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of silver/polyimide composite
films with enhanced heat dissipation

So Yoon Lee,a Tae-Hwan Huh,b Hye Rim Jeongb and Young-Je Kwark *b

In this study, silver/polyimide (Ag/PI) composite films with enhanced heat dissipation properties were

prepared. Ag was formed in situ by reducing AgNO3 at various locations according to the reduction

method. Two different types of soluble PIs capable of solution processing were used, namely Matrimid

and hydroxy polyimide (HPI). Unlike Matrimid with bulky substituents, HPI with polar hydroxy groups

formed ion–dipole interactions with Ag ions to form Ag particles with uniform size distribution. The

location and distribution of Ag particles affect the heat emission characteristics of the composite films,

resulting in better heat dissipation properties with the thermally and photochemically reduced Ag/HPI

films having more Ag particles distributed inside of the films than the chemically reduced films.
1. Introduction

Miniaturization of electronic devices has brought about high
performance by integrating various functions into a single
device.1,2 However, heat generation that shortens the lifetime of
the device is inevitable in this process.3–5 In general, a heat sink
is used to emit heat from the device. However, physical
attachment of the heat sink to the device generates an air gap,
which makes it difficult to efficiently dissipate heat.6–8 In order
to solve this problem, a layer of a thermal interface material is
introduced as an intermediate layer to effectively transmit
heat.9–11 In this type of multilayer device, heat conduction can
be more efficiently performed in the horizontal direction than
the vertical direction. However, in the vertical direction, since
the signal of the device is normally operates by being electrically
insulated, an electric insulation layer has been separately
introduced in the middle of a thermally conductive lm in
existing research. Since the process of separately forming
a thermal conducting layer and an electrical insulating layer is
complicated, research on a composite lm that exhibits elec-
trical insulation and heat conduction at the same time has been
performed.12

Existing heat dissipation lms use polymers because they
have excellent insulation properties and easy processing, and
are economical. However, since most polymers have no thermal
conductivity, additional llers such as graphite, carbon ber,
carbon nanotubes, aluminum nitride, aluminum oxide, boron
nitride, and silver (Ag) are used to attain sufficient thermal
conductivity.13–18 In particular, Ag has high thermal conductivity
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(429 W m�1 K�1) and low reduction potential (E0 ¼ 0.80 V).
Since the reduction potential is low, it is easy to form Ag
particles directly in the composites by reducing precursor
materials.19,20 Many polymers, such as epoxy,21–24 nano-
brillated cellulose,25 poly(vinylidene uoride),26 polytetra-
uoroethylene,27 and polyamide,28 are used as a matrix in heat
dissipation lms. Polyimides (PIs) have been widely used as
heat dissipation materials due to their high-performance with
excellent mechanical/thermal properties and chemical resis-
tance.29–32 However, the insolubility and infusibility of PIs
generally give limitations in preparing metal–PI complexes. As
a result, solution processible poly(amic acid) (PAA) has been
used as a precursor to PI,33–36 or surface modication with Ag on
a PI ber/lm via ion-exchange self-metallization.37–41 PAA
provides sufficient processibility to form a composite with well-
distributed Ag particles in the entire lm, but it requires
a subsequent imidization step to form PI. On the other hand,
the ion-exchange self-metallization on PI lms forms Ag parti-
cles on the surface only.

To manufacture metal–polymer composite lms, metal
particles can be introduced into a polymeric matrix by physical
vapor deposition, chemical vapor deposition, or other physical
methods (ex situ), or by reducing a metal precursor in organic
polymers or their solution (in situ).42–44 The ex situmethods have
the advantage of being suitable for mass production in indus-
trial applications, but have the disadvantage of poor dis-
persibility and/or using other unnecessary additives because of
the incompatibility between metal particles and organic poly-
mers.45,46 These problems can be overcome in the in situ
methods using metal precursors. The chemical interaction
between the metal precursor and organic polymer affects the
morphology of the prepared composite and consequently can
prevent macroscopic phase separation between the metal ller
and the organic polymer matrix. Lin et al. demonstrated that Ag
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthetic schemes of HPI.
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nanoparticles have a uniform particle size distribution due to
the ion–dipole interaction between the hydroxy groups of the
polymer chains and silver ion (Ag+) in preparing composites
from a solution of Ag precursor and poly(vinyl alcohol).47 Even
with the chemical interaction, the in situ generated Ag particles
preferentially form on the surface of the composites due to the
migration of Ag+ ions or Ag metal during the thermal reduction
process in the polymer matrix with a lower glass transition
temperature (Tg) than the processing temperature.48

