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ABSTRACT: Quantum well states (QWSs) can form at the surface or interfaces of materials with

confinement potential. They have broad applications in electronic and optical devices such as high

mobility electron transistor, photodetector and quantum well laser. The properties of the QWSs
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are usually the key factors for the performance of the devices. However, direct visualization and

manipulation of such states are in general challenging. In this work, by using angle-resolved

photoemission spectroscopy (ARPES) and scanning tunneling microscopy/spectroscopy

(STM/STS), we directly probe the QWSs generated on the vacuum interface of a narrow band gap

semiconductor Nb,SiTe4. Interestingly, the position and splitting of QWSs could be easily

manipulated v7a potassium (K) dosage onto the sample surface. Our results suggest Nb,SiTe, to

be an intriguing semiconductor system to study and engineer the QWSs, which has great potential

in device applications.

KEYWORDS: narrow gap semiconductor, two-dimensional material, quantum well states, band

structure engineering, angle-resolved photoemission spectroscopy

Quantum well states (QWSs) can form when carriers are tightly confined to a potential well

whose thickness becomes comparable to the de Broglie wavelength of the carriers, leading to

energy bands with discrete energy levels (i7.e., sub-bands). Therefore, these states are generally

found at the surface or heterostructures of materials. Such dimensionally confined electron gas

can exhibit exotic quantum phenomena, for instance the high-mobility transport in metal oxide
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semiconductor field effect transistors (MOSFETs),!-3 superconductivity and magnetism in

LaAlOs/SrTiO; interface,*% quantum spin Hall effect in HgTe/CdTe’-® and InAs/GaSb

interfaces,!% ' and spin-momentum locking in strong topological insulators.!?!* On the other

side, QWSs are also widely used in electronic industry, including in high electron mobility

transistors (HEMTS), infrared detectors, diode laser erc.!>1°

The features of the QWSs, including the energy positions, splitting of the sub-bands as well as

their dispersions are the key factors that determine the intriguing physical properties and the

performance of the devices.?’-2* For example, the splitting of the sub-bands determines the

wavelength of the lasing/absorbing photons, while the carrier concentration, effective mass and

mobility strongly affect the performance of HEMTs. Over the past decades, countless efforts

have been invested in generating different types QWSs devices and improving their qualities. On

the other side, direct visualizing and manipulating these states are also very important to widen

our understanding on the fundamental properties of this phenomenon. Angle resolved

photoemission spectroscopy (ARPES) serves as a powerful tool to directly visualize the

electronic structure in the momentum space. The technique has been used in the observation of

the strong spin-orbit coupling QWSs formed on the Bi,Ses/Bi,Tes surface,”> QWSs with large
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electron-phonon coupling on the surface of SrTiO; and black phosphorus,?6-?8 therefore a great

method for such a study.

In this work, we present the direct visualization of naturally formed QWSs on the top cleavage

surface (vacuum-semiconductor interface) of a recently discovered narrow gap semiconductor

Nb,SiTe, and its detailed physical properties extracted (e.g. the energy positions, effective mass

and sub-band splitting) by using the ARPES technique. In addition, we managed to manipulate

the QWSs by shifting the QWSs’ energy positions and tuning the sub-band splitting, through 7n

situ potassium (K) dosage on the surface. The measured dispersion and evolution of the QWSs

show nice agreement with our first-principles calculations. Our study reveals the existence of

QWSs in a narrow gap semiconductor, and suggests a pathway to characterize and engineer the

QWSs in various systems with important device applications, e.g. photodetectors with tunable

photon energies.

RESULTS AND DISCUSSIONS

Formation of QWSs on a semiconductor surface. The schematics of the QWSs forming on the

vacuum semiconductor interface were illustrated in Figure 1. Due to the breaking of translational
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symmetry, an electric field builds up at the interface alongside with the bending of the

conduction and valence bands. The electric fields form a surface quantum well confined to the

sample surface, where the QWSs with several quantized sub-bands resides. The dispersion of

such type of QWSs could be viewed as the quantized wavefunctions of electrons near Eg, as

illustrated in Figure 1a(i), b(i). The typical band structure of the QWSs in semiconductors would

appear dispersive along the Kj(K, and K)) directions, while being relatively flat along the K,

(K) direction due to the surface confinement (Figure 1c(i)).

The surface band bending plays a critical role in the formation of the QWSs. Therefore, the

QWSs could be modified by changing the surface conditions, e.g. by decorating the surface with

K atoms (Figure la(ii)). The deposited K provides extra charges onto the sample surface,

increasing the electric field and the extent of the band bending, thus steepens the surface

potential well, as demonstrated in Figure 1b(ii). The confined QWSs are expected to evolve

inside the modified potential well, with the increased splitting of the sub-bands (Figure 1c(ii)).

