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In two-dimensional monolayer MoS,, excitons dominate the absorption and emission properties.
However, the low electroluminescent efficiency and signal-to-noise ratio limit our understanding of
the excitonic behavior of electroluminescence. Here, we study the microscopic origin of
the electroluminescence from a diode of monolayer MoS, fabricated on a heavily p-type doped silicon
substrate. Direct and bound-exciton related recombination processes are identified from the
electroluminescence. At a high electron-hole pair injection rate, Auger recombination of the
exciton-exciton annihilation of the bound exciton emission is observed at room temperature.
Moreover, the efficient electrical injection demonstrated here allows for the observation of a higher
energy exciton peak of 2.255eV in the monolayer MoS, diode, attributed to the excited exciton state
of a direct-exciton transition. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4875959]

The direct energy bandgap and the non-centrosymmetric
lattice structure distinguish monolayer MoS, from its bulk
counterpart and the widely studied monolayer graphene.'™
Extensive research efforts have been devoted to understand-
ing its strong photoluminescence, microscopic recombina-
tion mechanisms of excitons, excessively large binding
energy, and efficient control over its valley and spin degree
of freedoms.*™' Prior research has suggested that excitons
dominate the emission properties of these two-dimensional
systems.'"'? Electroluminescence, i.e., photon emission
from radiative recombination of the electrically injected
electrons and holes, is a reliable technique to study exciton
recombination processes in monolayer MoS,, including val-
ley and spin excitation and control. It was suggested that
monolayer MoS, has potential as a two-dimensional light
emitter,"? in which the electroluminescence occurs through a
hot carrier process and is localized in the region adjacent to
the electrical contacts. However, the low electroluminescent
efficiency and signal-to-noise ratio obscure the understand-
ing of contributions from individual optical transitions. Here,
we report efficient carrier injection and light emission from
heterojunctions of monolayer MoS, (n-type) and heavily
doped (p-type) silicon. A higher level of control over electri-
cal carrier injection is achieved, resulting in high signal-
to-noise ratio emission spectra, allowing for identification of
the emissions from different optical transitions and insight
into the exciton-related behaviors in electroluminescence.

In our heterojunction diodes [Fig. 1(a)], heavily p-doped
silicon is used to inject holes into n-type monolayer MoS,.
Highly doped p-type silicon on silicon oxide was microfabri-
cated to create a step sidewall. Monolayer MoS, was placed
crossing the silicon/silicon oxide step by a site-control trans-
fer method. First, the monolayer MoS, was exfoliated on
polymethyl methacrylate (PMMA). Once a monolayer MoS,
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is selected, we isolate the flake by cutting the PMMA sur-
rounding the flake using a microscale triangular knife
mounted on a micromanipulator. Then, using a tungsten
probe, the PMMA with the flake is picked up and moved to a
precise position under a microscope. This dry transfer
method allows us make a super-clean heterojunction inter-
face. Figure 1(b) shows the schematic band structure under a
forward bias; the built-in potential and applied voltage are
supported by a depletion layer with abrupt boundaries.
Outside the boundaries, the semiconductor is assumed to be
electrically neutral. When a forward bias is applied to the
heterojunction, the injection of holes from silicon across the
junction can give rise to efficient radiative recombination,
due to the direct band-gap of monolayer MoS,. The corre-
sponding electroluminescence is determined by the radiative
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FIG. 1. (a) Schematic of the MoS,/silicon heterojunction electrolumines-
cence device. (b) Ideal band structure of the MoS, diode under forward bias.
(c) Electrical characteristics of the MoS, diode. Inset: Surface plot of the
electroluminescent emission. A white light scattering image of the device is
overlayed to verify that the emission is localized at the edge of the hetero-
junction. The white dashed line indicates the region of the monolayer MoS,.
Scale bar: 5 um.
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FIG. 2. (a) Schematic of our optical setup. The emission is collected through a 50x objective with an NA of 0.55. (b) Photoluminescence and electrolumines-
cence spectra from the same device at room temperature. The electroluminescence spectrum is measured at an operating current of 42 yA. Besides the strong
direct exciton emission (labelled AX), a weaker satellite peak at lower energy is observed (labelled DX). They are attributed to the A exciton and bound exci-
ton emission, respectively.

