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Growth and electronic properties of ultrathin Ga films on Cd(0001) are investigated by low-temperature scanning
tunneling microscopy (STM) and density functional theory (DFT) calculations. It is found that Ga films exhibit the epitaxial
growth with the pseudomorphic 1×1 lattice. The Ga islands deposited at 100 K show a ramified shape due to the suppressed
edge diffusion and corner crossing. Furthermore, the majority of Ga islands reveal flat tops and a preferred height of
three atomic layers, indicating the electronic growth at low temperature. Annealing to room temperature leads to not
only the growth mode transition from electronic growth to conventional Stranski–Krastanov growth, but also the shape
transition from ramified islands to smooth compact islands. Scanning tunneling spectroscopy (STS) measurements reveal
that the Ga monolayer exhibits metallic behavior. DFT calculations indicate that all the interfacial Ga atoms occupy the
energetically favorable hcp-hollow sites of the substrate. The charge density difference analysis demonstrates that the
charge transfer from the Cd substrate to the Ga atoms is negligible, and there is weak interaction between Ga atoms and
the Cd substrate. These results shall shed important light on fabrication of ultrathin Ga films on metal substrates with novel
physical properties.

Keywords: gallium films, electronic growth, STM/STS, density functional theory
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1. Introduction
In heteroepitaxial systems, growth of thin films on solid

substrates offers the opportunity to create new structures (thin-
film phases) that do not exist in the bulk phases.[1] Serving as
the metastable structures, these new phases may exhibit novel
physical and chemical properties. In the process of epitaxial
growth, elastic strain arising from the lattice mismatch greatly
influences the growth mode of thin films.[2] When the lattice
misfit is low, the elastic strain energy can be accommodated in
the form of pseudomorphic growth, where the thin films adopt
the same lateral periodicity as the substrate.[3–5] At higher lat-
tice misfit, the strain energy is relieved by the formation of
misfit dislocations at the film/substrate interface.

The trivalent metal gallium, a liquid metal near room
temperature, plays a crucial role in the electronic and opto-
electronic devices.[6] In the past decades, the heteroepitaxial
thin films of gallium grown on solid surfaces have attracted
considerable interest. The Ga bilayer grown on GaN(0001)
exhibits a pseudomorphic 1× 1 structure and reveals super-
conductivity with the transition temperature of 5.4 K.[7,8]

Furthermore, the quantum Griffiths singularity was observed
in this Ga bilayer.[9] Recently, ultrathin gallium films, also
known as gallenene, have received considerable interests due
to the potential application in the emerging elemental 2D
materials.[10–20] By means of solid-melt exfoliation, Kochat et
al. fabricated the atomically thin gallium films, i.e., gallenene
sheets, on silicon substrates.[10] Tao et al. realized the epitax-

ial growth of gallenene monolayer on the Si(111)-
√

3×
√

3-Ga

template.[11] Ultra-thin Ga islands, analogues of high pressure

Ga(III), was found on the Si(111) surface.[14] In particular, gal-

lenene sheets with thickness of one to three atomic layers were

intercalated at the interface between epitaxial graphene and

silicon carbide through confinement heteroepitaxy.[16] Inter-

estingly, the Ga sheets can be regarded as ‘half van der Waals’

metal, because they are covalently bonded to the SiC below

but present a non-bonded interface to the graphene overlayer.

In this work, we utilize the hexagonal close-packed metal

Cd(0001) thin films as substrates to grow 2D Ga sheets. Com-

pared to the noble metals Au, Ag and Cu, the metal Cd

possesses a smaller electronegativity and negative electron

affinity.[21,22] Consequently, charge transfer effect between the

Ga atoms and Cd(0001) films is expected to be very weak. It is

found that the first atomic layer of Ga deposited on Cd(0001)

surface forms the pseudomorphic 1× 1 phase. Depending

on the substrate temperature, Ga films consist of either frac-

tal island when deposited at a low temperature (100 K), or

compact islands after room-temperature annealing. Further

increasing the Ga coverage leads to Ga multilayers with the

pseudomorphic 1×1 lattice. Scanning tunneling spectroscopy

(STS) measurements demonstrate that Ga monolayer exhibits

metallic behavior. Density functional theory (DFT) calcula-

tions indicate that the hcp-hollow site of Cd(0001) is the most

energetically favorable site of Ga atoms.
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2. Methods
2.1. Sample preparation and characterizations

