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A B S T R A C T   

The increasing demand for flexible electronics has spurred the development of flexible substrates with high 
thermal conductivity. Herein, nanocomposite coatings based on aluminum nitride (AlN) and siloxane matrix are 
deposited on polyimide (PI) films by atmospheric pressure plasma for improved thermal conductivity. 
Commercially available aluminum nitride powders are incorporated into methyltrimethoxysilane (MTMS) pre
cursor to form nanocomposite coatings at atmospheric pressure. The evolution of the as-prepared coatings is 
systematically investigated upon the variations of the deposition time. The smooth surface is transformed into a 
rough surface with spherical nanoparticles, and the silicon containing functional groups with AlN nanoparticles 
are introduced into the surface. After 6 min deposition, the surface energies of the PI film can be improved to 
32.8 mJ/m2, and the thermal conductivity can be enhanced to 1.68 W/mK with a coating hardness of 2H. The 
results demonstrate that the nanocomposite coatings prepared by plasma deposition are an efficient way to 
modify flexible materials with improved thermal conductivity.   

1. Introduction 

Polyimide (PI) films are widely used in microelectronics industries 
due to their good heat resistance and large mechanical strength [1,2]. 
However, the PI films show surface chemical inertness because of the 
planar structure and all-aromatic structure. As a consequence, surface 
modification is usually used to cater to some specific requirements. 
Various methods have been employed to modify the PI films surfaces 
including alkali treatment, UV irradiation and plasma treatment [3–5]. 
As an alternative and eco-friendly approach, direct plasma treatment at 
atmospheric pressure has been successfully applied to modify the PI film 
surface. For example, Peng et al. modified PI films using an atmospheric 
pressure plasma generated by a dielectric barrier discharge (DBD) in 
argon, and the surface physical and chemical change can be achieved 
without acid or alkaline usage [6]. 

With respect to controllable surface modification, different gases 
have been used to generate different active species in the atmospheric 
pressure plasma for the treatment of the PI films [7]. Moreover, 

Abdel–Fattah et al. have used Helium-H2O plasma to improve the 
wettability of the PI films surface [8]. However, the plasma-treated films 
easily lose the generated features as a result of aging with the time 
progresses [9]. Plasma deposition is one of the desirable techniques to 
prepare thin coating on the materials surface with long-lasting effects. 
For polyimide film, Mu et al. prepared SiOx coating on the film surface 
by plasma polymer deposition to resist atomic oxygen erosion [10]. This 
plasma deposition is a very effective method for the modification of the 
materials surface with functionality. 

The development of flexible electronic devices is raising the demand 
for substrates such as higher voltage and greater power density while 
maintaining desirable thermal performance. In recent years, surface 
compounding with thermally conductive layers is an effective way to 
improve the thermal conductivity of the PI films [11]. Various carbon 
materials, metals and nitrides have been applied in thermally conduc
tive layers. For example, Tian et al. prepared metal coatings on the 
surface of polyimide composite using the explosive spraying technology, 
and the thermal conductivity was achieved to 1.46 W/(m⋅K) [12]. Guo 
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et al. prepared graphene oxide/expanded graphite thermally conductive 
layer on PI composite films [13]. Compared with other thermally 
conductive materials, aluminum nitride (AlN) has attracted consider
able interest because of its high intrinsic thermal conductivity and high 
breakdown voltage [14]. Moreover, the low cost and simple process
ability of the AlN are also beneficial for practical application [15]. A 
common way to prepare AlN coatings on PI film surface is sputtering 
technology, which use aluminum target and nitrogen ions in vacuum 
[16,17]. Unfortunately, the complicated vacuum equipment in this 
configuration is a major bottleneck towards energy and cost saving. 
Therefore, it is expected to form AlN coating on the PI film surface by a 
simple strategy at atmospheric pressure condition directly. 

