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Abstract

Two-dimensional metals have gained great attention in recent years. However, most of these metals possess relatively strong
chemical bonding in three directions; therefore, it is difficult to synthesize 2D metals. In this paper, we prepared 2D and thin-
film copper materials via magnetron sputtering. 2D and thin-film copper are formed due to the accumulation of strain and
stress associated with different coefficients of thermal expansion for the metal and substrate. SEM and AFM studies suggest
that the minimum thickness of a freestanding single layer is approximately 1 nm, with lateral dimensions up to a few
millimeters.
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1. Introduction

Two-dimensional metals have been widely studied in many fields’~" where the utilization of various 2D metals is also
predicted. Nevertheless, most of these metals possess relatively strong chemical bonding in three directions, leading to great
challenges in synthesizing them into ultrathin 2D monolayers®. Since the atomic bonding in metals is naturally three
dimensional, 2D metals are generally different from other types of 2D materials. Due to the issue of thermodynamic stability,
the lateral size of 2D metals is restricted. Thus, large aspect ratios (lateral scale/thickness) distinguish 2D metals from their
bulk counterparts®. Thus, an ultrathin metal film with a large lateral scale deposited by a magnetron sputter could be considered
a 2D metal. Wang et al. prepared freestanding metallic 2D layers, with a thickness of ~21 nm and a large lateral scale, via
direct current (DC) magnetron sputtering, which is referred to as polymer surface buckling enabled exfoliation (PSBEE)™¥. In
comparison with other methods, the method utilizing magnetron sputtering is simple and effective. However, the growth of
material during magnetron sputtering follows the rule of the Volmer-Weber mode, in which isolated islands grow to join into
thin films'. According to the literature, the minimum thickness of a nonporous sputtered thin film must be ~10 nm. Once the
thickness is lower than 10 nm, excessive porosity may appear*?.

Wet chemical synthesis is one of the most common methods for preparing 2D metals'®. Researchers have successfully
synthesized many different 2D metals, including silver'*, gold®, and lead®¢, with the help of specific chemical agents.
However, chemical synthesis methods have several disadvantages: the efficiency of synthesis is rather low, and the lateral
size of the 2D flake is relatively small®3. In addition to chemical synthesis, molecular beam epitaxy (MBE) is another
promising method for fabricating 2D metals. However, MBE suffers from low productivity. Consequently, there is a high
demand for developing an alternative method to synthesize 2D metals at a low cost!’.In previous studies, we developed a new
method for fabricating 2D materials via thermal evaporation and magnetron sputtering. 2D GeSe; was first synthesized by
thermal evaporation'®. Afterwards, 2D Ge,Sh,Tes was prepared via magnetron sputtering °. In subsequent research, 2D
tungsten was successfully deposited in a similar way 2.

In this paper, we modulate the morphology of sputtered material from thin film to 2D material by controlling the temperature



of the substrate. The thickness of a single layer is approximately 1 nm. Moreover, the lateral size of the freestanding 2D single
layer is a few millimeters. The formation of 2D metals depends on the presence of stress-related defects.

2. Experiment

The as-deposited copper samples are classified into two types (2D, thin film) according to their structure. Both samples were
prepared via magnetron sputtering, in which an RF sputtering power of 30 W and argon gas flow were utilized. During the
sputtering deposition processes, the background pressure is typically 1 x 1074 Pa, and the working pressure is 1 Pa. Both
samples were sputtered for 30 mins. The substrate-target distance was maintained at 60 mm (2D) and 78 mm (thin film). In
addition to the larger substrate-target distance, additional cooling was also applied to the thin-film copper substrate via a
cooling kit. The cooling kit included a steel holder and mask that transferred heat from the substrate. The experimental setup
is shown in Fig. S1 and Table S1. Subsequently, the 2D copper samples were transferred to a beaker with distilled water and
a vacuum furnace for further exfoliation.

The top and cross-sectional morphologies were characterized by a HITACHI S-4800 scanning electron microscope (SEM).
The topography and current spread mapping were performed by a Bruker multimode VIII/Bruker Dimension Icon,
respectively. The freestanding flakes of copper were studied by a JEM-F200 JEOL high-resolution transmission electron
microscope (HRTEM). The spatial distributions of the temperature and mechanical stress within the Cu layer (with a
thickness ~ 200 nm) on the Si substrate (with dimensions of 5 mm x 5 mm x 0.5 mm) were obtained using COMSOL
6.1 via the finite element method. A 2D model representing the side view was adopted. The spatial distribution of
temperature (T) can be calculated from the general heat transfer equation using the heat transfer module:
dzpcpﬁ VT +V-G=4d,Q+qo+d,Qteq
q = —d,kVT

