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Novel two-dimensional thermoelectric materials have attracted significant attention in the field of thermoelectric due
to their low lattice thermal conductivity. A comprehensive understanding of their microscopic structures is crucial for
driving further the optimization of materials properties and developing novel functional materials. Here, by using in situ
scanning tunneling microscopy, we report the atomic layer evolution and surface reconstruction on the cleaved thermoelec-
tric material KCuySes for the first time. We clearly revealed each atomic layer, including the naturally cleaved K atomic
layer, the intermediate Se?~ atomic layer, and the Se™ atomic layer that emerges in the thermodynamic-stable state. De-
parting from the majority of studies that predominantly concentrate on macroscopic measurements of the charge transport,
our results reveal the coexistence of potassium disorder and complex reconstructed patterns of selenium, which potentially
influences charge carrier and lattice dynamics. These results provide direct insight into the surface microstructures and

evolution of KCuySes, and shed useful light on designing functional materials with superior performance.

Keywords: thermoelectric, KCusSes, scanning tunneling microscopy (STM), evolution
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1. Introduction

Two-dimensional (2D) thermoelectric materials distin-
guish themselves through the distinct chemical bonding
within the family of thermoelectric materials.!'®! The hier-
archical structure with strong intralayer and weak interlayer
interaction!”! endows an ideal platform for tuning the transport
properties. 8121 Therefore, the microscopic understanding of
structure for these functional materials is of great significance,
not only for the community of thermoelectricity but also the
solid chemistry and materials science. For instance, the elec-
trical conductivity of monolayer MoS, significantly exceeds
that of its bulk counterpart, demonstrating considerable tun-
ability of its Seebeck coefficient under an external electric
field.['3-15] Regarding the phonon heat in SnSe, the Sn lone
pair electrons act as a driving force for the large anharmonic-
ity, resulting in the low lattice thermal conductivity.[1%191 Ad-
ditionally, in the typical thermoelectric materials Cu,Se,?%-!1
the suppression of transverse phonon modes primarily arises
from the highly disordered Cu ions.[>%23]

The class of transition-metal chalcogenides, A/Cu/Q (A =
alkali metal, Q = chalcogen)?*?"] has been of continuing in-
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terest over the years due to its complex structure and com-
positional diversity.[*32] These materials show the poten-
tial for large lattice anharmonicity, such as the large phonon
anharmonicity in CsCuysSes stems from the hierarchy of the
rigid [(Cut)4(Se?™),](Se™) double anti-CaF, layer and the
soft Cs* sublattice,!3*! resulting in a lower phonon frequency
than Cu,Se.[?Y! It is worth noting that the current research
on these materials predominantly focuses on the theoretical
calculations and macroscopic characterization. Therefore, the
observation of microscopic details holds crucial significance,
which may gain new atomistic-level insights into the conduc-
tion physics.

Herein, we employ in situ scanning tunneling microscopy
(STM) to investigate the surface structure and its thermally
driven evolution in KCusSes. By combined the measurement
of the spacing between different atomic layers with observa-
tion of the KCuysSes surface structure evolution during an-
nealing, we reveal the transition from the naturally cleaved
K atomic layer, through the emergence of the intermediate
Se?~ atomic layer, to the stable-state Se™ atomic layer. Con-
currently, the Se>~ and Se™ layers undergo a relaxation pro-
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cess from their intrinsic lattice structures, evolving into com-
plex reconstructed patterns, as illustrated by our simulations.
Our exploration into the microstructure and evolution of 2D
thermoelectric materials offers an intuitive insight, laying the
foundation for innovative materials preparation strategies and
enhanced properties.

2. Experiment
2.1. Crystals preparation

Reagents of amorphous B powders (99.99%), K,COs3
powders (99.99%), Cu powders (99.999%), and Se powders
(99.999%) were used as purchased from Alfa Aesar. The
synthesis procedure was inspired by the boron—chalcogen
method, 829331 plenty of shining KCuySes crystals were ob-
tained by melting K,COs3, Cu, B, and Se with stoichiometric
ratio of K,CO3/Cu/B/Se = 3/24/2/18 at 973 K for 3 h then
slowly cooled to room temperature.