It is well known that organic-inorganic hybrid coating can incorpo
rate the inorganic composition into the organic matrix, which is helpful 
to obtain better comprehensive performance of the coatings, such as 
abrasive resistance, thermal conductivity and etc. [18,19]. In previous 
work, siloxane nanocoating has been deposited on glass fibers surface by 
atmospheric pressure plasma, which provides a solid basis for the ex
tensions of composite coatings [20]. Moreover, the low thermal 
expansion coefficient of AlN closely matches that of Si [21]. In this 
study, MTMS/AlN nanocomposite coatings are deposited on PI films by 
atmospheric pressure plasma. The commercially available aluminum 
nitride powders are directly incorporated into methyltrimethoxysilane 
(MTMS) precursor. By regulating the deposition time, the surface 
physical and chemical changes of the PI films after plasma coatings are 
investigated systematically, and the surface wetting performance, 
scratch resistance and the thermal conductivity of the as-prepared 
coatings are measured. 

2. Experimental details 

2.1. Materials 

Polyimide films (thickness of 0.15 mm; Trademark: Kapton) were 
supplied by Dupont, USA and the aluminum nitride powder (AlN, ~ 80 
nm) was purchased from Kegong Metallurgical Materials Co., Ltd, China. 
Methyltrimethoxysilane (MTMS, 98%) was obtained from Aladdin, 
China. All the materials were used as received. Argon (Ar, 99.99%) was 
supplied by Shenzhen Hongzhou Gas Industry Co., Ltd, China. 

2.2. Plasma deposition 

The schematic diagram of the preparation process of the nano
composite coatings is depicted in Fig. 1. The PI films (50 mm × 50 mm) 
were cleaned ultrasonically with alcohol and deionized water for 15 min 
and dried at 70 ◦C for 5 h. 0.1 g/mL of AlN/MTMS was added to a test 
tube and sonicated for 2 h to form a uniformly mixture. After standing 
for 1 h, the upper mixture was injected into the plasma together with the 
carrier gas. The plasma was generated by a customized atmospheric 
pressure plasma jet (APPJ) powered by a 10 kHz high-voltage power 

source (Nanjing Suman Electronics Co., Ltd). Ar was employed as both 
the working and carrier gas and the flow rate was fixed at 3 SLM. Before 
plasma deposition, the PI films were placed below the plasma jet nozzle, 
and treated by Ar plasma for 90 s. 

2.3. Characterization 

The surface morphology was observed by field-emission scanning 
electron microscopy (SEM, Supra 55, Zeiss, Germany) and the surface 
roughness was characterized by atomic force microscopy (AFM, Bruker 
Dimension Icon, Bruker, USA). The surface chemical structure was 
analyzed by attenuated total reflection (ATR) Fourier transform infrared 
spectroscopy (FTIR, Nicolet iS50, Thermo Scientific, USA) in the range 
of 600 - 4000 cm− 1. The surface chemical composition was determined 
by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo 
Fisher, USA) using Mg Kα radiation and all binding energies were 
referenced to the C 1s peak. 

2.4. Static contact angle measurement 

The surface wetting properties were monitored by measuring the 
static contact angles of water and glycerol (3 μl each droplet) based on 
the sessile drop technique on the Theta Lite instrument (Biolin Scientific, 
Sweden). The measurement was repeated 5 times to calculate the av
erages and standard deviations. The surface energy was estimated by the 
Owens-Wendt model [22]. 

2.5. Pencil hardness test 

The pencil hardness test was used to assessed the hardness and 
scratch resistance of the coating according to the GB/T 6739–1996 
standard using Pencil Hardness Tester (Dongguan Huaguo Precision 
Instrument Co., Ltd., China). 

2.6. Bending test 

The bending durability of the coating was evaluated by a homemade 
bend tester with a minimum radius of 2 mm ranging from 0 to 135◦. 
After 500 cycles, the surface images of the coatings were monitored 
using scanning electron microscopy. 

2.7. Thermal conductivity measurement 

The thermal conductivity was measured on a laser flash apparatus 
(LFA467, Netzsch, Germany), and an average of three measurements 
was performed to obtain the results. 