where the right part of the first equation contains additional heat sources Q (W/m?®), namely, Qed (W/m?), with
thermoelastic damping accounting for thermoelastic effects in solids and o (W/m?) being the inward heat flux.
Additionally, d, (m) is the thickness of the domain in the out-of-plane direction (d, = 5 mm), p (kgm™) for density, C,
(Jkg'K?) for specific heat capacity at constant pressure, ¥ (m/s) for fluid velocity vector, ¢ (W/m®) for conductive
heat flux and k (Wm™K-?) for thermal conductivity. The boundary conditions are constant temperatures (46 °C on top
of the Cu layer, 43 °C at the interface between Si and Cu and 40 °C on the bottom of the Si substrate) together with
thermal insulation on the left and right boundaries.

To include thermal expansion, a structural mechanics module was utilized. Here, the local strain & defined using the
local displacement vector 1 depends on the coefficient of thermal expansion CTE as

e=CTE(T)-dT =V -4
The values of stress are consequently calculated from Hooke’s law. For structural mechanics, all boundaries can freely
move. The parameters for the COSMOL simulation are shown in Table S2.

3. Results and Discussion
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Fig. 1. (a) Graphical illustration of the formation of 2D and thin-film copper; (b)-(c) the morphology of 2D copper after
ultrasonic exfoliation, where the single layers are shown in the yellow square; (d)-(e) the morphology of thin-film copper
after sonication.

In our previous studies, we successfully synthesized 2D Ge,Sh,Tes and 2D tungsten via radiofrequency magnetron
sputtering®’. However, the underlying mechanism was not discussed in depth in these papers. In this paper, we propose a
model that explains the formation of 2D and thin film materials prepared via magnetron sputtering, as shown in Fig. 1(a). In
principle, the process of magnetron sputtering consists of 3 steps: (1) vaporization of the target material; (2) the migration and
collision of atoms, molecules, and ions; and (3) deposition of atoms and molecules on the substrate??. Since the silicon
substrate and material have different coefficients of thermal expansion, thermal stress accumulates in the as-deposited material
after deposition. Furthermore, stress-related defects create the structure of 2D copper. To obtain thin-film copper, we
minimized the thermal expansion of the substrate during deposition by increasing the target-to-substrate distance and applying
a cooling kit.

Both copper materials (film and 2D structure) were sonicated in a water bath for exfoliation, which is referred to as the wet
exfoliation method in this paper. For traditional 2D materials, chemical or physical treatment weakens interlayer van der
Waals interactions among single layers, resulting in single-layered nanosheets. The sonication method is one of the most
common exfoliation methods, in which generated cavities offer a large driving force for the exfoliation of 2D materials?3.
Likewise, 2D copper was exfoliated via a similar principle in which defects, created inside 2D copper during the deposition
and cooling process, might play a crucial role. Under the impact of microjets and shock waves generated by the collapse of
cavities, the propagation of defects facilitates the separation of adjacent Cu single layers. The SEM images in Fig. 1(b) and
(c) show the morphology of the 2D copper film after wet exfoliation, where single layers are present at the edge of the sample
(in the yellow square). When cooling was applied using a cooling kit, thin-film copper was formed without ultrathin single
layers, as shown in Fig. 1(d) and (e). However, a high density of grains is clearly observed in thin-film copper, which restricts
the conductivity of the thin film'2. In summary, the SEM images confirm the validity of the structural model, where the
selective deposition of 2D and thin-film copper is a potential way to improve, e.g., the quality of metal interconnect in
integrated circuits.
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Fig. 2. HRTEM images of thin-film and 2D copper, where the interplanar spacing and defects are marked: (a) single layers of
2D copper; (b) the crystalline lattice enlarged from (a); (c) morphology of thin-film copper; (d) the crystalline lattice enlarged
from (c).

For HRTEM imaging, copper flakes were scratched from the substrate and transferred to a copper grid in an ethanol solution.
The HRTEM images of 2D and thin-film copper are presented in Fig. 2. In Fig. 2(a), a stack of single layers at the edge of the
flake is shown. The crystalline structure of a single layer is dominated by the (111) plane, as shown in Fig. 2(b)?*. The
morphology of the thin-film copper shown in Fig. 2(c) does not present a structure with single layers. However, the HRTEM
image of the thin-film copper in Fig. 2(d) shows various defects. First, the persistent kink bands represent a lattice distortion
marked in the yellow square of Fig. 2(d). Such deformation bands often appear due to unidirectional plastic strains in local
regions?. Second, a twinned crystal is shown in the red square of Fig. 2(d), which is formed by the slipping of planes.
Moreover, helix dislocations are marked as a zigzag line in the green square in Fig. 2(d) (the original image is shown in Fig.
S2). The formation of helix dislocations is closely related to the climb of edge dislocations and the glide of screw dislocations?.
We believe that the defects in the thin film are closely related to the grain boundaries, which is consistent with the results
shown in Fig. 1e. In brief, 2D copper has a lower density of crystalline boundaries as well as defects, facilitating the exfoliation
of ultrathin single layers.
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Fig. 3. (a) Topographic image of 2D copper after ultrasonic exfoliation taken by conductive AFM; (b) profile of (a) at the
position of the dashed line; (c) spread current map of (a) taken by conductive AFM; (d) profile of the current distribution at
the position of the dashed line.