In this study, we fabricated Ag/soluble PI (SPI) composite
lms. Since SPI can be solution processed in its imidized form, the
in situ metallization method can be applied without any subse-
quent imidization process. Moreover, PI has a high Tg above
300 �C, which makes it possible to increase the reduction
temperature to 300 �C to induce sufficient reduction of Ag+ ions
without causing excessive aggregation of the reduced Ag parti-
cles.49–53 We used two different types of SPI, non-polar Matrimid
(MI) and polar hydroxy group-containing PI (HPI). MI has a struc-
ture that inhibits a planar structure by introducing a bulky
substituent, and HPI has a structure which imparts exibility and
polarity to the polymer chain by introducing an electronegative
bridging group and hydroxy functional group. The polar hydroxy
groups introduce chemical interactions with Ag+ ions to control
the distribution of the in situ generated Ag particles.

In addition, we prepared lms with three different in situ
methods using SPI and an Ag precursor, and these methods are as
follows; (1) chemical reduction using reducing agent, (2) thermal
reduction at above or below Tg of SPI using a convection oven, and
(3) photochemical reduction using a UV lamp. As a result,
depending on the reduction method and the presence of polar
groups in PI, the size and location of the prepared Ag phase, and
eventually the thermal conductivity of the prepared composite
lm, were affected.

2. Experimental
2.1 Materials and characterization

2,2-Bis(3-amino-4-hydroxyphenyl)hexauoropropane (bis-ap-af,
>98%, Tokyo chemical industry), 4,4'-(hexauoroisopropylidene)
diphthalic anhydride (6FDA, 99%, Sigma-Aldrich), 1-methyl-2-
pyrrolidinone (NMP, anhydrous, 99.5%, Sigma-Aldrich), m-xylene
(anhydrous, $99%, Sigma-Aldrich), and nitric acid silver(I) salt
(AgNO3, $99%, Sigma-Aldrich) were used without further puri-
cation. All other chemicals were obtained from commercial
suppliers as rst grade and used without further purication.
Matrimid (MI), a soluble polyimide, was purchased fromAlfa Aesar
and used without purication.

Fourier-transform infrared (FT-IR, Vertex 70, Bruker) spectra
were recorded in the range of 4000–600 cm�1 at a resolution of
2 cm�1. Proton nuclear magnetic resonance (1H-NMR, Advance
400 NMR spectrometer, 400 MHz, Bruker) spectra were obtained
using DMSO-d6 as a solvent. Molecular weight and its distribution
were measured using gel permeation chromatography (GPC,
Waters) with a series of two PL gel Mixed-C columns (5 mm, Agi-
lent) and polystyrene standards (1090–116 000 Da, Varian).
Samples were diluted to about 1% (w/v) in THF and then passed
through a 0.45 mm lter before injection. Tg was measured by
© 2021 The Author(s). Published by the Royal Society of Chemistry
differential scanning calorimetry (DSC, DSC 25, TA Instruments)
under N2. DSC samples of about 5 mg were heated from �90 to
400 �C at a rate of 10 K min�1. The surface and cross-section
morphology of the composite lm samples were observed by
eld emission scanning electron microscopy (FE-SEM, Gemini
300, Zeiss) at an accelerating voltage of 3.0 kV for the surface
imaging and 15 kV for the cross-sectional imaging. In order to
conrm the size and distribution of Ag particles in the Ag/PI
composite lm, a transmission electron microscope (TEM, JEM-
F200, Jeol) was used. The cross-section of the lm used for FE-
SEM was carved and observed via focused ion beam technology
(Crossbeam 540, Zeiss). The thermal dissipation property of the
Ag/PI composite lm was conrmed using a thermal imaging
camera (Ti105, Fluke) by preparing a lm with a size of 20 �
20 mm and placing it on a plate of 50 �C. In addition, a Joule
heating test was performed to conrm the percolation of Ag
particles on the surface of the prepared Ag/PI composite lm.

