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The metallization of polyimide (PI) remains a formidable challenge when using an atomic layer deposition of
copper. The present study employs Cu(hfac), and EtpZn to deposit the copper thin films that are highly conformal
and continuous, and possess low resistivity (5.6 pQ-cm), through a low-temperature atomic layer deposition
(120 °C) with multi-pulse of Cu(hfac), process on a treated polyimide surface. The process exhibited both self-
limiting ALD and CVD-like reactions with a growth rate of 0.079 nm/cycle. The findings demonstrate that an
increase in functional groups and adsorption area on the surface of treated PI substrates enhances the adsorption
of Cu(hfac);. A model has been developed to describe the nucleation and growth kinetics of atomic layer
deposition of copper on polyimide substrates, based on the adsorption mechanism of Cu(hfac), and the interface
structure of ALD-Cu/treated PI onto the surface and into the near-surface region of the PI substrates. The aca-
demic developing in this work provides theoretical and experimental basis for the deposition using other copper

precursors onto polymeric substrates in the future.

1. Introduction

Flexible printed circuits (FPC) are the crucial connective parts be-
tween chips for realizing functions of information transmission, signal
processing, memory and so on. The last decade has seen explosive
growth of FPC, such as (organic light-emitting devices) OLEDs, RFID
tags, intelligent wearable devices, smart cards and solar cells. Copper, as
one of the most attractive conducting materials in FPC, offers more
advantages than various kinds of other materials including silver, car-
bon nanotube and graphene, so it has historically been the dominant
interconnect material [1]. Electroless plating is currently more popular
than those conventional technologies including inkjet printing, screen
printing and transfer printing because of its advantages of low cost, low
temperature process and mass production [2,3]. It seems that noble
metals like Pt, Pd and Ag or copper nanoparticles are necessary and
usually employed as catalyst seeds or copper seeds in electroless plating
process for depositing copper wires on the activated surfaces in an
electroless plating bath [3]. An example of direct low-temperature

deposition of conductive metal layers onto organic surfaces is the uti-
lization of [(1,2,5,6-1)-1,5-hexadiene] dimethylplatinum(II) (HDMP)
and O for Pt deposition on fiber surfaces [4]. Obviously, all the previ-
ously mentioned noble metals suffer from some serious disadvantages
considering interface compatibility and economical cost of FPC. How-
ever, issues with existing electroless plating processes limiting their
potential applicability include adhesion between copper thin films and
flexible substrates, unintentional incorporation of reducing agents and
cost of the materials.

In this context, there are several attempts to develop copper seed
layer based on atomic layer deposition as a method of manufacturing
high-quality thin films and producing tailored molecular structures for
conventional substrates including Si, SiOo, glass et al. For example, low-
temperature atomic layer deposition of low-resistivity copper thin films
deposited at the low temperature of 120 °C on a Si or glass substrate has
been developed to possess a low resistivity of 1.9 pQ-cm from Cu(dmap),
(dmap dimethylamino-2-propoxide) in combined with tertiary butyl
hydrazine [5]. The ALD technique also uses hydrogen plasma as a key
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enabling tool for preparation temperature miniaturization [6]. The pure,
continuous, smooth, and highly conformal Cu thin films on a Si or glass
have emerged below 100 °C by employing the highly reactive copper(D)-
N,N’-diisopropylacetamidinate precursor along with the Hy plasma.
Recently, a novel ALD process is reported to yield uniform and
conformal Cu thin films on a Si substrate at growth temperatures of 100
~ 120 °C using the ligand-exchange reaction of Cu(dmap), with EtyZn
[7]. The atomic layer deposited copper thin films employed as anode
using the same precursors and ‘window’ (mentioned above) on PET
substrates have been promoted to demonstrate improvement in me-
chanical robustness and fabrication process simplification of organic
light-emitting devices [8].

