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Hole-Carrier-Dominant Transport in 2D Single-Crystal
Copper

Jong Mok Ok, Kyungrok Kang, Jounghoon Hyun, Chan-Young Lim, Seonggeon Gim,
Jinwoong Hwang, Jonathan D. Denlinger, Miyeon Cheon, Binod Regmi, Ji-Eun Lee,
Hyejin Ryu, Su Jae Kim, Yousil Lee, Young-Hoon Kim, Young-Min Kim, Yeongkwan Kim,*
Seong-Gon Kim,* Heejun Yang,* and Se-Young Jeong*

In 2D noble metals like copper, the carrier scattering at grain boundaries has
obscured the intrinsic nature of electronic transport. However, it is
demonstrated that the intrinsic nature of transport by hole carriers in 2D
copper can be revealed by growing thin films without grain boundaries. As
even a slight deviation from the twin boundary is perceived as grain
boundaries by electrons, it is only through the thorough elimination of grain
boundaries that the hidden hole-like attribute of 2D single-crystal copper can
be unmasked. Two types of Fermi surfaces, a large hexagonal Fermi surface
centered at the zone center and the triangular Fermi surface around the zone
corner, tightly matching to the calculated Fermi surface topology, confirmed
by angle-resolved photoemission spectroscopy (ARPES) measurements and
vivid nonlinear Hall effects of the 2D single-crystal copper account for the
presence of hole carriers experimentally. This breakthrough suggests the
potential to manipulate the majority carrier polarity in metals by means of
grain boundary engineering in a 2D geometry.
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1. Introduction

Solid-state electronics, including transis-
tors, diodes, and various sensors, use the
flow and control of conduction electrons in
semiconducting channels and metal elec-
trodes. Among the various characteristics
of materials, the electronic band structure
near the Fermi surface (FS) determines the
behavior of conduction electrons, which
is a key feature to be exploited for device
applications and design. Thus, the polarity,
density, and mobility of charge carriers
have been manipulated and optimized for
semiconductors. However, the effective
design of electronic properties has not been
applied for other critical electronic compo-
nents with noble metals, such as copper
(Cu), which restricts the full potential of
materials for conceptually new devices.
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The Fermi surface of metals is overwhelmed by random scat-
tering at numerous defects such as grain boundaries (GBs) dur-
ing transport.[1] GBs are formed with a density more than ≈102

μm−2 (1010 cm−2) in the growth process of metal thin film and
are difficult to avoid. The transport of electrons and phonons has
been reported to be critically affected by GBs, particularly when
the mean free paths (MFPs) of the transport media are longer
than the distance between GBs.[2] Additionally, due to the minia-
turization of modern electronics, electronic devices are becoming
increasingly smaller in size, and there is now a growing demand
for 2D electronic materials, including metals. Thus, the synthe-
sis of single-crystalline metals in a 2D geometry is an interesting
issue; nucleation in the initial growth stage generates innumer-
able, separated grains.[3] While there have been tremendous ef-
forts to minimize the GBs in 2D metals, complete suppression of
GBs has not been achieved to date, particularly for large-scale no-
ble metals (e.g., Cu and Au) with thicknesses down to 10 nm.[3–6]

The GBs generated in the initial growth state cause scattering
of electrons and consequently lose their intrinsic properties. For
example, the resistivity of noble metals increases as their thick-
ness decreases, which remarkably appears in their 2D limit.[7–9]

Despite the large interest in 2D materials sparked by the discov-
ery of graphene, the 2D properties of novel metal have still not
been well explored. Thus, thickness control has been conducted
for engineering issues such as realizing a high conductivity with
the least amount of metal for device fabrication. The main physi-
cal origin for the resistivity change with thickness is the modified
conduction mechanism in the metal along with its GB features,
as explained in the mesoscopic transport regime. In the absence
of GBs and with a thickness below the MFP of transport media,
unconventional transport in metals could be conceived.[9–11]

In this study, we demonstrate counterintuitive hole-carrier-
dominant (HCD) transport in ultraclean 2D Cu induced by a
combination of the 2D geometry of single-crystal Cu thin film
(SCCF) and GB-free growth. The GB density could be strongly
suppressed in 2D Cu fabricated by an atomic sputtering epitaxy
(ASE) system.[12,13] In the absence of GBs, another category of ge-
ometrical features, twin boundaries (TBs), could be investigated,
which reveals their distinct roles in transport compared with
GBs. Rigorous characterization of the electronic band structure
of our 2D Cu has been conducted via structural analysis, angle-
resolved photoemission spectroscopy (ARPES) measurements,
and Hall measurement with two-carrier model fitting analysis. In
contrast to the electron carriers in conventional Cu, suppression
of GBs in 2D SCCF reveals HCD transport. The first-principles
calculations theoretically and the ARPES measurements experi-
mentally explain the HCD transport by the concave geometry of
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the Fermi surface in the 2D Cu with zero GBs. The distinct na-
ture of the transport suggests a breakthrough in manipulating
the apparent polarity of charge carriers in metals[14–17] based on
GB engineering in a 2D geometry.