The experiments were performed in a Unisoku low tem-
perature STM system with the base pressure less than 2.0×
10−10 Torr. The clean Si(111)-7× 7 surface was prepared
by flashing the sample to ∼ 1500 K for several seconds. A
smooth Cd(0001) thin film of 15 monolayers (ML) was ob-
tained by depositing Cd atoms on the Si(111)-7×7 surface at
room temperature. Ga atoms were thermally sublimated from
a boron nitride crucible heated to 930 K. During the deposi-
tion of Ga atoms, the temperature of Cd(0001) substrate was
kept at ∼ 100 K. An electrochemically etched tungsten tip af-
ter electron-beam heating was utilized for STM imaging. STS
measurements were performed with the lock-in technique by
applying a small modulation of 20 mV to the applied volt-
age at 373 Hz at 77 K. The STM images were analyzed using
Gwyddion software.[23]

2.2. Density functional theory calculations

Optimization of geometric structures has been calcu-
lated using the generalized gradient approximation (GGA)
of Perdew–Burke–Ernzerhof formula[24] and the norm-
conserving Vanderbilt pseudopotentials[25] within the QUAN-
TUM ESPRESSO package.[26] The slab model was con-
structed by consisting of Ga atomic layers, six Cd atomic lay-
ers, and a vacuum layer of 20 Å was inserted to avoid the
coupling between atomic layers along the c axis. After the
convergence test, the kinetic-energy cutoff and the charge-
density cutoff were chosen to be 60 Ry and 480 Ry, respec-
tively. The charge densities were calculated on an unshifted
mesh of 17× 17× 2 points in combination with a marzari-
vanderbilt smearing of 0.02 Ry.[27] The geometry optimization
was performed until all components of all forces became less
than 1×10−4 Ry/Bohr. Based on the optimized structure, we
carried out band structure calculations.

3. Results and discussion
We utilized the smooth Cd(0001) films as the substrate to

grow the ultrathin Ga films. Figure 1(a) show the morphology
of the as-grown Cd(0001) films with a thickness of 15 ML.
The smooth Cd(0001) films show flat terraces (∼ 200 nm
width). The height profile along the blue line in panel (a)
reveals a step height of 2.8± 0.1 Å in Fig. 1(b), which is
consistent with the interlayer spacing of bulk Cd along the
[0001] direction.[21] From the high-resolution STM image in
Fig. 1(c), the in-plane structure of Cd(0001) films exhibits a
hexagonal lattice constant of c0 = 3.0± 0.1 Å, also consis-
tent with that (0001) plane of bulk Cd. Figure 1(d) shows the
atomic model of Cd(0001) films, where four high-symmetric
sites are marked as FCC (FCC-hollow), HCP (HCP-hollow),
bridge, and top, respectively.
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Fig. 1. (a) Large-scale STM image of the Cd(0001) thin film grown
on Si(111)-7× 7 (U = 3.0 V, It = 20 pA). (b) Height profile along the
blue line in panel (a), showing the step height of 2.8±0.1 Å. (c) High-
resolution STM image of the Cd(0001) thin film showing a hexagonal
lattice (U = 0.65 V, It = 35 pA). (d) Atomic model of the Cd(0001) sur-
face. light Orange balls represent Cd atoms. The high-symmetric sites
are marked as FCC (FCC-hollow), HCP (HCP-hollow), bridge, and top.
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Fig. 2. Low-temperature growth of Ga sheets on Cd(0001). (a) Rami-
fied Ga islands formed on the Cd(0001) surface at 100 K (Θ = 0.7 ML,
U = 2.0 V, It = 20 pA). (b) Close-up view of a ramified Ga island and
several small Ga islands (U = 0.9 V, It = 20 pA). Inset: the atomic-
resolution STM image of monolayer Ga island (U = 0.35 V, It = 20 pA).
(c) Height profile along the blue line in (b) showing the apparent heights
of a ramified Ga island and compact Ga islands. (d) Height distribution
of the Ga islands appearring in the upper terrace of (a), showing two
preferred heights (B and C peaks).