Polyimide is commonly used as a flexible substrate for flexible
printed circuits in the electronics industry due to its good thermal sta-
bility, chemical stability and high modulus of elasticity [9]. It is still a
big challenge to develop continuous, highly conformal and low re-
sistivity copper thin films on polyimide substrates owing to the lack of
functional groups, large porosity and free volume on the PI surface.
There is still a lack of in-depth studies on the growth of low resistance
copper thin films on polyimide substrates by low-temperature atomic
layer deposition.

Herein, we describe a process for low-temperature atomic layer
deposition of Cu thin films on non-polar polyimide substrates by
employing Cu(hfac), (copper(I)-hexafluoroacetylacetonate) as the Cu
source and EtpZn as the reducing agent without any additional buffer
layer. Nucleation and growth of the Cu(hfac), + EtpZn process can be
improved by a continuous Cu(hfac); multi-pulse. A possible growth
mechanism of copper thin films on polyimide substrates by low-
temperature atomic layer deposition has been proposed.

2. Experiment
2.1. Substrate treatment

Different from lab-level cleaning process for conventional rigid
substrates (such as Si, SiO,, Glass and so on), the industry standard pre-
treatment process (ISPP) for processing the surface of the PI substrates in
FPC mass production was adopted in this case to make the ALD-Cu
process easier for industrial systems. Thus, one of the great advan-
tages of the pre-treatment process is its excellent compatibility with the
existing industrial processes. The typical scheme for modifying the
surface of a commercial FPC substrate was applied to polyimide slices
(Kapton 100HN, DuPont). The industry standard pre-treatment process
(ISPP) has been listed in Table S1. The process of adhesive-free flexible
copper clad laminate can serve as a reference for the commercial hot
lamination of Cu foil in the previous work [10]. The ISPP involves a
multi-step process including Cu foil etching, roughening in NaOH,
neutralization in HCl, and immediately multiple cleaning in absolute
alcohol and deionized water. The multiple cleaning process prior to the
deposition of ALD-Cu can greatly reduce contamination. XPS results
show that the pre-treated PI only exhibits copper-related characteristic
peaks compared to the original PI (Figure S1 and Table S2), confirming
that the pre-treated PI substrates are almost free of contamination by the
industry standard pre-treatment process (ISPP).

2.2. Deposition of Cu thin films

The deposition was performed in a commercial thermal type ALD
reactor equipment (TALD-150D, Kemicro) with 6-inch reaction cham-
ber. Cu(hfac),; and Et,Zn were used as reaction precursors. Cu(hfac),
and EtyZn with purity of 99.9% made by AimouYuan (Nanjing, China)
were evaporated at 90 °C and 25 °C, respectively. Ny (7 sccm) was
served as both the carrier and purging gas for the precursor vapor. The
temperature of the pipeline was set to 110 °C to prevent the precursor
from condensing in the pipeline. The polyimide substrates were placed
in the center of the cavity and maintained at 120 °C during the
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deposition process. The ALD growth of metallic copper occurs during
alternating exposures to Cu(hfac); and Et;Zn. An ALD cycle was con-
sisted of exposing to Cu(hfac), for different exposure modes (single-
pulse mode: 1 x 0.5 s, dual-pulse mode: 2 x 0.5 s and triple-pulse mode:
3 x 0.5 s) followed by purging with Ny for 30 s, then exposing to EtoZn
for 0.02 s followed by purging with N for 30 s (see Figure S2 in sup-
porting information). The Cu thin films were grown at temperatures of
120 °C under a pressure of 0.1 Torr. The base pressure of the ALD system
is 0.0056 Torr.

