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Figure 4. Thermodynamic stability of the MoS,/HfO, system with interfacial impurities. The interface formation energy is given with respect to the
oxygen chemical potential in the following range: —5.38 eV < yg < 0 eV (setting the bulk value to zero). The right plot is a zoom of the section

corresponding to experimental conditions around 1 atm.

showing additional bands inside the gap of MoS,. The notation
O7—0-S refers to an interface in which the bottom sulfur
atoms of MoS, are completely replaced by O atoms and the
interfacial O atoms of HfO, are bonded with S atoms, as shown
in Figure S4b. It can be seen that these interchange defects
caused interface defect states in the band gap of MoS, between
1.2 and 1.5 X 10'*/eV-cm?, for a defect density of about 1 X
10" O or H atoms/cm>

Defect-state generation can be anticipated if there is S and O
bonding at the interface or in the TMD surface.**** S and O
interchange to form Mo—O and S—O bonds, reducing the band
gap significantly. In pristine MoS,, the main VBM contribution
comes from the hybridization of Mo d and S p orbitals, whereas
CBM is mainly composed of Mo d orbitals. In the disordered
system, the hybridization is weakened due to rehybridization at
the interface, inducing gap states in the band gap of MoS,.
Thus, with extrinsic defects present at the interface, gap states
will be induced, resulting in a deleterious impact on the device
performance. The band structure depicted in Figure S4c of a
single S—Mo—O layer with HfO, (Supporting Information)
shows that the band gap narrows substantially, indicating a
metallic character (MoO, is a metal*®). The metallic nature of
the contact also indicates the possibility of utilizing such
interface to make contact materials for future TMD-based
devices."’

To determine the thermodynamic stability of the different
interface models, we investigate their formation energies (see
Supporting Information for details) as a function of the oxygen
chemical potential (1), as shown in Figure 4. The formation
energy increases gradually when the oxygen chemical potential
changes from O-rich to O-poor limit, for the O6 to O3
interface models considered in this study, with the oxygen-rich
environment being thermodynamically favorable.

Figure 4 also shows that the thermodynamic stability of the
03 model is higher than that of O4, OS, and O6 models for a
wide range of chemical potentials, albeit far from realistic ALD
conditions. The relative formation energy of the O6—3H defect
model is relatively low in the range close to a partial pressure of
1 atm, showing that it is stable in O-rich environments. Besides,
as can be seen in Figure S2f, OH species formed at the interface
passivate all of the oxygen dangling bonds. Because of that, the
local atomic structure is distorted compared to that of the
pristine interface model, also inducing a slight distortion in the
layers underneath. The stability of the O3—H model is lower
than that of the O3 model, which means that for a
stoichiometric interface, H impurities increase the formation
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energy. However, the O7—0—S model is the least stable among
all of the interface models investigated but O7—O is stable
under O-rich conditions. This thermodynamic analysis
indicates that most of the defective surfaces are less likely to
be formed. However, on the contrary, additional hydrogen
impurities at the interface are more likely to be formed
compared to that in the stoichiometic MoS,/HfO, interface
(O3 model).

The study of the effect of oxygen concentration on the
electronic structure has been reported previously for III-V/
high-k interfaces.” It was shown that the most stable interface
corresponds to a high concentration of oxygen and that the
VBOs can be modified up to ~2 eV by decreasing the
interfacial oxygen content. However, although from different
nature, there are always gap states, due to the presence of
dangling bonds on the III-V semiconductor surface. On the
contrary, the inert nature of TMD monolayers does not induce
interfacial gap states, which can in turn arise from surface
defects formed during their synthesis. Our results have shown
that postprocessing could aim to remove or passivate such
defects, thus increasing carrier mobility.48 Also, nonstoichio-
metric interfaces can also behave as contacts, exhibiting an
Ohmic electrical behavior.*”” Interface defect states will affect
the carrier mobility in the electronic device because they act as
charge traps. Indeed, high-density interface states can cause
issues such as frequency dispersion of capacitance, Fermi-level
pinning, low electron mobility, or instability of device
operations.”® In this study, we have identified the preferable
interface structures for specific chemical environments. Such
chemical environment can be monitored and/or controlled
through the oxygen partial pressure. Then, the obtained VBOs
for the different interface structures show the dependence of
the BOs and band gaps (which are easily measurable) on each
specific interface structure. Therefore, finally, one can easily
correlate experimentally measured data with defective inter-
faces, identifying the origin of any possible defect and/or
impurities.

