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A B S T R A C T   

Morphologically diverse copper phthalocyanine (CuPc) thin layers were thermally characterized by scanning 
thermal microscopy (SThM). The organic layers with thicknesses below 1 µm were deposited by physical vapor 
deposition in a high vacuum on the N-BK 7 glass substrates. Four set of samples were fabricated and studied. 
Atomic Force Microscopy imaging revealed strong differences in the surface roughness, mean grain size/height, 
as well as distances between grains for the CuPc layers. For quantitative thermal investigations, three active 
SThM operating modes were applied using either a Wollaston thermal probe (ThP) or KNT ThP as thermal probe 
heated with a DC, an AC (3ω-SThM) current or their combination (DC/AC SThM). Meanwhile, qualitative 
analysis was performed by thermal surface imaging. The results of this study revealed a correlation between the 
morphology and the local thermophysical properties of the examined CuPc thin layers. It was found that the heat 
transport properties in such layers will deteriorate with the increase of the surface roughness and porosity. Those 
results can be a valuable contribution to the further development of phthalocyanine-based devices.   

1. Introduction 

The usage of thin films and nanostructured materials in practical 
applications has been significantly increasing within the last two de-
cades. New advances in heat management applications prompt the need 
to fully characterize these new components and find their electrical and 
thermophysical properties. Commonly, it has been known that the 
nanoscale heat transport affects the macroscopic thermal behavior of 
electronic devices. Smaller, faster, and more efficient electronic devices 
evince higher power consumption density and heat generation, 
increasing the risk of overheating the system. Hence, to properly design 
multiscale electronic devices, the knowledge of the materials’ structure 
and thermophysical properties allow the thermal management of the 
systems preventing their thermal failure and extending their operation 
lifetime [1–3]. 

Furthermore, several studies show that the thermophysical proper-
ties of materials with thicknesses reaching down to the nanometers 
highly differ from their bulk analogues [1,4,5], which encourages the 
thermal re-examination at the nanoscale. At such small scales, the 

quality of the material’s surface and interface begin to significantly 
affect the heat transport mechanisms. Consequently, a possible modifi-
cation of the thermophysical properties of matter may appear according 
to an individual surface morphological variation [5,7,8]. This is of 
particular importance in the case of rough materials with developed 
surfaces and can become a real challenge in their thermal character-
ization. In literature, one can find several research on the correlation 
between morphology and local thermophysical properties of thin films. 
Morphology parameters affecting thermal properties are, among others, 
surface roughness, material porosity, grain arrangement in the layer, 
grain size, and boundaries between grains [7–12]. 

The studies cited above indicate clearly that the thermophysical 
properties of thin layers are related to their surface morphology and 
should be examined in accordance with their structure, especially for 
rough samples. Therefore, an appropriate method for local thermal and 
topography characterization with a nanometer range resolution is 
needed. Such high requirements are fulfilled by the means of scanning 
thermal microscopy (SThM), which is proven to be a key thermal 
characterization tool [13]. The SThM is an atomic force microscope 
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(AFM) equipped with a thermal module and thermal probe (ThP) 
instead of a classical AFM tip. Among other types of thermal probes, 
thermoresistive probes are commonly used and commercially fabricated 
using several materials. The most common ones are the Wollaston ThP 
[14], the palladium [15] and the doped-silicon probes [16]. For ther-
mophysical measurements, the heating of the sample by the probe 
operating in active mode (in DC or AC regimes) is required. The tem-
perature sensor at the probe’s tip apex is henceforth heated through 
Joule effect and plays the role of heat source for the sample. Hence, this 
technique allows the investigation of the thermal transport in nanoscale 
[17], thermal imaging [18,19] and determination of local thermo-
physical properties [20–22]. AFM surface topography imaging, per-
formed with even higher spatial resolution (using a classical AFM 
probe), is used as a complementary method to SThM thermal mea-
surements, enabling more insightful interpretation and analysis. Such 
combination between the thermal and morphology scans have already 
been applied in many works [6–12,23,24]. However, a significant part 
of them were performed for samples with quite smooth surfaces, for 
which the SThM thermal analysis is much simpler and accurate. One of 
the most substantial problems in microscopic thermal measurements for 
rough and porous materials is the analysis of heat transfer mechanism in 
the probe-sample system [21,25,26]. For active SThM mode working in 
ambient conditions (at room temperature and out of vacuum), the heat 
is transported from the probe heated region through three channels: (1) 
along the cantilever to the probe holder, (2) to the surroundings and (3) 
to the sample. The heat transfer from the probe to the sample is achieved 
via thermal radiation, water meniscus, thermal conduction through the 
surrounding gas, and direct solid-solid contact between the probe and 
the sample [21,25]. 