2.2. STM measurements

The KCusSe; sample was cleaved in the prepara-
tion chamber with a base pressure of 2.0x107'" Torr
(1 Torr=1.33322x10% Pa) at 90 K and immediately trans-
ferred into the STM scan head. The STM stage was kept at
78 K throughout the measurements, while the annealing pro-
cess was performed at room temperature. Our experiments
were performed in situ in a Unisoku 1500 STM system with
the RHK R9 controller. All STM topographic images were
obtained in a constant current mode with the bias voltage V
applied to the sample. A standard lock-in technique was used
for the STS measurements with a small bias modulation of

5 mV at 1.699 kHz. Image extraction and data analysis were

performed in the latest version of WsXM. 34

3. Results and discussion

Bulk KCu4Sejs is in the shape of flakes after stripped from
the reaction tube and crystal itself is mostly flat, except at
the edges, which indicates relatively rare crystal intergrowth.
The crystal is not particularly air-sensitive and can be easily
cleaved due to its layer structure nature. Figure 1(a) shows
the typical large-scale STM topography of the cleaved surface
with the flat terrace and sharp steps. The corresponding atomic
image presented in Fig. 1(b), reveals a tetragonal atomic struc-
ture marked with the blue dots. The distance between the ad-
jacent bright atoms, measured at 4.11 A, is analyzed from the
line profile in Fig. 1(c). Given that the theoretical lattice con-
stants for both the K and Se atomic planes are 0.40 nm,[3*
the cleaved plane remains uncertain from the lattice structure
alone, which will be the subject of detailed analysis and dis-
cussion later. Figure 1(d) presents the line profile of the step
height for the cleaved surface, aligning with the 0.98-nm theo-
retical height of a KCusSe; monolayer. In addition, the cross-
step dI/dV line spectra depicted in Fig. 1(e) demonstrate uni-
formity of the surface electronic states within a wide sample
bias range (1.5 V to +1.5 V), signifying the high quality of
the KCuySe3 sample. Significantly, the d7/dV spectrum mea-
surement conducted over a narrow bias range, as illustrated in
Fig. 1(f), further confirms that KCusSes is heavily electron-
poor, 33! with the lowest density of states (DOS) located at ap-
proximately —0.68 eV. This characteristic likely results from
fabricating the sample in an Se-rich environment.
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Fig. 1. STM topography images of crystal and dI/dV spectra of a naturally cleaved surface. (a) Large-area topography (125 nmx 125 nm,
V =2.0V,and I = 10 pA) with the terraces. (b) Atomic structure of cleaved surface of KCusSez (10 nmx4 nm, V =60 mV, and I = 150 pA)
and (c) the lattice constant. (d) Height profile measured along the red solid line marked in panel (a). (e) The cross-step d//dV line spectra,
which are shifted vertically for clarity. (f) dI/dV spectrum over a narrow voltage range.
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Upon annealing the cleaved KCusSe; sample at room
temperature in an ultra-high vacuum, intriguing changes are
observed on the sample’s surface. Figure 2(a) shows the large-
scale STM surface topography of KCuySes, annealed at room
temperature for 2 hours after natural cleavage. We observed
that the surface morphology of the KCusSes involves signif-
icant transformations during the annealing process, with the
previously uniform and clean surface evolving into one expos-
ing two terminations. Figures 2(b) and 2(c) display enlarged,
detailed topography images of two different terminal surface
corresponding to the green and purple boxes in Fig. 2(a), re-
spectively. For clarity in subsequent discussions, we will name
the higher terminal as surface I and the lower as surface II. Al-
though the surface I retains aspects of its pre-annealed mor-
phology, it now exhibits numerous new defects, including
large circular bright spots, dark atom-deficient point defects,
and dimers-like atoms with no obvious preferred orientation,
as outlined within the green circles in Fig. 2(b). Meanwhile,
surface Il shows a relatively more orderly arrangement of one-
dimensional (1D) periodic atomic chains with uniformly at-
tached atoms, indicated by the purple circle in Fig. 2(c). The
relative height between surface I and surface II presented in
Fig. 2(d) measures approximately 1.6 A, corresponding to the
solid red line in Fig. 2(a).