2.2 Synthesis of HPI

To a three-necked ask were added bis-ap-af (1.36 � 10�2 mol),
6FDA (1.39 � 10�2 mol), and NMP (25.4 mL) under a nitrogen
atmosphere. The reaction was carried out at room temperature
for 12 h with continuous stirring to give PAA. The PAA was
dissolved in m-xylene (10 mL), and thermal imidization was
carried out at 160 �C for 8 h.54 In this process, water produced by
the dehydration reaction was separated using a Dean–Stark trap
as an azeotropic mixture with m-xylene. The overall mechanism
of the synthesis reaction is shown in Fig. 1. Aer the completion
of the reaction, the solution was dropped into an excess amount
of methanol/water (3 : 7) mixture to precipitate a white powder.
The resulting powder was dried in a vacuum oven at 130 �C for
24 h to give HPI. The number average molecular weight and
polydispersity index of the synthesized HPI were determined
using GPC as 36 500 and 1.41, respectively.

2.3 Preparation of the Ag/PI composite lm

An AgNO3/PI mixed solution was prepared by dropping the
AgNO3 solution in dimethylformamide (DMF) (0.05 M) into the
RSC Adv., 2021, 11, 26546–26553 | 26547
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Fig. 2 Schematic illustration of fabricating the Ag/PI composite films.

Fig. 3 (a) FT-IR and (b) 1H-NMR spectra of HPI.
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PI solution in DMF (15 wt%) at room temperature. The prepared
AgNO3/PI solution was cast on a glass slide and pre-baked in
a vacuum oven before applying three different reduction
processes. In the chemical reduction process, the pre-baked
lm was immersed in a 0.5 M NaBH4 aqueous solution for
10 min. The lm was naturally desorbed from the glass
substrate, and dried in an oven at 60 �C for 24 h.55,56 The thermal
reduction process was performed by heating the pre-baked lm
to 300 �C in 1 h and holding it at that temperature for an
additional 3 h in an oven under a nitrogen atmosphere. Aer
cooling to room temperature, the lm was immersed in distilled
water to induce separation from the glass slide, and dried in an
oven at 60 �C for 24 h.57,58 In the photochemical reduction
process, the pre-baked lm was irradiated with a UV/O3 cleaner
at a constant wavelength (labs¼ 300 to 450 nm) for 30 min. Aer
irradiation, the lm was immersed in distilled water, separated
from the glass substrate, and dried in an oven at 60 �C for 24 h.59

The overall process is illustrated in Fig. 2.
Fig. 4 DSC thermogram of Matrimid and HPI.
3. Results and discussion

Hydroxy group-containing PI was synthesized by reacting bis-
ap-af and 6FDA to form PAA, followed by a thermal imidiza-
tion process. The overall mechanism of the synthesis reaction is
shown in Fig. 1. The number average molecular weight and
polydispersity index of the synthesized HPI were determined
using GPC to be 36 500 and 1.41, respectively.

The chemical structure of HPI was characterized using FT-IR
and 1H-NMR. The FT-IR spectrum of HPI shows the absorption
bands of the imide carbonyl (C]O) stretching vibration peak and
C–N–C bending vibration peak at around 1800 and 1370 cm�1,
respectively. Furthermore, the absence of amide carbonyl peaks at
1660 and 1700 cm�1 indicates complete imidization. In addition, it
was conrmed that the PI containing hydroxyl groups was
synthesized via the O–H stretching vibration peak at 3300 cm�1

