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Gate control of carrier distribution in k-space in MoS, monolayer and bilayer crystals
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We demonstrate gate control of the carrier distribution in k-space in bilayer and monolayer MoS, devices,
probed by microphotoluminescence spectroscopy on a contacted single flake. The characteristic emission lines
of the neutral and the negatively charged exciton act as a sensor for electron depletion/agglomeration via gate
voltage. Gate-induced carrier depletion enhances the sensitivity to defects in monolayers, whereas in bilayers the
indirect transition becomes more weight. The specific band structure of bilayers results in a thermal dissociation
of trions at 200 K and above, in contrast to monolayers where trion emission is observed up to room temperature.
We show that these findings are a consequence of a bias-driven redistribution of charge carriers between the

different band minima.
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I. INTRODUCTION

Two-dimensional (2D) transition-metal chalcogenides
(TMCs) have recently shifted into the focus of nanomaterial
science [1,2]. Similar to graphene, flakes consisting of one
or few monolayers can be easily realized by mechanical
exfoliation. Although subnanometer thickness is attractive
for ultrathin flexible electronics [3] or light-emitting devices
[4-6], it has turned out that monolayers from, e.g., MoS,,
MoSe,, or WSe,, exhibit a unique band structure that
could evoke new components for spintronics or valleytronics
[7-15]. Whereas the corresponding bulk materials are indirect
semiconductors, monolayer crystals exhibit a direct band gap,
leading to strong photoluminescence after optical excitation.
In between, a more or less gradual change from a direct to an
indirect semiconductor is expected with growing layer number
[16—18]. In ultrathin TMCs, such as MoS,, the direct transition
occurs at the K point of the Brillouin zone and is nearly inde-
pendent of layer thickness [2]. In contrast, the indirect transi-
tion is expected to depend strongly on the number of layers.

One important reason for the high interest in ultrathin
TMCs is the manifold of approaches to manipulate this rich
band structure and in particular the carrier population of the
corresponding band extrema according to the requirements
in possible applications. For instance, the feasibility for
light-emitting devices can be enhanced by suppressing the
luminescence of the indirect transition. Different strategies
for band-structure tuning have been evaluated. Both tem-
perature [19] and strain variation [20-23] can modify the
direct and indirect band-gaps’ sizes and thus the intensity
ratio between indirect and direct transition in luminescence
measurements. Most attractive, however, should be a ma-
nipulation by electrical signals as these can be applied in a
fast and reversible way. Gate voltages have been discussed
as a tool for manipulating the valley magnetic moments
of the carriers, giving promising perspectives for using the
valley polarization as a degree of freedom [11,15]. Generally,
electrically contacted flakes show a strong impact on the carrier
population in the respective conduction- and valence-band
minima on the photoluminescence. By electron injection,
MoS,; flakes can be negatively doped, shifting the Fermi energy
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into the conduction band up to a level where a transition to a
degenerate semiconductor occurs. This technique has been
exploited frequently to realize ultrathin transistors using a
back gate to control the conductivity in the flakes [24,25].
Moreover, in recent work it has been shown that this carrier
injection can be monitored optically by observing charged
excitons in photoluminescence [26]. In monolayers the carriers
are concentrated at the K minimum of the conduction band.
In bilayers with their more complex band structure and their
recombination channels via direct and indirect transitions, this
technique of controlled carrier population should provide a
flexible tuning knob for distributing the carriers in the k-space.
In addition, a direct influence of electric fields on the band gap
in bilayer and few-layer structures due to the giant Stark effect
has been predicted by theory recently in a number of papers
[27-30]. To exploit the potential of real mono- and few-layer
TMC-based devices, the interplay between field effects—such
as inversion symmetry breaking [11,15] or Stark shift—and
carrier population has to be clarified.

In this paper, we use combined optical and electrical carrier
injection to populate conduction- and valence-band minima
of MoS; mono- and bilayer crystal devices in a deterministic
way. We demonstrate gate control of the carrier population in k-
space with a pronounced difference for monolayer and bilayer
devices caused by the characteristic thickness-dependent band
structure. We show that the optical transitions in the devices
are hardly influenced by the Stark shift but strongly depend
on the carrier population in the different band minima with
consequences for both defect luminescence and interplay
between direct and indirect transitions.