2.3. Characterization of Cu thin films

The polyimide surface modification was evaluated with a water
contact angle meter (OCA25, Dataphysics). Atomic force microscope
(Dimension, Vecco, Knock mode) was used to scan the polyimide sub-
strates for surface morphology and roughness. AFM images were
analyzed using the related image software NANO Scope 2.0. The
thickness, surface morphologies of the copper thin films were obtained
using a scanning electron microscope (SEM) (Verios G4 UC, Thermo
Scientific). Electrical properties of the copper thin films were measured
at room temperature using a Hall effect measurement system (HL-
5500PC, Nanometrics). The average value of the resistivity is acquired
by data acquisition of 3 samples from the same experiment. The ob-
tained results were then corrected using a model of roughness-induced
resistivity variation in thin metal films, as proposed by Aniruddha
Konar [11]. The surface chemistry of the copper thin film was analyzed
by an X-ray spectrometer, X-ray photoelectron spectra (XPS) (Axis Ultra
DLD, Kratos) using Al K, (1486.6 eV) radiation as an X-ray source with a
voltage of 15 kV and a power of 120 W at a pressure of ~ 5 x 10 Torr.
The energy resolution of the energy analyzer at this passing energy is
about 0.48 eV. The binding energies of the copper thin film were cor-
rected for surface charging by referencing to adventitious carbon Cls at
284.8 eV. The XPS core level spectra were fitted using a Shirley and
linear type background. The film microstructures and elemental analysis
of the Cu/PI interface were examined by transmission electron micro-
scopy (TEM) (JEOL, F200) equipped with energy dispersive x-ray
analyzer (EDX). Scotch tape tests (Scotch 600-CQ33, 3 M) were used to
test the film-based adhesion of the copper thin film and substrate.

3. Results and discussion
3.1. Adsorption of Cu(hfac)z

Fig. 1 shows SEM images of the surface and cross-sectional mor-
phologies of the copper thin films deposited on the surface of treated
polyimide substrates by 500 growth cycles with different exposure
modes of Cu(hfac), precursor. The obtained films enjoy uniform grain
size and homogeneous distribution of copper nanoparticles. The
adsorption and filling efficiency of the precursor molecules onto the
substrate or film surface during deposition is improved by the multi-
pulse process [12]. Fine particles of homogeneous and dense copper
are presented in the ALD-Cu thin film for Cu(hfac), single-pulse mode
(Fig. 1a). The grain boundary edges of copper become more predomi-
nant by adopting Cu(hfac), double-pulse mode, as presented in Fig. 1c.
There are larger copper particles (or copper islands) in the ALD-Cu thin
film with clear boundary coalesce (Fig. le) for Cu(hfac), triple-pulse
mode. Correspondingly, the area density of copper islands decreases
as the number of Cu(hfac); pulse increases. Moreover, highly conformal
copper layer with a thickness of up to 21.33 nm has been synthesized on
rough PI substrates by atomic layer deposition. Interestingly, the
thickness of copper thin films increases from 21.33 nm to 39.47 nm with
the increase of the number of Cu(hfac), pulse, as shown in Fig. 1b, d and
f. In other words, the deposition rate of the copper thin films is signifi-
cantly increased by increasing the number of Cu(hfac); precursor
(Figure S3). The growth rate of the copper thin film on treated PI in Cu
(hfac), triple-pulse mode is estimated to be approximately 0.079 nm/
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Fig. 1. A comparison between SEM images of the surface and cross-sectional morphologies of the Cu thin films with 500 growth cycles deposited with (a, b) single-
pulse mode, (c, d) dual-pulse mode and (e, f) triple-pulse mode on treated PI substrates.

cycle, higher than of ALD-Cu thin film on conventional Si/SiO5 from
single-pulse Cu(hfac); [13,14]. In fact, achieving an ideal self-limiting
deposition mode for ALD-Cu on polymer surfaces is challenging due to
a potential parasitic CVD in ALD processes. The growth rate for single-
pulse, double-pulse and triple-pulse experiments is determined to find
a balance between parasitic CVD and self-limiting ALD, in order to
optimize the process of ALD copper seed layers. The aim is to achieve
copper seed layers with uniform thickness and low electrical resistivity
that meets general FPC process requirements. It seems to be inferred that
the improvement of deposition rate of ALD-Cu thin film can be attrib-
uted to the adsorption saturation of Cu(hfac), on the PI substrate surface
in the triple-pulse mode. As mentioned in the previous literature, the
adsorption of Cu precursors has a significant effect on improving the
growth rate of atomic layer deposited copper thin films [15]. The re-
sistivity of the copper thin film for dual-pulse mode and triple-pulse
mode is measured to be ~ 11.07 mQ-cm and 33.45 pQ-cm by Hall