transitions of the monolayer MoS,. Due to the large valence To measure the photoluminescence and electrolumines-
band offset between silicon and monolayer MoS,,"* the cence spectra, we coupled the emitted light to a fiber con-
energy band of MoS, will bend upward under high forward  nected to a spectrometer (Andor Shamrock 303) as shown in
bias, which is not favorable for hole-injection from silicon. Fig. 2(a). Figure 2(b) shows the room-temperature electrolu-
In Fig. 1(c), we present the /-V characteristic of a monolayer =~ minescence spectrum of monolayer MoS, at a current of
MoS, diode, which clearly shows rectifying behavior when 42 uA. The two principal luminescence features at 667 nm
the voltage changes from —3V to 3 V. Inset of the Fig. 1(c) (labeled AX) and 720 nm (labeled DX) are associated with
depicts the electroluminescent emission captured by an EM  the A exciton and the bound exciton of monolayer MoS,,

gain camera (Andor DL-604 M-#VP) from a device at a for- respectively. Compared with the photoluminescence spec-
ward bias voltage with current of 42 yA at room temperature. trum [Fig. 2(b)], the high electrical bias causes spectral
After superimposing a white light scattering image of the de- broadening; electrical induced local temperature also red
vice, we find that the electroluminescence is localized at the shifts the electroluminescence spectrum.
edge of the heterojunction. By applying an in-plane bias Figure 3(a) depicts the room-temperature electrolumi-
voltage, the largest voltage drop naturally occurs across the nescence spectra under varied currents. The electrolumines-
heterojunction edge due to the semiconducting characteris- cence exhibits a current threshold of about 15 uA in this
tics of MoSz.15 This is further confirmed by the electrostatic device; the two main features of the AX and DX excitation
potential mapping by a scanning photocurrent microscopy. emissions are clearly observed at currents exceeding this
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FIG. 3. (a) Room temperature electroluminescence spectra of a MoS, diode recorded at different current levels, ranging from 17 to 86 uA. The data can be
well fitted with two Lorentz contributions, which are attributed to the A exciton (labelled AX) and bound exciton (labelled DX) emission. Cyan lines show the
fitting results. (b) Low temperature electroluminescence spectra of the MoS, diode shown recorded at different current levels, ranging from 13 to 82 uA. The
data can be well fitted with two Lorentz contributions, which are attributed to A exciton (labelled AX) and bound exciton (labelled DX) emission. Cyan lines
show the fitting results. (c) Room-temperature results. Red markers: the A exciton emission (AX) shows an approximately linear increase with current. Green
markers: bound exciton emission (DX). The electroluminescence saturates as the current exceed ~65 pA. The dashed lines are fitting results. (d) Red markers:
the A exciton emission (AX) shows an approximately linear increase with current. Green markers: bound exciton emission (DX) also shows an approximately
linear increase with current at low temperature. The dashed lines are fitting results.
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FIG. 4. (a) Room temperature electro-

luminescence spectrum at a current of

82 1A. A high-energy exciton (labelled

NX) feature emerges with higher exci-

ton energy of 2.255eV. Red curves are
DX the Lorentz fitting result. (b) Low tem-
perature electroluminescence spectrum
at a current of 86 uA. Inset: close-up of
the NX peak region.
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threshold. They are well fitted using a two-Lorentzian model.
In Fig. 3(b), we present the current dependence of the AX
and DX emission intensities as extracted from Fig. 3(a). The
A exciton emission, AX, shows a linear dependence with
increasing current. However, the bound exciton, DX, rises
linearly at low currents but saturates as the current exceeds
about 65 uA. Saturation of the DX exciton emission cannot
be caused by a phonon-assisted nonradiative process, as the
two peaks display different current dependencies. We pro-
pose this is a different effect involving multiple exciton-
exciton interactions, similar to Auger recombination, a
process well documented in tightly confined carbon nanotube
systems. Auger recombination may lead to rapid exciton-
exciton annihilation when extra or multiple excitations are
present.'®! At a low electron-hole pair injection rate, there
may only be one electron-hole pair in excited monolayer
MoS,. Thus, we observe linear dependence with increasing
current at low injection rate. When the electron-hole pair
injection rate exceeds the inverse carrier lifetime ‘chl, more
than one electron-hole pair is present in monolayer MoS,.
The Auger process opens up a nonradiative recombination
channel for electron-hole pair recombination. If the Auger
process is sufficiently efficient, it will quickly deplete the
population of electron-hole pairs. The annihilation of the
electron-hole pairs comes to a stop when only a single
electron-hole pair remains in the monolayer MoS,, which
may lead to observed saturation of the exciton emission at
sufficiently high injection current. The sudden saturation fur-
ther suggests that the DX-DX annihilation lifetime 7,°>
< 1. On the other hand, due to the absence of any noticea-
ble AX saturation, we suspect the AX-AX annihilation life-
time 7 AAX to be longer than 7.

