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Work Function and Photothreshold of
Zirconium Sulfoselenide Transition Metal
Dichalcogenides

M. Moustafa, C. Janowitz, and R. Manzke

Abstract—Single crystals of ternary layered transition metal
dichalcogenide zirconium sulfoselenide compounds (ZrS,Se,.,)
were grown by the chemical vapor transport technique and
characterized employing different methods such as dispersive
x-ray spectroscopy (EDX), the low energy electron diffraction
(LEED), and Laue diffraction. The work function and
photothreshold values of different compositions of the ZrS,Se,.
« family have been measured by high resolution angle-resolved
photoemission spectroscopy (ARPES). The photothreshold
values are found to follow an ascending trend from ZrSe,
towards ZrS,. Additionally, the obtained values of the end
members, i.e. ZrS, and ZrSe,, are compared with the existing
values based on various band models and previously
experimental results.

Index Terms— Work function
transition metal dichalcogenides,
photoemission and photoelectron spectra

and photothreshold,
layered  materials,

I. INTRODUCTION

ork functions and photothresholds are considered to

be important physical quantities which characterize
material surface properties. The work functions play an
essential role in various phenomena such as electron
emission from materials and charge transfer at interfaces.
The latter determine the properties of the interface between
two materials. Therefore, determining such surface
parameters is important when employing layered structure
materials for fabrication such as Schottky-barrier and Ohmic
contacts. Work function and photothreshold values can be
determined by different techniques such as the
photoemission spectroscopy (PES) and the Kelvin probe
(KP) [1, 2]. Kelvin probe is a non-contact vibrating
capacitor device used for measuring the work function
difference between a specimen and a vibrating electrode
brought in close proximity. While the PES allows the
measurement of the absolute values, KP only gives the
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contact potential difference (CPD) between the actual probe
and the sample surface. Calibration with reference material
allows turning KP results into absolute values.

The family of the transition metal dichalcogenides
(TMDCs) represents a class of important layered materials
[3-5]. They possess a batch of rich remarkable features
leading to a wide range of interesting physical properties
and suitability for various applications. They display the
whole spectrum of electronic properties covering the range
from metals and semi-metals to large and narrow band gap
semiconductors to insulators [6, 7]. The compounds of this
family have in common the chemical formula MX, where M
stands for a transition metal and X for a chalcogen atom: S,
Se, or Te of group IVa. The most significant structural
character of these compounds is that they crystallize in a
quasi 2-D structure consisting of a sheet of metal atoms
lying between two sheets of chalcogens forming X-M-X
layers or sandwiches. Inside the layers, the bonding is of
strong mixed covalent-ionic character depending on the
electronegativity y of the elements, while the adjacent layers
are loosely coupled by relatively weak Van der Waals
forces. The family of ZrS,Se,, TMDCs belongs to the
group Vb crystallizes in 1T structure in which the transition
metal is octahedral coordinated by six chalcogenides, as
shown in Fig. 1 (a).

The highly anisotropic structure of these materials, in
combination with different d orbital occupations in different
transition metal elements, give rise to a lot of unique
physical properties in a number of their electronic, optical,
and chemical properties [8, 9]. Additionally, TMDC
semiconductors were introduced for different types of
applications, e.g. p-n junctions [10], high mobility field-
effect transistors [11], switching and memory effects [5],
and photovoltaic applications [5, 12]. The energy gap range
of the TMDCs matches the solar spectrum very well. The
energy gap range of the TMDC materials matches the solar
spectrum very well, in addition to the reported high
absorption and strong anisotropy of the transport properties.
Therefore, TMDC semiconductors are considered to be
promising candidates for the implementation in photovoltaic
applications and for efficient solar energy conversion
among many other semiconductor compounds proposed for
this field. Some of them, like WSe, [13, 14], MoSe, [13],
and WS, [15] have been already successfully explored for
potential use in the fabrication of solar cell applications.

