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Two-dimensional (2D) semiconductors, such as lead selenide (PbSe), locate at the key position of next-generation
devices. However, the ultrathin PbSe is still rarely reported experimentally, particularly on metal substrates. Here, we report
the ultrathin PbSe synthesized via sequential molecular beam epitaxy on Ag(111). The scanning tunneling microscopy is
used to resolve the atomic structure and confirms the selective formation of ultrathin PbSe through the reaction between
Ag5Se2 and Pb, as further evidenced by the theoretical calculation. It is also found that the increased accumulation of Pb
leads to the improved quality of PbSe with larger and more uniform films. The detailed analysis demonstrates the bilayer
structure of synthesized PbSe, which could be deemed to achieve the 2D limit. The differential conductance spectrum
reveals a metallic feature of the PbSe film, indicating a certain interaction between PbSe and Ag(111). Moreover, the moiré
pattern originated from the lattice mismatch between PbSe and Ag(111) is observed, and this moiré system provides the
opportunity for studying physics under periodical modulation and for device applications. Our work illustrates a pathway
to selectively synthesize ultrathin PbSe on metal surfaces and suggests a 2D experimental platform to explore PbSe-based
opto-electronic and thermoelectric phenomena.

Keywords: ultrathin lead selenide (PbSe), scanning tunneling microscopy/spectroscopy (STM/STS), molecu-
lar beam epitaxy

PACS: 68.37.Ef, 68.55.–a, 81.15.Hi DOI: 10.1088/1674-1056/ac7867

1. Introduction
The ultrathin semiconductor attracts much attention due

to the improved performances ranging from electrical proper-
ties to optical responses, which is apparent in graphene and
transition metal dichalcogenides.[1–4] Lead selenide (PbSe), a
representative IV–VI compound, has been extensively studied
so far, appearing the noticeable infrared optical response,[5–7]

thermoelectric property,[8–10] and high carrier mobility.[11–13]

Previous studies illustrated that PbSe properties could be ad-
ditionally tuned by the morphology due to the quantum con-
finement effect.[12,14] Thus, PbSe quantum dots those are con-
sidered to be the zero-dimensional structure were widely used
in solar energy applications.[11,15,16] The monolayer PbSe was
also of great interest in the community not only because of
the improved properties,[17] but also owing to the prediction
of the two-dimensional (2D) topological insulator.[18,19] How-
ever, the reduce of thickness to reach the scale of 2D limit is
facing more difficulties up to now. Unlike those layered semi-
conductors with interlayer van der Waals (vdW) interactions,
PbSe in the bulk state possesses the so-called sodium chloride
(NaCl)-type structure that belongs to the face-centered cubic
lattice with homogeneous Pb–Se bonds in the whole crystal. It
is therefore unlikely to achieve ultrathin PbSe simply through

the mechanical exfoliation. Epitaxial growth, on the other
hand, has been attempted to prepare ultrathin, smooth and
thickness controlled PbSe. Various single crystal substrates
were used to fabricate PbSe, but islands with large thickness
rather than smooth films were obtained,[20,21] which indicates
that the interaction between Pb and Se atoms within PbSe is
larger than that to substrates.[22] Bilayer-thick PbSe was also
prepared in large number of different mismatch layered com-
pounds (PbSe)1(MSe2)n, where M represents different transi-
tion metals.[23–25] In these systems, the inexistence of epitaxial
relationship between PbSe and substrate helps the formation of
crystallographically aligned ultrathin PbSe.[26] Recently, the
formation of PbSe nanoplatelets was also achieved, extend-
ing the PbSe-based research as a quasi-2D platform.[7,27] A
further approach by Shao et al. reported few layers of epi-
taxial PbSe on SrTiO3 and revealed the strain affected elec-
tronic property of PbSe at the nanoscale.[28] However, the re-
alization of ultrathin PbSe is still rarely reported experimen-
tally, particularly on metal substrates. The direct contact be-
tween PbSe and metal substrate is significant when PbSe thin
films are employed in the photothermal conversion for solar
energy research[29] and the field-effect transistor for device
applications.[30] As a result, the structural and electronic prop-
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erties of PbSe/metal at the atomic level require further research
as well.