II. SAMPLES AND SETUP

The structures were fabricated by mechanical exfoliation
of MoS,; on n-doped Si substrates that are covered with 90-nm
Si0;,. Raman spectroscopy was employed to determine the
thickness of the flakes on the substrate and to unambiguously
identify mono- and bilayer structures [31,32]. Photolumines-
cence (PL) measurements were performed in a micro-PL
setup. The samples are mounted in a cryostat with electrical
feedthroughs. Optical excitation was performed by a frequency
doubled solid-state laser with an emission wavelength of 1 =
532nm. A microscope objective (50x) was used to focus the

©2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.91.125305

KUMMELL, QUITSCH, MATTHIS, LITWIN, AND BACHER

laser on the MoS, flakes with submicrometer resolution. The
luminescence was collected by the same objective, spectrally
dispersed in a Jobin-Yvon iHR-550 monochromator, and
recorded by a CCD camera.

For a controlled electrical carrier injection, the flakes on the
substrates were contacted via strip lines, defined by electron-
beam lithography and evaporation of Ti/Au (10-nm/50-nm)
contacts. The substrate was mounted on a ceramic carrier with
gold contacts using conductive silver; by doing so the substrate
serves as a back gate contact.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The PL emission of a monolayer (diameter of ~2 um) and
a bilayer flake (diameter of ~4 yum) at T = 5K are compared
in Fig. 1. In this case, the flakes are not yet contacted, i.e., this
experiment is expected to be dominated by photogenerated
electrons and holes. As a common feature, we see a strong
emission at around 1.9 eV. This emission can be attributed to
the direct transition (A line) at the K point of the Brillouin zone
and is a typical feature of two-dimensional MoS,. Strong PL
emission from the direct transition is found from the monolayer
and as well from the bilayer flake, confirming a prevailing
carrier population at the K point even for the bilayer. For
both flakes, we detect an emission peak at ~2.1 eV as well,
belonging to the direct gap B exciton [2]. In the monolayer
flake, an additional significant emission is visible at 1.808 eV
(denoted as the L line). This emission is often attributed to
defect states, dependent on the surrounding, and is a first hint
to a strong surface influence in monolayer samples [33,34].

The A transition itself bears valuable information for mono-
and bilayers because the emission actually consists of two
lines (see Fig. 1). This fine structure can serve as a monitor for
additional carriers populating the K point: From absorption
measurements in monolayers [26] it is argued that the two
components of the A line belong to a neutral exciton A° and a
negatively charged exciton (trion) A~. Fitting the monolayer
PL spectra with Lorentzian line shapes (shaded areas in
Fig. 1), we can clearly separate three maxima at E(A%) =
1.921eV, E(A7) = 1.896¢eV, and E(L) = 1.808 ¢V for the
exciton, the trion, and the defect bound exciton, respectively.
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FIG. 1. (Color online) Photoluminescence spectra of the MoS,
(a, left) monolayer and (b, right) bilayer flakes. The colored curves
represent the Lorentzians used for fitting the line shape.
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Although this behavior is well known from MoS, monolayers,
we observe the A? and the A~ lines in the MoS, bilayer
as well. The spectra are clearly separated and the energy
difference AE(A° — A~) = 28meV is even slightly larger
than observed in monolayer MoS,. This value is much larger
than in usual two-dimensional quantum well heterostructures
due to the reduced dielectric screening in 2D materials [35,36]
and in good agreement with recent theoretical calculations
for monolayers [35], whereas corresponding calculations for
bilayers are not yet available. From our fits we extract a trion
linewidth of 57 & 5 meV for both mono- and bilayer MoS,,
clearly exceeding the observed linewidth of the neutral exciton
(23 vs 33 meV for bilayer and monolayer MoS,, respectively).
As the trions are generally expected to be larger in diameter
[35,37] than the neutral excitons, their enhanced PL linewidth
might be attributed to lateral inhomogeneities and local charge
fluctuations. This is in agreement with findings that the Stokes
shift for trions tends to be larger than for excitons [26].