2. Results and Discussion

2.1. Fermi Surface Reconstruction of 2D Cu(111)

To understand the intrinsic properties of 2D Cu thin films, we
calculated the electronic band structure of Cu in the 2D limit
using a 42 monolayer (ML) Cu(111) thin film whose thickness
is less than 10 nm. If Cu reaches the 2D limit by reducing the
thickness along any spatial coordinate down to the nanometric
scale, then the quantum confinement leads to a reconstruction
of the ordinary 3D Fermi surface (Figure 1a) and consequently
generates a 2D Fermi surface composed of a series of 2D sub-
bands (Figure 1b). In the case of thinning down Cu along the
(111)-direction, an unusual modification of the 2D Fermi sur-
face forming concave-shaped Fermi surface near K-point due to
the necks along (111)-direction in the 3D Fermi surface is pre-
dicted (Figure 1b). Fermi surfaces in the middle (inner rings)
are the electron orbits (scaled by eH

ℏc
) with higher potential en-

ergy and lower Fermi velocity than that of the outermost surface,
carriers in these orbits are electrons. We note that the outermost
concave-shaped Fermi surface has a negative curvature, resulting
in the development of hole carriers.[18] This is because the con-
duction carriers moving along the convex- and concave-shaped
Fermi surfaces will contribute to different polarity based on the
geometrical interpretation of Fermi surface,[18] as previously ob-
served in quasi-2D systems such as YBa2Cu3O7−x, La2−xSrxCuO4,
FeSe, and Ba(Fe1−xCox)2As2.[19–23] It becomes rather clear in the
periodic zone scheme that 2D FSs are composed with electron
pocket at the zone center (denoted with blue circles) and the
hole pockets at the zone corner (red circles) as displayed in
Figure 1c.

In order to experimentally confirm the expected reconstruc-
tion of the Fermi surface, ARPES was employed to directly mea-
sure the electronic structure on the (111) plane of 80 nm thick
SCCF. In sharp contrast to the Fermi surface topology of 3D
bulk Cu (Figure 1a), the observed Fermi surface taken at the kz
= 0 plane (Figure 1d) and its curvature plot (Figure 1e) shows
sixfold symmetric Fermi surface with two types of FSs, a large
hexagonal FS centered at the zone center and the triangular FS
around the zone corner, tightly matching to the calculated FS
topology (Figure 1b,c). Further, detailed band dispersion given in
Figure 1f,g exhibits two types of bands clearly; the electron (hole)
with 𝜕2E

𝜕k2
> 0 ( 𝜕

2E
𝜕k2

< 0), which forms hexagonal (triangular) FSs,
respectively, confirming the carrier type of each FS and thus the
existence of hole carrier. We note that such FS topology consis-
tently appears in SCCFs of 40 and 20 nm thicknesses (Figure S1,
Supporting Information). The theoretically calculated side view
of the Fermi surface of 42 ML Cu(111) thin film and the effective
band structure of 42 ML Cu(111) thin film along the special k-
points obtained are also given in Figure S1 (Supporting Informa-
tion). The hole band extracted from band structure calculations
was compared with the ARPES measurements in Figure S2 (Sup-
porting Information).
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Figure 1. Fermi surfaces of 2D copper. a) Calculated Fermi surfaces of Cu in the 3D limit. Color indicates the magnitude of the Fermi velocity.
b) Calculated Fermi surfaces of Cu(111) thin film in the 2D limit. The inner surfaces of 2D limit Fermi surface are the result of quantum confine-
ment along the out-of-plane direction. c) Calculated Fermi surfaces of 2D Cu in periodic zone scheme. Blue (red) circle represents the electronic (hole)
orbit. d) Fermi surface map of 80 nm thick Cu(111) film obtained by ARPES measurement. White dashed line and dot indicate surface Brillouin zone
(BZ) and high-symmetry points, respectively. e) Curvature plot of (d), showing separately existing hexagonal and triangular FSs. f) Band dispersion along
the orange arrow line indicated in panel (d). Cyan and yellow dashed lines are guides to the eye for the electron and hole band, respectively. g) Band
dispersions (upper) and its curvature plots (lower) along the dashed lines in e, demonstrating two clearly resolved electron and hole band.