measurement (Table S3), respectively. The resistivity of the copper thin
film in the single-pulse Cu(hfac), mode is undetected due to high contact
resistance (>100 k). Interestingly, the obtained copper thin film with
the thickness of ~ 50 nm in the triple-pulse Cu(hfac); mode can be as
low as 5.6 pQ-cm, closes to that (2.4 pQ-cm, 120 nm) reported for the
copper thin film grown on SiO5 substrates by ALD from single-pulse Cu
(hfac), precursor [16]. The value is still higher than 1.68 pQ-cm of bulk
Cu,[17] which can be attributed to several factors, including surface
scattering, grain boundary scattering and the presence of a few zinc
impurities in the copper thin film [18].

Surface XPS analysis was used to analyze the adsorption, desorption
and molecular conformation of Cu(hfac), precursor on the PI substrates
in order to determine whether or not Cu(hfac), provide valid reaction
sites for the efficient adsorption in three different exposure Cu(hfac),
modes. Fig. 2 shows Cu 2p3/5 and N 1 s peaks of the Cu(hfac),-adsorbed
surface of treated and untreated PI substrates in single-pulse, dual-pulse
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Fig. 2. XPS spectra measured from the surface of Cu(hfac),-adsorbed treated and untreated PI substrates in single-pulse, dual-pulse and triple-pulse exposure Cu
(hfac), modes: (a, b) Cu 2p3,» peaks and N 1 s peaks on treated PI and (c, d) Cu 2p3,» peaks and N 1 s peaks on untreated PI.

and triple-pulse exposure Cu(hfac); modes. As Donnelly et al.
confirmed, Cu(II) can be partially reduced to Cu(I) for Cu(hfac), on TiN
(O) surface. [19] In general, the reduction of Cu(hfac); can occur
through a component that determines whether Cu(I) has been detected.
The identification of distinct chemical states of Cu(hfac), precursors can
be achieved through the calculation of the area ratios associated with
each deconvoluted peak. The Cu 2pg,» XPS peak of Cu(hfac), on the
treated polyimide substrate has a typical two-component peak structure
located respectively at 933.1-933.3 eV and 933.3-935.5 eV (higher than
that of the bulk copper [21]) corresponding to Cu(I) and Cu(II) oxidation
states, similar to that of the untreated polyimide substrate. For the
surface of Cu(hfac),-adsorbed PI substrates, the content of Cu(I) in total
amount of Cu 2ps3/, ranges from 43% to 57% and 34.8% to 43.5%,
respectively, indicating their physisorption and dissociative chemi-
sorption adsorption. Generally, physisorbed Cu(hfac); precursor on
conventional smooth Si or glass substrates can be easily removed by the
following purging step. In contrast, it is difficult to remove the phys-
isorbed Cu(Il)-(hfac), on the surface of PI due to its a large porosity and
free volume to trap the precursor, resulting in a high content of Cu(II).
Furthermore, a comparative experiment on the adsorption of Cu(l)
component on the SiO5 substrate indicates that the proportion of Cu(l) is
estimated to be 80% (Figure S4). A distinct difference of Cu(I) adsorp-
tion between PI and SiO5 substrates can be one of the key factors leading
to a higher deposition rate (0.079 nm/cycle) of the Cu thin films on the
treated PI than that (0.062 nm/cycle) on SiO5 substrate. The reduction
of Cu(ll) is considered as a CVD-like parasitic reaction of the ALD-Cu
process. It is notable that having a ‘CVD’ component of growth in a
step-wise ALD process does not render it useless, and such processes can
show excellent conformality of the deposited film [21]. The utilization
of multi-pulse techniques can effectively remove the physisorbed pre-
cursor molecules or byproducts on the chemisorbed precursor mole-
cules, leading to improved adsorption efficiency and surface filling rate
of the precursor molecules [12]. The data reported here appear to

