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SPECIAL TOPIC — Ion beam technology

Developing cold-resistant high-adhesive electronic substrate
for WIMPs detectors at CDEX∗
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Herein we report a prototypical electronic substrate specifically designed to serve the weakly interacting massive par-
ticles (WIMPs) detectors at the China Dark Matter Experiment (CDEX). Because the bulky high-purity germanium (HPGe)
detectors operate under liquid-nitrogen temperatures and ultralow radiation backgrounds, the desired electronic substrates
must maintain high adhesivity across different layers in such cold environment and be free from any radioactive nuclides.
To conquer these challenges, for the first time, we employed polytetrafluoroethylene ((C2F4)n) foil as the base substrate,
in conjunction with ion implantation and deposition techniques using an independently developed device at Beijing Nor-
mal University for surface modification prior to electroplating. The remarkable peeling strengths of 0.88±0.06 N/mm for
as-prepared sample and 0.75±0.05 N/mm for that after 2.5-days of soaking inside the liquid nitrogen were observed, while
the regular standards commonly require 0.4 N/mm∼ 0.6 N/mm for electronic substrates.
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1. Introduction

Weakly interacting massive particles (WIMPs),[1–4] more
commonly known as the candidates of dark matter, have
been under extensive search collecting tremendous efforts
worldwide.[5–14] Some notable efforts include CDMSlite[6]

and LUX[7] from USA, CRESST-II[8] collectively from Great
Britain, Italy, and Germany, as well as Pandax-II[12] and
CDEX-10[13] from China. In their quests of search for
WIMPs, various extreme measures have been undertaken to
suppress radiation background that can potentially contribute
to spurious counting of detectors. For instance, the experimen-
tal facilities are either positioned deeply underground[7–10] or
inside a tunnel,[12–14] wherein the thick overlaying terrestrial
layers serve to shield cosmic radiations, e.g., muon. More-
over, because the thermal noise from high-purity germanium
(HPGe) detectors is also a considerable source of errors, the
detector units are often cooled down to 77 K through im-
mersing into liquid nitrogen (LN2).[13] Such a low tempera-
ture put some key components in the detector units to the se-
rious test. In particular, the normal functioning of the elec-
tronic substrate which is responsible for transportation of the

weak signals from the detector head to the succeeding ampli-
fying electronics is critical. However, it is found that the reg-
ular commercial products, where different layers are glued to-
gether through common polymeric adhesive agents, can read-
ily fail through delamination mechanism under this extreme
environment. Hence, a cold-resistant high-adhesive electronic
substrate is urgently needed to facilitate the ground-breaking
study at CDEX. Furthermore, the desired product must also
be free from any radioactive nuclides in order to be compati-
ble with the ultralow radiation background and allow massive
fabrication because the HPGe detectors are on the large scale
of several tens of kilograms.

There are two different routes to enhance adhesivity for
electronic substrate in the literature. One of them focuses on
improving the polymeric glue through either changing their
conformation or developing better substitutes with advanced
properties. Though a remarkable peel strength up to several
N/mm (e.g., RO3000r series from Rogers Corporation) has
been achieved by following this strategy, a longstanding prob-
lem persists: due to different thermal expansion coefficients
of the adhesives and the substrate layers, there can be appre-
ciable residual stress on their interfaces accompanying signif-

∗Project supported by the Central University Basic Scientific Research Business Expenses Special Funds under the project name of Research on Applied
Physics under Low Radiation Background (Grant No. 2018NTST07) and the National Natural Science Foundation Joint Fund Key Project, China (Grant
No. U1865206).

†Corresponding author. E-mail: liaobingz@bnu.edu.cn
‡Corresponding author. E-mail: bwu6@bnu.edu.cn
© 2020 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

045203-1

http://dx.doi.org/10.1088/1674-1056/ab718a
mailto:liaobingz@bnu.edu.cn
mailto:bwu6@bnu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 29, No. 4 (2020) 045203

icant temperature jump, which evidently increases the proba-
bility of failure at cryogenic conditions. In addition, the ce-
ramic components and glass fibers from RO3000r series can
also contaminate the ultralow-radiation environment. There-
fore, this route is not considered here. Instead, we resort to the
other route, namely surficial modification specifically based
on ion beam implantation and deposition techniques.[15–21] To
be more precise, the metal vapor vacuum arc (MEVVA) and
filtered cathodic vacuum arc (FCVA)[16] are employed to de-
velop the glue-free electronic substrates that can endure liquid-
nitrogen temperatures. The FCVA technique, in comparison
to magnet-controlled sputtering, yields ions with higher en-
ergies which in turn can effectively promote the ion deposi-
tion onto the substrate surface. Its combination with MEVVA
can further enable interpenetration of atoms across the interfa-
cial boundary thereby enhancing their bonding strengths. Al-
though these techniques are not new,[22–24] their applications
to fabricate electronic substrates that can serve WIMPs detec-
tors are unprecedented.