If the SThM system does not operate in vacuum, heat transfer via 
thermal radiation can be neglected [21]. It was also proven that, for the 
SThM Kelvin Nanotechnologies nanofabricated thermal probe (KNT 
ThP) used in this work, the water meniscus thermal conductance con-
sists of about 6% of thermal contact conductance of probe–sample 
interaction [27]. While for Wollaston ThP, also used in this study, 
avoiding the water meniscus formation requires rising the operating 
temperature above 100 ◦C [28]. The contribution of the last mechanism 
in the total probe-sample heat flux depends on the thermal contact 
quality. In turn, the thermal contact quality depends on the sample 
surface [21,26]. Besides surface morphological effects, the contact area 
is also influenced by the size of the SThM probe apex radius. The above 
emphasized issues pose a challenge in determining the thermophysical 
properties of thin layers with a morphologically complex surfaces, as the 
spatial and temperature resolution of the SThM technique are limited in 
particular by the size of the tip, the sample properties and the tip-sample 
heat transfer mechanisms depending on the operation conditions [21, 
25] and sample’s surface topography [29,30]. 

In this work, we focus on SThM thermal analysis of morphologically 
diverse thin copper phthalocyanine layers (CuPc). CuPc belong to a class 
of metal-centered phthalocyanine semiconductor organics applied in 
sensing and organic electronic devices due to its well-developed surface 
[31–34]. Their sensing properties are closely related to the active sur-
face interacting with the given analyte [35], while their operating 
conditions depend on the thermal behavior in elevated temperatures. 
We are interested in a versatile analysis of SThM possibilities as a tool for 
local thermophysical properties determination in the case of rough 
organic layers. Our previous work was the first attempt to characterize 
the thermal properties of organic MePc layers with well-developed 
surfaces [10]. In this work, while investigating CuPc thin layers, we 
consider the spatial resolution of the SThM measurement by using two 
different types of probes operating in several measurement modes. We 
utilize three active SThM operation modes, utilizing different probe 
driving currents: DC (DC SThM), AC (3ω-SThM), and the combination of 
both (DC/AC SThM). The measurements are performed with two 
different resistive probes, varying in spatial resolution - the Wollaston 
ThP and the KNT ThP. Besides local thermal quantitative 

characterization, qualitative analysis is also performed by thermal sur-
face imaging. The information about CuPc layers morphology is based 
on the AFM analysis. The goal of this study is an attempt of a compre-
hensive, qualitative, and quantitative thermal analysis of investigated 
CuPc rough, thin layers using three mentioned SThM operation modes 
along with the thermal and AFM imaging. Such a combined investiga-
tion will be relevant for future thermal management design and CuPc 
sensors development. 

2. Materials and methods 

2.1. Materials 

The objective of the research is to study CuPc thin layers with 
deliberately designed different surface morphologies. The organic layers 
were deposited by physical vapor deposition in a high vacuum on the N- 
BK 7 glass substrates of thickness (830 ± 10) µm. Substrates were 
degreased with acetone in an ultrasonic bath, rinsed with deionized 
water and dried in a nitrogen stream prior deposition. The CuPc powders 
(Sigma-Aldrich, 99.7% dye content) were degassed before sublimation 
to remove residual contaminations and adsorbed water. The main 
samples numbered #1, #2 and #3 were obtained at the base pressure of 
deposition system 1.5·10− 7 Pa. The deposition rate was kept at the level 
of 1 Ås− 1 as measured with a Prevac TMC 13 microbalance using stan-
dard 6 MHz gold plated quartz crystals. The differences in morphology 
for these three samples #1 (110 ± 20 nm), #2 (280 ± 20 nm) and #3 
(400 ± 50 nm) were obtained by controlled, sequential deposition of 
successive CuPc layers on the substrates kept at 300 K. Sample #4 (900 
± 100 nm) was deposited during a single-stage process, with deposition 
rate 5–10 Å s− 1. Thicknesses of CuPc layers were verified by a profil-
ometer (KLA Tencor, Alpha-Step IQ, USA). 

2.2. Methods 

2.2.1. AFM imaging 
AFM surface imaging of the investigated samples was carried out 

using Park Systems PSIA XE-70 Microscope. The topography imaging 
was performed in a non-contact mode (NC-AFM) using a BS Tap300Al 
cantilever. For image processing Gwyddion 2.45 software [36] was used 
and surface topographical properties, such as root mean square of 
roughness (RMS), number of grains, mean grain size and total perimeter 
length were then analyzed [37,38]. 