Electronic properties of the TMDC materials have been
investigated by many groups using different approaches.
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(b)

Fig. 1. (a) 1-T crystal structure (b) Corresponding Brillouin zone (BZ) with
different high symmetry points and directions (c) LEED pattern of ZrS, taken
at an electron energy of 102 eV

Early, the band structure calculations of Murray et al. [16,
17] using the semi-empirical tight binding approach of the
linear combination of atomic orbitals (LCAO) method. The
calculations of Bullett [18] based on the chemical
pseudopotential methods. Most recently, novel calculations
of the band structure were performed based on density
functional theory (DFT) method and with the inclusion of
the spin-orbit interactions [19, 20]. Ghafari et al. [19]
reported on the electronic structure of ZrS, and ZrSe,
crystals as well as for the ternary ZrSSe compound. Jiang
reported for four simple TMDC materials using GW
approximation method [20]. Additionally, the electronic
properties of layered TMDCs have been studied by many
various  experimental techniques, including optical
absorption, [21- 24] direct and inverse photoemission
spectroscopy (PES/IPS) [19, 25, 26]. In spite of these
intensive theoretical and experimental efforts, still much less
has been known about the work functions and the
photothresholds of TMDCs and in particular for the family
of ZrS,Se,,. This work focuses on the experimental
measurements of work function and photothreshold values
of the ZrS,Se, series by the photoemission spectroscopy.
The obtained values are discussed and compared with the
existing values found in the literature.

II. EXPERIMENTS

All single crystals of ZrS,Se,, used for this study were
grown by the chemical vapour transport (CVT) technique
using iodine as the transport agent. The stoichiometric
quantities of 99.999% pure sulfur and selenium powder, and
99.8% pure zirconium were placed in quartz ampoules.
99.999% pure iodine was added to provide an iodine
concentration of (5 mg cm™) of the ampoule volume. The
charged ampoules were evacuated and sealed at a pressure
of ~10” Torr, for more details about the crystal growth
referee to [21], with the reagents maintained at liquid
nitrogen temperature preventing sublimation or evaporation
of the ampoule contents and retaining volatile impurities.
Crystal growth took place in a 4-zone oven including two
zones for buffering at both ends to avoid temperature
variation caused by the environmental temperature during

ISBN: 978-988-14047-6-3
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

R ) T T T T T T T
ie
| %
- [ %
g {5
= ] 5
; z
gl | 3
g, X a
.*::'\ T "- f\}fr
2 iES ?5"’ *m
= ! s A o § \E"
= T iy 1
Laaal M T T I T |
4 6 8 10 12 14 16 18 20 22

Kinetic Energy [eV]

Fig. 2. EDC spectrum of ZrS,sSe;, crystal taken at the A point of the BZ
taken with energy of 22 eV. For the determination of the photothreshold, bias
voltage has been applied to accelerate the slowest kinetic energy electrons
and accordingly the secondary cut-off is measured.

the growing process. The crystals obtained had naturally
clean mirror-like faces and were thick enough enabling
good cleavage in ultrahigh vacuum (UHV) in the direction
perpendicular to the c-axis. This character is of high
impotence when they are subjected to experiments such as
the photoemission spectroscopy measurements.

The stoichiometric compositions of the grown crystals
were determined using energy dispersive x-ray spectroscopy
(EDX) for crystals of the ZrS,Se, , series. For a qualitative
determination of the crystal structure we used the low
energy electron diffraction (LEED) which showed a clear
hexagonal array. Fig. 1 (b) and (c) represent the
corresponding Brillouin zone (BZ) of the octahedral
structure with different high symmetry points and directions
and a LEED pattern of ZrS, taken at energy of 102 eV,
respectively. LEED in addition to Laue diffraction patterns
used to orientate the crystals. High resolution photoemission
spectroscopy spectra were measured at the Helmholtz-
Zentrum Berlin for materials and energy (HZB). The
measurements were performed under ultra high vacuum (p <
2x10™"" mbar). The resulting photoelectrons were energy
analysed using a hemispherical analyser. Values of work
function @ and the photothreshold Ep were taken after
saturation, i.e. no significant changes are observed. Usually,
a bias voltage is applied on the sample to accelerate the
slowest kinetic energy emitted electrons to beyond the
spectrometer’s minimum energy and accordingly the
secondary cut-off is measured.