(a)

10 20 30 40 50 6
Distance (nm)

ot d 5

Fig. 2. Typical STM topography images of the KCusSes surface an-
nealed at room temperature for 2 hours. (a) Large-area surface topography
(100 nmx 100 nm, V = 1.0 V, and I = 10 pA) of two atomic layers (surfaces
I and II), as shown by the square marked in green and purple. (b)—(c) Zoom
in images of the two areas (20 nmx20 nm, (b) V = 0.5 V and I = 35 pA, (¢)
V =0.4 V and I = 110 pA), as shown by the arrows of the corresponding
colors. (d) Height profile taken along the red line as marked in panel (a).

With further annealing, the surface topography of

KCuySes undergoes continuous transformation. Figures 3(a)
and 3(b) show the typical large-scale STM surface topography
image and corresponding detailed topography after 5 days of
annealing. Compared with the previous stage, the surface I is

preserved, while the coverage of surface II characterized by
1D atomic chains substantially increases. These chains are
aligned perpendicularly to one another and vary randomly in
single, double, or triple rows. Simultaneously, a third sur-
face emerges, named terminal surface III and highlighted by
a green mark in Fig. 3. The newly revealed surface III ap-
pears to have been shaped by a vigorous and intricate molecu-
lar dynamic process, primarily consisting of linearly arranged
atomic groups and sophisticated triangular reconstruction pat-
terns. Furthermore, topography observation reveals that nat-
urally cleaved KCusSes not only displays different atomic
planes on its uppermost layer (including surfaces, I, II, and
III), but also exposes the atomic surface of the subtop layer
progressively during further annealing processes. STM mea-
surements of the relative heights of these specific atomic sur-
faces presented in Fig. 3(c), demonstrate a height differential
of h1; = 2.0 A between surfaces I and II, hp_; = 7.7 A be-
tween surface II and the corresponding surface I of the suc-
ceeding unit cell, and hy3 = 3.1 A between surfaces II and
III. Compared to the surface II exposed at the initial annealing
stage, the height difference between surfaces I and II in this
stage more closely matches the true height of 2.0 A. This may
be attributed to the initial presence of mobile K atoms on sur-
face II. Furthermore, through further annealing, the morpho-
logical structure of surface II has evolved from a transitional
state to the reconstructed surface observed currently. Follow-
ing a third round of room temperature annealing, the surface
topography of the KCusSes sample finally stabilizes, transi-
tioning from a previously complex and varied surfaces state
to a clearer configuration characterized by the alternating ap-
pearances of surfaces I and III, as illustrated in Figs. 3(d) and
3(e). The coverage of surface III significantly increases com-
pared to the previous stage, either being surrounded by sur-
face I within the same unit cell or aligned along the step edges
thereby connecting to surface I of the subsequent unit cell. In
both scenarios, the edges connecting surfaces I and III lack a
relative preferred distribution, indicating a completely random
movement of surface atoms. Concurrently, measurements of
the relative height difference between surfaces in this phase
of stabilization were undertaken, as shown in Fig. 3(f). The
heights differential between surfaces I and III are measured
to be h13 = 4.8 A and 4.85 A, and the height difference from
the surface III to surface I of next unit cell is determined to
be h3_1 = 4.9 A. It is noteworthy that the surface topogra-
phies presented herein are derived form an extensive dataset,
achieved by varying the sample areas and different samples to
mitigate the influence of randomness and localized anomalies
as much as possible. Additionally, the height results are aggre-
gated through statistical methods, ensuring the minimization
of errors attributable to the measurement process.
Accordingly, we can analyze the surface evolution pro-
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cess of KCuySes; though the different annealing stages, driving
purely by thermal. As mentioned above, despite the K atomic
layer and the Se?~ atomic layer are interconnected by the weak
van der Waals forces, their top view lattice parameters aligned
(differing only in relative angle) and the densities of electronic
state show similar. Therefore, we cannot ascertain the cleaved
surface from the STM images following natural mechanical
exfoliation. For the intermedia states (Figs. 3(a) and 3(b)),
where surfaces I, II, and III are continuously distributed, a
complete unit cell period can be considered extending from
surface I to its successive iteration in the next unit cell. Height
measurements presented in Fig. 3(c) reveal that the height dif-