2.2.2. SThM imaging 
Thermal imaging was performed with the nanoscale thermoresistive 

metallic palladium probe KNT-SThM-2an (KNT ThP) alongside the 
thermal module of the Park Systems PSIA XE-70 microscope system. The 
active SThM mode (also called conductivity or conductance contrast 
mode) was chosen, as it is typically used for local thermal properties 
imaging. For these measurements, the probe, working in a Wheatstone 
bridge configuration, was heated with a DC current of 1.7 mA, which 
was kept constant during the scan. The SThM thermal signal, being a 
voltage drop along the probe, was then analyzed. 

2.2.3. DC SThM 
The DC SThM has been commonly used for thermal measurements 

and its detailed description can be found elsewhere [28]. In this 
experiment, ThP, driven by DC current, acts as a heater and a thermal 
sensor. As the heat flows from the probe to the sample, the probe tem-
perature changes according to the sample’s thermophysical properties. 
The DC SThM measurements were carried out using a Wollaston ThP in 
Wheatstone bridge configuration combined with an AFM system (2990 
MicroTA, TA Instrument). The experiment was performed in a 
constant-temperature mode, where the probe temperature is maintained 
by the thermal module system, by altering the applied current during 
scanning. Heat flux from the probe to the surroundings, expressed by the 
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power dissipated on the probe, was determined. Probe signal in the air 
was measured as a reference, to reduce the influence of ambient tem-
perature variations. The difference ΔP (mW) between the probe signals 
in contact with the sample surface Pc and in the air, Pa, was determined. 
The ΔP/ Pc was calculated and then analyzed. Signals from different 
surface areas were collected and averaged. Measurements were per-
formed for probe temperatures 30 ⁰C, 150 ⁰C, and 200 ⁰C. 

2.2.4. 3ω-SThM 
In the 3ω-SThM, the probe is heated by an AC current at a frequency 

ω. The corresponding Joule effect thermal phenomena occur at 2ω, 
resulting in a resistance alternation at 2ω. The 3ω component of probe 
voltage drop, being directly proportional to its AC temperature, is the 

measured signal. The most important advantage of this technique is the 
lock-in signal processing which enables higher sensitivity, stability, and 
resolution in comparison to the DC method. The method has been widely 
used for SThM measurements of local thermophysical properties [23,39, 
40]. The description of the method applied with the SThM Wollaston 
ThP can be found elsewhere [40]. The 3ω-SThM measurements were 
carried out by a resistive Wollaston ThP (Veeco Metrology Group, USA) 
working in a Wheatstone bridge configuration. The lock-in amplifier 
(Stanford Research Systems, SR865, USA) was used as a source of 
excitation signal as well as for measurement of the 3ω harmonic 
component of the probe voltage amplitude signal. The difference be-
tween signals registered for the probe brought in contact with the 
sample surface and in the air was analyzed. 

Fig. 1. (a) NC-AFM 5 × 5 µm2 surface images, (b) profiles of the corresponding images, and (c) mean grain height histograms of CuPc samples. Measurements were 
performed by the KNT ThP. 
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2.2.5. DC/AC SThM 
In the DC/AC SThM the probe works in active mode and the probe 

signal consists of two components. The probe is driven with a sum of DC 
current, and a small AC component superimposed to it. Such approach 
allows to combine the advantages of both measurement modes: well 
established and stable mechanical contact with the sample surface and 
maintaining the SThM signal sensitivity to the thermal properties of the 
investigated material. The DC/AC SThM was proposed by Bodzenta et al. 
[41] and successfully used for investigating thermal properties of SiO2 
[17,42] and ZnO [8] thin films, as well as W-Re and Mo-Re thin alloy 
layers [7]. In this operating mode, the determined values are probe static 
Rs and dynamic Rd resistances, registered in contact with the sample 
surface and out of contact, while the probe is in the air. It has been 
proven [41] that the ratio of these two resistances (Rd− Rs)in/(Rd− Rs)out 
is correlated with the thermal properties of the sample. In this experi-
ment the KNT ThP was used with the thermal module of the PSIA XE-70 
microscope system. 

