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processing and probing have become uni-
versal standard techniques in research 
and industry. This extends from engi-
neering applications, such as laser cutting, 
welding, and surface treatment,[4] bio-med-
ical applications, such as eye surgery,[5] to 
applications in materials science and chem-
istry,[6,7] to assist in the synthesis of col-
loids,[8] nanoparticles,[9] and graphene.[10,11]

In recent years, the manipulation of 
thin films with lasers has gained a lot of 
attention: Laser-induced forward transfer 
(LIFT)[12] utilizes a laser to transfer mate-
rials from a donor thin film to an acceptor 
surface to create patterns. Thereby, sen-
sitive biomolecules can be transferred 
inside a carrier (solvents or polymers) to 
generate microarrays.[13–17]

Focused laser irradiation can easily 
introduce a thermal gradient into a com-
plex thin film system on the micrometer 

scale. However, it is critical to control the exact conditions 
during processing to assure stability of sensitive materials. 
Many numerical and theoretical models[18] try to describe the 
occurring temperatures in single material films. Yet, profound 
experimental data of such small and short-lived temperature 
gradients in complex thin films is scarce.

Current technologies for thermal microscale measure-
ments[19,20] comprise for example of thermal reflectance 
methods,[21–23] micro-sized thermal probes,[24] thermal mapping 
with nematic liquid crystals,[25,26] fluorescence,[27] and infrared 
measurements.[28] These approaches are too slow, do not offer 
sufficient lateral resolution, and can only be addressed by 
expensive and complicated setups. In addition, some of these 
techniques cause major perturbations (e.g., altering the heat 
capacity) in the rapidly changing ultrathin film systems (µm to 
nm range), making precise measurements impossible.

In this work, we introduce a facile methodology to measure 
spatially and temporally confined surface temperature gradients 
with micrometer and millisecond precision. By casting a thin 
alkane film onto a planar substrate of interest, we can simply 
image a local laser-induced temperature gradient, due to the 
change of morphological properties of the alkane film. These 
nanometer thin structures can easily be imaged with standard 
optical microscopy techniques.[29,30] Alkanes are inert, non-con-
ductive, transparent, and well characterized. Their temperature 
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1. Introduction

A major challenge in science and technology is the control 
and measurement of rapidly changing, spatially, and tempo-
rally confined temperature gradients. The smaller and thinner 
a system becomes, the more problematic is the heat manage-
ment, for example, in batteries,[1] solar cells,[2] and semicon-
ductor components.[3] With progressive miniaturization, it 
becomes increasingly difficult to find non-invasive methods for 
the characterization of short-lived thermal gradients.

One of the most common techniques to generate local tem-
perature gradients is through laser irradiation. Laser material 

© 2020 The Authors. Advanced Materials Interfaces published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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behavior, as well as, their melting and boiling points (here, 
37–522 °C) depend on their chain length.[30–34]

The basic setup (Figure 1) consists of a standard glass slide, 
supporting a thin film laser absorber. In particular, we used a 
polyimide film of 25 µm thickness. A laser is focused onto the 
film from underneath (spot size dspot  = 40 µm, see Figure  S1, 
Supporting Information). Since the polyimide is coated with a 
(sub-)mono or multilayer of alkanes, a simple reflective optical 
microscope setup[29] is used to image the thin film. We used a 
fast high-resolution camera with 1000 fps, which is not required 
but useful for in situ imaging.

After thorough characterization of different short-lived laser-
induced temperature gradients, this approach can be used to 
measure the phase transition behavior of complex thin film 
polymer mixtures.

2. Results

2.1. Melting and Time Evolution of Alkane Films under 
Laser-Induced Heating

In Figure 2, we show the behavior of a multilayer alkane coating 
during irradiation of the supporting 25 µm polyimide film. The 
schematic illustrates the morphology and phase evolution of the 
alkane crystal structures. Directly after the first melt appears, 
the film starts to rupture and a de-wetting rim forms, which fol-
lows the melting perimeter (ring) during the process.