Here, our observation not only demonstrates the existence of
hole carrier but also elucidates the unique characteristics of our
system. Previously, sixfold symmetric Fermi surface without the
“L gap necks” of bulk state was reported in Cu(111) films only
with few-monolayer thicknesses. However, thickness of our sys-
tem is much larger than that, rather close to bulk system. The
photon-energy-dependent measurement, which examines the di-
mensionality of the electronic structure, returns mixed nature of
electronic structure; the expected 2D nature of sixfold symmet-
ric FS is captured, together with ordinary 3D electronic structure
of bulk system around kz = 𝜋 point (Figure S3, Supporting In-
formation). This mixed nature clearly indicates that our system
belongs to the bulk system but exhibits the behavior of 2D by
virtue of unique properties of our SCCF–GB-free, atomically flat,
and robust against the oxidization.

2.2. Nonlinear Hall Effects in 2D Copper

Given that we directly examined the HCD transport through Hall
measurement, the Fermi surface of Cu originates from the free-
electron-like s band, while fully populated d electrons do not
contribute to the electronic band near the Fermi level. The s-
band character of Cu ensures its high enough conductivity and a
Fermi velocity as large as ≈1.1 × 106m s−1 which is demonstrated
in Figure 1a with the color mapping. 3D Cu has a well-known
3D Fermi surface with necks along the (111)-direction, from
which conventional magnetoresistance properties have arisen.[24]

The calculated Fermi surface topology of 3D Cu has open necks
only along three direction along (111) (Figure 2a).[25] The bulk
single-crystal Cu thicker than 1 μm (Figure 2b) shows an or-
dinary Hall effect with a single carrier (electron) density of

Adv. Mater. 2024, 36, 2403783 2403783 (3 of 10) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Fermi surfaces and Hall effects in 3D and 2D Cu. a) Calculated Fermi surface contour of Cu in 3D limit with open necks only along three
directions of {111}. b) All curves measured for the single-crystal samples thicker than 1 μm are linear and show almost no temperature dependence
meaning for carriers definitely to be electrons in 3D regime. c) Hall effect of polycrystalline Cu (PCCF) with a thickness of 82 nm. d–h) measured nonlinear
Hall effects of SCCFs with thicknesses of d) 205 nm, e) 80 nm, f) 40 nm, g) 12 nm, and h) 10 nm.

n = 9.09 × 1022 cm−3 at T = 2 K, which is consistent with both
the known bulk electron density,[26] and the value of polycrys-
talline copper thin film (PCCF) in the 2D limit (Figure 2c). Al-
though 3D copper also has a concave Fermi surface, this region
is very narrow and does not lead to a purely hole-like orbit in
the periodic zone scheme (Figure 2a). Thus, it is difficult to ob-
serve hole carriers in bulk copper. However, SCCF samples show
different behavior in 2D regime. As the thickness of the SCCF
sample is deceased to less than 205 nm, the ordinary Hall ef-
fect, which shows a linear response to the external magnetic field,

changes to a nonlinear Hall effects (NHEs) (Figure 2d–h). The
NHE here refers to a deviation from linear dependence on ex-
ternal magnetic field, called the ordinary Hall effect. The appear-
ance of nonlinearity at low temperature starts at a thickness of
205 nm (Figure 2d) and becomes more noticeable at thicknesses
of 80 and 40 nm (Figure 2e,f), and is slightly suppressed in thin
samples of 12 and 10 nm (Figure 2g,h) approaching to the limit
of thin film growth. Based on the measurements of mean free
paths of films (Figure S4, Supporting Information), we can as-
sume that Cu samples with a thickness of 1 μm remain in the 3D

Adv. Mater. 2024, 36, 2403783 2403783 (4 of 10) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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limit, while SCCF samples with thicknesses of 205, 80, 40, 20,
and 10 nm can reach the 2D limit at temperatures below 62, 110,
128, 210, and 300 K, respectively.

Although we have not presented all the data in this study, we
did observe NHE in all ASE-grown samples without any GBs be-
low a thickness of 200 nm. This was consistent across all sam-
ples without exception. We have provided contour plots of the
Hall coefficient RH at different temperatures and magnetic fields
for three representative samples (Figure S5, Supporting Informa-
tion). These findings indicate a significant correlation between
the NHE and observed 2D FS. The concave 2D Fermi surface
makes effective mass negative and contributes to “hole carrier”
in Hall measurements. It is worth noting that while the NHEs
could potentially be caused by ferromagnetism, no evidence of
magnetic ordering was detected in our samples (Figure S6, Sup-
porting Information). Therefore, the NHE observed in 2D SCCF
is distinct from the anomalous Hall effect caused by magnetism
or Berry curvature in the momentum space.[27] Instead, the ob-
served NHEs are well explained by the two-carrier model involv-
ing electron and hole carriers, which is further elaborated in
Figure 4. Additionally, it is important to mention that the 2D
Fermi surfaces with both electron and hole FSs were consis-
tently observed in all SCCF samples where NHE was measured
(Figure S1, Supporting Information).