3. Results 

3.1. AFM imaging 

The NC-AFM 5 × 5 µm2 images of investigated CuPc layers together 
with their corresponding average profiles, and the mean grain height 
histograms are presented in Fig. 1. The sequential deposition of suc-
cessive CuPc layers on the substrates contributed to relevantly diverse 
morphology among sample #1, #2, and #3 (Fig. 1a). Systematic ac-
cretion of grains and their significant expansion is observed as the 
thickness of subsequent CuPc layers increases. In the case of #3 CuPc 
sample, the notably elongated grains in the vertical direction begin to 
stack up generating air gaps between them. The histogram of grain 
height for sample #3 (Fig. 1c) approves the presence of expressively 
high and chaotically arranged grains, as well it shows a high heteroge-
neity of this layer. In turn, the AFM image, and the grain height histo-
gram of #4 CuPc sample reveals the layer with rather evenly distributed 
grains. The profiles averaged from the AFM images (Fig. 1b) indicate, 
that as the size of the grains increases, the distance between them also 
increases. Hence, in order to analyze the surface morphological differ-
ences among the investigated CuPc layers, the quantitative parameters 
on the base of AFM imaging were determined and exposed in Table 1. 
While the root mean square of roughness (RMS), and the mean grain size 
parameters grow, the number of grains and the total perimeter length 
decrease, with increasing layer thickness for samples of #1, #2, and #3. 
Although the sample #4 exhibits the largest CuPc thickness, its surface 
roughness is intentionally right behind the thinnest sample #1, as a 
consequence continuous deposition process. 

3.2. SThM imaging 

SThM thermal images of investigated samples along with their cor-
responding probe thermal signal histograms are presented in Fig. 2. 
Well-developed surfaces, like the ones investigated, can pose some dif-
ficulties while maintaining thermal contact with the sample surface 
during scanning, especially for the thermal probe operating in the 

Table 1 
Surface topographical parameters determined for investigated CuPc layers.  

CuPc RMS 
(nm) 

Number of 
grains 

Mean grain size* 
(nm) 

Total perimeter 
length** (nm) 

#1 29 2015 55 466 
#2 120 494 130 310 
#3 207 433 134 297 
#4 59 862 109 417  

* Mean grain size denotes lateral crystallite size of CuPc samples. 
** Total perimeter length is the perimeter indicating the overall length of the 

grain’s outer boundary lines. 

Fig. 2. (a) SThM thermal and topography images of investigated samples and 
(b) corresponding histograms of SThM signals. Presented thermal images are 
exemplary while the histograms are averaged over a larger number of similar 
images registered on the samples’ surface. Thermal imaging was performed by 
the KNT ThP. 
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constant current mode. Therefore, obtaining images of large parts of the 
surface was not always possible for all our samples. However, obtained 
thermal images allow to visualize and analyze all the characteristic 
thermal properties of the tested surfaces. Before further analysis, all 
images were rescaled so that the minimum value of the SThM signal was 
equal to zero. Similarly, to the AFM images, sample #1 is characterized 
by the smallest and finest grains that tend to aggregate into larger ag-
glomerates for samples #2 and #3. In the case of sample #1, the SThM 
histogram has the smallest scatter (dispersion) of the recorded thermal 
signal while at the same time the largest relative difference between the 
minimum and maximum recorded signal. In this case it can be concluded 
that there is a predominant value of the thermal signal and that it is 
relatively uniform for the entire surface. As the grain size and the RMS 
increase, for samples #2 and #3, respectively, it can be observed that 
the SThM histograms flatten, and the scatter of the recorded values of 
the thermal signal increases. In the case of sample #3, it was addition-
ally observed that the histogram is not symmetrical. It has a greater 
share of values below the dominant. The largest signal dispersion and 
the smallest relative difference between thermal signals were observed 
for sample #4. Above observations result from many factors, from which 
one should definitely take into account the shape of the surface and how 
the thermal contact is arranged, what mechanisms will dominate it, the 
size of the characteristic surface features in relation to the size of the 
probe, etc. Recorded histograms can be helpful for predicting the un-
certainty of quantitative measurements performed at random points on 
the surface. The greater the width of the histogram, the greater the 
uncertainty of the measurement is expected. 

3.3. DC SThM 

DC SThM measurements were performed for the set of CuPc samples 
#1, #2, and #3. The relative differences ΔP/ Pc for CuPc samples are 
illustrated in Fig. 3 and presented in Table 2. 

The heat flux from the probe to the sample depends, among other 
factors, on the sample local thermal conductivity [28]. The higher the 
thermal conductivity of the sample, the more power is dissipated at the 
probe (and hence the greater the relative power ratio) in order to ensure 
a constant probe temperature. 

3.4. 3ω-SThM 

3ω-SThM measurements were performed for all the CuPc samples at 
ambient temperature. As it was mentioned in paragraph 2.2.4, the 3ω 
harmonic component of the Wollaston ThP voltage amplitude signal U 
was measured for CuPc and for reference samples in contact with their 

surface and in the air. In order to estimate the thermal conductivity, κ, of 
the CuPc samples these signals were subtracted, and a calibration curve 
was generated for reference materials of known thermal conductivity 
values (Fig. 4 and Table 3). 