In this work, we studied the ultrathin PbSe synthesized
via sequential molecular beam epitaxy (MBE) on Ag(111) by
scanning tunneling microscopy and spectroscopy (STM/STS).
It is found that the formation of ultrathin PbSe is only hap-
pened in the region that previously covered by Ag5Se2, reveal-
ing the selective reaction between Pb atoms and Ag5Se2 rather
than AgSe. This selective behavior is further evidenced by the
theoretical calculation where the cohesive energy of AgSe is
prominently larger than that of Ag5Se2. Also, the quantity
of deposited Pb was controlled to form PbSe with the differ-
ent coverage. Specifically, the increased quantity of deposited
Pb resulted in the improved quality of PbSe with larger and
more uniform films. Further analysis reveals the bilayer fea-
ture of PbSe, which could be regarded as the realization of
2D limit. Differential conductance spectra acquired on PbSe
exhibit a metallic feature due to the interaction between PbSe
and Ag(111). Moreover, we carefully studied the moiré pat-
tern originated from the lattice mismatch between PbSe and
Ag(111). The formation of moiré lattice may indicate a partly
decoupled PbSe, which will build up a foundation to explore
the moiré modulated physics and benefit for device applica-
tions. Our approach provides a strategy for the selective syn-
thesis of ultrathin PbSe on metal surfaces and suggests a 2D
experimental system to explore PbSe-based opto-electronic
and thermoelectric phenomena.

2. Materials and methods
2.1. Sample preparation and characterization

Ag(111) substrate was cleaned by repeated circles includ-
ing Ar+ bombardment (emission current: 1.2 µA) and sub-
sequent annealing (∼ 600 ◦C) in the preparation chamber of
STM. Then, the processed Ag(111) was transferred to a home-
built MBE chamber (base vacuum is better than 1×10−7 mbar)
connected to the STM. Se (99.999%, Alfa Aesar) and Pb
(99.999%, Alfa Aesar) were deposited successively on the
Ag(111) substrate by a home-built evaporator. The exposure
of fresh Ag(111) surface by Se, small and large amount of Pb
was ∼ 17 L, ∼ 248 L and ∼ 370 L, respectively. The substrate
was kept at room temperature during the Se and Pb deposition.
Pt–Ir tips were used in the experiments, and calibrated on the
Au(111) substrate before measurements.

All STM experiments were performed with an ultrahigh
vacuum STM (Unisoku) at room temperature (base vacuum:
∼ 2×10−10 mbar). STM images were acquired under constant
current mode with sample biased. The differential conduc-
tance spectra were collected by a standard lock-in technique
with 50 mV and 773 Hz modulation.

3. Calculation details
The density functional theory (DFT) calculations were

performed using the Vienna ab-initio simulation package
(VASP)[31] on the basis of the generalized gradient approxima-
tion (GGA) and the Perdew–Burke–Ernzerhof functional.[32]

The energy cutoff was set to 450 eV and the Brillouin zone
was integrated with a 20×20×1 Γ centered k-point mesh. A
vacuum of 20 Å was considered to neglect the artificial interac-
tion between the monolayer with its image. All structures were
fully relaxed with a force tolerance of 10−3 eV/Å, and the con-
vergence threshold for energy minimization was selected to be
10−6 eV. The cohesive energy of the structure is calculated as

Ec =
Emonolayer −EX −ESe

NX +NSe
,

where Emonolayer is the total energy of the monolayer, EX is the
energy of each Ag (Pb) atom obtained from its bulk, and ESe is
the energy of Se atom. NX (NSe) denotes the number of metal
(Se) atoms in the cell.

4. Results and discussion
The Se-deposited Ag(111) substrate was first annealed to

form the flat surface, and two kinds of distinct surfaces differ-
ent from pristine Ag(111) could be observed in the large-scale
STM image (Fig. 1(a)). For the higher terrace, high-density
grooves distribute and mainly compose triangle-like patterns,
while for the lower terrace, the surface is relatively flat without
any recognizable structural features. Zoom-in STM images as-
sociated to these two kinds of surfaces are shown with atomi-
cally resolution in Figs. 1(b) and 1(c), respectively. Two height
profiles along the lattice vector of the two regions are shown in
Fig. 1(d). It is clear that both structures can be assigned to the
planar hexagonal lattice, but the lattice constant varies from
each other. Thus, we can attribute the higher area in Fig. 1(a)
to be Ag5Se2 with the lattice constant ∼ 0.8 nm, and the lower
area to be AgSe with lattice constant ∼ 0.45 nm, which is con-
sistent to the structure in literature.[33,34] It should be noted
that the formation of higher and lower areas in Fig. 1 is due to
the Ag steps. The thickness of Ag5Se2 and AgSe seems to be
almost the same because they all exhibit the monolayer nature
on the Ag(111) substrate.

