic.  

EXPERIMENTAL SETUP 
The Nb films were deposited on Cu using a DC magne-

tron sputtering system (AJA ATC Orion 5). The Nb sputter 
target had a purity of 99.99%, a diameter of 2 inches, and 
a thickness of 0.25 inches. Prior to deposition, the deposi-
tion chamber was evacuated to a base pressure of ~310-5 
Pa. Deposition took place at a pressure of 0.4 Pa, using 
99.999%-pure argon with a flow rate of 20 SCCM. The 
substrate was kept at room temperature and was rotated at 
30 rpm during deposition. The deposition rate, set at 0.8 
Å/s, was calibrated using a crystal thickness monitor posi-
tioned at the substrate location before deposition. The film 
surface morphology was examined using field-emission 
scanning electron microscopy (SEM) with a 15 kV accel-
erating voltage.  

The TDTR setup uses a Ti:sapphire laser oscillator 
(wavelength λ = 800 nm, pulse duration τ ~110 fs, and a 
repetition rate 80 MHz). This laser beam is split by a non-
polarizing beam splitter into a pump beam and a probe 
beam, maintaining an intensity ratio of 9:1. The energy of 
the pump pulse is ~1.25 nJ. The pump beam undergoes 
modulation at a frequency of 600 kHz via an acousto-optic 
modulator (AOM). Both the pump and probe beams are fo-
cused tightly onto the sample surface using a 10X lens, 
with the pump and probe beam diameters ~20 μm and ~10 
μm (1/e2), respectively, as determined by an optical beam 
profiler. The pump beam strikes the sample surface perpen-
dicularly, while the probe beam is incident at a 3o angle 
from the surface normal. The reflected probe beam is cap-
tured by a Si photodiode detector, with a polarizer posi-
tioned before the detector to block the scattered S-polar-
ized pump beam. The normalized change in probe-beam 
reflectance (ΔR/R) is measured using a lock-in amplifier. 
More details on the TDTR setup were given previously [8].    
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RESULTS AND DISCUSSION 
The femtosecond laser is absorbed within the skin depth 

of the laser wavelength in Nb leading to changes in the di-
electric constant of Nb, affecting the sample's reflectance. 
Under the condition of weak excitation, ΔR/R is considered 
proportional to Te = Tl for small temperature excursions 
[18]. Because the laser spot size is significantly larger than 
the optical skin depth, thermal diffusion in directions par-
allel to the surface is regarded as negligible throughout the 
duration of the measurement [12]. The 1D heat diffusion 
model following Fourier’s law is given by Eq. (1) [19]. 

்(௭,௧)డ௧ = 𝛼 మ்(௭,௧)డ௭మ + ௌ(௭,௧)஼ఘ  ,                            (1) 

where, T (z, t) is the temperature profile, z is the distance 
normal to the film surface, C is the specific heat capacity 
in Jkg-1K-1, 𝛼 is the thermal diffusivity in cm2s-1, 𝜌 is the 
mass density of the sample in kgm-3, and 𝑆(𝑧, 𝑡) is the laser 
source term (Jm-3s-1). The laser source function exhibits a 
Gaussian profile in time and decays exponentially as given 
by Eq. (2) [11, 20, 21]: 𝑆(𝑧, 𝑡) = (1 − 𝑅) ௃௧೛ௗ exp [− ௭ௗ − 2.77( ௧௧೛)ଶ],     (2) 

where R is the reflectance of the Nb film, J is the laser flu-
ence in Jm-2, d is the skin depth of Nb at 800 nm, and 𝑡௣ is 
the laser pulse width. The product of specific heat capacity 𝐶 and mass density 𝜌 is the volumetric heat capacity. For 
Nb, the volumetric heat capacity is 𝐶௟ = 𝐶𝜌 = 2.3 × 10଺ 
Jm-3K-1 and d = 20 nm for 800 nm wavelength [9, 12]. The 
pump laser fluence was ~ 3.98 Jm-2 and the reflectance 
measured for the films was R ~ 0.9 for all film thicknesses 
studied. In 1D heat diffusion model, the initial sample tem-
perature is set to 293 K and the heat flux at boundaries was 
assumed to be zero. The basis of this assumption is the neg-
ligible heat loss at the Nb/vacuum interface and the mini-
mal heating of the Nb/Cu interface by the ultrafast laser 
pulse due to the rapid decay of the heat pulse over the Nb 
film thickness perpendicular to the surface.  

Table 1: Thermal diffusivity and grain size of Nb films.  
Thickness 

(nm) 
Thermal diffusivity 

(cm2s-1) 
Grain size 

(nm) 
800 0.237± 0.002 65±16 
400 0.225 ± 0.002 43±10 
200 0.100 ± 0.002 20±6 

 

 

Figure 1: TDTR scans from Nb films of different thick-
nesses fitted with 1D heat diffusion model from time delay 
50‒900 ps between the pump and probe laser pulses.  