Height (A)

0 20 40 60 80
Distance (nm)

ference between surface III and surface I of the next unit cell
is h3_1 = 4.6 A (h3_| = ha_| — hy3), which is basically con-
sistent with the measurement results in Fig. 3(f) of the stable
states (Figs. 3(d) and 3(e)). We propose a possible model to
describe the evolution of surface topography throughout stages
of the annealing process. Figures 4(a)-4(c) display the simu-
lated surface topographies of KCuySes, depicting the freshly
cleaved, annealed intermediate, and final stable states, respec-
tively. Figure 4(d) offers a lateral view of the lattice structure,
with the relative heights between atomic layers annotated on
the left.

(d) 7

(f) 6.9}
4.6}
2.3}

Height (A)

his=4.85 A
2.2

0 10 20 30 40
Distance (nm)

Fig. 3. Typical STM topography images of the KCuy4Ses surfaces annealed for 5 days and 20 days. Different surfaces are indicated by areas I, 11,
and III marked blue, red, and green respectively. Corresponding colors and numbers in images indicate the same surface types. (a) Large-area
topographies displaying surfaces I, II, and IIT (200 nm <200 nm, V = 2.0 V, and I = 5 pA). (b) Zoom-in image of the surface annealed for 5 days
(100 nmx 100 nm, V = 1.5V, and I = 10 pA). (c) Height profile of color lines in panels (a) and (b). (d) Large-area topographies displaying
surfaces I and III (200 nmx200 nm, V = 1.0 V, and / = 10 pA). (e) Zoom-in images of the surface annealed for 20 days (60 nmx60 nm,
V =2.5V,and I =25 pA). (f) Height profile of color lines in panels (d) and (e). The arrow indicates the measurement direction.

Fig. 4. Simulation diagram depicting the evolution of the KCu4Ses surface as observed by STM throughout the annealing process. (a) Fresh
naturally cleaved surface topography, (b) surface after 5 days, (c) surface after 20 days. (d) Side-view of the KCuy4Sejs lattice structure, annotated

with the spacing between the individual atomic layers.

Initially, we assume that the comparatively disordered
surface I serves as the natural cleavage plane, attributed to the
K atomic layer. During the early annealing phase, K atoms
on the topmost surface I begin to migrate across the surface,
driven by the thermal energy, which is consistent with the high
mobility of K atoms.3>3¢) As the annealing progress, the sub-
sequent atomic layer (surface IT) becomes exposed. This layer
shows a height difference of 2.0 A, identifying it as corre-
sponding to Se?~ atomic layer. Continuing the annealing pro-

cess unveils surface III with a height difference of /1,3 = 3.1 A,

indicating its correspondence to the Se™ surface. Notably,
the height between surface III and surface I of the adjacent
unit cell (h3_; = 4.6 A), represents the separation between the
Se™ atomic layer (surface III) and the K atomic layer (surface
I) of the succeeding cell. This observation aligns well with
the height difference of h3_; = 4.9 A observed in the final
state. To rule out alternative hypotheses and further substan-
tiate our conclusion, we consider a scenario wherein the nat-
urally cleaved surface corresponds to the Se>~ atomic layer