2.3. Hall Effect of Cu(111) Depending on the GB Density

To investigate the origin of NHE in 2D Cu, 40 nm thick SC-
CFs were prepared, which exhibited maximum nonlinearity. Sub-
sequently, the defect densities of the thin films were adjusted
by subjecting them to additional thermal processing. The de-
fect densities of the samples were characterized using electron
backscattering diffraction (EBSD) mapping. The first column on
the left of Figure 3a–e shows normal direction (ND) EBSD maps.
The leftmost panel of Figure 3a shows the EBSD map for a rela-
tively high-quality polycrystalline Cu film grown on a Si substrate
(poly-GB103). The submicrometer-sized grains are oriented in
random directions. In contrast, the samples of Figure 3b–e were
grown by the ASE method. The ASE raw sample grown under
the optimized conditions (about 170 °C) actually had very few
GBs.[12] However, in order to determine how the NHE varies
with the GB density, the initial ASE pristine sample (ASE-GB103,
Figure 3b) was grown at 100 °C, which is lower than the op-
timized temperature condition (≈170 °C), and a series of sam-
ples were obtained by additional heat treatments at 450 °C (ASE-
GB102; Figure 3c), 500 °C (ASE-GB101; Figure 3d) and 400 °C
(ASE-GB_0; Figure 3e). The power notation of 10 in sample
names depicts the order of magnitude of the GB density in each
sample. For example, ASE-GB_0 means complete absence of
GBs, and ASE-GB102 means the existence of a few or several GBs
per μm2 (Table 1). The misorientation statistics given in the tables
are derived from the EBSD maps with the software of TSL OIM
analysis v7 for the area of 174.3 μm2. The EBSD maps of ASE
samples (first panels of Figure 3b–e) are completely blue, indi-
cating that the ASE-grown samples have no random crystal ori-
entation other than Cu(111) for the out-of-plane direction. Upon
closer examination of the blue EBSD map (Figure 3b–e, first col-
umn), a subtle distinction between two colors becomes apparent.

This differentiation is attributed to two distinct crystallographic
orientations with ABC stacking and ACB stacking, demarcated by
twin boundaries. Typically, the distinct orientations contributing
to the color variation in SCCF deviate by less than 1°.

The second panels of Figure 3a–e show the rolling direction
(RD) mode EBSD maps with the misorientation angle distribu-
tions for the samples. Red and blue lines represent TBs and GBs,
respectively. A TB is a boundary between two different crystal lat-
tices that are perfectly aligned along the (111) direction out of
plane but are rotated by 60° from each other in-plane and satisfy
a rotational symmetry operation.[28] In contrast, a GB generally
means a boundary between two grains with an arbitrary angle
along the in-plane and out-of-plane directions. In this study, for
strict distinction of TBs and GBs, we classify the boundaries as
GBs if the in-plane misorientation between two neighboring crys-
tal lattices differs slightly from 60°, even though the two different
crystal lattices are perfectly aligned along the (111) direction for
the out-of-plane orientation or if the incoherent TB (ITB)[28] sepa-
rating two neighboring crystal lattices incline more than 1° from
the out-of-plane direction. The formation of TBs is inevitable in
thin film growth,[28] because in the nucleation process, a crystal
orientation must choose one of two stacking orders, such as ABC
or ACB….[9] However, TBs do not affect the physical properties
such as oxidation and surface quality of the film, while the for-
mation of GB seriously affects the quality, oxidation properties,
and electrical properties of metal thin films.[1,13,28] The charac-
teristic of the almost invisible TB to electron can be understood
in the fact that the 2D Fermi surface (Figure 1b) is invariant to
the exact sixfold rotational symmetry operation. The ASE-grown
pristine sample (ASE-GB103) has a GB density of ≈103 nm μm−2

and a TB density of ≈103 nm μm−2, while sample poly-GB103

has a GB density of ≈103 nm μm−2 and a TB density of ≈103 nm
μm−2. The GB density varies depending on the temperatures of
thermal process but shows no linear relationship. While sam-
ples ASE-GB102 (Figure 3c) and ASE-GB101 (Figure 3d) treated
at 450 and 500 °C have GB densities of ≈102 and ≈101 nm μm−2,
respectively, the GBs completely disappear after heat treatment
at 400 °C (ASE-GB_0) (Figure 3e). Because GBs appearing in
single-crystalline thin films grown by ASE are almost indistin-
guishable from TBs, GB density of ASE-GB103 is greatly differ-
ent from that of poly-GB103. The acute distinction between GB
and TB was precisely presented using transmission electron mi-
croscopy (TEM) cross-sectional images (Figure S7, Supporting
Information).