In this pilot study, we started from the polytetrafluo-
roethylene (PTFE) as the base substrate because of its remark-
ably low radioactivity, which has motivated its widespread em-
ployment in rare-event experiments.[25–27] In order to improve
the bonding between the dielectric and conduction layers, a
combination of MEVVA and FCVA techniques using Ni+ and
Cu2+ ion beams were applied to modify surface properties
of the PTFE before electroplating. The intermediate and fi-
nal products were characterized using scanning electron mi-
croscope (SEM) for surficial morphology, broadband dielec-
tric impedance spectrometer for conductivity, and 90◦ peel
strength tester for adhesivity.

2. Sample preparation
2.1. Protocol

The commercially available PTFE foil with thickness of
50 µm was employed as the base substrate, which was first
cleaned using an ultrasonicator filled with alcohol and ace-
tone, and then dried inside an oven set to 60 ◦C before use.
An FCVA and MEVVA platform independently built at the
Beijing Normal University was used for ion implantation and
deposition. Throughout the operation, the vacuum level of the
chamber was maintained lower than 3 mPa, the ion flux for
MEVVA was around the order of 1016 ion/cm2, and the arc
current and filtering magnetic fields for FCVA were approx-
imately 90 A and 2 A, respectively. The cathodic materials
were high-purity Ni for MEVVA, and Ni and Cu for FCVA.
The designed sequential steps[28] for material processing are
listed below:

Step 1 The first round of MEVVA ion implantation;

Step 2 Deposition of a Ni transition layer through FCVA;
Step 3 The second round of MEVVA ion implantation;
Step 4 Deposition of a Ni cohesion layer through FCVA;
Step 5 Deposition of a Cu cohesion layer through FCVA;
Step 6 Electroplating a thick Cu laminate layer.
The mechanism of improving the adhesivity between

PTFE layer and the copper laminate layer can be qualitatively
understood in the following manner. The Step 1 serves to mod-
ify the surface morphology of PTFE leading to increased sur-
face energy and enlarged surface area owing to rough textures
(see Subsection 3.1). In this step, a large quantity of carbon–
fluorine bonds will be broken and new carbon–nickel bonds
can be built. Although it is feasible to directly apply Steps 4
through 6 right after Step 1, the resultant peel strength is inad-
equate (see Subsection 3.3), which calls for Steps 2 and 3 that
can promote interpenetration of Ni and PTFE atoms across
their interface (see Subsection 2.2) and hence substantially in-
crease the adhesivity. It is conceivable that the ion energy is
one of the key factors determining the peel strength of the fab-
ricated electronic substrate: if the ion energy were too small,
the depth of ion penetration would be too shallow, which in
turn limits the improvement on adhesivity; conversely if the
ion energy were too large, the PTFE substrate would suffer
from carbonization. In this regard, the majority of the results
presented in this study is based on a balanced choice of 9-keV
ions, while some complimentary results based on 3 keV and
11 keV are also included for comparison (see Subsection 3.3).

