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Non-Destructive Evaluation of Material Properties of Nanoscale 
Thin-Films Using Ultrafast Optical Pump-Probe Methods

Yun Young Kim* and Sridhar Krishnaswamy*✝

Abstract Exploration in microelectromechanical systems(MEMS) and nanotechnology requires evaluation techniques 
suitable for sub-micron length scale so that thermal and mechanical properties of novel materials can be 
investigated for optimal design of miro/nanostructures. The ultrafast optical pump-probe technique provides a 
contact-free and non-destructive way to characterize nanoscale thin-films, and its ultrahigh temporal resolution 
enables the study of heat-transport phenomena down to a sub-picosecond regime. This paper reviews the principle 
of optical pump-probe technique and introduces its application to the area of micro/nano-NDE.
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1. Introduction

Nanoscale thin-film materials and structures 
are a subject of active research today because of 
their wide-ranging applications in science and 
engineering. Carbon-based materials such as 
graphene or diamond-like carbon(DLC) exist in 
a 2-dimensional form, and MEMS devices such 
as radio-frequency(RF) switches or microcantilevers 
are made of membranes or metallic layers. 

In order to optimize the device performance 
and prevent structural failure, it is important to 
understand the thermal and mechanical properties 
of thin-film materials. They are, however, not 
necessarily identical to those of bulk materials 
due to scale effects and large surface-area-to- 
volume ratio[1]. Besides, the properties could 
vary depending on the fabrication technique 
even for the same material[2]. For these reasons, 
investigations have been performed to develop a 
characterization technique for MEMS and nano- 
materials/structures. There are many methods 
such as nanoindentation[3], mirage technique[4], 

bulge testing[5], 3ω method[6], and so on.
Unlike these methods, however, the optical 

pump-probe technique provides a non-contact 
and non-destructive way to characterize 
nanomaterials with very high temporal resolution 
down to sub-picosecond. In this technique, 
ultrafast laser pulses are focused onto the 
surface of a metal-coated sample so that the 
optical energy can be absorbed. The resulting 
expansion and cooling of the local spot on the 
film surface results in temperature-induced 
reflectivity changes as well as generation of 
high-frequency ultrasonic waves propagating in 
the thin film. If the sample is composed of two 
or more layers, the film interface will produce 
echoes of ultrasound, and as a result additional 
changes of surface reflectivity will be observed 
when the echo arrives due to the piezo-optic 
effect. These changes are monitored through the 
intensity change of a probe laser beam, which is 
illuminated on the same spot and reflected to a 
photodetector. Fig. 1 schematically describes the 
principle. Analysis of the plot provides thermal 
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Fig. 2 A schematic of the experimental setup

Fig. 1 The principle of picosecond ultrasonics[8]

Fig. 3 A picture of the optical pump-probe setup in 
the Center for Quality Engineering & Failure 
Prevention at Northwestern University

and mechanical properties of nanoscale materials 
such as thermal conductivity, film thickness, 
sound velocity, Young’s modulus, interfacial 
adhesion quality, sub-surface morphology, and 
so on[7].

Therefore, the technique has become very 
popular in the area of thin-film and 
nanomaterials research today. In this review 
paper, the principle of ultrafast pump-probe 
technique will be discussed, and its applications 
in the area of micro/nano NDE will be 
introduced.

2. Experimental

2.1 Optics Setup

Fig. 2 describes the schematic of a standard 
optical pump-probe setup. A femtosecond laser 
system emits a train of pulses, and commercially 
available lasers nowadays typically have 
parameters of ~100 fs pulse width, 780~800 nm 
wavelength, 80 MHz repetition rate, and 8~34 
nJ pulse energy. With a combination of 
half-wave plate and polarizing beam splitter, the 
beam is divided into pump- and probe-paths 
with an intensity ratio of 10:1. Here, the 
pump-beam is chopped using an acousto- or 
electro-optic modulator to provide a reference 
frequency to a lock-in amplifier and focused 
onto the sample surface to induce periodic 

temperature rise and decay. Meanwhile, the 
probe-beam is directed and focused to the same 
spot where the pump-beam falls using a 
retroreflector installed on a motorized stage so 
that thermoreflectance change can be monitored. 
The spot size of the pump- beam is normally 
50 μm and that of probe-beam is on the same 
order but smaller so that 1-dimensional 
assumption can be satisfied for the numerical 
analysis, which will be described later. The 
probe-beam reflected by the sample is converted 
to voltage signal in a photodetector connected to 
a lock-in amplifier, and the entire data collection 
procedure is performed on a computer using 
LabVIEW interface. Fig. 3 shows the photograph 
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Fig. 4 The time-domain thermoreflectance change 
signal from an aluminum-coated silicon 
wafer

of the actual setup in the Center for Quality 
Engineering & Failure Prevention at Northwestern 
University. Specific names of manufacturers and 
model numbers are provided in [9].