It should be noted, that the κ obtained for CuPc samples directly from 
the calibration curve are the apparent thermal conductivities (κa) due to 
the influence of the substrate thermal properties on the SThM thermal 
signal (Table 3, column 3). To remove the substrate influence, the κa 
values were subjected to the SThM correction procedure basing on the 
thermal spreading resistance analysis [42]. Such procedure is particu-
larly important in the case of thin layers, which thicknesses are com-
parable to or smaller than the probe-sample contact diameter. In the 
system consisting of a single layer on a substrate, the κa value of the layer 
can be corrected through numerical calculations taking into consider-
ation the thickness of the layer, the κ of the substrate and the size of the 
probe-sample thermal contact radius. All details concerning the 
correction procedure can be found in Ref. [42]. The following parame-
ters were necessary for the correction: κa, CuPc layer thickness, κ of the 
substrate (1.1 W m− 1K− 1), and the contact radius of the Wollaston ThP. 
Due to the fact, that the radius of the Wollaston ThP is estimated to be 
between 800 nm and over 1 µm [43], three values were considered in the 
calculations: 800 nm, 900 nm, and 1000 nm. The corrected thermal 
conductivities (κc) for CuPc layers are listed in Table 3, column 4, and 
presented in Fig. 5. The possible error in estimating the probe radius 
within the order of 10%, with respect to the central value of 900 nm, will 
not cause the κc value to exceed the range adopted according to the 
uncertainty of the SThM measurement. The greatest impact on the κc 
value has the accurate estimation of the κa and its uncertainty. Since the 
calibration curve constructed on the basis of measurements taken by the 
Wollaston ThP becomes less sensitive above 1 W m− 1K− 1, the κc 

Fig. 3. DC SThM experimental results measured for CuPc samples at different 
Wollaston probe temperatures. Measurements were performed by the Wollas-
ton ThP. 

Table 2 
The experimental values of ΔP/Pc determined for CuPc samples at different 
Wollaston ThP temperatures.  

CuPc Probe temperature 
200 ◦C 150 ◦C 30 ◦C 
ΔP/Pc ΔP/Pc ΔP/Pc 

#1 0.1432 ± 0.0020  0.1283 ± 0.0041  0.2586 ± 0.0280  
#2 0.1418 ± 0.0022  0.1324 ± 0.0047  0.2803 ± 0.0301  
#3 0.1348 ± 0.0025  0.1177 ± 0.0040  0.2312 ± 0.0803   

Fig. 4. 3ω-SThM experimental results measured for CuPc samples (blue dotes) 
and reference materials (black dotes) at ambient temperature. Measurements 
were performed by the Wollaston ThP. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.) 
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determination for sample #2 and #3 results in uncertainties reaching up 
59% and 86%, respectively, while for CuPc #1 is only 25%. In the case of 
CuPc sample #3, we had the opportunity to compare the obtained κc 
value to measurements made by using photothermal radiometry (PTR). 
The detailed description of the PTR method [44,45] and of κ extracting 
from the PTR signal can be found in Ref. [10]. The κ obtained from this 
method for CuPc #3 sample turned out to be equal to 0.063 W m− 1K− 1 

(placed in the Fig. 5). Such low κ value occurs for solid phase materials 
with an intrinsic κ lower than 1 W m− 1K− 1 combined with a significant 
pore volume fraction [46]. Despite the sample #3 revealed the most 
rough and porous structure among the other ones, this result still seems 
to be too low. However, the PTR result reflects the trend observed in DC 
SThM, and in the next AC/DC SThM measurements, which allows us to 
conclude, that value of κc for CuPc #3 from 3ω-SThM is doubtful. 

3.5. DC/AC SThM 

The DC/AC SThM measurements were carried out for all the CuPc 
samples. The probe signal DC component was 1.7 mA, while the AC 
component was 0.085 mA. For the measurements taken out of contact 
the probe was lifted 2.0 mm in the air above the sample surface. In- 

contact measurements were taken at different surface areas and then 
averaged. The DC/AC SThM investigations were carried out at ambient 
temperature. Obtained results are illustrated in Fig. 6 and shown in 
Table 4. The difference between dynamic and static electrical resistances 
of the KNT ThP in the low frequency limit is proportional to the probe- 
sample thermal contact resistance, which at stable ambient conditions 
depends only on the thermal resistivity Rth of the sample [41]. Hence, 
higher values of DC/AC SThM signal correspond to higher values of 
sample’s Rth, and lower sample thermal conductivity. 