(Fig. 3a). The 1H-NMR spectrum also shows the O–H proton and
aromatic proton peaks at 10.5 and 7–8 ppm, respectively, sug-
gesting the successful synthesis of HPI (Fig. 3b). The Tg of the
synthesized HPI and MI was determined to be 315 and 330 �C,
respectively (Fig. 4). The high Tg would be benecial in applying
a high temperature for the thermal reduction process.
26548 | RSC Adv., 2021, 11, 26546–26553
AgNO3/PI lms with a thickness of 45–60 mm could be
prepared by a solution casting method, and Ag particles were
formed in situ by applying three different reduction methods.
We expected that the position and size of the reduced Ag
particles could be controlled according to the reduction
method. In the case of the chemical reduction method, it is
expected that Ag particles will be formed on the surface of the
composite lm because the reduction proceeds only when
AgNO3 reacts with the reducing solution present on the lm
surface. On the other hand, in the case of the thermal and
photochemical reduction methods, unlike the chemical reduc-
tion method, Ag particles would be uniformly formed in the
composite lm by applying reducing energy to the entire
composite lm. In addition, we expected that Ag particles would
grow more uniformly inside the HPI matrix due to the ion–
dipole interaction between Ag+ and the hydroxyl groups in the
Ag/HPI composite lm. In the FE-SEM photographs, when the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FE-SEM images of the composite film surface of (a) Ag/HPI-C, (b) Ag/MI-C, (c) Ag/HPI-T, (d) Ag/MI-T, (e) Ag/HPI-P, and (f) Ag/MI-P.
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chemical reduction method using NaBH4 aqueous solution was
applied, reduced Ag particles were observed on the surface of
the lm in both the Ag/HPI-C and Ag/MI-C composite lms
(Fig. 5a and b). In order to conrm the internal Ag distribution
of the composite lm, we checked the EDS images of the lm
cross-section. Fig. 6a and b showed that, in both Ag/HPI-C and
Ag/MI-C composite lms, the element C of the PI was detected
in the whole area, while Ag was detected on the surface only. On
the other hand, in the case of the Ag/HPI-T and Ag/MI-T, ther-
mally reduced at a temperature below Tg, the Ag particles were
seen on the lm surface (Fig. 5c and d). Ag particles exposed on
the surface of the composite lm were observed because the
HPI andMI on the surface was corroded by the catalytic effect of
Ag particles formed at the beginning of the thermal reduction
process. As a result of conrming the cross-sectional
morphology of the Ag/MI-T and Ag/HPI-T composite lms, Ag
particles were found in the entire cross-section of both
composite lms, but it was found that the Ag/MI-T composite
lms formedmore pronounced Ag surface layers (Fig. 6c and d).
This is presumed to be due to the ion–dipole interaction
between the hydroxyl groups in the HPI main chain and Ag+
© 2021 The Author(s). Published by the Royal Society of Chemistry
ions, while there is no functional group to interact with the Ag+

ions in MI. To clarify this fact, aer thermal reduction at
a temperature above Tg of HPI and MI, the cross-sectional
morphology and EDS of the composite lm were conrmed
through FE-SEM. In the cross-sectional morphology of the Ag/
HPI-HT and Ag/MI-HT, the overall Ag particle formation
pattern was similar to that of Ag/HPI-T and Ag/MI-T, but the
surface Ag layer was much thicker than that of Ag/MI-HT and
Ag/HPI-HT (Fig. 6e and f). As a result, even if thermal reduction
is performed at high temperatures in which both HPI and MI
have chain mobility, Ag particles are formed more uniformly in
Ag/HPI-HT, indicating that the hydroxyl group in HPI interacts
with Ag+ ions. On the other hand, in Ag/HPI-P and Ag/MI-P
composite lms prepared by the photochemical reduction
method, Ag particles were uniformly formed inside the
composite lm instead of forming an Ag layer on the lm
surface (Fig. 6g and h). In addition, unlike Ag/HPI-T and Ag/MI-
T, Ag particles were not observed on the surface of the Ag/HPI-C
and Ag/MI-C composite lms, because they did not show the
catalytic effect of Ag by thermal treatment and therefore the
surface was not corroded (Fig. 5e and f). TEM analysis was
RSC Adv., 2021, 11, 26546–26553 | 26549
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Fig. 6 EDSmapping data of the composite film cross-section: (a) Ag/HPI-C, (b) Ag/MI-C, (c) Ag/HPI-T, (d) Ag/MI-T, (e) Ag/HPI-HT, (f) Ag/MI-HT,
(g) Ag/HPI-P, and (h) Ag/MI-P.

Fig. 7 TEM images of (a–c) Ag/HPI-P and (d–f) Ag/MI-P composite films at various magnifications.

