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Using molecular beam epitaxy, atomically thin 2D semiconductor HfSe2 and MoSe2/HfSe2 van der

Waals heterostructures are grown on AlN(0001)/Si(111) substrates. Details of the electronic band

structure of HfSe2 are imaged by in-situ angle resolved photoelectron spectroscopy indicating a

high quality epitaxial layer. High-resolution surface tunneling microscopy supported by first princi-

ples calculations provides evidence of an ordered Se adlayer, which may be responsible for a reduc-

tion of the measured workfunction of HfSe2 compared to theoretical predictions. The latter

reduction minimizes the workfunction difference between the HfSe2 and MoSe2 layers resulting in

a small valence band offset of only 0.13 eV at the MoSe2/HfSe2 heterointerface and a weak type II

band alignment.VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4917422]

The advent of stable 2D atomically thin transition metal

dichalcogenide semiconductors offers exciting possibilities

for nanoelectronic device scaling and extends our options to a

number of low power versatile applications.1 Up to now, the

group VIB metal dichalcogenide ((Mo,W)X2) atomically thin

semiconductors with a 2H crystal structure have been studied

extensively and their great potential to impact nanoelectronics

has been demonstrated on the basis of field effect transistors

(FETs) and generic integrated circuits.2,3 However, the rather

low carrier mobilities (as compared to conventional semicon-

ductors Si and Ge) and the difficulties to grow uniform large

area films inhibit their use in several applications. Other 2D

semiconductors4 as, for example, group IVB metal dichalco-

genides ((Zr,Hf)X2)
5 with a 1T crystal structure and poten-

tially better properties need to be investigated. HfSe2, in

particular, is predicted6–8 to be an indirect gap semiconductor

with a measured bulk value of Eg� 1.1 eV, similar to Si,9,10

and a remarkably high phonon-limited mobility of

�3500 cm2/V�s at room temperature.11

The existence of a large number of 2D materials with

similar crystal structure but with diverse electronic band

structure properties including energy gap, electron affinities,

workfunction (WF), etc., allows for the formation of high

quality van der Waals heteroepitaxial materials combinations

with abrupt interfaces and a variety of band alignments offer-

ing flexibility for the design of (opto)electronic devices. A

particularly interesting type II band alignment has been pre-

dicted to occur6 in group IVB/VIB metal dichalcogenide het-

erostructures (e.g., MoSe2/HfSe2), allowing for the

realization of 2D vertical staggered or broken gap tunnel

FETs (TFETs).12 However, experimental band alignments

may deviate from theoretical values due to possible surface

induced modification of workfunctions and charge transfer

effects at the interface. In recent work on HfSe2 films grown

on HOPG and MoS2 by molecular beam epitaxy (MBE),13

the measured workfunction of HfSe2
13 is substantially

smaller than the theoretically reported value6 implying that

deviations from the predicted band alignments with group

VIB materials6 are to be expected too. This calls for a deeper

investigation of epitaxial HfSe2 films and their heterostruc-

tures with other 2D dichalcogenides with the aim to examine

the band alignment configuration and the potential impact on

nanoelectronic applications.

In the present work, we report on MBE-grown HfSe2
and MoSe2/HfSe2 heterostructures. The growth is performed

on wide-gap-AlN(0001)/Si(111) technologically important

substrates. We focus on issues related to the van der Waals

epitaxial growth employing structural and physical charac-

terization as well as first principles calculations. We empha-

size on valence band imaging in k-space and band alignment

determination which is correlated with possible surface mod-

ifications due to Se adatoms.

The optimum temperature for the growth of HfSe2 films

on top of the AlN/Si(111) substrates was investigated in the

225 �C–690 �C range. The surface ordering and crystalline

quality of the substrate and the epilayers are controlled in-situ

by RHEED (Fig. 1). An optimum two-step growth is

employed for HfSe2
14 resulting in excellent crystallinity along

with a flat surface from 1 up to 6 ML HfSe2 epilayers, as evi-

denced by the distinct elongated streaks (Figs. 1(b) and 1(c)).

A different set of MoSe2/HfSe2 heterostructure samples

is produced where a HfSe2 is first grown at the optimum con-

ditions described above, followed by MoSe2 deposition at

the optimum conditions described elsewhere.14,15 It should

be noted here that reversing the order of the epitaxy such

that the MoSe2 is grown first on AlN followed by HfSe2
overgrowth is also an option. However, emphasis is given on

the direct order (MoSe2/HfSe2/AlN) because MoSe2 is much

more stable in air against oxidation15 compared to HfSe2
13

and essentially serves as a protective cap during processing

of the bilayer for device fabrication.

Despite the large lattice mismatch between the different

epitaxial layers and the substrate, all RHEED streaks are
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azimuthially aligned (Fig. 1), suggesting that the epilayers

are epitaxially grown such that [11–20]MoSe2
//[11–20]HfSe2//

[11–20]AlN in the plane. Since no additional streaks are

observed, it can be inferred that there are no rotated 30� or

90� domains, indicating that the epilayers are highly oriented

single crystals. Comparing the distance between the streaks

of the MoSe2 and HfSe2 epilayers with the ones of the AlN

substrate, the lattice constant of the MoSe2 and HfSe2 hexag-

onal lattices is estimated to be �3.26 Å and �3.78 Å, very

close to reported bulk values,6,7,16 indicating the absence of

strain as would be expected in van der Waals heteroepi-

taxy17,18 of these materials.