Firstly, we studied the low-temperature growth of Ga
sheets on Cd(0001). In the submonolayer regime, 0.7 ML of
Ga atoms was deposited onto the Cd(0001) surface, which was
kept at ∼ 100 K. It was observed that the Ga atoms aggregate
into large ramified islands with flat tops, as shown Fig. 2(a).
Nearby the substrate steps there exist several stripe-like Ga is-
lands. Based on the nucleation and aggregation theory, the
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formation of ramified islands with fractal-like shape can be
attributed to the suppressed edge diffusion and corner cross-
ing of adatoms around an island.[2] However, close inspection
of the island shapes indicates that the islands exhibit a large
branch width (∼ 20 nm). Furthermore, the primary branch
edges are rather smooth without sub-branches. It means that
the deposition temperature of 100 K is not low enough to com-
pletely inhibit the edge diffusion and corner crossing of Ga
adatoms.

From the close-up view in Fig. 2(b), it is observed that the
ramified Ga islands consist of branches with different heights.
The highest branches show a height of 8.7± 0.1 Å, while the
lowest branches have a height of 2.9± 0.1 Å [Fig. 2(c)], cor-
responding to three-layer and monolayer of Ga, respectively.
From the height distribution shown in Fig. 2(d), it can be
found that the flat-top Ga islands have two preferred heights
of 5.6±0.2 Å (peak B) and 8.9±0.2 Å (peak C), correspond-
ing to two and three layers of Ga, respectively. Among these
Ga islands, those of three-layer height are the most abundant.
We notice that this growth mode is similar to the previous
‘electronic growth’ mode observed in the Pb and Ag films
grown on Si(111) or GaAs.[28–30] The mechanism of electronic
growth is attributed to the competition between quantum size
effect in the metal films and charge transfer occurring at the
interface.[31]

The inset of Fig. 2(b) is a high-resolution STM image of
the monolayer Ga island. It exhibits a hexagonal lattice with
periodicity of 3.0± 0.1 Å, which is identical to the lattice of
Cd(0001) surface. It means that the first Ga layer is pseudo-
morphic to the Cd(0001) substrate. The elastic strain energy
arising from lattice misfit is accommodated by the pseudo-
morphic 1× 1 structure. Moreover, we noticed that the sec-
ond layer and third layer of ramified Ga islands also reveal the
pseudomorphic 1×1 structure.

Annealing the low-temperature deposited Ga films
(0.5 ML) to room temperature leads to formation of compact
Ga islands, as shown in Fig. 3(a). It is found that the com-
pact islands are hundreds of nanometers in size, and the is-
land edges are very smooth but not straight. The shape change
from the small fractal-like island to large compact island can
be attributed to the coalescence and reshaping of the small
ramified islands in the process of island merging. Moreover,
we notice a striking phenomenon that most of the compact
Ga islands show the thickness of a single atomic layer, and
only a few islands are two atomic layers thick. As shown in
Fig. 3(b), the compact Ga islands still maintain the pseudo-
morphic 1× 1 structure as in the case of ramified islands. At
the high coverage regime (1.1 ML), as shown in the STM im-
ages of Fig. 3(c), the first-layer islands show a compact shape
with smooth edges, the second-layer islands appear on top of
the first layer. When the Ga coverage is increased to 2.5 ML,

both the second-layer islands and third-layer islands appear si-
multaneously on top of the first layer, as shown in Fig. 3(d). It
was also observed that the third Ga layer still show the same
pseudomorphic 1×1 lattice as the first and second Ga layers.
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Fig. 3. Formation of compact Ga islands after room-temperature anneal-
ing. (a) STM image of the compact Ga islands formed on Cd(0001) surface
(Θ = 0.5 ML, U = 2.0 V, It = 20 pA). (b) Atomic-resolution STM image
of the monolayer Ga island (U = 0.35 V, It = 20 pA). (c) Morphology of
1.1 ML of Ga sheets formed on Cd(0001), (U = 1.5 V, It = 20 pA). (d) To-
pographic image of 2.5 ML of Ga sheets grown on Cd(0001), (U = 2.0 V,
It = 20 pA). Inset: the pseudomorphic 1× 1 structure observed in the third
layer of Ga (2.5 nm×2.5 nm, 0.5 V, 25 pA).