Some small alkane droplets remain on the surface in the rup-
ture hole. These droplets start to disappear after a certain time, 
which can be correlated to the evaporation of these droplets, 
since the surface center reaches the boiling point of the alkane. 

Additionally, tiny droplets appear between the perimeters of 
melting and evaporation, presumably as a result of condensa-
tion of gaseous alkanes at the slightly colder surface. These 
droplets disappear again when the evaporation perimeter fur-
ther expands.

Figure 1.  Basic setup for time resolved microscopy of the process. Typical 
samples are (sub-)mono to multilayer alkane films, coated onto a laser 
absorber (25 µm thick polyimide) film, supported by a standard 1 mm 
microscope glass slide.

Figure 2.  Time evolution of alkane melting during laser irradiation: 
a) The solid alkane multilayer film, b) initial melting due to laser irradia-
tion, c) melting and rupture of film and ring formation. d) Evaporation 
of tiny residual alkane droplets. e) Rapidly solidified amorphous alkane 
de-wetting rim.
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From the microscopy data, we measure the radial increase of 
the rupture hole and the perimeter of the disappearing small 
droplets. Figure 3 shows an image sequence with the radii of 
the melting and boiling rings. From these results, following 
the growth of these rings, we can derive radial isothermal data 
points for the melting and boiling temperature of the alkane 
(Figure 3d, see Figure S11 (Supporting Information) for details 
on the measurement and errors).

2.1.1. Comparison of Rupture and Wetting Effects with the Melting 
Perimeter

To avoid that rupture and wetting effects conceal the melting 
perimeter, as well as to analyze the influence of the mate-
rial thickness on heat capacity, we additionally prepared 
ultrathin sub-monolayers (<4–16 nm) and very thick multilayer 
(>−200 nm) coatings of alkanes on the polyimide surface.

We compared the melting/boiling behavior of a sub-
monolayer (Figure 4a) against a multilayer (Figure  4b) C36H74 
under identical irradiation conditions. The evolution of the 
melting perimeter (single droplets appearing and crystal struc-
tures disappearing) and boiling perimeter (single droplets 
disappearing) show that the radii of both experiments match 
within measurement error. While the thick layer behaves 

as already described, the sub-monolayer coating shows no 
macroscopic de-wetting effects, because the molten alkane 
droplets are too far away from each other to merge. Thus, only 
the transition from alkane crystal structures to liquid droplets is 
visible, without movement on the surface. The boiling perim-
eters behave similarly, both showing the condensation ring.

Based on this observation and the fact that both coatings 
are thin in comparison to the laser absorbing polyimide layer, 
we can neglect the influence of the heat capacity of the alkane 
layer. Thus, the melting and boiling events should directly cor-
relate with the temperature on the polyimide surface.

2.1.2. Radial Isotherms for Alkanes of Different Chain Lengths

Next, we analyzed the radial expansion, deriving isotherms at 
different irradiation conditions (Figure  5a) and different tem-
peratures (Figure 5b).

We display the melting isotherms for C36H74 at 76 °C with 
respect to the laser intensity (Figure 5a). Upon the highest irra-
diation power, the isotherm grows the fastest, while at lower 
power the overall expansion stays smaller.

A list, comprising all used alkanes with their corresponding 
melting and boiling temperatures can be found in Table S1 in 
the Supporting Information.

Now, considering only the 100 mW laser power (Figure 5b), 
we display the isotherms for different temperatures. The C20H42 
alkane (melting temperature of 37 °C) shows the biggest expan-
sion radius, while with increasing temperature, the expansion 
eventually plateaus.

All isotherms were fitted with a simple logarithmic function 
to create a guide to the eye and an extrapolation of intermediate 
values (see the Supporting Information). For longer irradiation 
times, the logarithmic fit deviates from the data, but it agrees 
well with the initial part of the process.