A typical response of thermoreflectance 
change from an aluminum(Al)-coated silicon(Si) 
substrate is presented in Fig. 4. When the 
optical path lengths(OPL) of the two beams are 
exactly the same, the probe-pulse monitors the 
reflectivity of surface at t = 0. Then the 
retroreflector on a stage is moved backward step 
by step to increase the delay time of the 
probe-beam, and in this way the decay of 
temperature-induced reflectivity changes after- 
wards are monitored. The resolution of plot 
depends on not only the pulse width of the 
ultrafast laser system, but also the movement 
resolution of the stage. The speed of light is 
3×108 m/s, so displacement of retroreflector by 
150 μm results in 1 ps delay on the time-domain 
plot. Once the plot is obtained, it is compared 
to a numerical model to extract thermal or 
mechanical properties from the best fit.

2.2 Numerical Analysis

In order to estimate the material properties, 
thermoelastic equations need to be solved. 
Depending on the time scale of heat-transfer 
process, it is divided into two regimes. The first 
one is the two-temperature model(TTM), which 
considers the absorption of optical energy by 
electrons and corresponding electron-phonon 
coupling during the first few picoseconds. The 
second one is the macroscopic Fourier heat 
conduction. While the TTM is useful in 
understanding ultrashort laser material processing 
and ballistic-diffusive heat transport phenomena, 
thermomechanical properties of thin-films and 
nanoscale materials can be extracted using the 
latter.

Suppose that the thermoreflectance of 
Al-coated Si is monitored as shown in Fig. 1. 

Following Richardson et al.[10], the partially 
coupled governing equations are as follows:

TCWT vijij
&ρκ =+, (1)

uTBuc jijkjlijkl &&ρ=− ,, (2)

where κij is the thermal conductivity tensor, T is 
the temperature, ρ is the density of material, Cv 
is the specific heat, cijkl is the stiffness tensor, 
Bij is the thermal-stress tensor, ui is the 
displacement vector. W is the heating function 
determined by laser parameters:
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the surface optical reflectance, n0 is the 
refractive index of top layer material, and I(t) 
describes the pulse shape:
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where τ is the pulse width. Boundary conditions 
are taken from the perfect contact between the 
film and substrate:
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where the superscript f and s stands for ‘film’ 
and ‘substrate’. d is the film thickness. Also, on 
the top surface of film there will not be heat 
flow and it is traction-free:
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Since the film is initially at rest, initial 
conditions are:
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Since the spot size of pump-beam is much 
larger than that of the probe-beam, 1D assumption 
can be applied. Then the homogeneous and 
particular solutions can be obtained so that the 
temperature and displacement changes can be 
calculated. Finally, the optical reflectivity change 
of surface, ΔR, is determined as: 
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where p = cosθ, and θ is the incident angle of 
probe-beam. vη and wη are the sensitivity 
coefficients of the complex dielectric constant, 
which determine the effect of the temperature 
(thermoreflectivity) or strain (piezoreflectivity) 
on the dielectric constant. Iη and Jη are given as 
follows:
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where Aη(z,t) is the temperature or the strain 
distribution. The solution can be numerically 
obtained using a finite-difference method(FDM) 
and material properties can be estimated from 
the best fit, as shown in Fig. 4. Similarly, 
materials of different structures, for example, 
trilayers composed of Al/sample material/ 
substrate or freestanding films, can be easily 
analyzed by increasing the number of layers in 
the governing equation and modifying boundary 
conditions.