In this paper, 2D copper was exfoliated via sonication. After a duration of sonication, the flakes were exfoliated and dispersed
in water. Consequently, the flakes were transferred from the solution to the silicon wafer, as shown in Fig. S3. Under an optical



microscope, the ultrathin freestanding flake of 2D copper is transparent with a large lateral size, showing an advantage for
future applications. Afterwards, the conductivity and topography map of the flakes were studied via conductive AFM. The
topographic map of the flake in Fig. 3(a) shows two single layers, with the thickness of the single layer being approximately
1-2 nm (as shown in Fig. 3(b)). This thickness is clearly much thinner than the minimum thickness of a metallic thin film in
theory. The corresponding spread current map in Fig. 3(c) and profile in Fig. 3(d) reveal an interesting result in which the
current is lower in each freestanding single layer (1 L, 2 L). In other words, the number of single layers determines the overall
conductivity of 2D copper. This finding provides a new way to regulate the conductivity of 2D metals in a precise way. Thus,
2D metals offer a new choice for metal interconnect materials in microelectronic circuits.
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Fig. 4 (a) Changes in the appearance of 2D copper after thermal exfoliation; (b) XRD pattern of 2D copper after thermal
exfoliation; (c) the distribution of temperature with iso-temperature lines; (d) distribution of the stress inside the substrate and
Cu layer with iso-stress lines; (e) enlarged view from (d) with iso-stress lines; (f) dependence of the stress values on the y-
coordinate (i.e., distance from the bottom of the sample); (g) the experimental mechanism for 2D and thin-film copper.

The 2D copper samples were annealed in a vacuum furnace from 150 °C to 850 °C for an hour. After annealing at 850 °C, a
visible gap appears between the single layers of 2D copper, as shown from the AFM topography map in Fig. S4. The gap
between single layers further induces light interference, and the material changes to a dark black shape, as shown in Fig. 4(a).
The crystal structures of annealed 2D copper were characterized by XRD in Fig. 4(b), and the peak corresponding to Cu (111)
appears at 44°C, which is consistent with the standard JCPDS Card No. 96-500-2017, suggesting that no phase change occurs
during the thermal exfoliation process 7.

As discussed above, the formation of 2D copper is assumed to be related to the accumulation of stress during the cooling
process of the as-deposited material and silicon wafer after deposition. The COSMOL simulations of the temperature



distribution and von Mises stress further suggest that the stress induced by temperature variation possibly shapes the as-
deposited copper into a multilayered structure. The thickness of the as-deposited copper was set to 200 nm, and the lateral
dimensions were 5 mm x 5 mm. The temperature of the copper was set at 46°C at the beginning of cooling, which reached
the ambient temperature (25°C) at the end of the simulation. At the beginning of cooling, the iso-thermal lines are parallel to
the interface between the copper and silicon inside the as-deposited copper, as shown in Fig. 4(c). The distribution of stress
in the final equilibrium state is shown in Fig. 4 (d) and (e), where the iso-stress lines are parallel to the interface. From the
stress profile across the as-deposited copper and silicon wafer, the von Mises stress increases with the thickness of the as-
deposited copper, as shown in Fig. 4(f). As a result, the sheer stress can cause plastic deformation inside the as-deposited
copper. During the exfoliation process, plastic deformation further led to the development of large cracks separating the
adjacent freestanding single layers, as shown in Fig. 4(g).

4. Conclusion

In this paper, we prepared a 2D copper material via magnetron sputtering. The structure of the deposited materials is governed
by the temperature of the silicon substrate, which results in the formation of a thin film using a cooling kit. In our opinion,
the inherent mechanism is described as the accumulation of stress, which is supported by COMSOL simulation. In general,
this approach is a universal method for preparing many different 2D metals. A single layer of metal is transparent with a
thickness of 1-2 nm, and the lateral size of the freestanding layers is a few millimeters. All these findings open a new study
of 2D materials where this method has many unique advantages over other methods. In the future, many different types of
metals, including alloys, are expected to be synthesized with the contribution of magnetron sputtering.
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