2.2. Spatial and Temporal Reconstruction of Thermal Gradients 
from Alkane Measurements

From the previous measurements, we now extract the concur-
rently appearing characteristic melting and boiling radii from 
the isotherms shown in Figure  5 and reconstruct spatial tem-
perature profiles for various times (shown in Figure 6a).

Data points were fitted with a Gaussian (see the Supporting 
Information), which allows us to extrapolate temperature 
values in between the mapped values. Temperatures higher 
than 522 °C can only be estimated.

By employing our previously obtained knowledge, we can now 
perform an offline measurement: First, we irradiate the surface 
with different laser powers and various irradiation times, cre-
ating a pattern of different wetting and evaporation rings (shown 
in Figure S2 in the Supporting Information). Immediately after 
the irradiation stops, the process stops and the alkane freezes in 
place, conserving the history of the melting and boiling process.

Then, we can image the (static) surface and overlay our pre-
vious profiles to reconstruct a snapshot of the spatial tempera-
ture gradients (Figure 6b,c).

The melting temperature of C30H62 (65 °C) agrees with 
the melt and rupturing radius in Figure 6b and a secondary 

Figure 3.  Image sequence for a 50 mW laser irradiation on a C30H62 mul-
tilayer film. a) Shortly after the beginning of laser irradiation, the liquid 
alkane forms a rupture hole (Rmelt), while a fine layer of small alkane 
droplets remains on the surface. b) The rupture hole grows over time 
and a second (inner) ring (Rboil) forms at the boundary of the fine droplet 
layer and the dry surface. c) Both perimeters continue to grow. d) Radial 
measurements of the melting and evaporation perimeter. Error bars are 
omitted to improve visualization; a representative error bar is shown in 
the graph (bottom right).
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radius for the boiling temperature (452 °C) agrees with a 
perimeter formed by the transition from small droplets to a 
dry surface.

To verify our approach, a thin coating of AgNO3 silver nitrate 
on the polyimide surface was heated with the laser. The melting 
point of silver nitrate is known to be Tm = 212 °C.[35]

Overlaying the corresponding thermal profile with the 
microscopic image taken after 10 ms with 100 mW laser irra-
diation (Figure  6c) results in an extracted surface tempera-
ture of around 213  ±  5 °C at the melting perimeter of the 
coating.

2.3. Determining the Critical Phase Change Temperature  
of Complex Systems

In a more sophisticated approach, instead of using an alkane, 
we now mixed a polystyrene acrylic copolymer (SLEC PLT 7552, 
Sekisui Chemical GmbH, Düsseldorf/Nordrhein-Westfalen, 
Germany) with 10% w/w amino acid building blocks (e.g., ala-
nine) and coated polyimide films with these mixtures.[15,17] The 
thickness of these polymer mixture films is around 180 nm and 
they form closed homogenous films with slight surface rough-
ness. Upon laser irradiation, the polymer reaches a critical 

Figure 4.  Melting of C36H74 alkane (sub-)monolayer a) versus multilayer b): The heat capacity of the alkane coating can be neglected, since no significant 
differences in the extent of the melting perimeters can be observed,
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temperature Tcrit, where conformational and structural changes 
occur (glass transition or melting). The changes expand radially 
around the laser spot. In contrast to the multilayer alkane films, 
no de-wetting or rupture can be observed (see Figure S7, Sup-
porting Information).

From the measurements, we extract the radial expansion of 
the melting perimeter. After plotting this data over time, we 
find a similar behavior as for the alkane systems (Figure S7b, 
Supporting Information). In this case, the specific critical 
temperature and exact behavior of these polymer mixtures is 
unknown.

By utilizing our knowledge on the precise surface tempera-
ture of the polyimide and assuming that the polymer mixture 
is thin enough in comparison to the supporting polyimide film 
(i.e., negligible heat capacity), we can reconstruct the critical 
temperature Tcrit, where conformational and structural changes 
of the complex polymer mixture occur.