3. Examples

Using the technique, materials in the form of 
2D layers can be characterized. One of the most 
vigorously investigated materials is DLC 
thin-films and coatings. DLC is a class of 
material that comprises of distinct sp2-to-sp3 
hybridization carbon(C) atoms and hydrogen 
content in the film. In general, the material 
becomes more diamond-like as the sp3-bonded 
carbon content increases in the film. On the 
other hand, it becomes softer and less dense as 
the hydrogen(H) content increase, becoming 
graphite-like, as shown in Fig. 5[11]. DLC has 
many applications such as protective coatings 
for tribological tools[12], solid-lubricants for 
biomedical implants[13], chemical sensors[14], 
antireflection layers in photovoltaics[15], thermal 
actuators in MEMS devices[16], and so on.

DLC thin-films can be deposited using various 
techniques, such as plasma enhanced chemical 
vapor deposition(PECVD), graphite  sputtering, 
laser ablation technique, filtered cathodic vacuum 
arcs, and so on[2]. Mechanical and thermal 
properties of DLC depends on the fabrication 
technique and specific deposition condition, 
researchers extensively characterized the material, 
especially using the picosecond ultrasonics.
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Fig. 5 Classification of DLC[10]

Morath et al.[17] shows thermal conductivity 
of DLCs and amorphous diamonds (a-D) 
fabricated from various techniques such as 
pulsed laser deposition, cathodic arc deposition, 
ion-beam sputter, plasma-assisted chemical vapor 
deposition, and direct ion-beam deposition in the 
range of 3~10-2 W/mK for DLC and 5~10-2 
W/mK for a-D. Those values were larger than 
what the Einstein theory of heat conduction[18] 
predicts by factors of 3-5. According to the 
theory, heat transport in amorphous solids in the 
atomic scale is considered as a random walk of 
energy, rather than propagation of phonons:
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However, Morath et al. justified the 
disagreement that the thermal conductivity could 
be larger than that of a completely disordered 
material such as glass in the study by Cahill 
and Pohl[18] because of the long-range order in 
carbon materials.

Later, Arlene et al. [19] determined κ of 
PECVD-grown hydrogenated amorphous carbon 
(a-C:H) films grown at different temperatures 
(548~823 K). The value varied from 0.6 to 
1.4 W/mK, and showed a general trend of 
increasing hardness and sound velocity with 
decreasing growth temperatures. Comparing the 

minimal thermal conductivity theory[18], their 
results showed good agreement within 20~30% 
deviation.

Kim et al. studied the effects of various 
growth conditions such as H:CH4 flow-rate ratio 
for H-dilution[20], RF power[21], and deposition 
time[22] on the thermal diffusivity (α) of hydro- 
genated amorphous carbons deposited using the 
PECVD technique. Microstructural changes in 
the film were also characterized using optical 
transmission spectroscopy, Fourier transform 
infrared spectroscopy, and Raman spectroscopy 
so that their influence on α can be clarified. 
Strong dependence of the thermal property on 
the variation of sp2 cluster size and sp2 C 
content was observed, and the diffusivity values 
were similar or lower than those of a-C:H or 
a-D grown with similar deposition techniques.

As a closing remark, the ultrafast optical 
pump-probe method can be employed to the 
study of not only DLC but also other thin-film 
based novel materials and structures. Panzer et 
al. measured thermal properties of aligned single 
wall carbon nanotubes(SWNTs)[23]. In their 
experiment, an array of carbon nanotubes were 
grown on a silicon substrate coated with a layer 
of silicon dioxide(SiO2), and the top surface was 
covered with 160-nm Al layer with a 20-nm 
palladium adhesion layer. The total thermal 
resistance of the structure was obtained to be 
12 m2 K MW-1, and individual CNT-metal contact 
resistance was 10 m2 K GW-1. They anticipated 
that the total thermal resistance could be 
decreased below 1 m2 K MW-1 by increasing the 
fraction of CNT-metal contacts. In the graphene 
research, Mak et al. evaluated the thermal 
interfacial thermal conductance (GK) of 
mechanically exfoliated single and multilayer 
graphene on fused SiO2 substrates[24]. GK = 
5000 W cm2 K was obtained without any 
dependence of layer thickness, but it was 
comparable to those of carbon nanotubes in  
[25,26].
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Conclusion

In this review paper, the principle and 
application of ultrafast optical pump-probe 
technique were introduced. Since the technique 
has very high temporal resolution appropriate for 
structures in micro and nanoscale, it has a lot of 
possibilities for investigations of thin-films in 
the area of micro/nano-NDE.
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