RAPID RESEARCH LETTER

W) Check for updates

=] =
| O
o 0|

physica

www.pss-rapid.com

Probing Defects in MoS, Van der Waals Crystal through
Deep-Level Transient Spectroscopy

tukasz Gelczuk,* Jan Kopaczek, Pawet Scharoch, Katarzyna Komorowska, Mark Blei,

Sefaattin Tongay,* and Robert Kudrawiec*

The electrical performance of transition metal dichalcogenides (TMDCs) is
strongly affected by the quality of electrical metal contacts and the formation of
electrically active defects. Herein, deep-level transient spectroscopy (DLTS) is
used for direct probing of deep-level defects in the bandgap of single MoS, van
der Waals crystal. Standard DLTS temperature spectra reveal a deep-level trap
located at about 0.36 eV below the conduction band edge. This trap is tentatively
attributed to sulfur vacancies and localized on the electronic band structure of
MoS,, obtained within the density functional theory (DFT), and matched with
experimentally studied electronic band structure, by absorption and contactless

electroreflectance (CER) spectroscopy.

The transition metal dichalcogenides (TMDCs) such as MoS,,
MoSe,, WS,, WSe,, and so on are emerging family of 2D layered
materials similar to graphene, which are considered as promis-
ing candidates for various modern nanoelectronic and optoelec-
tronic ultrathin device applications."~* In TMDCs, one unit layer
has a common form of MX, (M =Mo or W and X =S or Se).
The intralayer bonds are strong covalent bonds, whereas the
interlayer bonds between two MX, slabs are typically weak
van der Waals (vdW) bonds, which allow micromechanical
exfoliation of TMDCs down to single or few layers.”! Single
or multilayer TMDCs exhibit numerous fascinating properties
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associated with their reduced thickness.
Unlike graphene, which does not have
a bandgap in its pristine form, the
TMDCs can exhibit both metallic and
semiconducting properties through the
proper selection of metal or chalcogen
in the crystal, and their bandgaps are
tunable with thickness. Namely, bulk
MoS, is a semiconductor with an indirect
bandgap of about 1.2 eV. When its thick-
ness is reduced to a few layers, the indirect
bandgap is tuned by quantum confine-
ment and increases substantially to about
1.3 eV and more, until it eventually exceeds
the energy spacing of the direct gap for
monolayer (ML) thickness. Finally, ML
MoS, shows a direct bandgap of about 1.8 eV."!

It is generally known that in semiconductors intrinsic struc-
tural defects (e.g., vacancies, interstitials, antisites, and so on)
can act as very efficient traps for electrons or holes and they
can strongly influence transport and electrooptical properties
of the host material. Although the understanding of defects in
conventional 3D semiconductors is well established and the
defects database is relatively complete, physics and activity of
defects in 2D semiconductors, such as the family of layered
semiconducting TMDCs, are still a field under investigation.[®!
Because of their physical dimensions, 2D materials are very sen-
sitive to the presence of defects in their crystalline structure.
Beyond 2D defects (i.e., vdW solids, layer stacking of different
layers, folding and wrinkling of layers, and so on), as well as
1D defects (i.e., grain boundaries, edges, in-plane heterolayers,
and so on), also many types of 0D defects (vacancies, adatoms,
substitutional impurities, etc.) can be observed in TMDC crys-
tals.[’! In contrast to graphene, which is made of only one layer
of carbon, the alternating X—-M-X increases the variety of point
defects in TMDCs. The influence of defects on the properties of
TMDCs has been extensively studied in recent years both theo-
retically and experimentally."”) Atomic (chalcogen or metal)
vacancies are regarded as the most common point defects in
TMDCs and are known to induce profound modification of their
electronic structure. In case of MoS,, first-principles calculations
based on density functional theory (DFT) predict the prevalence
of sulfur vacancies (Vs) against all the other types of point defects
(e.g., antisites, interstitials, or Mo-vacancies), both in the ML and
in the bulk crystal.”*! Direct experimental evidence that sulfur
vacancies exist in MoS, has been obtained from high-resolution
transmission electron microscopy (TEM).”*! Preliminary DFT
calculations have indicated that Vg introduce localized donor
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states in the bandgap, causing unpaired electrons into the lattice
and n-type doping the material ™ This was consistent with
experimentally observed n-type conductivity in MoS,-based
field-effect transistors (FET)."! Localized electronic states
created around Vg have also been indicated to be responsible
for charge transport mechanism at low carrier density regime
by hopping between these localized defect states.'!! Similar to
sulfur-deficient MoS; also sulfur-rich (or molybdenum-deficient)
MoS, would be expected to result in p-type doping. Indeed, local
n-type and p-type charge transports have been identified even in
different regions of the same MoS, sample, suggesting that the
local stoichiometry might vary significantly from the average
macroscopic stoichiometry."? However, extensive DFT calcula-
tions showed that the most abundant native defect Vg in bulk or
ML MoS, is either in neutral or negative charge state.! Thus,
being deep acceptor it cannot be the cause of the observed n-type
doping. In fact, the n-type doping of MoS, is usually assigned to
Re impurities, which are often present in natural samples but not
in the synthetic ones. Nb atoms, in turn, are considered as p-type
dopants.!® The native defect, such as V;, cannot be efficient
n-type dopant in MoS,, but it can still act as a deep electron
trap center, by which the electrical conductivity in MoS,-based
electronic devices can be partly suppressed in the presence of
native compensation defects.®!