Figure 5.  a) Isotherms of 76 °C at different laser powers for the melting 
of C36H74. b) Isotherms for different melting and boiling temperatures for 
constant 100 mW laser irradiation. Solid lines represent logarithmic fit of 
the corresponding data. Error bars are omitted to improve visualization; 
a representative error bar is shown in the graphs (bottom right).

Figure 6.  a) Reconstructed thermal profiles during the irradiation at 
100 mW laser power, b) thermal map of a 10 ms laser irradiation of the 
polyimide coated with a thin C30H62 film and c) temperature overlay of 
an AgNO3 coated surface, irradiated under the same conditions. The 
blue line indicates correlation of the melting perimeter to the apparent 
surface temperature. Error bars are omitted to improve visualization; a 
representative error bar is shown in the graphs (bottom right).
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We demonstrate such a measurement for a mixture of 
polystyrene acrylic copolymer with 10% w/w alanine with the 
already mapped laser power of 75 mW. Figure 7 shows the tem-
perature profiles extracted from the alkane isotherms and com-
pares the isothermal measurement to the polymer mixture. We 
easily correlate the corresponding melting radii with the tem-
perature profile extracted from the alkane measurements.

For this specific polymer mixture, we determined a critical 
temperature of Tcrit of 210 °C on the basis of the optically visible 
“melting” perimeter. The reported glass transition temperature 
Tg for these polymer mixtures is between 70–80 °C,[36] thus, we 
apparently observe a different phase transition, which likely 
correlates with melting.

Repeating this procedure for several time points during the 
irradiation (shown in Figure S8, Supporting Information), we 
found that the melting radii for different polymer mixtures 
always correspond to the same critical temperature value of Tcrit 
of 210 ± 5 °C within measurement error.

3. Discussion and Conclusion

For many thin film processes, the exact measurement of spa-
tially and temporally confined thermal gradients is important. 
However, current thermal measurement technologies are either 
impractical or too slow. Using alkanes as thermal reporters 
offers a cheap alternative. Since the thickness of the alkane film 
can easily be tuned in the nanometer range via spin casting 
(even sub-monolayers can be used), the heat capacity of the 

alkane can be neglected and the behavior of the alkane directly 
reflects the induced surface temperature. In contrast, thermal 
measurements with liquid crystal always require a closed layer. 
This drastically changes the surface properties (e.g., conduc-
tivity) and hampers the precise measurement of temperature 
gradients generated by electric arcs and ion beams.

Using different alkanes, temperatures between 37 and 522 °C  
can be mapped by analyzing the footprint of the melting and 
boiling perimeters. As soon as the heat source is switched off, 
the alkane layer conserves the maximum gradient by solidifying 
in its final state. Additionally, the history of the solidification  
is preserved in the alkane structure, as they organize to dif-
ferent structures based on the solidification mechanism, which 
can be optically distinguished (Figure S9, Supporting Informa-
tion).[30,33,34] For short-lived temperature gradients, they follow 
a logarithmic behavior (Figure 5 and Figures S3 and S6: Sup-
porting Information).

While we followed the processes in situ with a more expen-
sive camera setup, it is sufficient to create snapshots of temper-
ature gradients with increasing energy to reconstruct the evolu-
tion of a thermal profile (Figure S2, Supporting Information).

Our approach is flexible, since it is not limited to a specific 
surface (Figure S6 (Supporting Information) shows thermal 
gradients on a gold surface) or a specific heat source, as we 
used different laser sources (Figures S2, S4, and S5: Supporting 
Information). In addition, other materials, for example dif-
ferent metals or polymers may be used as temperature sensors 
to access an even broader temperature range.

Furthermore, after a heat source is thoroughly characterized, 
complex or even unknown mixtures of polymers (e.g., amino 
acids or other sensitive chemicals) can be screened for their 
critical temperature, inducing a phase change. This knowledge 
is particularly important for laser-induced forward transfer 
applications, where sensitive materials are processed.