Besides, in electronic devices such as FETs, the gate field
controls the overall operation of the device, by sweeping the
Fermi level across the semiconductor band gap to change the
carrier density in the channel material. However, a significant
interface-state density within the semiconductor band gap can
pin the Fermi level to those gap states, which will ultimately
compromise the efficiency of the gate field control of the
transistor. As it has already been shown that a high density of
interface states is the primary cause for the poor device

DOI: 10.1021/acsomega.7b00636
ACS Omega 2017, 2, 2827—-2834


http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00636/suppl_file/ao7b00636_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00636/suppl_file/ao7b00636_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00636/suppl_file/ao7b00636_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00636/suppl_file/ao7b00636_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b00636/suppl_file/ao7b00636_si_001.pdf
http://dx.doi.org/10.1021/acsomega.7b00636

ACS Omega

performance of III—V/dielectric interfaces, the analysis of
possible defect states and their origin for TMD and high-x
dielectric interfaces becomes crucial to prevent poor device
performance, highlighting again the importance of defect
passivation or preparing defect-free interfaces.

3. CONCLUSIONS

In conclusion, in this study, we have shown that the BOs of
MoS,/HfO, interfaces change with increasing interfacial oxygen
content, indicating their dependence on the oxide growth
environment. For the stoichiometric, defect-free MoS,/HfO,
interface, no charge transfer between HfO, and MoS, is
observed. However, disorder and defects at the interface can
introduce gap states, which would be harmful for device
applications due to the subsequent charge transfer or Fermi-
level pinning. Thus, the interfacial oxygen content significantly
affects the thermodynamic stability and the BOs of the
interface. Furthermore, interfacial hydrogen impurities are
also shown to have a strong effect on the interfacial stability
and the corresponding VBO. These DFT results of MoS,/HfO,
interface properties are qualitatively consistent with those
obtained from in situ XPS studies of HfO, ALD on bulk MoS,
and highlight the importance of fabricating defect-free
interfaces for novel, TMD-based device applications.

4. METHODS AND CALCULATION DETAILS

First-principles calculations are performed on the basis of
DFT>' ™ with plane wave basis set and projector-augmented
wave pseudopotentials,”**° implemented in the Vienna ab
initio simulation package.”"*® The electronic wave functions are
represented by plane wave basis with a cutoff energy of 500 eV.
The exchange correlation interactions are incorporated as a
functional of the GGA.>’ > Knowing the underestimation of
the band gaps obtained from standard GGA calculations, we
also used the hybrid functional proposed by Heyd, Scuseria,
and Ernzerhof (HSE), in which the short-range part of the
exchange functional is represented by a (fixed) combination of
GGA and Hartree—Fock contributions, whereas the long-range
part and the correlation functional are described by the GGA.

To investigate the MoS,/HfO, interface, an interface model
starting with a S-terminated MoS, surface and an O-terminated
HfO, (111) surface, with a lattice mismatch less than 1%, is
constructed, as shown in Figure la. This interface model
contains S atomic layers of Hf and 10 atomic layers of O, to
minimize the quantum size effects. Although dielectric materials
typically become amorphous after annealing at high temper-
atures to reduce defect formation, the local Hf—O bonding is
more important than long-range order for interface engineer-
ing. Therefore, the 15 dielectric layers considered represent a
good model system for this type of interfaces."”*’ Periodically
repeated slabs are used to model the interface. Each periodic
slab is separated by 16 A of vacuum to avoid interaction
between the two surfaces of the slab due to the periodic
boundary conditions. In our calculations, the atoms are allowed
to relax, whereas the cell size is kept fixed after optimization of
the unit cell. A I'-centered 6 X 6 X 1 k-point within the
Monkhorst—Pack scheme®' mesh is used in the self-consistent
field (SCF) calculations, and a 12 X 12 X 1 k-point mesh is
used for DOS calculations. An SCF dipole correction is used to
cancel spurious electric fields that may be induced by the
periodic boundary conditions of the interface model. The
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energy and forces are converged until tolerance values of 107
eV and 0.01 eV/A, respectively.
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