support the assumption that Cu(hfac); on treated PI can reach its
chemisorption saturation of the reactants for Cu(hfac), triple-pulse
mode. As shown in Fig. 2a, a significant portion of the adsorbed cop-
per on the polyimide surface exists as physically adsorbed copper pre-
cursors, which can be linked to the CVD-like parasitic reaction. It is
evident that the ALD-Cu on the polyimide surface is not in the ideal state
of perfect self-limiting ALD. Thus, the optimized process of the triple-
pulse (3 x 0.5 s) mode is adopted, given the balance between self-
limiting ALD and excessive CVD-like parasitic reactions.

As shown in Table 54, a lower average sheet resistance (8.47 ©/sq) of
ALD-Cu thin films (500 growth cycles) on the treated PI substrates for
the tripe-pulse mode is obtained than that on the untreated PI (111.77
Q/sq). The adsorption and nucleation of Cu precursor are enhanced by
the pre-treatment process of PI, leading to the improvement of film
performance of ALD-Cu. In order to further investigate adsorption
amount of Cu(hfac), precursors on PI, the XPS peak of imide species
(400.9 eV)[22] in the polyimide can be used as a reference peak. Fig. 3a
plots the Cu 2p3,2/N 1 s area ratio as a function of the pulse number of
Cu(hfac), precursors. An increase of the pulse number seems to lead to
an upward trend of Cu content on both untreated and treated poly-
imides. Moreover, a higher Cu 2ps3,»/N 1 s area ratio of Cu(hfac),-
adsorbed treated PI substrates is obtained compared with that of un-
treated PI, indicating a higher adsorption capacity of Cu(hfac), pre-
cursors on the treated polyimide surface. The Cu(hfac), precursor is
preferentially reacting with the surface carbonyl and hydroxyl groups of
polyimides [23,24]. This can be attributed to the increase of active
groups on the surface and specific surface area of the treated polyimide
than that of the untreated polyimide [25]. Fig. 3b depicts the C 1 s XPS
spectra of the PI substrate before and after treatment. Several possible
carbon-related components are deconvoluted by curve-fitting the core-
level spectra of Cls, including C-C, C-N, C-O, and C = 0.[26,27] The
bonding extent of C-O and C = O increased from 4.9 % to 12.1 % and
12.8% to 14.9%, respectively. The increase in the C = O and C-O
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Fig. 3. The XPS survey of the surface of Cu(hfac),-adsorbed treated and un-
treated PI substrates: (a) The ratio of XPS peak areas of Cu 2p3,5/N 1 s as a
function of the pulse number of Cu(hfac), precursors and (b) C 1 s core-level
XPS spectra.

bonding extent can be attributed to the formation of new C-OH and O-C
= O bonds resulting from the rupture of C-N-C bonds due to the attack on
the symmetric imide rings of PI by hydroxyl group. The pretreatment of
NaOH having a ring-opening reaction facilitates the activation of the
active sites of PI surface, thereby enabling the incorporation of hydro-
philic hydroxyl groups on the surface of PI [28]. AFM images (5.0 x 5.0
pm?) and contact angle measurement of the treated and untreated pol-
yimide surface are presented in Fig. 4. Comparative measurements on
two types of substrates demonstrates that the treated polyimide has a
larger root mean square (RMS) roughness (43.0 + 5 nm) than the un-
treated polyimide (2.46 + 0.5 nm). The pre-treated PI surface exhibits
numerous micro/nano-scale pores, resulting in a higher roughness
(Figure S5). The surface water contact angle is a comprehensive
parameter that reflects the physical and chemical properties of a surface
influenced by many factors. The findings from these results suggest that
surface roughness, substrate surface energy and substrate surface
chemical properties can have an effect on water contact angles. It is seen
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that the water contact angle on the surface of treated polyimide surface
is measured to be 62 + 2°, lower than that (78 + 2°) on the untreated
polyimide substrate. The lower contact angle value suggests an increase
in the surface activity and specific surface area of the treated polyimide,
which is originated from the creation of new binding states by the
treatment process.