Deep-level transient spectroscopy (DLTS) is normally used to
measure the electrical properties of deep-level defects in bulk
semiconductor crystals or epitaxial layers. However, this tech-
nique has some crucial limitations and special requirements
for ML samples. Its application is difficult for defect characteri-
zation in 2D materials and thus other optical spectroscopic tech-
niques, e.g., Raman or photoluminescence (PL) spectroscopies,
are more widely used in that case.l"* PL experiments supported
with DFT calculations reveal that Vg lead to the formation of
nonzero density of states in the bandgap.”***”! Low-temperature
PL spectra show an additional low energy peak in ML MoS, flakes,
which originates from bound excitons formed by localizing
excitons at the defect sites, leading to emission energies that
are lower than the band-to-band optical transition.™ Such addi-
tional PL peak is generally observed in different TMDCs and it is
attributed to the optical transitions from discrete energy levels of
lattice defects (e.g., vacancies) or residual impurities introduced
by ion irradiation or plasma treatments.**'¢! However, bound
excitons have also been observed in PL spectra of as-grown
and mechanically exfoliated pristine ML WS, at room tempera-
ture.l"”) Application of the DLTS technique for studying defects

(a) Au contacts
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directly in 2D semiconductors may require construction of
suitable vdW heterostructures composed of ML flakes of
different materials."®'®) However, the lack of the space charge
depletion/accumulation region in nanometer size devices, due
to the lack of physical material space in the vertical direction,
can make DLTS measurements difficult or even impossible to
perform. Atomically thin vertical and asymmetric p—n junctions
constructed of two vdW-bonded semiconductor layers can
exhibit good rectifying properties. However, the underlying
microscopic processes can differ strongly from those of conven-
tional bulk devices in which an extended depletion region plays
a crucial role. In particular, tunneling-mediated recombination
occurs between majority charge carriers across the interface,
which can significantly influence electrical and optoelectronic
properties of the junction, as demonstrated for MoS,/WSe,
heterostructures.’*”

Due to many discrepancies in previously reported results,
further efforts should be made for better understanding and
control of structural defects in TMDC crystals. Such knowledge
constitutes a key approach for controlling the transport character-
istics and electrooptical properties of modern TMDC-based
devices. Therefore, it is evident that further investigation of
defects is a crucial step for 2D materials research and applica-
tions. In this article, we report on DLTS experiments conducted
on MoS,; bulk crystal, supported by electrical characterization of
metal contacts and supplemented by optical measurements and
first-principles calculations of electronic band structure.

Samples used for the studies were thick flakes of macroscopic
sizes of about 3 x4mm in hexagonal plane and thickness
~0.2 mm perpendicular to the hexagonal plane, thus the studied
crystal consists of many of S—Mo-S strong covalently bonded
atomic layers, which are, in turn, bonded by weak vdW forces
between each other. Figure 1 shows schematic diagram and
the real photo of the studied MoS, crystal with deposited circular
metal contacts for electrical measurements.

Synthesized MoS, crystals were initially characterized by
temperature-dependent current-voltage (I-V) and capacitance—
voltage (C-V) measurements (see Supporting Information for
more details), to select diodes with good electrical properties,
appropriate for DLTS measurements. Comparative studies of
circular Au contacts with bulk MoS, revealed a temperature-
dependent ideality factor, Schottky barrier height (SBH), and
series resistance. The results showed that while ideality factor
and series resistance values of the junction decrease, the SBH
values increase with the increase in temperature. The observed

(b)

Figure 1. a) Schematic cross-sectional diagram of layers in the MoS, bulk crystal with deposited gold (Au) metal contacts; b) real photo of the

studied sample.
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SBH inhomogeneities are probably related to native sulfur
defects present at the metal-MoS, interface.**?) On the
contrary, the natural doping concentration in the studied
MoS, vdW crystal was almost uniform for the whole measured
temperature range. According to the preliminary electrical meas-
urements, selected small circular Au/MoS; junction (0.3 mm in
diameter) generally shows reasonable rectifying properties,
which are applicable for further studies of deep-level defects
by means of space charge techniques. Next, DLTS technique
was used to probe electrically active defects with deep energy
levels in the MoS, bandgap.