The surface of thin (1 ML) HfSe2 films on AlN is inves-

tigated in-situ by room temperature UHV-STM. A high reso-

lution image along with the diffractogram (Fourier pattern)

and a line scan are given in Fig. 2. A surface hexagonal lat-

tice is evident with a lattice constant as¼ 4.4 Å which is

higher than the lattice constant a(HfSe2)¼ 3.79 Å of HfSe2.

This leads to the assumption that an ordered hexagonal

adlayer with larger lattice constant partially covers the HfSe2
surface, affecting also electron diffraction (see slightly blur

RHEED pattern in Fig. 1). In addition, a faint
ffiffiffi

3
p

�
ffiffiffi

3
p

R30�

structure appears in the Fourier pattern (Fig. 2(b)). It is

anticipated that unstable adatoms separated by a distance of
ffiffiffi

3
p

as are either located at a higher point from the surface or

completely missing, revealing HfSe2 atoms underneath as

can be seen also in the line scan of Fig. 2(c). This creates the
ffiffiffi

3
p

�
ffiffiffi

3
p

R30� pattern in the real image as seen in Fig. 2(a)

(dashed circle). In a larger scale, the missing adatoms at
ffiffiffi

3
p

as positions produce a darker contrast in about 50% of

the scanned area. The rest 50% with brighter contrast can be

interpreted as fully formed adlayer with hexagonal lattice. A

profound candidate for the adlayer is selenium condensed on

the surface during cooling down; the assumption of Se

adlayer is supported by Density Functional Theory (DFT)

calculations.14 Energy minimization using Perdew-Burke-

Ernzerhof (PBE) potentials with van der Waals corrections

indicates that the most stable position of the Se adatom is on

top of Hf, while the second best position is on top of a Se

atom of the HfSe2 surface. A Se adatom initially placed on

top of Se in the bottom layer of HfSe2 is not stable reverting,

after relaxation, to a position on top of a surface Se.

Adsorption of two Se adatoms is energetically favored with

binding energy of �2.17 eV per Se adatom yielding a stable

configuration as shown in Fig. 3, in line with the observed

hexagonal arrangement in STM real image (Fig. 2(a)). The

empty center of the dashed hexagon in Fig. 3 reflects the

unstable location of Se adatoms on top of a Se at the bottom

of HfSe2 and can be correlated with the missing (or higher-

lying) Se adatoms inferred from STM (Figs. 2(a) and 2(c)).

FIG. 1. RHEED pattern along [11–20] azimuth of (a) 200 nm metal organic

chemical vapor deposition (MOCVD) AlN(0001)/Si(111), (b) 1 ML HfSe2/

AlN/Si(111), (c) 6 ML HfSe2/AlN/Si(111), and (d) 3 ML MoSe2 on HfSe2.

FIG. 2. (a) Room temperature high resolution UHV-STM image of 1 ML

HfSe2 on AlN(0001)(10nm� 10nm, Ubias¼ 0.5V, I¼ 0.5 nA). (b) The corre-

sponding FFT pattern revealing two groups of spots with hexagonal symme-

try. Blue arrows indicate a periodicity of 4.4 Å, while the white arrows

indicate a
ffiffiffi

3
p

�
ffiffiffi

3
p

R30� periodicity with respect to the other, which corre-

sponds to the superstructure marked by dashed circle in (a). (c) Profile along

the line in image (a) marking the positions where surface (ad)atoms are either

missing or exceeding from the surface.
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The excess surface-adsorbed Se bonded to Hf (Fig. 3) is

compatible with the slight over stoichiometry (Se/Hf ratio

around 2.1/1 on average) estimated from our in-situ XPS

measurements.14 Nevertheless, Se-Se bonds could not be

resolved from the Se 3d core level because we are at the lim-

its of our energy resolution of our XPS system.

The HfSe2 electronic valence band structure for a 6 ML

film is imaged along high symmetry crystallographic direc-

tions of the Brillouin zone (BZ) using in-situ angle resolved

photoelectron spectroscopy (ARPES) (Fig. 4(a)). Using PBE

potentials with van der Waals corrections, where the spin-

orbit interaction is taken into account, first principles calcula-

tions for 6 ML HfSe2 slab are performed and the results are

shown in Fig. 4(b). The agreement between theory and

experiment for the valence band dispersions is remarkably

good, showing that the valence band maximum (VBM) is

located at the center of the Brillouin zone (C point). Theory

predicts (Fig. 4(b)) that the conduction band minimum

(CBM) is located at the edge of the BZ (M point) yielding an

indirect gap semiconductor with Eg¼ 0.2 eV. Deviations

from previous published works are attributed to the different

parameters of calculations [e.g., inclusion of spin orbit cou-

pling (SOC) and layer thickness].6,19 Assuming that EF is

located at zero binding energy in Fig. 4(a), as it is usually the

case, the experimental energy gap is estimated to be larger

than 0.9 eV which is in line with the measured Eg� 1.1 eV in

bulk9 and epitaxial13 HfSe2 films. Similar valence band struc-

ture is imaged for the 1 ML HfSe2/AlN, whereas in the case

of capped HfSe2 with MoSe2, the HfSe2 layer cannot be

resolved as ARPES is an extremely surface sensitive method

especially when performed with 21.22 eV excitation energy,

as in our case. The well-defined dispersion curves along the

crystallographic directions shown in Fig. 4(a) support the

conclusions drawn on the basis of RHEED data that the film

is well oriented in plane with no rotational domains which, if

existed, could produce a mixed, ill-defined image in Fig. 4(a).