In order to get an additional knob for controlling the carrier
population in conduction and valence bands, exactly the same
MoS, flakes as discussed above have been contacted via
e-beam lithography. The PL spectra have changed slightly
after contacting with respect to the noncontacted flakes even
without applied voltage. We attribute this to some amount of
negative doping: An electron flow from the Au/Ti contacts to
the MoS, flakes is expected to occur even without external
voltage, considering the work function difference between
MoS; (5.3 eV [38]) and titanium (4.3 eV). In the following,
the contacts at the flakes are set to ground potential and a back
gate voltage Ug is applied to the substrate in order to
manipulate the Fermi energy Ep and by this the carrier
population in the crystal. The gate voltage Ug was varied
between —30 and 430 V, leading to electron accumulation
(depletion) for positive (negative) Ug. It should be noted that
due to the thin oxide layer (d = 90 nm) relatively low values
of Ug are sufficient to achieve the same shifts of Ef as in recent
reports that are based on a SiO; layer thickness of 280 nm and
more [11,26].

In Fig. 2(a), PL spectra of the monolayer sample are
depicted for different bias voltages at 7 = 5 K. The lumi-
nescence for negative gate voltages is dominated by a very
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FIG. 2. (Color online) (a) Gate-voltage-dependent PL spectra of
the (a) monolayer and the (b) bilayer flakes. In the inset of (b), the
indirect transition / has been plotted for different gate voltages.
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intense and broad luminescence between 1.6 and 1.8 eV,
strongly changing with gate voltage. We want to point out
that similar emission in MoS, has been seen under bias before
[11,12] but not been discussed in detail. In WSe, in contrast, a
bias-dependent defect emission is found only for bilayers [15]
but is absent in the case of monolayer devices [39]. In this
low-energy luminescence (denoted as L*) we find features
from the bound exciton (L) before contacting (see Fig. 1)
and further maxima at lower energies. It resembles the defect
activated luminescence observed by Tongay e al. [40], which
was attributed to sulfur vacancies activated by charge depletion
via electron transfer to surfactant nitrogen molecules in a
N, atmosphere. In contrast, in our case, charge depletion is
induced by the negative gate voltage. At positive gate bias,
these defect states become saturated by the injected excess
electrons and thus optically inactive. Therefore, the defect
luminescence vanishes as can be seen in Fig. 2(a). Note that
even at Ug = 0V, L* is not detectable in the contacted flake,
whereas L is present in the noncontacted one. This confirms
the electron flow from the contact into the flake as mentioned
above.

We focus our discussion now on the A emission. Here,
an apparent shift to lower energies occurs with rising Ug.
This shift shows a discontinuous jump for values between
Us = — 10 and 10 V, which indicates that it cannot be
attributed to a (continuous) field-induced band-gap reduction
[28]. It rather indicates a carrier-induced doping of the flake
[26]: Increasing the gate voltage from negative to positive
values, switching from A~ to A% emission occurs at around
Ug = 0V as indicated by the dashed vertical lines. This
situation at the K point is illustrated in the schematic of
the band structure [Fig. 3(a)]: At high positive gate voltage
(bottom), the flake is strongly doped with electrons as indicated
by a Fermi level located close to or even in the conduction
band. After optical generation of electron-hole pairs, these
background electrons favor the generation of trions, which
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FIG. 3. (Color online) Sketch of the band structures of the mono-
and bilayer MoS, for different gate voltages Us. Whereas in the
monolayer a switching between an exciton and a negatively charged
trion is expected, in the bilayer additional contributions from the
indirect transition should be observed for negative gate voltage.
Further details can be found in the text.
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dominate the emission spectrum as seen in the experiment.
With decreasing gate voltage, the Fermi level shifts to lower
energies, and the number of excess electrons decreases, thus
giving the neutral exciton emission (A®) more weight.

Whereas the behavior of the monolayer flake with its
dominating direct transition described above is principally well
understood and discussed in literature for MoS, [26] and other
two-dimensional semiconductors [13,39], the situation should
be different in a MoS, bilayer device. Here the modified energy
dispersion in the conduction band is expected to impact the
optically and electrically injection carrier population within
the bands significantly. We focus at first on the K point. In
Fig. 2(b), the PL spectra of the bilayer device are plotted
for various gate voltages. Similar to what is observed in
the monolayer, the charge state should be reflected in the
PL signal. Indeed, a clear change in the PL peak position
can be observed with decreasing Ug with the pronounced
jump in the range between Uz = 0 and 10 V. This is again
related to the typical switching between the A°-dominated
emission for negative bias and the dominant A~ emission
for positive bias. In this light, the observed bias-dependent
energy shift observed in MoS, bilayers in earlier papers [11,39]
might be interpreted as well as an exciton-trion interplay. The
broad defect luminescence that was dominating the monolayer
spectra for negative bias is practically absent. For U < —20V
only a weak blurred shoulder can be traced at the low-energy
side, making the A~ — A transition much more clearly visible
as compared to the monolayer. This gives some more evidence
that the L line is mainly related to a surface effect, which is
more pronounced for MoS, monolayers than for bilayers.