The fundamental electrical parameters of defects: the thermal
activation energy (E,= Ecv =+ Er), ie., the deep energy level
position (Er) in the bandgap in relation to the conduction (Ec)
or valence (Ey) band edges and the apparent capture cross section
(62), were determined on the basis of the well-known formulal®®

Cnp = o.vmNcy eXp[fEa/kB T} (1)

P
where e, , is the thermal emission rate for electrons/holes from
a corresponding deep energy level into the conduction or valence
band at temperature T, vy, is the thermal velocity of electrons/
holes, Ncy is an effective density of states in the conduction
or valence band, and kg is the Boltzmann’s constant.
Considering that vy, o TV and Ncy o T°/% and assuming the
temperature independence of the capture cross section, the
Equation (1) becomes a linear equation in the In(e, ,/T%) versus
1000/T plot, called the Arrhenius plot. Arrhenius plots of
defects are obtained by measuring a shift in the DLTS tempera-
ture peak position as a function of an emission rate. The thermal
activation energy and capture cross section for each deep-level
defect are determined from the slope and intercept values of
the corresponding Arrhenius plot.

Standard DLTS spectrum, taken in the temperature range of
80—400 K for the MoS, crystal, is shown in Figure 2. The DLTS
measurements were performed at the constant reverse bias (Ug)
of —1V and with the filling pulse bias (Up) of 0V, which corre-
sponds to the estimated depletion layer width in the studied
MoS, crystal at about 0.214 pm at 300 K. The emission rate
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Figure 2. Standard DLTS spectrum obtained for MoS, crystal. The inset
shows Arrhenius plot and obtained parameters of the trap labeled DT;.
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window (RW) was set to 50s™" and the width of the filling
pulse (t,) was equal to 1 ms. For these measurement conditions,
a single positive peak labeled DT; was detected at about 153 K.
The Arrhenius plot, shown in the inset of Figure 2, enabled us
to calculate the thermal activation energy and apparent
capture cross section of the revealed trap, at about 0.36eV
and 4.1 x 1073 ecm?, respectively. Moreover, the concentration
(N7) of the trap DT, equals to about 5 x 10"* cm™ was deter-
mined from the magnitude of the DLTS peak, including the
so-called A-correction, in the way shown in our previous work.**