2.2. Transition layer

Even though the PTFE processed after Step 1 is already
applicable for deposition of Ni/Cu cohesion layers and sub-
sequent electroplating, the so-fabricated electronic substrates
were found to lack sufficient peel strength. Therefore, we de-
signed a second round of ion implantation, i.e., Steps 2 and
3, where the Ni transition layer is expected to further enhance
intermixing between Ni and PTFE atoms across their inter-
face thereby increasing the interfacial bonding strengths. To
illustrate this point, we carried out Monte Carlo simulations
as demonstrated in Fig. 1. The simulation setup is shown in
panel (a), where a stream of 9-keV Ni+ ion was used to per-
pendicularly impinge on a target composite consisted of a 5-
nm thick Ni transition layer laying on top of the PTFE foil.
The simulation results on distribution of atoms from the ion
beam and the target composite are displayed in panel (b). Note
that only the atoms removed from the original positions are
included in the plot, and that the atom density (atoms/cm3) is
normalized by ion dose (atoms/cm2). The red disk represents
the incoming Ni+ ion, while the green square typifies Ni atoms
from the transition layer. One sees that the population of the
incoming Ni+ ions peak at the depth around 4.0 nm and can
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extend deeply into the PTFE substrate. Accompanying their
penetration, appreciable amount of Ni atoms is freed from the
transition layer and relocate into the PTFE foil. In the same
time, there are also some carbon (black triangle) and fluorine
(blue cross) atoms from PTFE layer make their paths to the
Ni transition layer. Because of this interpenetration of atoms
across the Ni-PTFE boundary, their interfacial bonding can
be tremendously strengthened. Admittedly the transition layer
thickness requires optimization based on each applied ion en-
ergy and flux, however it was uniformly set to 5 nm throughout
the present study for the sake of simplicity. Its optimization re-
quires a series of simulations and trial-and-error experimental
tests, which are out of the scope of this pilot study. The Monte
Carlo simulation software, namely, stopping and range of ions
in matter (SRIM),[29] was utilized for this part of study.
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Fig. 1. Monte Carlo simulation of ion implantation. The simulation setup is
shown in panel (a), where a stream of 9-keV Ni+ ion is employed to bom-
bard a composite laminate composed of a 5-nm Ni transition layer stacking
on top of the PTFE layer. The simulation results on distribution of atoms
along the ion incoming direction are shown in panel (b). Note that only the
atoms which are removed from their initial positions are incorporated for
statistical counting.

3. Sample characterization
3.1. Surface morphology

The SEM characterization on surface morphology of
PTFE processed after Step 1 using 9-keV ions is shown in
Fig. 2. The comparison is made against the pristine sample.
It can be seen that the original PTFE without ion implantation
exhibits very smooth and fine texture, which is clearly unsuit-
able for deposition of metallic layers. It is worthy of men-
tioning that PTFE is commercially used as the coating mate-
rial for non-stick frying pans exactly thanks to this property.

After ion irradiation, however, the surface of PTFE becomes
significantly rough, where the homogeneously rugged textures
are evidently resulted from uniform impingement of Ni+ ions.
Clearly the observed roughness is dependent on ion energy
as well as flux, and the optimization on their combination
will warrant much tests which are left to future study. Qual-
itatively speaking, this rough morphology can effectively en-
hance surface cohesion energy and enlarge surface area, which
in turn should promote bonding strength between PTFE and
the metallic cohesion layers.

5 mm 5 mm

Fig. 2. SEM characterization on surface morphologies of PTFE before (a)
and after (b) ion implantation using 9-keV Ni+ ions.

3.2. Electrical properties

In the PTFE-based electronic substrate, the PTFE serves
as the dielectric layer while the conduction layer on its top
can be selectively etched out to make desired electric circuits.
Therefore, it is essential for PTFE to remain insulating even
after metallic ion implantation. To confirm this requirement,
we characterized the conductivity of ion-treated PTFE using a
broadband dielectric impedance spectrometer. The measure-
ment results along with that from a pristine sample for com-
parisons are shown in Fig. 3, where the electrical conductivity
denoted as σ ′ is plotted against frequency. We see the con-
ductivities of both PTFEs are generally highly dependent on
the frequency of the applied electrical field; it roughly varies
from 10−9 S/cm at 106 Hz to 10−15 S/cm at 101 Hz, which are
notably low. Though the pristine PTFE (black square) char-
acterizes lower conductivity at low frequency regime, the in-
crease for the ion-implanted sample (red triangle) is negligibly
small. Particularly in the frequency range of 102 Hz–103 Hz,
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Fig. 3. The impedance spectroscopy characterization on frequency-
dependent conductivity of PTFE before (black square) and after (red tri-
angle) ion implantation using 9-keV Ni+ ions.
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where the WIMPs detectors normally operate, the conductivi-
ties of two samples are on the order of 10−13 S/cm. Therefore,
it is safe to conclude that the ion-implantation from our sample
preparation protocol does not affect the normal functioning of
PTFE as the insulating layer.