Fig. 1. Schematic illustration of surface modification of the PI films by plasma deposition.  
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3. Results and discussion 

3.1. Surface morphology 

Fig. 2 shows the surface morphology of the samples. The control 
sample exhibits a comparatively smooth surface with flat grooves 
(Fig. 2a). In comparison, the plasma-deposited samples have a different 
morphology. The sample deposited for 3 min in Fig. 2b shows spherical 
nanoparticles about 100 nm in size with good uniformity on the surface. 
As the deposition time goes up to 6 min (Fig. 2c), the nanoparticles on 
the surface enlarge in shape and size (about 200 nm). When the time is 
added to 9 min, the size of the particles increases to 500 nm, and the 
nanoparticles tend to agglomerate as shown in Fig 2d. The topography 
varies with the deposited time, mainly due to the excessive generation of 
the precursor fragments and the aluminum nitride powder. Moreover, 
compared to the flat surface, the formed nanoparticles have acted as 
nucleation site, thus facilitating the recombination of the ionized pre
cursors on the particle surface [23]. 

AFM is used to characterize the surface topography and surface 
roughness of the samples, and the images are depicted in Fig. 3. The 
result in Fig. 3a show that the control sample presents small and uni
formly distributed protuberances . After plasma deposition for 3 min 
(Fig. 3b), sharp protuberances appear and the protuberances are evenly 
distributed. As the deposition time increases to 6 min (Fig 3c), the 
number of protuberances decreases . When the deposition time reaches 
9 min (Fig. 3d), large conical protuberances appear. 

The surface roughness (Ra) and root-mean-square roughness (RMS) 
are used to assess the surface roughness, as shown in Fig. 4. It can be 
seen that both the Ra roughness and RMS roughness increase with the 
deposition time increase. After plasma deposition for 9 min, Ra increases 
to 26.4 nm and RMS increases to 39.1 nm significantly. These results 
indicate that the topographical features of the surface change gradually 
with the plasma deposition time. 

3.2. Surface chemistry 

Fig. 5 shows the ATR-FTIR spectra of the samples revealing peaks 
related to vibrations of the imide rings (1720 cm− 1, 1774 cm− 1), aro
matic rings (725 cm− 1, 820 cm− 1, and 1090 cm− 1), and the C-N bond 
(1380cm− 1, 1240 cm− 1) groups, indicating that the chemical structure 
of PI film is preserved [24]. All the plasma-deposited samples exhibit a 
broad band at 1000–1200 cm− 1 corresponding to Si-O-Si/Si-O-C anti-
asymmetric stretching, and the peaks at 1275 cm− 1 in MA6 and MA9 
samples are due to the bending vibration of Si–CH3 [25,26]. No char
acteristic peaks are observed from AlN in the coated samples because the 
hydroxyl groups on the nanoparticles are condensed with MTMS and 
only the side of the particles away from the AlN particles can be detected 
by FTIR [27,28]. 

The chemical states are determined by X-ray photoelectron spec
troscopy (XPS). The survey XPS spectrum in Fig. 6a shows the presence 
of C, O, and Si, and the atomic ratios are listed in Table 1. For the three 
deposited samples, as the deposition time progresses, the concentration 
of carbon increases, and the amount of oxygen decreases with the silicon 
content almost unchanged. Regarding the change in the ratios of O/C 
and Si/C, both the relative oxygen (O/C) and silicon (Si/C) concentra
tion decreases. This could be explained that after the rise of the depos
ited time, the excessive AlN powders affect the formation of the Si-O 
structure. It is worth noting that Al peaks do not appear from the XPS 
spectra, because XPS is a surface sensitive technique used to analyze the 
outermost ~10 nm of materials [29]. On the surface of the 
plasma-deposited sample, the high resolution of Si 2p spectra can be 
deconvoluted into two peaks, locating at 102.7 eV (Si2O3) and 103.3 eV 
(SiO4), suggesting that MTMS monomer was dissociated by the reaction 
inside the plasma zone at normal pressure [30]. 