It is well known the microscopic mechanism of optical
transition is temperature dependent.'”> When the device tem-
perature is cooled to 10K, the electroluminescence reso-
nance of AX is blue-shifted from 667 nm to 662nm while
the DX peak shifted from 720nm to 701 nm [Fig. 3(c)].
Additionally, the full-width at half-maximum linewidth
decreased down to 32 nm. The electroluminescence spectrum
is very consistent with the photoluminescence spectrum at
low temperature.

Again, the two main features of the AX and DX excita-
tion emissions can be clearly read out under all the currents
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above threshold [Fig. 3(c)]. In Fig. 3(d), we present the cur-
rent dependence of the AX and DX emission intensities as
extracted from Fig. 3(c). Both AX and DX emissions show a
linear dependence with current. Surprisingly, the DX emis-
sion exhibits different current dependence behavior com-
pared to that of room temperature. The absence of the
saturation of the DX emission under a high electron-hole
injection rate at low temperature is likely due to the slowing
down of the Auger rate.”' Past work has already shown that
the lifetime of the electron-hole pair recombination in carbon
nanotubes at low temperature (4.5 K) is prolonged more than
one order compared to that of room temperature.'”! As the
increased DX-DX annihilation lifetime t,°* is comparable
or longer than 7y, the DX emission will not saturate even
under high injection rate. Auger recombination of the
exciton-exciton annihilation of the DX emission in mono-
layer MoS, system is observed in our electroluminescence.
Further experimental and theoretical work will focus on
measuring the timescale of the Auger recombination process.

Under a high electron-hole injection rate, a high-energy
peak emerges in the electroluminescence spectra both for the
room temperature [Fig. 4(a)] and low temperature [Fig.
4(b)]. We fit the electroluminescence spectrum [Fig. 4(a)] at
room temperature under a current of 86 uA with Lorentzian
contributions. We find the emerged feature (labeled NX)
peaks at 550 nm with energy of 2.255eV. In low dimensional
system, like monolayer MoS,, Coulomb interactions are sig-
nificantly enhanced as a result of spatial confinement. Due to
the large quasiparticle band gap (2.759eV)® and the screen-
ing effect from the exciton binding®* of monolayer MoS, de-
posited on SiO,, the emission of high energy NX may arise
from the excited exciton states. Due to their low emission
probabilities, the origin of the excited exciton states in MoS,
system warrants further study. Recently, reports in probing
the excited exciton state via linear absorption spectrum and
two-photon photoluminescence excitation spectroscopy have
been made. However, the emergence of high-energy NX peak
in electroluminescence spectra observed in this work can shed
insight into the origin of an excited exciton state and the na-
ture of electron-orbital interactions in the MoS, system.

In conclusion, we report the electroluminescence of
monolayer MoS, fabricated on a heavily p-type doped sili-
con substrate. The high signal-to-noise ratio allows for the
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identification of emission from different optical transitions.
Auger recombination of the exciton-exciton annihilation of
bound exciton emission is observed under a high
electron-hole pair injection rate at room temperature. At a
high electron-hole pair injection rate, a higher energy exciton
peak of 2.255eV is observed in monolayer MoS, system.
The efficient heterojunction offers a platform for fundamen-
tal investigation of the microscopic nature of the exciton
recombination and may open up a pathway of controlling
valley and spin excitation in MoS, diodes.
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