In this section, it has been explained that the treated polyimide
substrates tend to perform in a triple-pulse mode of Cu(hfac), precursor
better than the untreated polyimide on evaluation of adsorption of Cu
(hfac), precursor. The chemical and physical modification of PI en-
hances the availability of nucleation sites on the PI surface, facilitating
the deposition of ALD-Cu precursors and amplifying the overall
adsorption area. Analogous to electroless plating on a PI surface, [28]
enhancing the roughness and formation of active groups on the PI sur-
face is a basic measure to improve the bond strength and enhance the
interaction between the copper and the PI.A schematic of adsorption
mechanism of Cu(hfac), adsorbed on the surface of the treated poly-
imide is presented in Fig. 5. On the one hand, Cu(hfac), is partially
reduced by the hydroxyl groups (-OH, -COOH) of treated surface to
form a Cu(I)-hfac. There is one additional hfac ligand protonation to
form the volatile H-hfac neutral molecule. [29,30] On the other hand,
Cu(hfac), is also physisorbed on a PI substrate through dipole-dipole
interactions between the precursor and the PI substrate surface [7].
Thus, during the initial growth cycles of ALD-Cu, Cu(hfac), precursors
with two distinct chemical states on the surface of polyimide can be
reduced by EteZn:

2Cu( I ) — hfac + Et,Zn—— Zn(hfac), T +C,H; T +2Cu°
(€)]

Cu(Il) — (hfac); + Et,Zn —— Zn(hfac), T +C4Hyo T + Cu®
2

3.2. Growth of the copper thin film on the surface of the polyimide

Fig. 6 shows SEM top-view images of the copper thin films deposited
on treated polyimide substrates by undergoing 50-500 growth cycles
using a triple-pulse mode of Cu(hfac), precursor at 120 °C. As shown in
Fig. 6a, no obvious copper islands are observed on the surface of the
sample after 50 Cu-ALD cycles deposition, similar to that of the treated
PI substrate at initial state. Both the treated PI coated and uncoated by
ALD-Cu share a number of key features such as loosely-packed nano-
structures, as shown in Figure S6. In contrast, the samples with the
growth cycles of > 200 possess uniformly distributed copper islands of
uniform size, as shown in Fig. 6b, 6¢ and 6d. Homogeneous copper
particles of small size are clearly visible as discontinuous and isolated
islands for the sample deposited using 200 ALD growth cycles. As the
number of growth cycles increases (300 cycles), the distribution density
of copper islands increases noticeably, and the size of individual copper
islands does not increase significantly, as presented in Fig. 6¢. The
copper islands are found to be gradually coalesce and amalgamate to
form larger grains for 500 growth cycles, as depicted in Fig. 6d. A
continuous copper thin film is achieved on the surface of the polyimide
substrates. The production of the continuous copper thin film is critical
for obtaining low resistivity (33.45 pQ-cm) of ALD-Cu on the treated PI
surface in the process of the triple-pulse mode and 500 growth cycles. In
terms of conventional substrates such as Si, SiO,, TaN or carbon-doped
oxide (COD), the initial formation of Cu islands can occur after only a
few growth cycles [6,31,32]. In our case, there are evident incubation
cycles and nucleation delays, similar with those of ALD-Al;03 thin films
on polymers [33].

Fig. 7 displays Cu 2p3,2 peaks of XPS spectra from the obtained
samples by different ALD-Cu growth cycles (50, 200, 300 and 500 cy-
cles). Comparable shifts are noted for the different growth cycles with
values from 933.11 to 932.62 eV. The significant shifts in the binding
energies can be contributed to an increase in the metallic nature of
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Fig. 4. AFM images (5.0 x 5.0 pmz) of the surface of (a) treated and (c) untreated PI substrates. Contact angle measurement of the surface of (b) treated and (d)