These results mean that room-temperature annealing
leads to the transition from electronic growth to conventional
SK growth, implying that the observed electronic growth at
a low temperature is metastable against the thermal annealing.
We notice that such metastability of electronic growth was also
observed in the Ag films grown on Si(111), where the plateau
islands evolve into huge mounds and pyramids upon annealing
to 450 K.[28]

In Table 1, we summarize the reported lattice constants
of monolayer Ga grown on different substrates. It can be
found that the Ga films prefer to adopt the same periodicity
as the substrates, i.e., pseudomorphic phase, when grown on
GaN(0001) and Cd(0001), or intercalated between SiC and
graphene. On the other hand, it can be found that the in-plane
lattice constants of Ga sheets can be varied significantly from
2.72 Å to 3.18 Å. In addition, the adsorption height between
2D Ga monolayer and substrate surfaces is closed to the in-
terlayer height of the GaN(0001), SiC(0001), and Cd(0001)
substrates, respectively. Hence, the substrate structures play a
crucial role for the epitaxial growth of Ga films.

We perform DFT calculations for the adsorption energy
of Ga monolayer on the Cd(0001) surface to get insight into
the experimental results. The adsorption energy Eads is used
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to evaluate the strength of the adsorbate-substrate interaction.
Herein, Eads is defined as the mean adsorption energy per
adatom,

Eads = [EGa/Cd(0001)−nEGa−ECd(0001)]/n, (1)

where EGa/Cd(0001) and ECd(0001) represent the total energy of
the Cd(0001) surface after and before Ga adatoms adsorption;
n is the number of adatom; and EGa is the energy of an isolated
Ga atom. According to the definition, the negative value of
the adsorption energy represents exothermic, and vice versa.
In order to determine the most stable adsorption sites of Ga
atoms, relative location models, which are denoted by top,

bridge, FCC-hollow, and HCP-hollow sites, have been estab-

lished for computing the lowest adsorption energy of system.

After all geometries have been optimized, the calculated re-

sults are shown in Table 2. All energies of four adsorption sites

are negative, in particular, the hcp-hollow site is the most en-

ergetically favorable site for Ga atom on Cd(0001) because of

the adsorption energy of about −0.4 eV. The calculated lattice

constant of the 2D Ga layer (c = 2.99 Å) and the adsorption

height (h= 2.68 Å) are in good agreement with the experimen-

tal results. Additionally, the calculated Ga–Ga bond length of

2D Ga (2.99 Å) is closed to that of γ-Ga crystal (2.90 Å).[32]

Table 1. Lattice constants of 2D Ga grown on different substrates.

Substrate
Lattice constants Lattice constants of Height of Ga adatom Interlayer height
of substrate (Å) Ga monolayer (Å) on surface (Å) of substrate (Å)

GaN(0001)a 3.19 3.18 2.76 2.67
SiC(0001)b 2.70 2.72 3.10 3.10
Cd(0001) 3.01 3.01 2.90 2.80

aRef. [8], bRef. [16].

Table 2. Summary of the calculated Ga adsorption energies, lattice
constants (c) of Ga monolayer and height of Ga adatom (h) for the
different sites of the Cd(0001) surface.

Sites Eads (eV) h (Å) c (Å)
Top −0.316 2.93 2.99

Bridge −0.393 2.70 2.99
FCC-hollow −0.384 2.71 2.99
HCP-hollow −0.399 2.68 2.99
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Fig. 4. Differential conductance spectra acquired in Ga film. (a)
Three differential tunneling conductance (dI/dV ) spectra (U = 0.5 V,
It = 170 pA) acquired at different positions of the monolayer Ga is-
land: island short-edge (A), island center (B), and island long-edge (C),
respectively. Inset: STM image of monolayer Ga island where STS
spectra were acquired (U = 1 V, It = 20 pA). (b) The evolution of dI/dV
spectra with layer thickness. Monolayer (U = 0.5 V, It = 170 pA), bi-
layer (U = 0.8 V, It = 150 pA), trilayer (U = 0.5 V, It = 370 pA).