The results of Hall measurements are given in the third pan-
els of Figure 3a–e in the form of 𝜌𝑥𝑦 as a function of magnetic
field. While sample poly-GB103 shows a linear behavior with little
temperature dependence, single-crystalline samples ASE-GB103

(Figure 3b), ASE-GB102 (Figure 3c), and ASE-GB101 (Figure 3d)
show increasing nonlinearity as the GB density decreases. This
indicates that polycrystalline Cu films show linear Hall resistivity
with single carriers (i.e., electrons) (Figure S8, Supporting Infor-
mation), as bulk Cu crystals do. Most notably, sample ASE-GB_0
(Figure 3e) without GBs exhibits a distinct nonlinearity, especially
at low temperatures. It shows that GBs seriously affect the elec-
tric transport. We also tracked the dependence of electron trans-
port on the TB density. The TB density shows no clear influence
on electron transport and NHE, which supports that TBs are al-
most invisible to electrons.[29] Table 1 summarizes the detailed

Adv. Mater. 2024, 36, 2403783 2403783 (5 of 10) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Nonlinear Hall effect depending on the GB densities. a–e) EBSD maps (first column), misorientation angle distributions (second column),
NHEs (third column), and fraction of GBs versus TBs (fourth column) of a) a polycrystalline Cu thin film with a GB density of 5260 nm μm−2 (poly-
GB103), b) an ASE-grown pristine single-crystalline Cu thin film with a GB density of 1686 nm μm−2 (ASE-GB103), and c) heat-treated ASE-grown Cu
thin films with different GB densities of 105 nmμm−2 (ASE-GB102), d) 23 nm μm−2 (ASE-GB101), and e) 0 nm μm−2 (ASE-GB_0). If the two neighboring
orientations are rotated more and less than 60° from each other, the misorientations are GBs, marked blue, and if they are rotated by exactly 60° from
each other, then the misorientation is TB, marked red.

Adv. Mater. 2024, 36, 2403783 2403783 (6 of 10) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Table 1. GB and TB densities observed in five different samples.

Sample Boundary type Fraction [%] Length [nm] Density [nm μm−2]

Poly-GB103 GB (blue) 75.7 916 570 5260

TB (red) 23.3 275 530 1581

ASE-GB103 GB 17.6 293 830 1686

TB 82.4 1370 000 7863

ASE-GB102 GB 2.3 18 240 105

TB 97.7 844 090 4844

ASE-GB101 GB 0.4 3970 23

TB 99.6 1050 000 6026

ASE-GB_0 GB 0.00 0 0

TB 100 760 760 4366

crystallographic information of the samples in Figure 3 about the
misorientation angle between two neighboring lattices along the
in-plane orientation, the ratio of GBs and TBs, the numbers of
boundaries observed in an area of 174.24 μm2, numbers per μm2,
and the boundary lengths.

2.4. Hole Carriers in ASE-Grown Cu(111) Films

To investigate the role of GBs in the NHE, we examined the trans-
port properties of 2D Cu as a function of GB density. For this
purpose, we chose 40 nm thick Cu films in which the NHE was
most clearly observed (Figure 2f). The NHE of Cu films could
be explained by the two-carrier model, and the estimated carrier
densities of the Cu films with different thicknesses are shown in
Figure 4a. The thickness dependence of the nonlinear Hall re-
sistivity at T = 2 K is given in Figure S9a (Supporting Informa-
tion). The samples with thicknesses of ≈40 nm show the maxi-
mum density of hole carriers and thicker samples than 200 nm
approach to the 3D regime. The NHE of ultrathin samples less
than 10 nm thick appears weak due to the incomplete growth
of thin films.[30,31] Thus, samples in the intermediate thickness
range (d ≈ 40 nm) are the best option to investigate the transport
properties of Cu in the 2D limit.