After a small number of Pb atoms deposited on the
AgSe/Ag5Se2 hybrid surface and subsequent annealing, the
morphology in some region will change, as shown in the bot-
tom part of Fig. 2(a). The high resolution STM image re-
veals the square-type lattice clearly marked by blue circles
(Fig. 2(b)). Corresponding 2D fast Fourier transform (FFT)
further proves the square-type feature, but there is a consid-
erable deviation from the ideal square. Considering the room-
temperature condition in STM scanning, we thus attribute such
deformation to the thermal drift. The height profile containing
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a few lattice periods was also acquired along one lattice vec-
tor, giving a lattice constant of ∼ 0.45 nm. This parameter
along with the square-type feature significantly differs from
that of Ag(111), AgSe or Ag5Se2 and is a strong evidence of
the formation of PbSe according to reported results presenting
a nearly identical structure.[28,35] We are also aware of some
atomic-scale bright and dark sites randomly distributed within
the lattice (Fig. 2(b)), which are probably the Pb adatoms and
vacancies, respectively. We speculate that only small-area
PbSe could assemble due to the insufficient Pb deposition. As
a result, the small PbSe film is internally unstable and easily
affected by nearby Ag–Se compounds. The process of form-
ing PbSe is likely to be the spontaneous substitution reaction
since the Pb element has a higher rank in the reactivity series
of metals than Ag elements. Additionally, the substitution be-
havior prefers happening in the region that previously covered
by Ag5Se2, which is concluded by the fact that the adjacent
area of the PbSe domain contains some grooves standing for

Ag5Se2 and there are very little significant changes in the re-
gion of AgSe. Theoretical calculations were performed to ac-
quire the strength of relevant chemical bonds for estimating
the reaction possibility. As can be seen in Table 1, the cohe-
sive energy of Pb–Se bond in PbSe is larger than that of Ag–Se
bond in AgSe and Ag5Se2, demonstrating that the PbSe thin
film is a more stable layer from the energy point of view. These
calculated results are similar to the reported dissociation ener-
gies of Pb–Se and Ag–Se bonds.[36] Moreover, the cohesive
energy of Ag5Se2 is much smaller than that of AgSe, which
reveals that Pb atoms prefer to interact with Ag5Se2 due to its
less stability in comparison with the AgSe monolayer. Hence,
one can reasonably expect the selective formation of PbSe in
the Ag5Se2 region and the fixedness of the AgSe region.

Table 1. Calculated cohesive energies of AgSe, Ag5Se2 and PbSe.

AgSe Ag5Se2 PbSe
Cohesive energy (eV/atom) –0.836 –0.380 –1.8
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Fig. 1. (a) Large-scale STM image of AgSe and Ag5Se2 (1.2 V, 70 pA). (b) Atomically resolved STM image of Ag5Se2 (0.8 V, 70 pA). (c)
Atomically resolved STM image of AgSe (0.8 V, 90 pA). (d) The height profiles along blue line in (b) and green line in (c). The blue line has
been shifted for clarity.
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Fig. 2. (a) Large-scale STM image of surface after small amount of Pb deposition (1.2 V, 80 pA). (b) Atomically resolved STM image of the
black square in (a) (0.7 V, 90 pA). Blue circles represent Pb atoms in PbSe. (c) 2D FFT of (b). (d) Height profile along black line in (b).
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Fig. 3. (a) (Upper panel) Large-scale STM image of surface after large amount of Pb deposition (1.4 V, 60 pA). (Lower panel) Height profile
along the grey line in the upper figure. (b) (Upper panel) Atomic-structure STM image of ultrathin PbSe (0.5 V, 200 pA). (Lower panel) Height
profile along the light blue line in the upper figure. (c) Typical logarithm of dI/dV spectrum acquired on PbSe.