3.3. Peel strength

The aim of this work is to develop cold-resistant high-
adhesive electronic substrates for WIMPs detectors at CDEX.
To test adhesivity and its dependence on cryogenic temper-
atures, we immersed the final products in LN2 for a series
of durations, after which the samples were put through 90◦

peel strength tester. Each tested stripe was carefully cut from
the fabricated samples to ensure uniform width around 5 mm.
Then the strip was peeled open on one end so that dielectric
layer and conduction layer were separated. Next, we glued
the whole dielectric layer horizontally onto the platform of the
tester, and clamped the conduction layer from the peeled end
using the mechanical claw, which is equipped with electronic
readout on the pulling force. As the tester moves the mechani-
cal claw, the peeling continues and the readout reflects the peel
strength when the peeled layer and glued layer form 90◦. This
readout was later normalized by the stripe width. Note that all
the tests were performed at the ambient temperature. Hence
the results reflect potential degradation of bonding strength
between PTFE and the copper laminate due to liquid-nitrogen
temperatures. For each data point, at least three measurements
were undertaken to estimate the confidence level. The results
are depicted in Fig. 4.

3 keV
9 keV

9 keV without
trans. layer

11 keV

0 1 24 64
Duration/h

P
e
e
l 
st

re
n
g
th

/
N
Sm

m
-

1

1.0

0.8

0.6

0.4

0.2

0

Fig. 4. Peel strength of the completed substrates after immersing inside
liquid nitrogen for a series of durations. Besides the samples fabricated
under 9 keV (red circle), those processed under 3 keV (black triangle)
and 11 keV (blue square), and without the transition layer (pink hexag-
onal) are also included for comparisons. Note that the horizontal axis is
not in the linear scale.

It is clear to see that the 9-keV sample (red disk) charac-
terizes the highest peel strength among all as-prepared sam-
ples (0 h duration). In particular, the peel strength of the 3-
keV sample (black triangle) is as low as 0.10 N/mm, which
is clearly due to insufficient penetration strength of the com-
parably low-energy ions. Yet the peel strength of the 11-keV

sample (blue square) is only around 0.65 N/mm, which can
be attributable to carbonation. It appears that the ion energy
around 9 keV is approximately an optimum choice. More-
over, the sample processed under 9 keV but without a tran-
sition layer (pink hexagonal) also shows much inferior adhe-
sivity, ∼ 0.63 N/mm, which proves the necessity of a second
round of ion implantation, namely Steps 2 and 3 in our proto-
col. The cold resistance of the 9-keV sample is also remark-
able. The drop in peel strength after soaking inside the LN2 is
very small, which is arguably within the experimental uncer-
tainty. Even after around 2.5 days of immersion, the measured
peel strength is found to only decay from 0.88± 0.06 N/mm
to 0.75±0.05 N/mm. To the best of our knowledge, this adhe-
sivity is well beyond the requirement of 0.4 N/mm–0.6 N/mm
for electronic substrates.

4. Conclusion
In summary, a prototypical sample that can be potentially

employed as the electronic substrate for WIMPs detectors at
CDEX was fabricated through ion implantation and deposi-
tion techniques for the first time. To reduce the radiation back-
ground from the raw materials, the PTFE was used as the base
substrate. In the future, the high-purity oxygen-free copper,
which is the most common structural material for HPGe de-
tectors, will be employed for electroplating. The key findings
are listed below.

(i) The electrical conductivity of the ion implanted PTFE
show trivial changes in comparison to the pristine counterpart,
which satisfies the requirement of the dielectric layer.

(ii) The ion-treated PTFE manifests considerably rough
interface morphology, which is strongly dependent on the ap-
plied ion energy and is found to largely affect the adhesivity
of the final products.

(iii) The peel strength of the as-prepared sample is as
large as 0.88± 0.06 N/mm and maintains the level of 0.75±
0.05 N/mm after 2.5 days of soaking inside the liquid nitrogen.

The present study amounts to the first attempt to develop
an ideal candidate of the electronic substrate to be used for
WIMPs detectors at CDEX. The ion implanted and deposited
PTFE shows tremendous promise for such an application. Fur-
thermore, the roll-to-roll machine developed at the Beijing
Normal University allows massive production of such sub-
strates with bulk size. Admittedly, there are much room for
further improvements and testing. The choices of ion energy
and flux as well as transition layer thickness were based on
prior experience on processing other substrates and hence war-
rant optimization in the future. In addition, a series of candi-
date substrate, such as polynaphthylene dimethyl acid glycol
ester (PEN), will be considered. Furthermore, other critical
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parameters, such as thermal conductivity and thermal expan-
sion coefficient, will also be tested.
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