Following the growth of 6 ML of HfSe2 on AlN, addi-

tional MoSe2 layers are grown sequentially so as to obtain

material with thicknesses of 1, 2, 3, 4, and 8 ML of MoSe2.

Analysis of Mo 3d and Se 3dXPS peaks14 indicates stoichio-

metric MoSe2 films at any thickness. Once each thickness

target is reached, growth is interrupted to measure low

energy electron cut-off, valence band maxima, and core lev-

els by UPS and XPS. Representative spectra near the cut-off

regions are given in Fig. 5(a) for two thick HfSe2 and MoSe2
layers. For HfSe2, both techniques yield the same value of

WF� 5.5 eV. In the case of MoSe2, UPS and XPS yield

slightly different values of 5.1 and 5.2 eV, respectively. The

difference of 0.1 eV in workfunction values is attributed to

experimental error. The measured values for HfSe2 are nota-

bly lower compared to our theoretical estimates of 5.9 eV

(Fig. 5(b)) for bare HfSe2 and the previously reported theo-

retical value of 5.94 eV.6 They also deviate substantially

from the experimental value of 4.4 eV reported in Ref. 13.

Note, however, that our experimental WF¼ 5.5 eV agrees

well with the theoretical value of 5.59 eV (Fig. 5(b)) for the

HfSe2/Se adlayer system, indicating that Se adsorption on

HfSe2 surface inferred from Figs. 2 and 3 may be an expla-

nation for the lower experimental WFs observed. The meas-

ured MoSe2 WF of 5.1–5.2 eV agrees reasonably well with

our calculated value of 5.44 eV;14 however, it deviates sub-

stantially from the theoretical value of 4.57 eV reported

FIG. 3. Top and side view of the Se adlayer structure on HfSe2 as produced

by first principles (DFT) calculations. The dashed line marks the hexagonal

arrangement of Se adatoms separated between each other by a distance of

4.4 Å on average.

FIG. 4. (a) ARPES valence band imaging using He I excitation of 21.22 eV

along the high symmetry directions K/H-C/A-M/L of the Brillouin zone for

a 6 ML HfSe2/AlN sample. (b) DFT band structure calculations of 6 ML

HfSe2 free-standing slab with spin orbit coupling.
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earlier. 6 Discrepancies between different theoretical results

may be partly due to the different thicknesses assumed.

The energy separations14 between the core levels and the

VBM are used to calculate the valence band offset (VBO)

and the band alignments (Fig. 5(c)) employing Kraut’s

method20 and experimental literature values for the energy

gaps.9,13 The energy position of the Fermi level is compatible

with the measured VBM and workfunction values of the two

materials and they are compatible with electron affinity rule

except from a vacuum level mismatch dvac¼ 0.33 eV which

may be partly due to the experimental uncertainties in meas-

uring the MoSe2 WF and the energy position of EF. The band

alignment results between HfSe2 and MoSe2 in Fig. 5(c) indi-

cate a small VBO of only 0.13 eV and a weak type II band

alignment. These results differ from the theoretical ones6

which predict a type III heterojunction such that the VBM of

MoSe2 is at the same level or even higher than the CBM of

HfSe2. The main reason for the deviation between the present

experimental results and predictions is that the experimental

WF difference and hence the electron affinity difference of

the two materials are much less than theoretical estimates.

Although a type III heterojunction for broken gap TFETs is

not confirmed, a type II band alignment at the interface, simi-

lar to the one observed in the WSe2/MoS2 system,21 is possi-

ble, implying that atomically thin p-n heterojunctions22 can

be realized for staggered gap TFETs and for several applica-

tions in (opto)electronics.

In summary, HfSe2 and MoSe2/HfSe2 van der Waals

heterostructures are grown epitaxially on AlN(0001)/Si(111)

by MBE with very high quality as evidenced from RHEED

and ARPES imaging of the electronic band structure. By

sampling the surface with UHV-STM, evidence is obtained

of an ordered Se adlayer in hexagonal formation at least in

parts of the surface, supported by first principles calcula-

tions. This adlayer could explain the UPS measured values

of the HfSe2 workfunction, which were found to be lower

than the theoretically predicted ones. The band alignments at

the MoSe2/HfSe2 heterointerface do not confirm a type III

band alignment previously predicted by theory but they do

show the tendency to form a weak type II interface in a p-n

heterojunction configuration with prospective applications in

(opto) electronics.
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