The further amount Pb deposition and accompanying an-
nealing were then carried out to synthesize the large-scale
PbSe thin film. It is obvious that the area of ultrathin PbSe ex-
tended to the scale of at least 100 nm and covered certain parts
of the surface, as illustrated in the upper panel of Fig. 3(a).
Generally, the surface covered by PbSe is flat and uniform
from the view of large scale, and one can only find a few bright
spots and unhealed holes within a quite large area. Compared
to situation with less Pb deposition, there is no Ag5Se2 region
observed around the PbSe island, and the region of Ag5Se2

or AgSe even vanishes all over the surface, which may be as-
cribed to the coverage of Pb layers (see Fig. S1 in support-
ing information). The height profile across one hole and one
spot was extracted from the STM image and displayed under-
neath. We found that the depth of holes and the height of spots
share identical value (∼ 0.33 nm), which is nearly the same
to the thickness of PbSe with two atomic layers according to
literatures.[28,35] Thus, it reveals the bilayer structure of ul-
trathin PbSe in our sample, and bright spots on PbSe could
be small bilayer PbSe islands. The thickness of the synthe-
sized PbSe nearly reaches the 2D limit in view of the instabil-
ity of monolayer PbSe.[25] The zoom-in STM image with the
atomic resolution explicitly shows a planar square structure
(Fig. 3(b) upper panel) and the lattice constant is measured to
be ∼ 0.45 nm according to the height profile (Fig. 3(b) lower
panel). Compared to Fig. 2(b), it can be confident to confirm
the PbSe lattice with the defect-free feature. Hence, we can
conclude that the increased Pb atoms and additional annealing
improved the quality of PbSe films. The differential conduc-
tance spectrum (dI/dV ) was acquired at the PbSe thin film
and displayed in logarithmic coordinates (Fig. 3(c)). The typ-
ical metallic feature could be observed from the dI/dV curve
contrast to pristine ultrathin PbSe that belongs to semiconduc-
tors. The quenching effect of PbSe electronic states is the sig-
nature of a certain interaction between the Ag(111) substrate
and PbSe thin films. The rest of the surface, however, is cov-
ered with the Pb-relevant structure and more STM images are

shown in supporting information.
If we carefully explore the PbSe structure, an inconspic-

uous moiré lattice composed by series of short lines can be
recognized in the relatively large area of PbSe thin films, as
roughly labelled with green lines in Fig. 4(a). We could thus
ascertain the basis vector and then found the hexagonal feature
of the moiré lattice. The 2D FFT of Fig. 4(a) demonstrates the
existence of two sets of lattices in the sample and they are
grouped by circles with different colors (Fig. 4(b)). Except
for the pronounced 4 reciprocal lattice points representing the
square-type PbSe lattice, there are 6 reciprocal lattice points
from the moiré lattice that can be observed. It is reasonable
that the intensity of these points is weaker than those for PbSe
lattice because of the bilayer structure for PbSe. To further
resolve the structure, the corresponding inverse Fourier trans-
form for these two groups of reciprocal lattices was carried out
and reproduced the STM image (see detailed images in sup-
porting information). Through the FFT pattern, it is concluded
that the moiré lattice is formed by the mismatch between the
square and hexagonal lattice with a small twisted angle.[37,38]

Note that the twisted angle here only refers to one pair of se-
lected basis vectors of PbSe and Ag(111) because of their dif-
ferent Bravais’ lattice systems. Such twisted angle leads to the
possibility of partly decoupling between the PbSe layer and
substrate, rendering vdW interactions to some extent.

PbSe lattice

Moire lattice

(a) (b)

3 nm

Fig. 4. (a) Atomically resolved STM image of PbSe with moiré pattern
(0.5 V, 200 pA). Green lines indicate the nearby moiré lattice points and two
yellow arrows represent basis vectors of moiré lattice. (b) 2D FFT of (a).
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5. Conclusion
In summary, we have achieved the synthesis of high-

quality ultrathin PbSe on Ag(111) via MBE methods evi-
denced by atomically resolved STM images exhibiting the
PbSe-specific lattice. The formation of PbSe results from the
selective reaction between Pb atoms and Ag5Se2 owing to its
instability compared to AgSe. The increased quantity of ac-
cumulated Pb is found to affect the coverage of PbSe and ad-
ditionally improve the quality with larger and more uniform
films. Further analysis reveals the bilayer nature of PbSe,
which is regarded as the realization of an ideal 2D PbSe. The
dI/dV spectrum acquired on PbSe films presents a metallic
feature owing to the interaction between PbSe and Ag(111).
We also carefully studied the moiré pattern originated from the
lattice mismatch between PbSe and Ag(111). The formation
of moiré lattice may offer an opportunity to explore the physics
modulated by the moiré potential and inspire potential appli-
cations for devices. Our approach demonstrates a MBE strat-
egy for the selective synthesis of ultrathin PbSe on Ag(111)
and suggests a 2D experimental system to explore PbSe-based
opto-electronic and thermoelectric phenomena.
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