3.3. Contact angle and surface energy measurement 

The wetting behavior of the PI films surface is of great significance to 
industrial applications. Herein, water and glycerol are used to measure 

Fig. 2. SEM images of the samples deposited for different time: (a) 0 min, (b) 3 min, (c) 6 min, and (d) 9 min.  
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the static contact angles, and the results are presented in Table 2. The 
control sample shows contact angles of 78.4◦ and 75.9◦ for water and 
glycerol, respectively. The plasma deposition decreases the contact an
gles of both liquids due to the surface roughness and surface functional 
groups. The Owens-Wendt model is an efficient method to derive the 
surface energy by assuming that the surface free energy is the sum of 
dispersing (γd) and polar (γp) components: 

γ = γd + γp (1) 

The surface energy of the polar and disperse components can be 
calculated by the following equation: 

γLV (1 + cosθ) = 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γp
LV ∗ γd

SV

√

+ 2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γd
LV ∗ γp

SV

√

(2)  

where θ is the contact angle, γp
LV is the polar components of the liquid, 

γd
LV is the dispersive components of the liquid, γd

SV and γp
SV are the 

dispersive and polar components of the surface energy of samples. By 
combing Eqs. (1) and (2), the surface free energies are calculated and 
depicted in Table 2. The control sample has a surface energy (31.2 mJ/ 
m2), and the MA-3 and MA-6 samples show a small improved surface 
energy (32.1 mJ/m2 and 32.8 mJ/m2) due to the polar chemical groups. 
However, the MA-9 sample exhibits a decreased surface energy of 28.7 
mJ/m2. According to the definition of surface energy, the surface energy 
is determined by the surface excess energy (△G). After the plasma 
deposition, the oxygen-containing polar groups are introduced to the 
surface, resulting in the improved surface energy. As the MA-9 sample 
has the lowest oxygen concentration and the most surface roughness, it 
exhibits relative inert with a decreased surface energy. 

3.4. Scratch resistance and bending test 

Scratch resistance is an important parameter to evaluate the dura
bility of the coatings, and pencil hardness test is a simple method widely 
used for scratch resistance [31]. Pencils with known hardness are pre
pared according to the standard, and a pencil hardness tester with a load 
of 750 g holding the pencil at a 45◦ angle is pushed across the sample 
surface at a constant speed. The results are shown in Table 3, which 
discloses that both the MA-3 and MA-6 samples can reach 2H level, 
while the MA-9 sample show a HB level scratch resistance. This can be 
attributed to the Si-O-Si structure formed in the organosilicon coatings 

Fig. 3. AFM images of the samples deposited for different time: (a) 0 min, (b) 3 min, (c) 6 min, and (d) 9 min.  

Fig. 4. Surface roughness of the PI film and the samples deposited for 3, 6, and 
9 min. 

Fig. 5. FTIR spectra of the PI film and the samples deposited for 3, 6, and 
9 min. 
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during deposition process, which provides the film surface with excel
lent mechanical properties [32]. However, when the deposition time 
reaches 9 min, the large particles and the reduced Si-O-Si structure on 
the surface results in the scratch resistance of the coatings decreased. As 
a flexible cover, the coating on the PI films surface need to possess good 
mechanical flexibility [33]. Fig. 7 depicts the SEM images of the coatings 
after the flexibility test. All the samples exhibit the surface features 
similar to those of the initial samples, and there are no surface cracks or 
defects at the surface of the samples. These images indicate the excellent 
mechanical flexibility of the coating. 

3.5. Thermal conductivity 

Owing to the increasing demand for larger power densities in elec
tronic products, more requirements are put forward for the thermal 
conductivity of materials. As emerging candidates, flexible films with 
high in-plane thermal conductivity have aroused great interest in the 
next-generation devices [34]. In this work, the in-plane thermal con
ductivity is calculated by the following formula: 

k = ρ × Cp × α (3)  

where k is the thermal conductivity, ρis the density of samples, Cp is the 
specific heat capacity, and α is the thermal diffusivity of the sample 
surface. The thermal conductivity is calculated and shown in Table 3. 
The control PI film has a thermal conductivity of 0.16 W/mK, which is 
provided by DuPont. Compared to the control sample, all three depos
ited samples exhibit improved the thermal conductivity, and the highest 
thermal conductivity can be achieved to 1.68 W/mK for the MA-6 
sample, indicating that the introduction of the nanocomposite coating 
significantly enhances the thermal conductivity of the PI film. As a 

Fig. 6. (a) XPS survey spectra of the samples and Si XPS spectra of the samples deposited for different time: (b) 3 min, (c) 6 min, and (d) 9 min.  

