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Liquid can be heated up above its boiling point, known as 

superheating. In this metastable state, the liquid temperature 

keeps increasing as the liquid is being heated. In contrast, we 

experimentally demonstrate that the temperature of superheated 

water can be kept constant even at elevated heating power. 

Water heating is done by the photothermal conversion of 

plasmonic titanium nitride nanostructures on a sapphire substrate 

under the illumination of continuous wave laser irradiation. The 

temperature-constant superheating is also observed for ethylene 

glycol and 2-acetoxy-1-methoxypropane, and is attributed to high 

thermal conductivity of the substrate. This unique superheating 

yet achieved by a simple method can be useful in optical trapping 

and various optical heating applications.  

Noble metal nanostructures have been widely used in recent 

photothermal studies owing to their plasmon enhanced-

optical absorption.
1, 2

 At plasmon resonances, the absorption 

cross-sections are maximized and the absorbed optical 

energies heat the metallic nanostructures via photothermal 

processes. As heat dissipates from the optically illuminated 

metallic nanostructures, their local surroundings are also 

heated to high temperature. A direct application of such 

heating is photothermal therapy to kill cancer cells.
3
 When a 

metallic nanostructure immersed in liquid is illuminated at 

high power, the liquid is typically superheated
4
 and 

subsequently bubbles are created
5, 6

 which could accompany 

rapid Marangoni flow.
7, 8

 Early works on superheating and 

bubble generation used pulsed laser illumination 
9, 10

 and 

recently continous wave (CW) lasers
6, 11-14

 have been also used. 

While numerous studies have been carried out, the 

superheated temperature and conditions for superheating and 

bubble generation are not well understood. One aspect that 

has been less explored is the effect of the substrate on 

photothermal heating,
12, 15

 which was investgated in this work. 

 In photothermal research including superheating and 

bubble generation, gold has been the material of choice due to 

its outstanding plasmonic properties and chemical stability.
16-

18
 However, titanium nitride (TiN) has recently been 

considered as an alternative to gold.
19-22

 Titanium nitride is a 

chemically stable ceramic and has a high melting point. Since 

its carrier concentration is comparable to those of metals,
23, 24

 

plasmon resonance can be excited in TiN nanostructures.
19, 25-

28
 Furthermore, TiN has been shown to be superior to gold in 

photothermal applications because of its strong and broad 

optical absorption.
29-31

 Photothermal applications of TiN 

include solar heating
32-35

 thermal therapy
31

 and heat-assisted 

magnetic recording.
36

  

 To gain better insight into the light-to-heat conversion 

process occuring in TiN nanostructures, it is vital to measure 

the local temperature when TiN nanostructures are heated 

optically, however, little work has been undertaken on in this 

topic. Guler et al measured the temperature of a TiN nanodisk 

array,
29

 but the spatial resolution of the measured 

temperature was limited to few tens of microns. To measure 

the temperature of nanostructures, a non-contact 

measurement technique is essential; optical methods can 

meet this requirement. Several optical techniques have been 

developed to measure the temperature of nanostructures. For 

Raman active materials, it is common to estimate the 

temperature from its Stokes and anti-Stokes peaks. For Raman 

inactive samples, a Raman active polymer can be coated on 

the surface and used for local temperature measurement.
37

 

Other temperature measurement methods include 

photoluminescence of dyes,
38

 quantum dots,
39-41

 oxides,
42

 rare 

Page 1 of 7 Nanoscale

N
an
os
ca
le
A
cc
ep
te
d
M
an
us
cr
ip
t

P
u
b
li

sh
ed

 o
n
 1

3
 S

ep
te

m
b
er

 2
0
1
8
. 
D

o
w

n
lo

ad
ed

 b
y
 U

n
iv

er
si

ty
 o

f 
W

es
te

rn
 O

n
ta

ri
o
 o

n
 9

/1
3
/2

0
1
8
 5

:1
5
:0

0
 A

M
. 

View Article Online

DOI: 10.1039/C8NR05931D



COMMUNICATION Journal Name 

2 | J. Name., 2018, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

earth ions,
11

 anti-Stokes luminescence,
43

 and scattered 

spectrum in dark-field microscopy.
4
 In addition to these 

spectroscopic methods, thermo-reflectance measurements
44

 

and temperature-dependent phase shift
45

 techniques have 

also been developed. 