Figure 1 shows ΔR/R from the 200, 400, 800 nm Nb 
films on Cu substrates.  All data were averaged over 5 
scans, and a 5-point FFT filtering was applied. The thermal 
diffusivity of the Nb films was determined by fitting the 
ΔR/R scans for time delays from 50 to 900 ps between the 
pump and probe laser pulses. The value of  for the 800 
nm films ( = 0.237± 0.002 cm2s-1) is similar to that re-
ported for bulk Nb [12]. For the 400 and 200 nm films,  
has values of 0.225 ± 0.002 and 0.100 ± 0.002, respec-
tively. The thermal diffusivity of other thin film materials 
was previously reported to be significantly reduced com-
pared to their bulk counterparts [22, 23]. This reduction in 
thermal diffusivity with decreased thickness was linked to 
the reduced grain size of the thin films. SEM micrographs 
of the surface of the Nb films are shown in Fig. 2. The av-
erage grain size for each film is determined from a dataset 
comprising 50 grains. The measured grain size and  of Nb 
films of different thicknesses are displayed on Table 1. The 
observed trend of increased grain size with increasing film 
thickness is consistent with previously reported results for 
Nb films [24, 25].   

Absorption of the laser pulse causes thermal expansion 
and resulting in an acoustic waves of ultrasonic frequency 
propagating away from the free surface at the longitudinal 
sound speed. The pulse is reflected at the boundary with 
the substrate and returns to the front surface after a time 𝑡 
= 2𝑑/𝑣, where d is the thickness of the film and 𝑣 is the 

 
Figure 2: SEM images of the surface of Nb films of different thicknesses: (a) 800 nm, (b) 400 nm, (c) 200 nm Nb films. 



15th International Particle Accelerator Conference,Nashville, TN

JACoW Publishing

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2024-THPR63

3668

MC8.U02 Materials Analysis and Modification

THPR63

THPR: Thursday Poster Session: THPR

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



longitudinal sound velocity.  The TDTR scans showing the 
acoustic oscillations measured from 800, 400 and 200 nm 
Nb films are displayed in Fig. 3. The period of the oscilla-
tions varies linearly with the film thickness. Acoustic ech-
oes were also observed in metals like Cu, Al and Ni [26].  

Table 2: Sound velocity measured for Nb films. 
d, estimated. 

(nm) 
d, measured. 

(nm) 
t 

(ps) 
𝑣 

(ms-1) 
800 660 305 4328 
400 385 182 4231 
200 230 110 4182 

 
Figure 3: TDTR scans from Nb films of different thick-
nesses show the acoustic oscillations in the thermoreflec-
tance signal. The inset shows the cross-sectional SEM im-
age of 400 nm Nb film on Cu substrate. 

To determine 𝑣 for Nb films, the thickness of the films 
is measured, and the period of the acoustic oscillations is 
obtained from the TDTR signals. The accuracy of the film 
thickness estimated from the deposition rate using a crystal 
thickness monitor is checked by depositing the films on Si 
wafer under the same deposition conditions followed by 
cleaving the Si wafer and then obtaining the cross-sectional 
SEM. The inset in Fig. 3 shows the cross-sectional SEM 
image of the 400 nm film, giving the more accurate thick-
ness of 385 nm. For the 400 nm film the period of the 
acoustic oscillations is measured to be 182 ps and the value 
of 𝑣 is calculated to be 4231 ms-1. The thickness meas-ured for each film and the values of 𝑣 calculated are sum-
marized on Table 2. The average value of 𝑣 for the three 
Nb films is 4247±72 ms-1. Our calculated value of 𝑣 in Nb 
agrees with the value (3480‒4900 ms-1) reported by Sha-
balin [27]. 

The heat diffusion time for the Nb films of thicknesses 
200‒800 nm ranges from ~1.7‒27.0 ns, which are longer 
than our maximum observation time of 900 ps. Therefore, 
the effect of the Nb/Cu interface on heat transport is insig-
nificant in our measurement. However, the acoustic wave 
of ultrasonic frequency can pass through the Nb films mul-
tiple times for the thickness range studied. To investigate 
the impact of interfaces on acoustic properties, Nb films 
with a thickness of 400 nm were grown on two different 

Cu substrates: polished 3 mm bulk Cu and a 1 µm thick Cu 
film deposited on sapphire. Figure 4 shows the TDTR sig-
nals from these two Nb films on different Cu substrates, 
with an inset showing atomic force microscopy (AFM) im-
ages of the two Cu substrates. Although both films exhibit 
the same thermal diffusivity, no acoustic echoes were de-
tected in the TDTR signal obtained from the Nb film de-
posited on the 1 µm thick Cu substrate. The root mean 
square (rms) surface roughness measurements for the Cu 
substrates were 0.665 nm for the bulk Cu and 5.49 nm for 
the 1 µm Cu substrate. Substrate roughness plays a signif-
icant role in adhesion in thin film interfaces, impacting fac-
tors such as film uniformity, stress distribution, and inter-
facial bonding. Surface roughness affects the coherence of 
the reflected acoustic pulse with a rough surface diminish-
ing its appearance. 

 
Figure 4: TDTR scans from 400 nm Nb films deposited on 
two different Cu substrates: 3 mm thick bulk Cu and 1 m 
Cu thin film deposited on sapphire. The AFM images in 
the inset display the surface of the two Cu substrates used. 

CONCLUSION 
The thermal diffusivity 𝛼 of Nb films was measured by 

TDTR fitted to a 1D heat diffusion model. Reduction of 𝛼 
is observed when the film thickness is reduced from 800 to 
200 nm. The thermal response shows clear acoustic bumps 
due to strain. The value calculated for longitudinal sound 
velocity for Nb is 4247±72 ms-1, which is within the range 
(3480‒4900 ms-1) previously reported [27]. 
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