Crystal structure and characterizations of Nb,SiTe,. The formation and manipulation of this type

of QWSs can be realized in Nb,SiTe,, a narrow gap semiconductor (gap size ~ 0.39 eV) recently

discovered.?® Nb,SiTe, crystallizes in a monoclinic lattice with space group P121/cl (No. 14)
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with a layered structure shown in Figure 2a(i). Each layer is formed by the chain-like structure
(Figure 2a(ii)) along the a-axis and the layers are bounded by van der Waals force. The surface
topography on the cleaved surface of Nb,SiTe, with scanning tunneling microscopy (STM) is
illustrated in Figure 2b, showing nice arrangement of the topmost tellurium (Te) atoms on the
(001) cleaved surface plane. The measured lattice constants obtained from the atomic resolved
image are 2= 6.70 A, b=8.27 A, respectively. The high quality of the samples was verified by
X-ray diffraction and X-ray photoemission spectroscopy (see the supporting information, Figure

Sla, b).

The overall electronic band structure of Nb,SiTe, is illustrated in Figure 2d (the definition of the
Brillouin zone (BZ) and its projection on the (001) surface are shown in Figure 2c). From the
three-dimensional plot of the photoemission spectra, as well as the dispersions along the high
symmetry Z — I' — Z (Figure 2e(i)) and A — I — A directions (Figure 2e(iii)), one can clearly
identify an indirectly gapped semiconducting electronic structure. The valence band top is
located between the A and I points while the conduction band bottom appears between the Z and

I points, with the indirect gap size measured to be ~ 0.3 eV (Figure S2a). The measured
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electronic structure shows nice agreement with the first-principles calculations (Figure 2e(ii),

(iv)) and the previous scanning tunneling spectroscopy (STS) measurement.3*

Interesting, several discrete bands are spotted inside the valence bands (as indicated by the
arrows in Figure 2e). These discrete bands locate within the bulk band continuum and do not
appear in the calculations of the bulk electronic states. Rather, these features are the

manifestation of the sub-bands of the QWSs formed on the Nb,SiTe, cleavage surface.

QWSs in the valence band. The QWSs could also be observed in the dI/dV curve measured by
the STS (Figure 3b), where the energy intervals match well with the photoemission spectrum
near I" (the second derivative illustrated in Figure 3a, with the integrated energy distribution in
Figure 3b), in spite of a ~200 meV global energy shift, which may come from the inhomogeneity
of the sample and different probe range of STM and ARPES. Therefore, the features are
excluded from the artifact caused by the photoemission matrix element or the finite K, resolution
(which would bring together the dispersion at other K, values). In order to verify the QWSs
nature of these features, we further carried out photon-energy-dependent ARPES measurement,
which allows us to extract the dispersion of band structure along the K,(B — I’ — B) direction.

From the extracted energy distribution curve (EDC) plot at K,= K,=0 A1 measured at
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different photon energies (Figure 3d) we find that while the intensity corresponding to the bulk

bands shows clear evolution with the changing photon energies (7.e. along the K, direction), the

intensity of the QWSs sub-bands shows little variation, proving their two-dimensional nature

(the peaks aligned by the red dotted lines).

To further understand the nature of the QWSs, we calculated the band structure of the QWSs by

combining the first-principles calculation with the Poisson’s equation of the one-electron surface

potential V(z), which is presented in detail in the method section. The calculated QWSs show

multiple sub-bands with reducing energy splitting (Figure 3c), in general agrees well with the

ARPES result.

Evolution of the QWSs with K dosing. As the surface potential V(z)plays a crucial role in the

formation of the QWSs, increasing the V(z)by adding additional electrons through the surface

dosage of K appears to be a good way to manipulate the QWSs in Nb,SiTe,. Detailed

information about the setup of the K dosage can be found in Figure S3. With increasing K

dosage, a gradual downward shift of valence and conduction bands (Figure 4a-c along the high

symmetry directions A —I' — A, Z — ' — Z , and the second derivative of the later, respectively)

was clearly observed, suggesting the increase of the extent of the band bending. The sub-bands
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of the QWSs appear to depart from each other while shifting towards higher binding energies

together (additional information can be found in Figure S2b). Such systematic evolution with the

surface K dosage (increasing of the depth of the surface potential well ( Vj,)), could be repeated

by our theoretical calculation (Figure 4d), which shows the same downward shift of the sub-

bands and the increase of the energy intervals.

The evolution of QWSs from both the experiment and the theoretical calculation are summarized

statistically in Figure 5. We plot the energy positions of the first three sub-bands as a function of

the calculated K dosage level, and a similar trend can be found between the experiment (black

axes) and calculation (blue axes). If we rescale the energy axis and shift the relative energy

position, the two results can be well aligned. The difference here is likely due to the fact that

parameters used in our calculation cannot thoroughly capture the real conditions of the material

surface. Nevertheless, our simple model already quantitatively reproduced the formation and

manipulation of the QWSs.