4. Discussion 

The SThM investigations carried out on morphologically diverse 
CuPc thin layers revealed differences in their local thermophysical 
properties. The application of different SThM working modes like DC 
SThM, 3ω-SThM, and DC/AC SThM, but also ThPs with different spatial 
resolution allowed a broader and more insightful view of this problem. 
In Fig. 7 the thermal results obtained from all SThM methods at ambient 
temperature were correlated with RMS parameter of individual CuPc 
layer. The following regularity emerges from the above SThM studies. 
Local thermophysical properties deteriorate with increasing roughness 
of the CuPc layers. Therefore, the results in Fig. 7 were intentionally 
ranked in terms of increasing roughness, not layer thickness. The ther-
mophysical properties of CuPc layers should not depend yet on the layer 
thickness in this thickness range. Jin et al. did not observe such thermal 
conductivity thickness dependence in CuPcs down to 10 nm [47,48]. It 
confirms that the differences in thermal results of investigated CuPc 
samples obtained by the means of methods used in this work follow from 
their diverse morphology, and not from the thickness. 

One should realize, that in our studies only 3ω-SThM method 
allowed us to determine the specific κ of CuPc layers without the in-
fluence of the thermal signal deriving from the substrate itself. The 
obtained results clearly revealed deterioration of κ with increasing RMS 
of CuPc layers. The κ value of sample #3 in the Fig. 7 comes, however, 
from PTR measurement, because its value received from 3ω-SThM 
method was highly uncertain. This can be an effect of too deep pene-
tration of the probe through the layer into the substrate. In the case of 
using the Wollaston ThP for soft organic samples, such a risk is probable. 
Another possible reason, suggested by AFM imaging, can be the presence 
of cavities in sample #3 filled with mixture of air and water inflating the 
SThM signal. In the case of DC/AC SThM the information about thermal 
resistivities (Rth) of CuPc layers was obtained. However, due to its in-
verse proportionality to the κ, one can observe gradual decreasing of 
thermal conductivity in CuPc samples with increasing RMS (Fig. 7). 
Although in DC/AC SThM measurements the thermal signal from the 
substrate couldn’t be separated from the one coming from CuPc layer, 
the thermal results should not be significantly affected, as the KNT ThP 

Table 3 
The values of 3ω-SThM signal measured for CuPc samples and reference mate-
rials at ambient temperature (column 2). Estimated values κa on the base of 3ω- 
SThM calibration curve (column 3) and their corrected values κc determined 
from correction procedure (column 4). Below reference materials used for 
creating the calibration curve and their κ values.  

CuPc U (µV) κa  κc    

(W∙m− 1K− 1) 

#1 5.11 ± 0.14  0.96 ± 0.27  0.52 
#2 4.96 ± 0.39  0.67 ± 0.19  0.23 
#3 5.15 ± 0.35  1.15 ± 0.59  1.25 
#4 4.93 ± 0.40  0.64 ± 0.18  0.32  

Reference sample U (µV) κ    

(W∙m− 1K− 1)  

Substrate BK7 4.515 ± 0.045  1.11  
Glass 5.2 ± 0.10  0.90  
Suprasil glass 5.15 ± 0.61  1.38  
Teflon 2.685 ± 0.010  0.25  
Perspex 1.51 ± 0.19  0.19  
Polistyrene 1.665 ± 0.075  0.19   

Fig. 5. The values of κc obtained from correction procedure implemented for 
3ω-SThM measurements for CuPc samples. Measurements were performed by 
the Wollaston ThP. The κc value of CuPc #3 extracted from PTR is also reported 
for comparison. 

Fig. 6. AC/DC SThM experimental results measured for CuPc samples at 
ambient temperature. Measurements were performed by the KNT ThP. 
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thermal contact radius is about a hundred times smaller than Wollaston 
ThP. The elimination of substrate’s part in the total thermal signal was 
also impossible in the case of DC SThM studies performed for the group 
of #1 – #3 samples. The obtained relative ratio of the power dissipated 
at the Wollaston ThP refers to the whole sample and is to a certain extent 
overestimated (Fig. 7). The smallest power ratio (ΔP/ Pc), i.e., the lowest 
thermal conduction, was determined for sample #3 with the highest 
RMS, which is in line with the observations from the other methods. 