untreated PI substrates.
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Fig. 5. Proposed adsorption mechanism of Cu(hfac), on surface of the treated PI substrates. Cu(Il)-(hfac),, Cu(I)-(hfac) and H-hfac are represented by packed circles
of green, orange, and sky blue, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

copper thin films as increasing the growth cycles of Cu deposition,
indicating that the relative interaction at the interface of PI substrates is
relatively weak as the Cu thin films grow [27]. Furthermore, the Cu 2p3,
2 peak of the ALD-Cu thin film with over 300 growth cycles is located at
~ 932.62 eV, near to that of bulk copper, suggesting that the surface of
polyimide substrate is completely covered by continuous and conformal
copper layer. The transition of the ALD-Cu layer from non-continuous to
continuous also leads to a maximum (at 300 cycles) of the major peak
with increasing growth cycles. In fact, the intensity of XPS peaks is
dominated by intrinsic properties of the sample such as surface rough-
ness, grain boundaries, and conductivity. To gain deeper insights into
the interaction between ALD-Cu and treated PI substrates, the micro-
structures and elemental composition across the Cu (1000 growth cy-
cles)/treated PI interface is investigated by TEM equipped with EDX

capabilities (Fig. 8). Fig. 8a exhibits a cross-sectional ADF-STEM image
of the Cu/PI interface, along with the EDX elemental distribution maps.
The signal profile of Cu and C (the primary components of PI) suggests a
lack of a well-defined demarcation at the Cu/PI interface, instead
exhibiting a prominent composite region. Fig. 8b presents the EDX
vertical averaged intensity distribution spectrum corresponding to the
ADF-STEM image. The Cu EDX intensity spectra reveals a thickness
distribution range of over 100 nm for Cu, with a significant presence in
the near-surface region of the treated PI (highlighted in pink). The Cu
signal reaches a maximum on the treated PI surface and then decreases
gradually across the Cu/PI composite region and finally returns to
baseline at a distance of approximately 50 nm from the PI surface.
Generally, the presence of impurities in an ALD process are attributed to
incomplete purging of unreacted precursors, reaction by-products, or
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decomposed precursors during the deposition process. In this case, the
use of EtaZn and Cu(hfac), precursors (Figure S7) leads to the incorpo-
ration of Zn and F impurities in the copper film [19,32]. The enlarged
EDX spectrum (Fig. 8e) of Zn and F elements exhibits a distribution
range that aligns with the Cu signal, further confirming the presence of a
composite layer of approximately 50 nm between ALD-Cu and the
treated PI. Those EDX mapping suggests that the precursor has

penetrated the near-surface region of PI and react on the PI surface and
near-surface area. The cross-sectional low-resolution BF-TEM image
(Fig. 8c) of the Cu/PI interface demonstrates a continuously and con-
formally deposited Cu thin film with a thickness of approximately 48.19
nm on the rough surface of the PI. Furthermore, in the bright-field mode,
no distinct Cu/PI boundary is observed. A cross-sectional BF-TEM image
of the Cu/PI interface shows a rough polymer/inorganic interface after
coating using Cu(hfac),/EtoZn ALD. Repeated ALD cycles result in near-
surface particles along with swelling and roughening of the substrate
[34]. These observations are consistent with the results obtained from
cross-sectional SEM image (Figure S8) and EDX analysis. The high-
resolution transmission electron microscopy (HRTEM) image illus-
trates the nanoscale crystal structure of the material at the Cu/PI
interface, as shown in Fig. 8d. The inverse Fast Fourier Transform (FFT)
method based on Digital Micrograph has been utilized to filter the
square areas 1 (copper film, blue) and 2 (Cu/PI composite region, or-
ange). Pair of bright spots corresponding to the (111) planes of Cu can
be observed in the related FFT image, indicating that the crystal orien-
tation of ALD-Cu thin film formed on treated PI is predominantly (111)
(Similar to the XRD analysis results of ALD-Cu with 1000 growth cycles
on glass substrate shown in Figure S9).) No significant lattice distortion
or intermediate phase is observed in the Cu at the composite interface.
Overall, based on the distribution of the elements and the morphology of
the ALD-Cu/PI interface, the evidence suggests that the ALD-Cu in-
filtrates the near-surface region of PI through precursor diffusion,
adsorption and nucleation. This phenomenon exhibits similarities to the
conventional Cu/PI interface [35], but the saturation growth charac-
teristics of ALD lead to complete filling of the molecular chain voids in
the near-surface region of PI with copper clusters. The presence of a
composite interface indicates that a stronger mechanical interlocking
structure has formed at the interface between ALD-Cu and treated PI.
This structure is believed to enhance the adhesion between the Cu/PI
interface.