We postulate that the physical origin of the revealed defect-
induced deep energy level is most probably attributed to sulfur
vacancies (Vs). There are at least several key reports which
can support this assumption. First of all, the presence of high
density of S-vacancies has been previously demonstrated in
MoS$, by means of TEM!'*™ or scanning tunneling microscopy
(STM)!*? observations. The Vs concentration in mechanically
exfoliated samples or grown by chemical vapor deposition
(CVD) or physical vapor deposition (PVD) techniques usually
reaches ~10''-102 cm3.1'%'2 Second, after introducing
S-vacancies in MoS, deep energy states can be formed with
strong localization surrounding the vacancy.'’! The evidence
of existence of defect-related energy levels has already been con-
firmed only by optical spectroscopic measurements (e.g., Raman
or PL spectroscopy) for many 2D TMDCs, such as ML MoS,,
WSe,, or WS,.* It is generally known that ML TMDCs have
strong PL signals at room temperature due to the direct bandgap
emissions. Namely, the Coulomb interaction between one elec-
tron and one hole creates so-called free neutral exciton (Xo). In
addition, exciton can be further charged by binding an additional
electron or hole to form the so-called charged three-body excitons
named trions (Xo~, Xo")."*) Moreover, in addition to exciton and
trion emissions, another PL emission (Xp) can be observed,
resulting from exciton bound to energy states of defects within
the bandgap. Tongay et al."*! found a subbandgap emission peak
in low-temperature PL spectra of defective MoS,, and also WSe,
and MoSe, MLs after a-particle irradiation, which was not
observed in the pristine samples. After calculating the band
structure and the density of states of defective ML MoS,, they
attribute the defect-induced PL peak to the emission from energy
levels of S-vacancies at ~0.2 eV above valence band maximum
(VBM) or =0.3eV below the conduction band maximum
(CBM). Chow et al.™® also observed similar defect-induced PL
peak in WS, and MoS, MLs after simple plasma treatments.
However, in contrast to the previous results,™* they observed
such spectral feature with sufficient strength in air at room tem-
perature and atmospheric pressure. Two defect-activated PL
emission peaks were, in turn, observed by Wu et al.' in the
low-temperature PL spectra of ML WSe, treated with Ar"
plasma. The observed emissions were attributed by the authors
to the recombination of excitons bound to different types of
native defects, namely, the shallow level to chalcogen vacancies
and the deep level to transition metal vacancies, clusters of vacan-
cies, rational defects, or antisite defects in ML WSe,. Defect-
related PL emission was also detected by McCreary et al.’”! in
some exfoliated but not irradiated WS, flakes. After irradiation
with low energy Ar" ion beam of other as-grown and exfoliated
pristine WS, samples, such peak also appeared as a result of
defects creation by the irradiation process. Third, numerous
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first-principles calculations predict the existence of native defects
in ML and bulk MoS,, or other TMDCs.” 1% It was found that Vs
manifest considerably lower formation energy compared with that
of the Mo-vacancies (Vi) or other native defects and impurities,
so they can be formed easily. DFT calculations performed by Qiu
et al.'¥ for ML MoS,, in the presence of Vs, indicated the intro-
duction of defect states at about 0.46 eV below CBM which act as
deep electron donors to make the MoS; electron rich and enable
hopping transport at low carrier density regime. On the contrary,
Noh et al.®! found that Vg is a deep single acceptor with the (0/—1)
transition level at 1.7 eV above the VBM (results obtained for
calculated direct bandgap of MoS, at K point with the value of
1.851 eV) and with the low formation energy at ~1 eV in Mo-rich
conditions. They concluded that Vs cannot be efficient source of
electron carriers in Mo$, as previously reported,!' but it can still
act as electron trap center in n-type MoS,. Similar results were also
obtained by Komsa et al.,'”) who performed detailed DFT studies of
native defects in bulk and ML MoS,. Their calculations revealed
that both S and Mo vacancies are always acceptors and thus cannot
be the cause of the usually observed n-type doping of MoS,. The
Vs were found to be the most abundant defects with the (0/—1)
transition level located at 0.29 eV below CBM in ML MoS, and
0.31eV below CBM in bulk MoS,. The aforementioned experi-
mental and theoretical results confirm the existence of Vg-related
deep-level states in the bandgap of bulk and ML MoS, with the
energy-level position close to the one obtained here by DLTS
for the deep trap DT;. Despite the fact that most of the
presented results were applied for ML MoS,, there are also plenty
of evidences that Vg should behave very similar both in the ML and
in the bulk TMDCs crystals.”® Therefore, electrically active native
defects revealed in bulk crystals should also be active in 2D
TMDCs samples. It is obvious that activation energies of defects
present in MLs should differ from those expected for bulk crystals
due to different bandgaps. However, as shown here, the reported
positions of Vi-related electron trap in the bandgap of ML or bulk
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TMDCs and obtained from PL or DFT are in a similar range of
values. On the basis of these findings we can now conclude that
the DT; trap is most probably associated with Vs being partially
responsible for the observed temperature-dependent electrical
properties of Au/MoS, junction.

The position of DT, trap on the electronic band structure
of MoS; is shown in Figure 3a. As the accuracy of bandgap
calculations within DFT calculations is not high, the obtained
electronic structure has been fitted to experimental data,
i.e., measurements of the indirect gap by absorption and the
direct optical transitions by contactless electroreflectance (CER).
In this case, the fitting corresponds to a shift of conduction bands
versus the valence band by 0.25 eV. Figure 3b shows absorption
and CER spectrum measured for MoS, sample at room temper-
ature. The indirect gap is determined from +/a plot to be 1.37 eV.
In case of CER spectrum, the indirect gap is not observed and
only direct optical transitions are visible because of differential
character of this technique. Spectral features observed in CER
spectrum have been fitted by Aspnes formula™®’ and identified
according to recent studies.”® The A and B transitions are
marked in Figure 3a by proper arrows and their energies agree
very well with experimental data. The Ay transition is the direct
optical transition at the H point of Brillouin zone,*® which is not
shown in Figure 3a. According to DLTS study, the position of
sulfur vacancy is located at about 0.36 eV below the conduction
band minimum, which is between the K and I point of Brillouin
zone. In Figure 3a, the energy position of DT; is schematically
shown by dashed olive line.