Diminishing local thermophysical properties with increasing RMS 
can wonder, especially when finding studies in the literature [8,9] 
dealing with correlation between thermal and morphology properties 
and showing an opposite tendency. However, it should be noted, that in 
work [8] the RMS was changing barely from 1.11 to 2.62 nm for ZnO 
films, and from 2.4 to 8.7 nm for FePc in work [9]. The values of RMS for 
our CuPc layers (Table 2) are in the range from 29 to 207 nm, which 
shows a significant variation of morphology and possible involvement of 
different thermal transport mechanisms. Despite increasing of the mean 
grain size and thus reducing the total perimeter length parameter, 
indicating the overall length of the grain’s outer boundary lines, the heat 
transport deteriorates instead of improving in the case of samples 
#1–#3. The most resonable explanation of such behavior can be in the 
simultaneous grow of the porosity along with RMS increase. Sequential 
deposition of increasingly thicker CuPc layers one after the another 
caused vertical grain accumulation, which can be observed in AFM 
images in the Fig. 1a, as well as in the mean grain height histograms in 
Fig. 1c. As a result the elongated grains begin to lay down on each other 
creating stacks with lots of air gaps between them in sample #3 (Fig. 1a). 

Worth noticing is, that the maxima of mean grain height histograms 
for all CuPc samples are well corellated with their thermal properties. 
With larger and higher grains, the surface porosity of CuPc layers in-
creases, which can be seen in the profiles obtained from corresponding 
AFM topology images (Fig. 1b). Based on profiles, the free space be-
tween grains gradualy grows as RMS increases. This can be the main 
reason of thermal properties degradation in our case. The sample #4, 
although obtained in a separate deposition process, fits with all its 
morphological parameters in the above-mentioned relationships and 
ranks between sample # 1 and # 2. The similar impact of growing 

porosity and roughness on local thermal properties was observed for 
metal phthalocyanine layers in our previous work [10]. These two 
morphology parameters influence especially SThM results, because they 
change probe-sample heat transfer through altering the share of 
particular heat transfer mechanisms in the total probe-sample heat flux. 
Among four mechanisms of the total probe-sample heat flux mentioned 
in the introduction, the direct solid-solid contact depends on thermal 
contact quality, thus on sample surface quality. Previous researchers 
tried to quantify the effect of the sample’s surface roughness on the 
thermal conductivity/conductance measurement. The answer is not 
trivial, however, the problem is linked to two effects: (1) the impact of 
the surface roughness on the samples’ thermal properties and (2) the 
impact of the roughness on the probe-sample heat flow. These effects 
cannot be clearly separated [25]. Some analytical modeling based on the 
analysis of the thermal balance of the “probe-sample-environment” 
system while the probe is either out of contact or in contact with the 
sample were developed [25,49,50]. For the first effect it was found that 
the thermal contact and subsequently its thermal resistance strongly 
depend on parameters of the sample surface such as roughness [25,51]. 
Nonetheless, this effect is not fully quantified yet, and is currently a hot 
ongoing topic [52]. For the second effect, the impact of the roughness on 
the heat flow between probe and sample, can be limited to the heat flux 
through solid-solid contact. Recent study [53] showed that for Wollas-
ton ThP and KNT ThP, the heat flux shared between the probe and the 
sample in the close vicinity of the sample surface (solid-solid, water 
meniscus, radiative transfer and short-range ballistic conductance 
through air) is around 19% and 11% (± 5%) and the heat flux going 
through air to the sample is around 13% and 21% (± 5%), respectively 
for each probe. All the remaining heat flux is just lost via air conduction 
or through the probe’s cantilever. As the sensitivity of the SThM on 
sample thermal properties is already narrowed to such a small fraction 
of useful heat flux, its further reduction due to the roughness effect will 
be manifested in the measured signal, possibly amplifying the mea-
surement uncertainties. 

In porous and rough samples, the effective direct contact area with 
the SThM probe decreases, and the contribution of heat conduction 
through the surrounding gas starts to prevail over solid-solid heat con-
duction, diminishing the effectiveness of the probe-sample heat trans-
port and affecting thermal results. Furthermore, one can observe, that 
the effective contact area depends on the ratio of the probe resolution to 
the distances between grains. When the size of the probe diameter is 
comparable or higher than the distances between grains, the changes in 
the SThM signal are more pronounced and so are the differences in 
obtained thermal properties regarding morphology variation. In that 
case, larger probe diameter allows to obtain more representative SThM 
signal coming from the area reflecting the real morphology with grains 
separated by air gaps. Relative drops in ΔP/ Pc measured by the Wol-
laston ThP in DC SThM at ambient temperature reaches 8% and 11% for 
#2 and #3 CuPc samples in comparison to #1, while for KNT ThP with 
its resolution about one hundred higher, the changes in thermal signal 
are slighter. Because the KNT ThP diameter is comparable to the mean 
grain size (Table 1), and much smaller than distances between grains in 
CuPc layers, more often it has direct contact with the entire grain than 
with the air gaps between grains. The SThM signal registered by the KNT 
ThP seems to contain a different ratio of solid-solid heat conduction to 
conduction through surrounding air gaps than in the case of Wollaston 
ThP. Thus, the relative changes of CuPc thermal properties obtained by 
the KNT ThP may vary. However, they reflect the common trend. 