(surface I). Integrating this with the height results among the
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atomic layers, we find that surface III in the final stable state,
characterized by a height difference (43) of 4.8 A, should cor-
respond to the Cu atomic layer. In the intermediary stage,
where surfaces I, II, and III are simultaneously exposed, the
height differences are recorded as: hjp = 2.0 A, hyy =3.1 A,
and hy_; = 7.7 A. This configuration suggests that surface I
aligns with the Se™ atomic layer, and surface III with the Se?~
atomic layer. Nevertheless, the scenario proves to be unten-
able. It is important to note that to ensure the accuracy of our
measurements, the height differences between atomic layer
planes are determined by scanning multiple samples and ar-
eas.

To investigate the surface reconstruction of KCuysSes,
we concentrate on analyzing the topographical characteris-
tics of the Se?~ (surface II) and Se~ (surface III) atomic
layer as revealed by annealing. Notably, the second anneal-
ing stage unveils approximately 60% exposure of the Se?~
atomic layer, predominantly featuring two perpendicularly ori-
ented 1D atomic chains. Figure 5(a) displays a typical recon-
struction of the Se?~ atomic layer, showcasing atomic chains
primarily in pairs with alternating bright and dark aggrega-
tions along with double or triple chains. The spacing be-
tween adjacent bright atomic chains measures approximately
2.1 nm, with the spacing between individual bright spots of
these chains being 0.56 nm. This 2.1-nm spacing corresponds
to 44/2 times the lattice constants (¢ = b = 0.4 nm) of the
Se?~ layer, closely matching the theoretical value of 2.24 nm.
Likewise, the 0.56-nm spacing of the bright (dark) spots is /2
times the lattice constant, consistent with theoretical value.
A simplified simulation diagram depicted in Fig. 5(b), illus-
trates the atomic reconfiguration post-annealing relaxation.
Here, the blue box on the left outlines the lattice of the Se?~
atomic layer, the red box indicates the reconfigured lattice to
/2 times its original size, and the red stripes are the bright
atomic chains formed by the aggregation of bright spots. In
the third stable state, the coverage of the Se™ atomic layer
(surface III) significantly expands. Apart from symmetrically
arranged triangular patterns, a 1D stripe pattern with alternat-
ing bright and dark spots is observed, as shown in Fig. 5(c).
The bright and dark spots alternate with a spacing of 1.68 nm,
while the distance between spots within a single stripe mea-
sures 1.14 nm. However, across many scanned topographies,
the signal from the dark spot fringes is relatively weaker or
even absent. The periodic spacing between the bright and dark
atomic stripes is approximately four times the lattice spac-
ing of the Se™ layer, with the spacing between adjacent light
(dark) spots approximately three times the lattice spacing, as
depicted in Fig. 5(d). Within this diagram, dark red and bright
red represent the central Se atomic clusters within the bright
and dark atomic chains, respectively. This lattice inhomo-
geneity and surface reconfiguration may significantly impact

the system’s electron—phonon interaction and charge transport
31,37]

behavior.!

Fig. 5. The typical reconstruction topographies and corresponding simulation
diagrams for (a), (b) (10 nmx 10 nm, V =0.5 V, and I = 50 pA) surface II
and (c), (d) (25 nmx25 nm, V =0.5V, and I = 50 pA) surface III.

4. Conclusion

In summary, by using in situ STM, our study has pro-
vided valuable insight into the surface structural evolution of
KCuy4Ses under thermal conditions. We have successfully ob-
served the transitions between the K, Se?~, and Se™ atomic
layers, providing a clearer picture of the surface dynamics
at the atomic level for the first time. The coexistence of
potassium disorder and complex selenium reconstructed pat-
terns may potentially affect charge carrier and lattice dynam-
ics. These preliminary findings enhance our understanding mi-
crostructural behaviors in KCuysSes and offer potential path-
ways for optimizing material properties through surface en-
gineering. Further investigations are needed to elucidate the
kinetic and thermodynamic process involved, which could en-
able more precise control over the material properties for im-
proved thermoelectric performance.
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