The precision of our approach is defined by the optical 
resolution of the employed microscope. The alkanes or other 
thermal sensor materials have to be casted onto the substrate of 
interest and have to be chosen according to the expected tem-
perature range. Besides these limitations, our method is cheap, 
easily accessible, and flexible.

In summary, by utilizing an ultrathin coating with a library 
of easy-to-use and inert materials, we can map short-lived tem-
perature gradient on the micrometer scale on any surface with 
a cheap optical microscopy setup. This approach should also be 
applicable for a wide range of heat sources, such as hot needles, 
electric sparks, probing with an AFM tip, nano and micro-sized 
heating elements, or electronic devices.

4. Experimental Section
Reflection Optical Microscopy Setup and Lasing System: Figure 1 shows 

the experimental setup to determine on-line and locally (within lateral 
optical resolution) the (time-dependent) laser-induced changes in the 
sample and visualize the perimeter of melting and evaporation of the 
target material, due to the laser-induced heat in the substrate. A 405 nm 
continuous wave laser beam was focused in the polyimide film. The 
laser was used to irradiate the sample for different times (up to 100 ms) 
with different powers between 10 and 100 mW. The sample was imaged 
from the top in reflection mode (microscope head: Axio Scope.A1 Vario, 
ZEISS; camera Mikrotron GmbH; illumination: 6 W, λ = 445 nm, LDM-
445-6000, LASERTACK, de-speckled by a rotational diffusor).

Figure 7.  Microscopic image of a polymer mixture, irradiated at 75 mW 
power for 10 ms. Colored rings represent the overlay of isotherms from 
corresponding alkane measurements with reference to the profiles 
plotted in the inset. The melting radius of the polymer (blue line) cor-
responds to surface temperature of 210 °C. Error bars are omitted to 
improve visualization; a representative error bar is shown in the graph 
(bottom right).
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With the applied optics (objective, Olympus SLMPLN50x, numerical 
aperture = 0.35) nominally, a sample area of ≈0.49 µm × 0.49 µm was 
imaged on a single camera pixel. The setup enables the quasi-stationary, 
momentary imaging of the rupturing film. The high frame rate camera 
enabled a dynamic visualization of the melting of the films. A short 
exposure time of ≈100 µs avoided jitter.

Vertical Scanning Interferometry: High magnification (100x Nikon CF 
IC Epi Plan DI – Mirau) vertical scanning interferometer was performed 
with a smartWLI compact (Gesellschaft für Bild- und Signalverarbeitung 
(GBS) mbH, Illmenau, Germany) and the images were stitched together 
via Software.

Alkane and Polymer Films: Films are created via spin casting (spin 
coating) onto the planar interface on the polyimide or gold films. The 
coating parameters were chosen according to reference[37,38] to achieve 
typical film thicknesses of 10–300 nm. The alkanes were dissolved in high 
purity toluene (C7H8 Chromasolv Plus for HPLC, 99.9+ %). An excess 
volume (≈1 ml) was then spin cast at 50 rps onto the planar support until 
they were completely dry. The different initial solute concentrations can be 
found in the Supplementary Table S1. The polymer films were prepared as 
follows: 27  mg SLEC PLT 7552 (Sekisui Chemical GmbH, Germany) were 
dissolved in 450 µL dichloromethane (DCM) and 3 mg of N-[(9H-fluoren-9-
ylmethoxy)carbonyl] (Fmoc) protected and pentafluorophenyl ester (OPfp)-
activated l-amino acid in 50 µL N,N-dimethylformamide (DMF) were added. 
The mixture was spin-coated (spin casted) at 80 rps onto the polyimide film.

For the polyimide films, commercially available Kapton HN 100 
tape (DuPont, USA; cmc Klebetechnik GmbH, Germany; thickness of 
polyimide layer ≈25 µm, thickness of glue layer ≈45 µm) was laminated 
onto typical 1 mm microscopy glass slides. The gold films were prepared 
via PVD at thicknesses of 20 and 50 nm.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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