According to the unique band structure of the bilayer
with similar energies for the K- and the A-conduction-band
minima, we expect an important contribution of the indirect
transition I to the luminescence that is known to play a
growing role with increasing layer number [2,9]. In the inset
of Fig. 2(b), these indirect transition PL spectra are depicted
for different gate voltages. Currently there is still a discussion
about which local conduction-band minimum is contributing
to this indirect transition. Although some earlier papers
attributed it to the K point [23,29,41], we follow the models
of recent research indicating a predominant involvement of
the A point [2,9,16,19]. Interestingly, the luminescence of the
indirect transition / gains intensity for increasing negative bias,
whereas simultaneously the direct transition becomes weaker.
At a positive gate voltage Us = 430V, the I emission is
hardly detectable, and the direct transition A~ dominates the
emission spectrum.

We interpret this finding by considering the bilayer band
structure [Fig. 3(b)]: The main difference to the monolayer
is the lower energy of the conduction-band valley at the
A point and the higher energy of the valence-band hill at
the I' point. These two features, which are caused by the
gradual change from monolayer to bulk properties, permit
in combination the indirect transition between the A point
in the conduction band and the I" point in the valence band
[2,16,19]. In the case of positive Ug, the conduction band
is floated with electrons, and these will populate more than
one region in the k-space, i.e., K and A points, as predicted
in Ref. [17]. Optical excitation will predominantly generate
electrons and holes at the K point. Thus, we observe mainly
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trions at the K point as discussed before. For negative Ug, the
situation is different: In addition to the direct transition (A) we
observe now the indirect transition / that gradually increases
in the depleting regime. We attribute this to a growing number
of holes that will accumulate under negative gate voltage at
the valence-band maximum, i.e., at the I" point. After optical
excitation, these holes can recombine with photogenerated
electrons in the conduction-band minimum (A point). This
leads to a strong indirect transition [see Fig. 3(b), top] in
addition to the direct transition at the K point. We want to
point out that the total intensity (i.e., the sum of 1, A°, and
A7) does not change significantly for —30V < Ug < 20V.
Apparently, the number of holes in the structures plays an
important role, controlling the intensity ratio between A and /
lines.

All these changes in the PL spectra with gate voltage can be
attributed to carrier redistribution in k-space. In Figs. 4(a) and
4(b) we plotted the PL energy maximum in dependence of the
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FIG. 4. (Color online) Gate-dependent photoluminescence: (a)
and (b) PL energy for the excitonic and trionic emissions in the
(a) monolayer and (b) bilayer structures. (c) PL Intensity ratio
neutral/charged exciton for mono- and bilayers. (d) PL intensity ratio
indirect (/)/direct (A™) transition in the bilayer.

PHYSICAL REVIEW B 91, 125305 (2015)

gate voltage for the A? and A~ lines as extracted from fitting
the spectra with Lorentzian functions. It can be seen clearly
that for negative gate voltages, no noticeable energy shift can
be observed for the A? and A lines in both devices, and a
small redshift is found for positive Ug. It should be noted that
theoretical calculations performed for double-gate architecture
expect a significant Stark effect in bilayers, reducing the direct
band gap [27-30] and the energy difference between the
conduction-band minima and by this the ratio of the direct
to indirect transition [30]. In our capacitor geometry, however,
the fields acting on the MoS, layer are expected to be small,
and therefore, the Stark shift should be negligible. The small
but continuous redshift for Ug > 10V that we observe for
both mono- and bilayers is more likely caused by a band-gap
renormalization caused by the high electron densities. Using
a simple plate capacitor model for the dielectric SiO, layer,
we estimate a capacitance between the flake and the back
gate of C = 3 x 1073 F/cm? for our structure. The field
effect would result in a gate-voltage-induced change in carrier
densityof An = C x AUg/e,ie.,about2 x 10''cm=2/V.
From this, we expect a redshift of several meV due to
renormalization effects for a gate bias variation between
Us = 0 and 30 V [21]. Thus, our considerations imply that
the transition energies of electrically contacted MoS, flakes
are significantly more influenced by changes in the carrier
concentration and their distribution between the band extrema
in the conduction and the valence bands than by perpendicular
electric fields.