Table 1 
Relative atomic ratios of the samples.  

Samples  MA-3 MA-6 MA-9 

Surface relative atomic ratio (%) C 18.74 19.53 21.94  
O 54.34 53.57 51.48  
Si 26.92 26.89 26.58 

O/C  2.90 2.74 2.35 
Si/C  1.44 1.38 1.21  

Table 2 
Contact angles and surface energies of the samples.  

Samples  PI MA-3 MA-6 MA-9 

Contact angle (◦) Water 78.4 71.1 74.2 71.0  
—— Error range 3.2 2.3 0.7 0.6  

Glycerol 75.9 65.5 64.7 73.7  
—— Error range 0.9 3.0 3.0 2.1 

Surface energy (mJ/m2) 31.2 32.1 32.8 28.7  

Table 3 
Hardness and thermal conductivity of the samples.  

Samples PI MA-3 MA-6 MA-9 

Hardness —— 2H 2H HB 
Thermal Conductivity W/(mK) 0.26 1.37 1.68 1.32 
Error range —— 0.11 0.25 0.05  
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typical insulating dielectric polymer material, the thermal conductivity 
of the PI film is mostly dominated by phonons [35]. The unique 
conductive pathways formed by the coatings facilitate the phonon 
transfer, leading to the enhancement of thermal conductivity. As shown 
in Table 3, the thermal conductivity of the MA-3 sample is improved to 
1.37 W/mK. When the deposition time increases to 6 min, the heat 
conduction path is more perfect, and the heat could be transferred 
rapidly through the phonons, resulting in an increased thermal con
ductivity of 1.68 W/mK. With further extension of the deposition time to 
9 min, large particles aggregate on the surface, and the defects may 
restrict phonon migration, which will impact heat transfer detrimentally 
and reduce the thermal conductivity to 1.32 W/mK [36]. 

Fig. 8 shows the formation process of the nanocomposite coating on 
the PI films surface, which further explains the possible mechanism of 
enhanced thermal conductivity. As shown in Fig. 8a, when AlN powders 
are added to the precursor, bonding of hydroxyl groups on the surface of 
the AlN particles with ionized organosilicon enables the nanoparticles to 
tightly embed in the Si-O-Si network, resulting in the formation of the 
composite coatings. The coatings are deposited on the PI films surface, 
and the network has a bridging effect between AlN and polymer matrix, 
which can reduce the interfacial thermal resistance [37]. Since phonon 
transport plays a major contribution in the thermal conductivity, the 
coatings with interconnected networks act as a highway for phonon 
transfer. Therefore, the improved thermal conductivity is deduced from 

to the synergistic effect of the reduced interfacial thermal resistance and 
the promoted phonon transfer. 

4. Conclusion 

In summary, atmospheric pressure plasma deposition technique is 
applied to modify the PI films surface by forming MTMS/AlN nano
composite coatings. The AlN nanoparticles are well dispersed in the 
plasma polymerized MTMS matrix, which can endow the coatings with 
special functionality. The nanocomposite coatings can affect surface 
morphology, the surface chemical structure, and the surface energy of 
the PI films. In consideration of the durability of the coatings, the sample 
deposited for 3 min and 6 min can reach 2H level scratch resistance, 
while the MA-9 sample show a HB level. The thermal conductivity test 
shows that all the plasma-deposited samples exhibit the enhanced 
thermal conductivity, and the best thermal conductivity can be achieved 
to 1.68 W/mK. The above results indicate that the nanocomposite 
coatings prepared by plasma deposition could exhibit advanced prop
erties for the surface functional modification of the PI films. This study 
provides an effective strategy to prepare functional nanocomposite 
coatings on the surface of flexible materials. 

Fig. 7. SEM images of the samples after bending test: (a) 3 min, (b) 6 min and (c) 9 min.  

Fig. 8. (a) The possible reaction paths of the nanocomposite coatings prepared by plasma, (b) The nanocomposite coatings on the PI films surface.  
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[23] E. Sainz-García, M. López, R. Múgica-Vidal, B. Rojo-Bezares, C. Lozano, 
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