III. RESULTS AND DISCUSSION

The work function @, the photothreshold E,, and the
electron affinity parameters can be determined precisely
utilizing the photoemission spectroscopy. This technique
has an advantage of allowing the measurement of the
absolute values without need of calibration, contrary to e.g.,
the Kelvin probe method.

A typical photoemission spectrum has two thresholds:
The higher energy cut-off which is determined by the Fermi
level Er or by valence band maximum E, of metals or
semiconductors, respectively, and the lower energy cut-off,
or secondary edge E;, as formed by the secondary electrons
with the minimum energy required for escaping from the
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TABLEI
WORK FUNCTION (®) AND PHOTOTHRESHOLD (Ep), DETERMINED BY
PHOTOEMISSION SPECTROSCOPY, FOR VARIOUS COMPOSITIONS OF THE

SERIES ZRS«SE; x

7rS,Sep« () Ep
X [EV] [eV]
0.0 522+0.18 6.12+£0.14
0.4 535+0.26 6.43 £0.26
0.8 5.36+0.31 6.54 +£0.30
1.2 526%0.11 6.65£0.15
1.5 5.27+0.20 6.74+£0.12
2.0 520+0.14 6.90+0.12

solid surface. Fig. 2 depicts an example of the obtained
energy distribution curve (EDC). Since the length of the
spectrum is known, the work functions or the
photothresholds are determined as:

®=hv-(Er —E) @
Ep =hv—(Ey —Ey) (2)

where hv is the photon energy. E; is the lower energy cut-
off, Ey and Eg are the higher cut-offs for semiconductors
and metals, respectively. Usually, a bias voltage is required
to be applied on the sample to accelerate the slowest kinetic
energy emitted electrons to beyond the spectrometer’s
minimum energy and accordingly the secondary cut-off is
measured. The measurements have been performed by
applying various bias voltages in the range between 2.5 eV
and 5 eV for each sample. Values of work function and the
photothreshold were taken after saturation, i.e. no
significant changes are observed. The experimentally
determined values of the work function and photothreshold
for the whole series of ZrS,Se,., are summarized in Table 1.
The work function of the gold of ~5.1eV was found, in
consistent with other reported values, which confirms the
accuracy of the results.

First, we compare the present results of the end members
of the group i.e. ZrSe, and ZrS, with the measurements by
other groups. This is not possible for the mixed
compositions due to the scare results for them. For ZrSe,,
the reported work function ®=5.22 eV agrees well with
experimental value of 5.2 eV [27] and slightly higher of 4.8

V [18]. The photothreshold of 6.12 eV is in a very good
agreement to the reported values, both experimentally e.g.
[22] and from ab initio tight binding calculations after
subtracting the energy offset value of 6.1eV [28]. Values of
photothreshold obtained from photoemission spectroscopy
is 0.9 eV compared to 1.25 eV complied by Willams [29].

The difference is most likely due to the self-intercalated
TABLE II
IONIZATION POTENTIALS (IN UNITS OF EV) OF OBTAINED FROM THE
KOHN-SHAM (KS) AND (GW) CORRECTIONS OF THE EXCHANGE-
CORRELATION FUNCTIONALS AND FROM THE (EN) MODEL. ATOMIC
IONIZATION POTENTIALS AND ELECTRON AFFINITIES (IN UNITS OF EV)
USED THE EN MODEL [32]

Materials ~ (I®) 1) 1™  atom I A
ZrSe, 5.56 6.04 5.58 Se 9.75  2.02
718, 6.28 6.76 6.10 S 1036  2.08