In summary, deep-level defects were studied by means of
DLTS technique in bulk MoS, vdW crystal. DLTS temperature
spectrum measured for one of the Au/MoS, Schottky diodes
revealed a single deep-level trap with activation energy of
0.36 eV below CBM. The position of the deep trap is very close
to the value both theoretically predicted and experimentally
confirmed for discrete energy levels that are introduced by the

400 ———1— T T T — 1.0
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Figure 3. a) Electronic band structure of MoS; calculated within the DFT with marked optical transitions observed in absorption and CER
measurements. The energy position of sulfur vacancy on the electronic band structure of MoS, is shown by dashed olive line. b) Room temperature
absorption spectrum (red curve) and CER spectrum (black curve). CER spectrum is fitted by Aspnes formula (thick gray line) with three optical transitions.

Moduli of the optical transitions are plotted by color lines.
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sulfur vacancies. Therefore, we concluded that the trap is
attributed to Vs being partially responsible for the observed
temperature-dependent electrical properties of Au/MoS, junc-
tion (additionally presented in Supporting Information).

Experimental Section

The studied MoS, crystal was fabricated by iodine-assisted vapor
transport technique at high temperatures (900-1100 °C) and low pressure
(=1 x 107 Torr) in a sealed quartz ampoule. During the growth at 50 °C,
temperature differential was created between hot and cold zones to initiate
nucleation and facilitate precursor transport. Prior to the growth, quartz
ampoules (=15 cmin length, 2.4 cm outer diameter, and 2.0 cm inner diam-
eter) were cleaned in piranha solution and annealed in H, gas to remove
any contaminants. Precursors (Mo foils and S nuggets) were mixed in
1:2.05 M:X stoichiometric ratio, and iodine pieces were added as a transport
agent. Quartz ampoule is sealed under vacuum (1 pTorr).

The electrical measurements were performed within the wide tempera-
ture range from 80 to 450 K, with the use of Keithley 2601A source-meter
and Boonton 7200 capacitance bridge (operating at 1 MHz), respectively.
The samples were equipped with circular Au contacts with specific
diameters equal to 0.1, 0.3, 0.5, and 0.8 mm on the top side of the sample
(see Figure 1b). These contacts were deposited in vacuum through
shadow mask by electrolithography technique and were intended to act
as Schottky barrier contacts. Prior to the Schottky contact formation,
the back contact was also deposited by Au metallization on a whole
back side of the sample and additional annealing at 350 °C in the Ar atmo-
sphere for 5 min. Thus, the large area back contact (=12 mm?) ensures
nonrectifying electrical conductivity with low resistance (i.e., ohmic
behavior). The DLTS experiments were performed on the samples
mounted in a liquid nitrogen cooled Janis VPF-475 cryostat. During
measurements, temperature of the sample was precisely tuned by
Lakeshore 331 temperature controller, in the range of 80-450 K.

The electronic band structure of MoS, crystal has been calculated
within the DFT according to the state of the art for vdW crystals. The
calculations were performed with ABINIT code.”” In the first step, the
structure was optimized, with the use of projector augmented wave
(PAW) datasets for atoms representation®®! joined with the generalized
gradient approximation (GGA) proposed by Perdew, Burke, and Ernzerhof
(PBE) for exchange-correlation (XC) energy functional.”® The vdW inter-
action has been accounted for via the vdw-DFT-D3 correction as proposed
by Grimme 2% The computational parameters energy cutoff 30 Ha and spe-
cial k-points grid 8 x 8 x 6 have been applied. The obtained lattice param-
eters are: a ="5.971 Bohr and ¢ =23.171 Bohr, and the atomic positions
optimized down to maximum force 107 Ha Bohr'. The band structure
has been calculated with the use of norm-conserving pseudopotentials,
generated with atomic pseudopotential engine (APE) code,*" joined
with the modified Becke-Johnson local density approximation (mBJLDA)
XC-functional®? with computational parameters chosen after careful
convergence studies, and with standard convergence criteria.

Absorption and CER spectroscopy were applied to measure the
indirect gap and the direct optical transitions in MoS,. For absorption
measurements, both the reflectance and transmittance spectrum were
measured using a setup with a halogen lamp, 0.3 m monochromator,
and Si detector. The same setup was used to measure CER spectra.
For CER measurements, the sample was placed in a capacitor with a
half-transparent top electrode. The distance between the sample surface
and the semitransparent electrode was 0.5 mm. A maximum peak-to-peak
alternating voltage of 3.5 kV with the frequency of 280 Hz was used for
the modulation. The CER signal was measured using lock-in technique.
Other relevant details of CER measurements are described elsewhere.?’!

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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