This statement is supported by the indirect transition. We
do not observe any noticeable energy shift here as would
be expected under an electric field [28,30]. Nevertheless, a
switching behavior due to a change in the carrier population is
apparent. This becomes clear when we depict the intensity ratio
between exciton and trion for the A transition (A°/A~ ratio)
vs gate voltage Ug [Fig. 4(c)] and compare this with the ratio
between the intensity of the indirect transition / and the PL
intensity for the trion A~ (I /A~ ratio) as shown in Fig. 4(d).
The dependence of the A°/A~ ratio on Ug can directly be
explained by the distinct switching from A° to A~ between
Us = —10 and 10 V that has been discussed already. The
gate-voltage-dependent A/ A~ intensity ratio is quite similar
for mono- and bilayer devices. Interestingly, the /A~ ratio
in the bilayer device shows a very similar bias dependence
as the A%/ A~ ratio. We therefore conclude that the switching
between the / line and the A line is not due to electric fields
but to the carrier redistribution within the bands: I and A°
lines represent the dominating recombination channels for the
electron depletion regime, whereas a change to a pure A~
recombination occurs for negatively charged MoS, bilayers,
i.e., the accumulation regime.

Recently, stable trion emission even at room temperature
has been reported for MoS, monolayer devices [26], which
was attributed to the large trion binding energy in these two-
dimensional crystals. In contrast, nothing is known about trion
recombination in bilayers at elevated temperatures. As the trion
binding energy is found to be similar in magnitude for both
MoS; monolayers and bilayers, it is thus of great interest to
figure out the consequence of the different band structures on
the room-temperature trion emission in both devices.
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FIG. 5. (Color online) (a) Gate-voltage-dependent PL emission for monolayer MoS, (left) and bilayer MoS, (right) devices for different
temperatures and two gate voltages in the depletion and accumulation regimes, respectively. (b) Sketch of the band structure illustrating possible

trion dissociation in the bilayer at 300 K.

We measured the gate-dependent PL of the biased mono-
layer and bilayer devices at elevated temperatures. PL spectra
at Ug = —20 and 30 V, respectively, are shown for 7 =
5, 200, and 300 K in Fig. 5(a). Obviously, the gate-controlled
switching between trion and exciton is indeed possible for the
MoS; monolayer device up to room temperature, in agreement
with Ref. [26]. Surprisingly, the behavior is different for
the bilayer: At T = 5K the switching is much clearer here
than for the monolayer device as discussed before, and the
switching is still visible at 7 = 200 K. At room temperature,
however, no bias dependence of the PL spectrum at all is
obtained for the bilayer, in agreement with earlier findings
[17]. Here we only record the neutral exciton line AY, and no
negative trions form even for Ug = 30V, i.e., in the presence
of large electron accumulation. These results can be easily
understood by considering the band structure for monolayer
and bilayer devices [Fig. 5(b)]: We propose that electrons can
thermally escape the K-point valley much easier in bilayers
due to the significantly lower conduction-band minimum at the
A point in comparison with the monolayer samples. Thus, in
the electron accumulation regime, the electrons are distributed
between the K and the A points for the bilayer devices at room
temperature, reducing the probability of trion emission from
the K point, whereas they are kept confined in the K valley
for the monolayer MoS,.

IV. CONCLUSION

In conclusion, we could show that in electrically con-
tacted MoS, flakes the carrier distribution in k-space can
be controlled via gate voltage. Electron accumulation leads
to distinct trionic emission, both in mono- and in bilayers
with comparable trion binding energies. In contrast, under
electron depletion conditions, the emission is dominated
by neutral excitons, and additional recombination channels
become present: In the case of the monolayer device, defect
emission occurs whereas in bilayers, the indirect transition
is enhanced. No signature of a field-induced Stark shift is
found, whereas the observed energy shift in the accumulation
regime is attributed to band-gap renormalization. In contrast
to monolayers where trion emission is observed up to room
temperature, the specific band structure of bilayers results in a
thermal dissociation of trions at 200 K.
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