 In the current study, we locally heated TiN thin films and 

TiN arrays using a focused laser beam at 785 nm. The TiN thin 

films and TiN arrays were fabricated on two different 

substrates, sapphire and silica glass, which have very different 

thermal conductivities. Periodic arrays consisting of separated 

TiN pillars were chosen as a target nanostructure to examine 

the photothermal properties of separated TiN pillars (particles) 

without aggregation. The temperatures of the samples were 

monitored by the temperature-dependent Stokes peak shift. In 

contrast to the temperature determination method which 

takes the ratio of Stokes and anti-Stokes peaks intensities, our 

method only requires the measurement of Stokes shift and 

provides reliable results that were confirmed by the numerical 

simulation. We measured the local temperatures of the TiN 

nanostructures with different substrates and superstrates 

where the former include sapphire and glass and the latter 

include water, ethylene glycol (EG), and 2-acetoxy-1-

methoxypropane (PGMEA), and then evaluated the 

superheated temperatures and conditions. Our findings allow 

to realize the superheated state of liquid in a controlled 

manner and will provide a unique area for superheating 

applications such as optical trapping. 

 

 An atomic force microscopy (AFM) image of the film and 

scanning electron microscopy (SEM) image of the array on the 

sapphire substrates are shown in Figure 1(a) and Figure 1(b), 

respectively. From the AFM image, the roughness was 

estimated to be 0.502 nm, verifying the smooth surface of the 

polycrystalline film. The SEM image of the array showed that 

the TiN pillars were arranged in a square lattice with a 

periodicity of 400 nm. The shape of the pillar was trapezoidal, 

where the average top and bottom diameters were 130 nm 

and 260 nm, respectively. The SEM image of the array 

fabricated on the glass substrate is shown in Figure S1. The top 

and bottom average diameters of the pillars are 140 nm and 

340 nm, respectively.  

Figure 1(c) shows the measured absorptance values of the film 

and array samples on the sapphire and glass substrates. 

Although the pillars on the glass substrate were a little larger 

than those on the sapphire substrate, the difference in optical 

properties was not significant. At the optical heating 

wavelength of 785 nm, the absorptance values of the film and 

array on the sapphire substrates were 46% and 40%, 

respectively. Similarly, the absorptances of the film and array 

on the glass substrates at 785 nm were 34% and 32%, 

respectively. The relatively high absorptance values of the 

arrays, regardless of the smaller geometrical coverages 

compared to the films, was due to the broad plasmon 

resonance of the TiN. The transmittance and reflectance of the 

film and array samples are shown in Figure S2 as the 

supporting materials. The films were thick enough to block all 

incident light (transmittance ~ 0), while the lower density of 

the arrays let 40–60% of the incoming light be transmitted 

through the samples. 

 The temperature-dependent Stokes peaks for the film on 

the sapphire substrate are plotted in Figure 2(a). The 

superstrate was air in this set of measurements. The 

temperature of the sample was controlled by a heater placed 

on the Raman microscope system. A rather broad peak 

centered at ~558 cm
-1

 at 291 K (room temperature) 

corresponded to the optical phonon mode of nitrogen 

deficiencies.
46, 47

 As the temperature increased, the peak blue 

shifted monotonically. A temperature-dependent blue shift for 

a TiN film was previously reported in ref.
48

 and is well-known 

for semiconductors
49, 50

. A similar measurement was carried 

out for the array on the sapphire substrate, as shown in Figure 

S3. From these plots, the Raman peak positions were plotted 

against the temperatures of the samples as shown in Figure 

2(b). As expected, the plots for the film and array were the 

same within experimental error; hence, the plot for the film 

was chosen and fitted by a fourth-order polynomial function. 

This fitted function was used to convert the Stokes peak shift 

into the temperature of the optically heated samples, as 

described in the following sections.  