Figure 4b shows the magnetic field dependence of Hall effects
measured in 2D Cu with different GB densities. As the GB den-
sity decreases, the NHE becomes clearer, and maximized when
GB density decreases to zero, indicating that the hole carriers
become dominating as the GB density decreases. In the GB-
free sample, the scattering by GBs is minimized, so the scatter-
ing time of carrier becomes longer. The Hall effect, therefore, is
strongly determined by the topology of the Fermi surface. The
thickness dependence of the resistivity at T = 2 K follows the
Fuchs–Sondheimer model, as shown in Figure S9b (Supporting
Information), which confirms that the prepared samples have no
GBs, as presented in the EBSD results in Figure 3e, and that TBs
in SCCFs are not scatterers of electrons during transport.[32,33]

The estimated carrier density and mobility of 2D Cu with dif-
ferent GB densities are summarized in Figure 4c,d. The nonlin-
earity of the Hall resistivity increases with decreasing tempera-
ture (Figure S10a, Supporting Information), and thus, the hole
density also abruptly increases to 5.2 × 1022 cm−3 (Figure 4c;
Figure S10b, Supporting Information) when the GBs are com-

pletely suppressed to zero density, 0 μm−2. In contrast, the elec-
tron density decreases as the GB density decreases (Figure 4c).
This observation indicates that the carriers located on the out-
ermost Fermi surface (Figure 1b), characterized by the highest
vF, exhibit hole-like behavior. Indeed, the roughly consistent hole
carrier density of 3.8 × 1022 cm−3 could be estimated from the
ARPES measurement, through the occupied volume of the hole
Fermi surface within the Brillouin zone (BZ; Figure S1, Support-
ing Information). Conversely, the presence of surface or grain
boundaries leads to an increase in carriers occupying the inner
Fermi surfaces. This is due to the increase of potential energy
when the carriers collide with the surface or GBs, resulting in a
decrease in kinetic energy and Fermi velocity. As a result, carri-
ers that scatter frequently from surfaces or GBs will direct their
paths to the inner circle and ultimately occupy electron orbitals.

The ratio of hole density to electron density is presented in the
inset of Figure 4c, where the HCD transport becomes more re-
markable as the GB density approaches zero. Notably, the mobil-
ity of electrons in 2D single-crystal Cu without GBs reaches ≈400
cm2 V−1 s−1 (Figure 4d; Figure S10b, Supporting Information),
while the mobility of electrons in bulk Cu remains only ≈20–60
cm2 V−1 s−1.[34]

As the thickness of the thin film decreases, the density of TB
increases near the interface area with the substrate. While TBs
do not seriously affect electron motion, balancing the minimum
thickness and minimum twin boundaries allows us to achieve
the highest hole carrier density, which in this study is observed
at 40 nm. Although the 80 nm thick film is twice as thick as the
40 nm film, we believe that the reason why the NHE is not signifi-
cantly reduced is that more TB-reduced regions appear at the top,
which intensifies hole-like behavior. These properties are main-
tained in films up to 200 nm thick when the films are free of GB.

3. Conclusion

The electronic structure observed by ARPES and the abnormal
nonlinearity in 2D single crystals with zero GB density reveal the
role of GBs in the electron flow in Cu; even a low density of GBs
can hide the critical nature of transport in the noble metal. An-
other important scientific finding with GB engineering is that
TBs can be almost invisible to the electrons in 2D Cu. The elon-
gated MFP and coherency of charge carriers in the absence of
GBs generate HCD transport, reflecting the increase in carriers
occupying the outermost concave Fermi surface with the largest
vF in 2D Cu. We suggest that the transport by hole carriers in
2D copper is the intrinsic characteristic of 2D Cu that has been
screened by the scattering of electrons at GBs.

4. Experimental Section
Preparation of Single-Crystal Cu Thin Films via the ASE Technique: Cu

thin films were fabricated with high-quality crystallinity as GB-free sin-
gle crystals and GB density-controlled single crystals using the ASE
technique.[13] The ASE system was a modified Radio-frequency (RF) sput-
tering system improved by employing a single-crystal sputtering target,
replacing conventional electric conductors with single-crystal conductors
and employing a mechanical noise reduction (MNR) system. The opti-
mum growth temperature was ≈170 °C and varied by±10 °C depending on
the system. Al2O3 was utilized as a substrate for growing SCCF samples.
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 15214095, 2024, 36, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202403783, W
iley O

nline L
ibrary on [12/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 4. Carrier density, resistivity, and mobility as a function of the thickness and density of GBs. a) Carrier density at T = 2 K as a function of thickness.
The carrier density is determined by the two-carrier model based on the Hall resistivity. b) Hall resistivity and c) carrier density of 40 nm Cu films with
different GB densities at T = 2 K. The dashed lines in panel (b) are straight lines to clearly show the nonlinearity. d) Mobility at T = 2 K as a function of
GB density. The insets of panels (c) and (d) show the ratio of hole density to electron density and the resistivity at T = 2 K, respectively. The error bars
represent the 95% confidence limit.