Zr 6.84 043
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character of the ZrSe, which is due to the excess metal for
Se-rich compounds. This is interpreted in correspondence of
the phase limit of a good-stoichiometric character of the
crystals. The phase limits of good and poor-stoichiometric
zirconium diselenide samples have been placed as
ZrSe 9452003y and ZrSe sso0.03), respectively, for crystals
grown by the CVT technique [30, 31]. The ratio of Se/Zr
(1.945) leading to more additional zirconium atoms which
occupy the vacancies left by the chalcogens (S or Se). We
assume that a similar analogy is valid for the ternary
compositions crystals since they come from the same
growth batch, or at least have been grown under very
similar conditions.

For ZrS, little differences have been observed, the work
function and the photothreshold were found to be of 4.95
eV and 6.05 eV, respectively [33]. This may be due to the
high discrepancy of the band gap determination of ZrS, due
to the so-called band gap problem, i.e., the band gaps of
many semiconductors and insulators are systematically
underestimated by 30-100% [34]. Experimentally, the band
gap values of ZrS, are reported to vary from 1.7 eV [5, 21]
to 2.48 eV [26]. Theoretical calculations for ZrS, using GW
approximation of the Density functional theory (DFT)
reveal that the band gaps of the ZrS, change from 1.8 eV to
2.61 eV [20]. The ionization potential for these materials
has been estimated to fall in the range from 6.1 eV to 7.1
eV. Recent band structure properties from first principle
calculations report on ionization potentials. Table II shows
the ionization potentials of the ZrSe, and ZrS, TMDC
materials obtained from the Kohn-Sham density functional
theory (KS-DFT) corrections of the exchange-correlation
functionals model calculations (I*®), and the GW correction
calculations (I“V), and the electronegativity model (1)
[20, 35, 36]. Experimental data for ionization potentials of
these materials are very scant. As obvious from the data, the
ionization potentials of these materials are mainly
determined by anions. This is, of course, mainly due to the
fact that the VBM states can be attributed to p states on
anions. Based on the previous review, the experimentally
obtained photothreshold value of (6.90 + 0.12 eV) is in
good agreement with the theoretical calculations.
Additionally, the obtained values of the photothreshold
follow an ascending trend from ZrSe, towards ZrS,. This is
in accordance with the hypothesis, observed for other
semiconductor systems, that the thresholds are determined
mainly by the electronegativity of the chalcogen (anion)
atoms. This is mainly due to the fact that the valence bands
are derived from p-states of the anions. Experimental values
of the photothresholds of selenides and sulfides differ by
0.78 eV, which is close to the difference values between
ionization potential of S (10.27 eV) and Se (9.53 eV)
chalcogen atoms of 0.74 eV [37], which is in good
agreement to the obtained experimental values. It is
interesting to consider some of the consequences of the
values of photothreshold determined for these materials.
Furthermore, since the energy gap values and the
photothreshold are known and assuming no band bending
near the surface, the electron affinity values of ZrSe, and
ZrS, are (5.02+ 0.18 eV) and (4.884+0.14 eV), respectively.
The obtained surface parameter values are of particular
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interest for developing an optimized alternative structure for
solar cell application, such as Schottky-barrier solar cells.

II. CONCLUSION

Single crystals of layered transition metal semiconductors of
ZrS,Sey, were grown by the CVT. They are n-type
degenerate semiconductors exhibiting a ‘self-intercalated’
character due to little deviation from the exact-
stoichiometry. The work function and the photothreshold
values of the ZrS;Se,, were determined by angle-resolved
photoemission spectroscopy. The photothreshold values are
found to follow an ascending trend from ZrSe, towards ZrS,
from 6.12 eV to 6.90 eV, respectively. The ternary TMDC
semiconductors ZrS,Se,, can be introduced as promising
materials for solar cell applications.
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