 

Figure 1. (a) AFM image of the TiN film sputtered on the sapphire substrate. (b) SEM 

image of the TiN array on the sapphire substrate. (c) Measured absorptance values of 

the TiN films and TiN arrays on the sapphire and glass substrates. The vertical dashed 

line indicates the optical heating wavelength of 785 nm. 

 The temperature increases of the film and array samples 

heated by the laser are presented in Figure 3 where the 

superstrates were air for all the samples. Here, the incident 

785 nm laser performed dual roles; optical heating and 

excitation of Raman scattering. The Stokes peak shifts were 

correlated to the temperature by the relationship presented in 

Figure 2. The Stokes peaks for all four samples monotonically 
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shifted to smaller wavenumbers, indicating that the samples 

were locally heated by the laser irradiation. 

 Figure 3 shows that, the difference between the film and 

array samples was small for the same substrates. This was 

expected, as the absorption of the films and array samples 

were of the same order, as shown in Figure 1(c). TiN pillars 

convert light to heat more efficiently via enhanced light 

absorption, given the smaller volume of TiN for the array 

compared with the film. In addition, the thicknesses of the 

samples (160 nm) were more than three orders of magnitude 

thinner than those of the substrates (0.5 mm) so the 

substrates acted as effective heat sinks.  

 

Figure 2. (a) Stokes peaks of the TiN film on a sapphire substrate at various 

temperatures heated by a sample heater with air as the superstrate. The dashed line 

shows the center position of the peak measured at 291 K. The temperature shown on 

the right is the temperature of the TiN film. (b) Raman shift of the Stokes peaks of the 

TiN film and TiN array as functions of the TiN temperature heated by a sample heater. 

The data for the film and array samples were collected from sub-figure (a) and Figure 

S3, respectively. The dashed line shows the fitted curve for the film data. 

 On the other hand, comparing the samples on the sapphire 

and glass substrates showed that the laser power dependence 

of the samples on glass were around six times higher than that 

of the samples on sapphire. As the dimensions of the two 

substrates were comparable with respect to the beam size (3.1 

�m
2
) so that the heat transfer was dominated by the thermal 

properties of the substrates. The densities and heat capacities 

of the glass and sapphire were similar; hence the difference in 

heating was mainly due to the difference in thermal 

conductivities between the sapphire and glass. The thermal 

conductivity of sapphire (27 W/(m·K)) is ~20 times higher than 

that of glass (1.4 W/(m·K)), resulting in a larger amount of heat 

being dissipated into the sapphire than into the glass. 

 To verify our assumption, the photothermal process was 

numerically simulated and solved under steady-state 

conditions using finite element method simulations. The 

temperatures of the films and arrays were averaged over the 

laser beam area and plotted in Figure 3(b). Although the 

simulations slightly overestimated the temperatures compared 

to the experiments, the temperature increases of the samples 

on the glass substrates were larger than those on the sapphire 

substrates, validating the experimental results. The simulation 

also revealed that the heated region was more confined with 

the sapphire substrate than with the glass substrate as shown 

in Figure S4. 

 

Figure 3. (a) Schematic diagram showing the four differnt samples (TiN film on sapphire 

substrate, TiN array on sapphire substrate, TiN film on glass substrate, TiN array on 

glass substrate). (b) Laser power dependent temperature increase for the four samples 

in experiment. (c) Numerically simulated temperature increase of the four samples by 

laser heating. The top x-axes in panel (b) and (c) show the laser irradiance which were 

calculated from the bottom x-axes considering the beam area.  

 Next, each sample with a water superstrate covered by a 

cover slip was heated by a 785 nm CW laser. The laser heating 

procedure was identical to the previous set of measurements. 

The results of this laser heating experiment are summarized in 

Figure 4, along with schematic diagrams of the sample setups. 