The Al2O3 substrate was a 2 in. wafer with a thickness of 0.43 mm, fea-
turing a surface roughness of 0.25 nm RMS roughness. The in-plane
atomic distance mismatch between Cu atoms in the film and O atoms in
Al2O3, calculated as f ((d[1̄20]

O−O Al2O3
− d[1̄10]

Cu−Cu )∕d[1̄20]
O−O Al2O3

), is estimated to

be 6.9%. However, considering the extended atomic distance mismatch
(EADM),[35,36] significant mechanical misfit strain can be relieved if the
mismatch for a relatively long period of atomic distance is extremely small.
EADM is defined as (ID− I′D′)/I′D′, where D and D′ are the Cu–Cu dis-
tance in the Cu (111) epilayer and the O–O distance in the substrate, re-
spectively, and I and I′ are the smallest nonreducible integers determined
by the relation D:D′ ∼ I:I′. Given the interatomic spacing of Cu atoms in

the film DCu-Cu (14 × d[1̄10]
Cu−Cu ) = 3.578 nm) and the interatomic spacing

of O atoms in Al2O3 (D′O−O (13 × d[1̄20]
O−O Al2O3

)= 3.575 nm), the EADM of

the Cu–Al2O3 interface is ≈0.1%. For control of the GB density, the pristine
40 nm thick sample was intentionally grown at 100 °C to obtain a certain
number of GBs and adjusted the number of GBs by additional thermal
treatments. The numbers of GBs and TBs were obtained very precisely by
EBSD mapping with the misorientation line distribution in RD mode (see
the “Structural Characterizations” section). Ar gas (99.9999%, 6 N) was
used for the deposition atmosphere. The relationship between the depo-
sition time and the thickness of the thin film (or the average growth rate)
was determined from the average deposition time of a 200 nm thick film
grown under the optimum conditions. The determined average growth
rate of ≈4.3 nm min−1 is fairly reliable above a film thickness of 10 nm.
The initial pressure in the RF sputtering was below 2 × 10−7 Torr, and the
working pressure was controlled by injecting argon gas (99.9999%) to 5.4

× 10−3 Torr. The RF power and the rotation rate were 25 W and 30 RPM, re-
spectively. The thickness of the film was controlled by the deposition time
and confirmed with atomic force microscopy (AFM). The ultraflat surface
of SCCF, with an RMS roughness of ≈0.15 nm, is displayed in Figure S11
(Supporting Information). The atomic structures of cross-sectional cop-
per films were observed on annular dark field (ADF) imaging mode by
aberration-corrected scanning transmission electron microscope (STEM,
JEM-ARM200CF, JEOL) operating at 200 kV with a probe-forming angle of
≈23 mrad. The angle range of ADF detector was set to be 45–170 mrad.

Growing Grain Boundary-Free Thin Films: There are two ways to grow
grain boundary-free single crystal thin films.

1) Growth of Samples without GBs from the Beginning: When thin films
are grown using the ASE method with well-optimized growth condi-
tions, they grow without GBs from the pristine samples.[9] The crystal
growth process by the ASE method goes through three stages: 1) nu-
cleation and lateral growth, 2) coherent merging, and 3) layer growth
to a single-crystal film. The ASE method involves accurately sputter-
ing atoms one by one from a single crystal target and supplying them
to the substrate successively. Thus, through this process, no clusters
can be stacked, no grain boundaries are formed, and the entire film
is completely aligned to the (111) plane. Nevertheless, TBs exist even
in the single-crystal thin film, and the formation mechanism of TBs is
different from that of GBs. It was confirmed that, in transport measure-
ments, the TB dependence was negligible, whereas the dependence on
GBs was very critical, so it was focused on growing a single-crystal thin
film without GBs. The nonlinear Hall effects obtained in Figure 2d–h

Adv. Mater. 2024, 36, 2403783 2403783 (8 of 10) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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were all from samples grown without GBs from the beginning (without
post heat treatment).

2) Elimination of GBs by Post Heat Treatment: The sample used for
Figure 3b was intentionally produced to have GBs by using a condition
(100 °C) other than the optimized condition (180 °C) to investigate GB
dependence. The pristine sample grown at about 100 °C, which was
not optimal, had a GB density of about 101 μm−2, while the commer-
cial sample (Figure 3a) had a GB density of 103–105 μm−2. GB density
can be adjusted by vacuum heat treatment. However, it is not simple
to reduce GBs by heat treatment because the degree of GB reduction
does not have a strictly linear relationship with temperature and de-
pends on several variables such as the thicknesses of Cu thin films.
Samples in Figure 3c–e were heat-treated at 450, 500, and 400 °C for
≈30 min, respectively. Among them, the sample heat-treated at 400 °C
was found to be grain boundary free. The heat treatment chamber was
filled with an inert gas, and heat treatment was performed for 30 min
in an oxygen-free atmosphere.