Thermal signal histograms received from SThM imaging performed 
by the KNT ThP show thermal homogeneity of investigated CuPc layers 
and they explain the uncertainties of thermal properties measured by the 
DC/AC SThM. The worst thermal homogeneity is observed for sample 
#4 regarding its thermal histogram. This corresponds well with the size 
of measured Rth uncertainty for that sample (Fig. 6 and Table 4). 

Significant uncertainties occur as well for all CuPc samples from the 
set #1–#3 in DC SThM method performed with the Wollaston ThP at 

Table 4 
The values of DC/AC SThM signal determined for CuPc 
samples at ambient temperature.  

CuPc (Rd− Rs)in/(Rd− Rs)out 

#1 0.9179 ± 0.0060  
#2 0.9258 ± 0.0029  
#3 0.9366 ± 0.0034  
#4 0.9255 ± 0.0088   

Fig. 7. Local thermal properties obtained from SThM measurements at ambient 
temperature for CuPc thin layers correlated with their RMS parameter. 
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ambient temperature, especially when compared to analogous mea-
surements at higher ones (Fig. 3 and Table 2). This can be related with 
the presence of water meniscus and its influence on probe-sample heat 
transfer at temperatures lower than 100 ◦C. It is well seen in the Fig. 3, 
that DC SThM results obtained at 150 ◦C and 200 ◦C are much more 
stable, consistent, and repeatable. They seem to be less dependent on 
morphology differences between CuPc samples, although they still 
confirm the decreasing trend for their thermal properties. When the 
thermal stability of investigated material allows, it is preferable to 
perform the SThM measurements with the use of Wollaston ThP at 
temperature high enough to avoid the water meniscus. In turn, the SThM 
signal registered by the KNT ThP is affected by the conductance of water 
meniscus to a minor extent even at room temperature [27]. 

5. Conclusions 

Within this study we measured experimentally the thermophysical 
parameters (like ΔP/ Pc, κ, and Rth) via SThM and we established their 
correlation to the studied material’s morphology. The results obtained 
using the SThM technique, through several operating modes and with 
two types of thermal probes, showed the deterioration of the local 
thermal properties with the increase of both the surface roughness and 
the distances between grains. However, this dependency is better re-
flected in SThM measurements performed with Wollaston ThP than for 
KNT ThP. This result can be related with the ratio of their spatial reso-
lutions to the mean grain size and the distance between grains in indi-
vidual CuPc layers. The Wollaston ThP, due to its size, captures more 
collective, averaged thermal signal, reflecting characteristic morpho-
logical features of investigated CuPc layers. In turn, in the SThM studies 
using the KNT ThP, with its tip size comparable to the mean grain size 
and smaller than the distances between grains, the collected thermal 
signal is more local. As a result, the changes in morphology do not affect 
obtained thermal results in the same extent as in the case of studies 
performed with the Wollaston ThP. The stability of SThM signal 
collected by the KNT ThP is higher and water meniscus conduction in-
dependent. The stability of the SThM measurements can be improved at 
temperatures above 100 ◦C as long as the examined material is thermally 
stable at high temperatures. 

Summarizing, the SThM studies for rough and porous samples offer a 
lot of possibilities for their local thermal characterization, however the 
selection of the appropriate measurement method and analysis are not 
trivial and require further development. 
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[35] H. Aldahhak, P. Powroźnik, P. Pander, W. Jakubik, F.B. Dias, W.G. Schmidt, 
U. Gerstmann, M. Krzywiecki, Toward efficient toxic-gas detectors: exploring 
molecular interactions of sarin and dimethyl methylphosphonate with metal- 
centered phthalocyanine structures, J. Phys. Chem. C 124 (2020) 6090–6102, 11. 

[36] http://gwyddion.net/ (accessed 29 November 2021). 
[37] http://gwyddion.net/documentation/user-guide-en/statistical-analysis.html 

(accessed 29 November 2021). 
[38] http://gwyddion.net/documentation/user-guide-en/grain-analysis.html (accessed 

29 November). 
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