For the samples with sapphire substrates shown in Figure 4(b), 

the temperature increases of the film and array samples were 

approximately linear with respect to the laser power up to ~15 

mW. Note that the laser heated area reached thermal 

equilibrium within the data accumulation period as shown in 

Figure S5. The slopes of the data were similar to those of the 

sapphire substrate samples with air superstrate as shown in 

Figure 3(b). This was expected, because the thermal 

conductivity of water is smaller than that of sapphire so the 

heat dissipations was governed mainly by the sapphire. 
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However, when the laser power was increased above ~20 mW 

the temperatures stayed constant at ~440 K. By further 

increasing the laser power, bubbles were observed at 68 mW 

and 70 mW for the film sample and array sample, respectively, 

(Figure S6) and the temperatures started to increase in 

accordance with the laser power. In accordance with the other 

works done by using other substrate,
7, 8

 Marangoni flows were 

observed after the bubble formation (see Figure S7). Since the 

boiling point of water is 373.15 K, the constant temperature 

regions were considered to be in superheated states.  

 Water superheated by laser heating has previously 

reported using an optical microscopy; however, constant 

temperature region has not been reported. Setoura et al 

optically heated a gold nanoparticle on a sapphire substrate 

with a water superstrate.
12

 In their case, the maximum laser 

power was lower than that of ours, which we suggest is the 

reason why they did not observe a plateau region. One 

possible reason why such observations have not been made 

previously is that most studies used glass substrates. Since the 

thermal conductivity of glass is much lower than that of 

sapphire and comparable to that of water, the temperature of 

the heated nanostructures easily rose to high temperatures 

and the plateau region was not obvious. To confirm this 

hypothesis, the samples with the glass substrates were also 

laser heated in the same manner and the results are plotted in 

Figure 4(d). Unlike the use of sapphire substrates, a plateau 

region did not appear, consistent with the work done by 

others.
5, 6, 14

 Nonetheless, even with the glass substrates 

plateau regions seem to be observed by recording the 

temperature at smaller step as shown in Figure S8. Compared 

to the plateau regions with the sapphire substrate, the plateau 

regions with the glass substrates are in much limited power 

range, which could be the reason that they were previously 

overlooked.  

 Bubbles were observed when laser powers of 5 mW and 11 

mW were used for the film and array samples on the glass 

substrate, respectively (see Figure S6), much lower powers 

than those for the samples on sapphire substrates. For both 

laser powers, the temperatures were well above the boiling 

point of water, indicating superheating. Similar to the cases 

with the sample with the sapphire substrates, Marangoni flows 

were observed by further increasing the power as shown in 

Figure S7.  

 To investigate whether the observed plateau region is 

specific to water, identical experiments were performed by 

replacing water with EG or PGMEA having boiling points of 

470.45 and 419.15 K, respectively. In these set of experiments, 

the film and array samples with sapphire substrates were used. 

The results of the laser heating for samples having either EG or 

PGMEA superstrate are shown in Figure S9. Even if the 

superstrate was either EG or PGMEA, there were plateau 

regions similar to the case with water. With EG or PGMEA 

superstrate, bubbles were not observed probably because 

their boiling points are higher than that of water and our laser 

was not powerful enough to generate bubbles. 

 From Figures 4 and S9, the existence of a constant 

temperature region for a sample having liquid superstrate 

seems to be a common feature if the substrate is sapphire. The 

reason is considered to be related to the latent heat of 

evaporation. In experiment, the fact that the plateau 

temperature (~440 K for water, ~480 K for PGMEA, and ~520 K 

for EG) scales with the boiling temperature (373.15 K for water, 

419.15 K for PGMEA, and 470.45 K for EG) suggests the effect 

of latent heat. When the laser power was increased so that the 

optically supplied energy exceeded the latent heat, the 

temperature rose again together with the formation of bubble 

as shown for the results with water superstrate.  

 Maintaining nearly constant temperatures, even at 

elevated laser power, provides a unique environment for 

various applications. For instance, if a sapphire substrate is 

used in an optical tweezer,
51

 the trapping force can be several 

times stronger than the standard case below explosive bubble 

formation. Additionally, one could envision to replace sapphire 

with a material having even higher thermal conductivity such 

as copper so that the constant temperature region can be 

further extended. 

 

Figure 4. (a) Schematic diagrams of the TiN samples with sapphire substrates where the 

superstrates were water layers. (b) Laser power dependent temperature increase of 

the samples with sapphire substrates from the experiment. The dahsed line and shaded 

region indicate the boiling point of water and the plataue region observed in the 

experiment, respectively. The vertical bar on the top left denotes the error bar in 

thetemperature. (c) Schematic diagrams of the TiN samples with glass substrates 

where the superstrates were water layers. (d) Laser power dependent temperature 

increase of the samples with glass substrates from the experiment. The error range is 

identical to the error bar shown in panel (c). The top x-axes in panel (b) and (d) were 

calculated from the bottom x-axes considering the beam area. 