Structural Characterizations: EBSD images were obtained using a
SUPRA40 VP system (Carl Zeiss AG, Oberkochen, Germany), which was
equipped with a fully automated device attachment including an EDAX-
TSL Hikari EBSD detector. EBSD maps were acquired using a spatial step
size of 80 nm on a hexagonal grid. The area size of a single mapping was
≈174.3 μm2. The average confidence index of the Kikuchi maps during the
EBSD scans generally varied between 0.80 and 0.90. However, for the poly-
crystal Cu film, the index was at a level of 0.7. The misorientation statis-
tics were derived from the EBSD maps with TSL OIM analysis v7 (Ame-
tek, Inc). A segment between two neighboring points was considered a
boundary if the misorientation was larger than 1°. On the misorientation
maps, the boundaries with a misorientation angle between 0.0° and 59.0°

were indicated by blue lines, which correspond to GBs, and the boundaries
with a misorientation angle between 59.0° and 60.0° were indicated by red
lines, which are associated with the TBs of face-centered cubic (FCC) (111)
structures. The crystallinity of the grown samples was also examined by X-
ray diffraction (XRD) and grazing-incidence XRD (GIXRD) as displayed in
Figure S12 (Supporting Information). Compared to the PCCF, SCCF shows
high crystallinity without any nanostructure.

ARPES Measurement: High-resolution ARPES measurements were
conducted at beamline 4.0.3 of the Advanced Light Source (ALS). Cu
thin films were annealed under ultrahigh vacuum with a pressure better
than 5 × 10−10 Torr and measured at 10 K, with pressure better than 5 ×
10−11 Torr. Data in the main text were collected using incident light with
a photon energy of 120 eV, which corresponds to the kz = 0 (Γ) in the 3D
Brillouin zone, and both linear horizontally and vertically polarized light
were used to exclude unwanted matrix element effects. Photon energy-
dependent ARPES was conducted by using linear horizontally polarized
light with photon energies from 40 to 120 eV (Figure S3, Supporting in-
formation). The overall energy and angle resolutions were set to be better
than 20 meV and 0.1°.

Hall Measurement and Sample Preparation: A Hall-bar device of Cu
thin films on sapphire substrates was fabricated by e-beam lithography
and wet etching with FeCl3 solution. The typical device channel length and
width were 200 and 20 μm, respectively. Electrical transport measurements
of the Cu thin film devices were conducted by a TeslatronPT (Oxford) over
a temperature range from T = 1.5 to 300 K. A magnetic field (up to 12 T)
was applied along the direction vertical to the planar surface of the Cu thin
films. A DC current was applied to the device by a Keithley 4200 or 6221
current generator, and the longitudinal (for resistivity and magnetoresis-
tance) and transverse (for Hall) voltage differences were simultaneously
measured by multiple Keithley 2182A voltmeters. The applied current was
on the order of mA.

Two-Carrier Model Fitting: For the NHE, the carrier density and mo-
bility were derived from fitting of the Hall resistivity with the two-carrier
model. The Hall resistivity with two carriers is given as

𝜌xy =
t
e

B

(
𝜇2

e ne + 𝜇2
h
nh

)
+ 𝜇2

e𝜇
2
h

(ne + nh) B2

(
𝜇e

||ne
|| + 𝜇h

||nh
||)2 + 𝜇2

e𝜇
2
h
(ne + nh)2B2

(1)

where t is the thickness of the film, B is the applied magnetic field, e is the
electronic charge, and ne(nh) and μe(μh) are the carrier density and mo-
bility of electrons (holes).[37] ne(nh) and μe(μh) are the fitting parameters.
The Hall resistivity 𝜌xy(B) was fitted with the constraint of the longitudinal

resistivity at zero magnetic field, 𝜌xx (B = 0) = t
e

1
(𝜇e|ne|+𝜇h|nh|) . The error

bars of the carrier density and mobility of electrons (holes) were calculated
within the 95% confidence limit with fixed carrier density and mobility of
electrons (holes) at optimized values.

Theoretical Calculations: All ab initio electronic structure calculations
were performed with density functional theory (DFT) using the generalized
gradient approximation (GGA) Perdew–Burke–Ernzerhof functional[38]

and with the projected augmented plane-wave method,[39] as imple-
mented by Kresse et al.[40] The Cu thin film was represented by a slab of 42
layers with the theoretical equilibrium lattice constant. A vacuum length
of 20 Å was used, and the middle two layers of the slab were fixed in their
bulk positions. The electron wavefunctions were expanded in a plane-wave
basis set with a cut-off energy of 400 eV. The Brillouin zone for the slabs
was sampled using a (5 × 5 × 1) Monkhorst–Pack k-point grid.[41] Fermi
surfaces were generated by using IFermi software by Ganose et al.[42]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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