Our observation of the QWSs in Nb,SiTe, provide a revenue for the investigation on this

material system. As the QWSs appear in the form of flat bands along all directions near I', they

create large density of state at certain energy levels (0.3 to 1.2 eV from the bottom of the

10
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conduction bands), which may lead to strong photon absorption/emission. In fact, Nb,SiTe,

already demonstrates strong mid-infrared response.* More importantly, the tunable QWSs

provide the possibility to select the wavelength of the absorbed/emitted photons, therefore have

great application potentials in the development of future optoelectronic devices.

We note that in addition to the K dosage in the vacuum environment, the surface potential wells

which are critical to the formation of the QWSs could be created in alternative ways, such as

fabricating heterostructures with materials possessing different chemical potential or applying

gate voltage to the thin film of Nb,SiTe,. These methods could apply to the normal environment

and compatible with device fabrications. For sure, different approaches for tuning the electronic

structure create different physical environments for the QWSs, but the experiment carried in the

UHYV environment would illustrate the key physics that would hint for tuning the electronic

structure in ambient environment, device design and applications.

CONCLUSIONS

In conclusion, we systematically investigated the electronic structure of the recently discovered

interesting semiconductor, Nb,SiTe,, and confirmed the indirect band gap (~ 0.3 eV). Naturally

11
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formed QWSs were observed on the cleavage surface of Nb,SiTe,, with discrete sub-bands

inside the valence band. Through 7n suit surface K dosage, we are able to tune the surface

potential and therefore change the position and the splitting of sub-bands of the QWSs. Our

results not only reveal a fascination QWSs on the surface of a narrow band gap semiconductor,

which has great application potential, but also proposes an intriguing method to probe and

manipulate the QWSs, to wider our fundamental understanding of this interesting phenomenon.

METHODS

Crystal growth. Mixing powder in a mortar for 20 mins with a molar ratio of 1:2:8 of the Nb

(niobium,99.95%), Si (silicon, 99.999%) and Te (tellurium, 99.99%), the completely mixed

powder was placed in alumina crucible and sealed using a quartz tube at ~10* Pa. Then the tubes

are healed up to 1150 °C in 15 h and stay for 5 h, then ramp down to 750 °C with a rate of 1 "C

h ~! and stay for another 15 h in a high temperature well-type furnace. Extra power Si and Te

will play a role of flux in reducing the melting temperature of Nb and they will be quickly

removed using a centrifuge with vacuum of ~10-*Pa keeping the temperature stage at 750 “C.

12
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The final step is to cool down the quartz tube to room temperature in the air and then Nb,SiTe,

are obtained with metallic luster flakes.

STM and STS. STM used in this work is a commercial product provided by Unisoku

cooperation. Nb,SiTe, single crystal was cleaved in the preparation chamber and transferred 7n

situto the STM sample stage connected to a cryogenic stage kept at 77.8 K (by liquid nitrogen)

for measurement under ultra-high vacuum (UHV) below 2 x 10719 Torr. Silver islands grown on

p-type Si (111)-7 x 7 were used to calibrate the Pt-Ir tips, which were used for both imaging and

tunneling spectroscopy measurements. And the dI/dV curves are amplified by Lock-in with

reference signal frequency of 997.233 HZ and amplitude of 5 mV.

ARPES. Synchrotron based ARPES measurements were performed at beam line 10.0.1 of the

Advanced Light Source (ALS). The samples were cleaved in sifu and measurements were

performed under UHV below 3 x 10-'! Torr at ALS. Data were collected by a Scienta R4000

analyzer. The total energy and angle resolutions were 10 meV and 0.2°, respectively.

Home-built helium-lamp-based (hv = 21.2 eV) ARPES measurements were performed at

ShanghaiTech University. The samples were cleaved 7n sifz and measured under UHV below 4 x

13
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10! Mbar. Data were collected by a DA30L analyzer. The total energy and angle resolutions

were 20 meV and 0.2°, respectively. All ARPES measurements were performed at liquid

nitrogen temperature.

First-principles band structure calculations. The first-principles calculations were carried out in

the framework of the Perdew-Burke-Ernzerhof-type generalized gradient approximation of the

density functional theory through employing the VASP package with the plane-wave pseudo-

potential method.30-32 The kinetic energy cutoff is fixed to 450 eV and the k-point mesh is taken

as /-centered 8 x 8 x 8 grid for the bulk calculations. The experimental crystal structure is taken

and atomic positions are fully relaxed until the atomic force on each atom is less than 10 =2 eV

A~1. The spin-orbit coupling is included in the whole calculations. Tight-binding Hamiltonian

based on Wannnier functions is constructed by projecting the Bloch states onto the Nd-4d, Te-5p

orbitals.?3 3* The surface states are calculated by the iterative Green’s function method using

WannierTools package.?