A possible growth mechanism of copper thin films on polyimide
substrates by low-temperature atomic layer deposition has been pro-
posed based on surface and interface characteristic analysis of Cu and PI,
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as shown in Fig. 9. The evidence presented thus far supports the idea that
can be supported by the XPS analysis of the PI surface and Cu(hfac),-
adsorbed PI surface, cross-sectional and surface SEM of different growth
cycles of the ALD copper films, cross-sectional TEM and EDX analyses of
the interface of Cu/PI. The deposition of ALD-Cu thin film involves such
steps as adsorption and diffusion of reactants, formation of copper
islands, growth and coalescence of copper islands (or grains), and finally
contributes to a continuous copper thin film. The Cu(hfac), precursors
and its dissociation products can be adsorbed and trapped in the near-
surface region of the polyimide substrates by physisorbtion and chem-
isorption, as shown in Fig. 9b. Exposed to subsequent Et;Zn, both Cu
(hfac),, Cu(hfac) and H-hfac can be reduced, and consequently nucle-
ation clusters of copper can be formed, the deposition of ALD-Cu begins
from the near-surface region of the PI substrates, as shown in Fig. 9c. As
the number of ALD-Cu (atomic layer deposited Cu) growth cycle in-
creases, coalescence of smaller copper islands can be formed on the
surface of the polyimide after filling the space between the polymer
chains, as illustrated in Fig. 9d. Consequently, the distribution density of
copper islands increases with the increase of the number of ALD-Cu
growth cycles (Fig. 9e). Finally, a conformal and continuous thin film
is formed and completely coated on the surface of the polyimide sub-
strates, as copper islands (copper grains) grow and coalesce with each
other, as displayed in Fig. 9f. In fact, the growth rate of ALD-Cu thin
films on treated polyimide substrates from 500 to 1000 growth cycles is
estimated to be 0.045 nm/cycle, close to that (0.041 nm/cycle) on SiO5
substrates. One possible implication of this that there exists a stable
growth pattern for the surface of continuously grown copper layer. The
findings indicate that the growth of ALD-Cu thin films on polyimide
substrates can pave an easy path for flexible printed circuits.

4. Conclusions

In summary, copper seed layers are extremely challenging to deposit
by atomic layer deposition on polyimide substrates due to the lack of
surface polarity and reactivity. In this work, we develop and implement
a low-temperature copper atomic layer deposition process, utilizing
alternating deposition cycles of a continuous Cu(hfac); multi-pulse and
EtpZn on a treated polyimide surface. Conformal and continuous Cu thin
film growth occurred with a growth per cycle of 0.79 A on a treated
polyimide substrates at 120 °C. A ~ 50 nm thickness Cu thin film shows
promising resistivities as low as 5.6 pQ-cm, competitive with bulk Cu.
The interaction between Cu(hfac), and PI surface during the initial stage
of the growth cycle is a key factor affecting the performance of the film.
A possible nucleation and growth model of ALD-Cu on polyimide is
proposed based on the chemisorption and physisorption of Cu(hfac),
onto the surface and into the near-surface region of the polyimide. The
Cu(hfac), is trapped in the near-surface region of the substrates with the
presence of Cu(l) and Cu(Il) species. This model further elucidates the
low-temperature atomic layer deposition mechanism of the copper thin
films on polyimide and paves the way for the understanding and opti-
mization of the ALD-Cu on polymeric substrates in present and future
studies.
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