We carry out the STS measurement on top of a monolayer
Ga island (Fig. 4(a)) to derive the electronic properties of the
Ga sheets. Three differential tunneling conductance (dI/dV )
spectra are recorded at different sites of the island: island
short-edge (A), island center (B), and island long-edge (C),
respectively, as shown in Fig. 4(a). All spectra include the two
peaks at −0.21 eV and +0.2 eV around Fermi level (EF), re-
flecting spatial homogeneity of the electronic states. A V-type
dip is always observed in the energetic range of −0.21 eV to

0.2 eV, similar to the STS spectra of the high pressure Ga(III)
(001) surface.[14] The evolution of dI/dV spectra with layer
thickness is shown in Fig. 4(b). The STS of Ga monolayer
is influenced by the Cd(0001) substrate, which appears the
characteristic peak (black arrow) of substrate.[21] However, the
STS of bilayer exists the Ga characteristic peak (red arrow)
near Fermi level, indicating a weaker influence from substrate.
As the Ga films become three layers, this peak moves towards
the low energy (blue arrow). These results are consistent with
DFT calculations.

In order to gain insight into the electronic properties of
Ga atomic layers on Cd(0001), the band structures are com-
puted using DFT, as illustrated in Fig. 5(a). According to the
pseudomorphic relationship between the lattices of monolayer
Ga and the Cd(0001) substrate, the high-symmetry points Γ ,
M, and K are chosen for describing the energy band properties
of hexagonal lattice, resembling to that of Ga atomic layers on
SiC(0001).[16] Obviously, the energy bands from monolayer
to trilayer become steeper and steeper, indicating the delocal-
ization enhancement of Ga electrons in the thicker film. The
contribution of Ga atoms to band structure becomes dominat-
ing. This thickness-dependent behavior can be confirmed by
the enlarged intensities of local density of states near EF. Fur-
thermore, to understand the charge transfer between Ga atomic
layers and Cd(0001) surface, the charge density difference is
calculated based on the geometry optimization. The charge
density displacement (∆ρ(𝑟)) induced by the adatom adsorp-
tion is analyzed:

∆ρ(𝑟) = ρads/sur(𝑟)−ρads(𝑟)−ρsur(𝑟), (2)
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where ρads/sur is the charge density of the adsorbate system,
ρads is the charge density of the isolated adlayer, and ρsur is
the charge density of the clean surface. As shown in Fig. 5(b),
most of the charge accumulation appears in the interface re-
gion between Ga and Cd atomic layers, with a small amount
dispersed between Ga adatoms due to the interfacial Coulomb
repulsion for monolayer Ga. The charge accumulation of in-
terface region decreases, as the number of Ga layers increases.
In order to further illustrate charge distribution, planar aver-

age of the charge density displacement for Ga/Cd(0001) sys-
tem along z axis is displayed in Fig. 5(c). The largest change
in the electron density distribution occurs in the interface be-
tween Ga adatoms and the Cd(0001) surface, resembling the
results of the charge density difference. Thus, the charges of
0.033e, 0.031e, and 0.013e are transferred to Ga monolayer,
bilayer, and trilayer, respectively. It is revealed that the inter-
facial charge transfers contribute to the electronic growth of
Ga films.
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Fig. 5. (a) The contribution of each atom in the band structure. The purple circle and green triangle indicate the contribution of Cd and
Ga atoms, respectively. The size of the symbols represents the strength of the contribution. The Fermi level is set to be zero energy.
(b) Side view of charge density differences with iso-surface value of 1.5× 10−3 e/Bohr3 of Ga atomic layers on Cd(0001). Yellow
and blue regions indicate charge accumulation and depletion, respectively. (c) Planar average of the charge density displacement for
Ga/Cd(0001) system.

4. Conclusion
In summary, pseudomorphic growths have been observed

in the monolayer, bilayer, and trilayer of Ga sheets on
Cd(0001). Depending on the substrate temperature, Ga is-
lands have a ramified shape at low temperature, and a compact
shape after room-temperature annealing. Ga islands reveal a
preferred three atomic layer at a low coverage, which implies
that the formation of Ga islands follows the electronic growth.
Moreover, the room-temperature annealing leads to the transi-
tion from electronic growth to conventional SK growth. DFT
calculations demonstrate that all the interfacial Ga atoms oc-
cupy the energetically favorable hcp-hollow sites of the sub-
strate. STS and DFT calculations demonstrate the metallic
nature of Ga monolayer. The charge is transferred from the
Cd(0001) surface to the Ga atomic layers, revealing that the
interfacial charge transfers contribute to the electronic growth

of Ga films. Our finding sheds important light on fabrication
of ultrathin Ga films on metal substrates with novel physical
properties.
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