The one-electron potential V(z), describing the band bending in the space-charge region as a

dZ

function of depth zbelow a semiconductor surface, must satisfy Poisson’s equation: i

14
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e e

av
25— Np + Ny —p(2) +n(z)) with the boundary conditions: V(2)—0 as z—0,|, - 0 = ;7555

N, where, Np,N 4 are the bulk donor/acceptor density, assumed constant throughout the

semiconductor, and p(z),n(z) are the electron/hole density and N is the surface state density. n
o E, 1

(2) = fo 9c(E)frpdE, p(2) = foogv(E)(l — frp)dE, frp(E) = L4 SR T@ where g (E), gv

(E) are the density of states for the conduction and valence bands, respectively, and we get them

from first-principles calculations. Here we set Vi instead of N as initial boundary conditions.

A 50-unit cell-thickness tight-binding supercell Hamiltonian, based on maximally localized
Wannier functions, was constructed from first-principles calculations. In order to consider the
electric-field effect, the resulting potential V(z) was then added to the onsite energy of the

supercell tight-binding Hamiltonian.
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Figure 1. The formation of QWSs on a semiconductor surface. (a) Schematic of the sample

surface before and after K-dosage. (b) Schematic of QWSs at the sample surface before and after
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K-dosage. (c) Schematic of QWSs along parallel momentum K, and vertical momentum K ,, Ex

Fermi energy. E,: surface potential energy.
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Figure 2. Crystal structure and basic characterizations of Nb,SiTe,. (a) Schematic of (i) the

layered monoclinic crystal structure of Nb,SiTe,, (ii) lattice structure in the ab plane with one

surface unit cell labelled by the blue lines. (b) (i) Surface topography of the (001) surface of

Nb,SiTe, on the 8 nm x 8 nm sample surface, with sample bias ;=40 mV and tunneling

current /;= 500 pA. The inset shows the picture of a high quality Nb,SiTe, single crystal. (ii)

Zoomed-in topography scan of an area in (i). Identified Te atom of (001) crystal plane is marked
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with one surface unit cell labelled by the blue lines. (¢) Schematic of bulk Brillouin zone and its
projection to the (001) surface with high symmetry points labelled. (d) 3D Volume plot of the
overall band structure acquired by helium-lamp-based (hv = 21.2 eV’) ARPES. (e)
Photoemission spectra along the Z — I' — Z (i) and A — I' — A (iii) directions, respectively. Red
arrows indicate the identified sub-bands of QWSs. An indirect band gap of ~ 0.3 eV is labelled.
The results are compared with the theoretical calculations of the bulk band structure along the

Z —T —Z (ii) and A — I' — A directions (iv), respectively. Data were collected at hv = 21.2 eV.
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Figure 3. QWSs in the valence band. (a) Plot of the second derivative of the photoemission
intensity along the A — I' — A direction. Sub-bands of the QWSs and valence bands are labelled.
Data were acquired at hv = 21.2 eV. (b) Extracted second derivative of EDC from (a) near I'
(indicated by the blue line in (a)). The inset shows dI/dV spectrum on Nb,SiTe, measured by
STS at liquid nitrogen temperature with the same energy range. Red arrows indicate the
identified sub-bands of QWSs. (c¢) Calculated band dispersions along the A — I' — A direction
with V= 0.8 eV. Arrows indicate the identified QWSs and bulk valence band. (d) Stacked plot
of EDCs at K,= K,=0 A~ but different K, values extracted from photon energy dependent
measurement whose photon energy ranges from 37 to 69 eV. Arrows and dashed lines mark the

positions of the valence band and QWSs.
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Figure 4. Evolution of the QWSs with K dosing. (a) (i-v) Evolution of band dispersion along the Z — I' —

Z direction at different K dosage. (b) (i-v) Evolution of band dispersion along the A — I' — A directions at

oNOYTULT D WN =

10 different K dosage. (c) Second derivative analysis results of ARPES intensity in (b). (d) Calculated QWSs

13 band structure at different V,, values. The first three sub-bands are labeled by red arrows in (a-d). Data of

16 (a) and (b) were acquired at hv = 21.2 eV. The estimation of the coverage of K dosage in units of

19 monolayer (ML) are discussed in details in the supporting information. We could also note the reduction

22 of the bandgap in (a). The physical origin and its application are discussed in the supporting information.
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whereas the blue marks are the extracted energy positions of the first three sub-bands of the

QWSs from the calculation results. The estimation of the carrier concentration from K dosage is

explained in detail in the supporting information. The energies are scaled for a clear comparison

of the trend of evolution.
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