Conclusions 
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In summary, we experimentally measured the local 

temperatures of the TiN films and arrays with different 

substrates and superstrates by Raman spectroscopy. The 

substrates used in our work were glass and sapphire, and 

water. EG, and PGMEA were the tested liquids which have 

different boiling points. In contrast to conventional Raman 

spectroscopy-based temperature sensing, our method uses 

the temperature-dependent Stokes peak shift of TiN and does 

not require measurement of anti-Stokes peaks. Our results 

demonstrated that the thermal conductivity of the substrate is 

an important parameter for tuning the local temperature 

during laser heating of nanostructures. When the superstrate 

and substrate were liquid and sapphire, respectively, the liquid 

could be kept at a constant temperature above its boiling point 

over a certain range of laser power. This is a unique 

superheating condition which has not been previously 

reported. Additionally, similar superheating can be seen with 

the glass substrate, however, the range of the laser power was 

narrower compared to that with the sapphire substrate. We 

anticipate that TiN nanostructures will be useful platforms for 

studying microscale photothermal effects, where optimizing 

the choice of substrate can broaden the application of laser 

heating, particularly using liquids, and provide insight into 

unexplored mechanism. 
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Notes  

Sample fabrication and optical properties: The TiN films were 

fabricated by a DC magnetron sputtering apparatus on two 

sapphire substrates and two silica glass substrates. The sizes of 

the sapphire and glass substrates were roughly 15 × 15 mm 

and 30 × 30 mm, respectively, and were 0.5 mm thick. During 

the sputtering, nitrogen and argon gas were added and the 

sample holder was heated to 520 K. The film thickness in the 

current study is 160 nm. The TiN films on the sapphire and 

glass substrates were taken for nanoarray fabrication. After 

spin-coating resist (TU2-170, Obducat. Ltd) on each film, the 

pre-baked samples were patterned by nanoimprint lithography 

technique (EitreTM 3, Obducat) using a silicon mold. The mold 

has a square lattice pattern of 400 nm periodicity and the 

height and diameter of the pillars are 200 nm and 150 nm, 

respectively. Then, the samples were etched by a reactive ion 

etching instrument (RIE-101iPH, Samco) using a mixture of 

argon, BCl3 and chlorine. 

Characterization: The film roughness and geometry were 

characterized by an atomic force microscope (SPI3800N, Seiko 

Instruments Inc.) and scanning electron microscope (SU8000, 

Hitachi), respectively. The optical properties of the samples 

were measured by a UV-Vis spectrometer (V-570, JASCO). 

To calibrate the Stokes peak shift with respect to temperature, 

the films and arrays were heated by a sample heater (10064, 

Japan High Tech) placed on the sample stage of a Raman 

microscope (T64000, Horiba-Jovin Yvon). The sample was 

excited by a He-Ne laser at ~3 mW with an objective lens (90�, 

NA0.7). The surface temperature of the sample was monitored 

by a K-type thermocouple and the Stokes peaks were recorded 

by gradually increasing the temperature up to ~500 K. The 

temperature calibration curve is extrapolated up to 700 K 

assuming no property changes in TiN. 

Optical heating and temperature monitoring: For the local 

heating experiment, another Raman microscope (alpha 300S, 

WITec) was used which was equipped with a monochromator 

(ACTON SP2300, Princeton Instruments) and a CCD (DU401A, 

Andor). The excitation source was a CW 785 nm diode laser 

(XTRA, Toptica), and the excitation and collection were done 

by an objective lens (50�, NA0.8, Olympus). The laser power 

was measured right after the objective lens. 

The sample was placed on the sample stage of the microscope. 

When the superstrate was liquid, 20 μL of each liquid was 

dropped on the sample and covered by a cover slip before 

placing the sample on the same sample stage. The liquid 

investigated in this study were, pure water, EG, and PGMEA. 
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