26550 | RSC Adv., 2021, 11, 26546–26553 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Temperature of the films, (a) Ag/HPI-C, (b) Ag/HPI-CT, (c) Ag/HPI-
T, (d) Ag/HPI-P, (e) Ag/MI-C, (f) Ag/MI-CT, (g) Ag/MI-T, and (h) Ag/MI-P, on
the hot plate (55 �C) measured using a thermal imaging camera.

Fig. 9 Joule heating test of (a) Ag/MI-C and (b) Ag/MI-CT films and
their FE-SEM morphology.
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performed to conrm the growth of Ag particles according to the
presence or absence of a functional group on PI in the composite
lm prepared by the photochemical reduction method (Fig. 7). In
the Ag/HPI-P, Ag particles were stabilized during the growth
process due to the hydroxyl groups of the HPI polymer chain to
form the particles with a relatively uniform size from 15 to 23 nm.
On the other hand, in the Ag/MI-P, although Ag particles were
formed inside the lm like Ag/HPI-P due to the photochemical
reductionmethod, Ag particles having a very wide distribution size
were formed. Through the above results, it was conrmed that the
hydroxyl groups could form ion–dipole interactions with Ag+ to
control the size of Ag particles inside the lm.

The heat dissipation property of the Ag/PI composite lms
was tested. Along with the lms prepared by chemical, thermal,
and photochemical reduction methods, composite lms in
which the formation of more Ag particles was induced on the
surface of the composite lm by additional thermal treatment
of 300 �C aer chemical reduction, Ag/HPI-CT and Ag/MI-CT,
were also tested. Fig. 8 shows the surface temperature of the
Ag/PI composite lms on a hot plate thermostated at 55 �C.
Among the Ag/PI composite lms tested, Ag/HPI-T and Ag/HPI-P
showed the highest temperatures of 48.3 and 48.4 �C, respec-
tively. This is probably because the Ag particles were uniformly
formed inside the thermally and photochemically reduced
lms, as shown in the previous FE-SEM and EDS images. In
addition, as conrmed in the TEM image, since the Ag/HPI
lms formed Ag particles with more uniform size than the Ag/
MI lms, heat was efficiently conducted and exhibited a higher
surface temperature. These results could be interpreted as that
heat was transferred by the phonon transfermechanism inside the
composite lm,60 and as a result, heat was released in the vertical
direction of the lm to show almost the same temperature as the
underlaying hot plate. On the other hand, the Ag/MI-CT composite
lm having more Ag particles on the lm surface by additional
thermal reduction showed the lowest surface temperature. Heat
transfer can occur via the electron transfer mechanism as well as
phonon transfer. In the case of Ag/MI-CT, it was assumed that heat
transfer occurred by the electron transfer mechanism due to the
excessive Ag particles formed on the surface to release heat
through the horizontal direction of the lm. To conrm the elec-
tron heat transfer behavior, a Joule heating test was performed
© 2021 The Author(s). Published by the Royal Society of Chemistry
(Fig. 9). The Ag/MI-C lm showed a lower Joule heating tempera-
ture of 20.5 �Cdue to the small amount of Ag particles, as shown in
the FE-SEM images, whereas the Ag/MI-CT lm shows a higher
Joule heating temperature of 47.2 �C. As a result, as shown in
Fig. 8, Ag/MI-CT showed the lowest heating temperature because
the heat transfer was performed not only in the vertical direction
but also in the horizontal direction of the composite lm by the
electron heat transfer mechanism.
4. Conclusion

In this study, Ag/PI composite lms exhibiting enhanced heat
dissipation properties were fabricated by an in situ reduction
process using AgNO3 as a Ag precursor. The amount and posi-
tion of the reduced Ag particles were dependent on the applied
reduction method and chemical structure of the matrix poly-
mer, PI. The chemically reduced Ag particles preferentially
presented on the surface of the lm, whereas the thermally and
photochemically reduced Ag particles were formed uniformly
inside of the composite lm. In addition, Ag particles were
distributed more evenly inside the HPI composite lm due to
the ion–dipole interaction with the hydroxy groups in HPI. It
was found that heat dissipation was affected by the position of
the reduced Ag particles to give the best result with the Ag/HPI
composite lms with uniform distribution of Ag particles inside
the lm. This study conrmed the feasibility of fabricating Ag/
PI composite lms using a simple process as heat releasing
lms in microelectronics applications.
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