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10 ABSTRACT: We report circularly polarized photolumines-
11 cence spectra taken from few layer MoS2 after treatment with a
12 remotely generated oxygen plasma. Here, the oxygen plasma
13 decouples the individual layers in MoS2 by perturbing the weak
14 interlayer van der Waals forces without damaging the lattice
15 structure. This decoupling causes a transition from an indirect
16 to a direct band gap material, which causes a strong
17 enhancement of the photoluminescence intensity. Further-
18 more, up to 80% circularly polarized photoluminescence is observed after plasma treatment of few layer MoS2 flakes, consistent
19 with high spin polarization of the optically excited carriers. A strong degree of polarization continues up to room temperature,
20 further indicating that the quality of the crystal does not suffer degradation due to the oxygen plasma exposure. Our results show
21 that the oxygen plasma treatment not only engineers the van der Waals separation in these TMDC multilayers for enhanced PL
22 quantum yields, but also produces high quality multilayer samples for strong circularly polarized emission, which offers the
23 benefit of layer index as an additional degree of freedom, absent in monolayer MoS2.
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25While bulk transition metal dichalcogenides (TMDCs) are
26 known to be indirect gap semiconductors, recent
27 interest in this material system has been stimulated by the
28 discovery of spin and pseudospin physics in atomically thin
29 TMDCs.1 In the monolayer limit, a direct band gap arises due
30 to quantum confinement of electronic states,2,3 making these
31 materials attractive for potential optoelectronic device
32 applications.4−6 The crossover to a direct band gap in
33 monolayer TMDCs is also accompanied by a breaking of
34 inversion symmetry, which leads to several interesting physical
35 phenomena, such as a coupling of spin and valley degrees of
36 freedom and valley-dependent optical selection rules for
37 interband transitions.7 On the other hand, bilayer TMDCs
38 show a unique interplay between spin, valley, and layer degrees
39 of freedom. As previously described, the spin orientation in
40 bilayer is locked to the layer index for a fixed valley.8,9

41 Specifically, in the K valley, the up-spin resides primarily on one
42 layer, and the down-spin resides primarily on the other layer. In
43 the K′ valley, the spins are reversed. Optical probing of the spin
44 layer locking has been achieved in bilayer WSe2 in which the
45 direct and indirect transitions are nearly degenerate. In MoS2,
46 optical measurement of these effects is harder to observe due to
47 the indirect nature of the band gap, which dramatically reduces
48 the photoluminescence (PL) quantum yields.

49The photonic device performance of monolayer TMDCs is
50limited by their finite absorption (5−10% in the visible region
51of the electromagnetic spectrum).10 Ideally, one would like to
52exploit the larger absorption cross section offered by multiple
53layer TMDCs while retaining the direct band gap structure and
54highly polarized light emission of monolayer TMDCs. The
55weak nature of the van der Waals coupling between individual
56TMDC layers opens up the possibility of perturbing these
57systems for band structure engineering, allowing one to create
58such a system ideally suited for spin-polarized optoelectronics.
59Liquid phase intercalation of molybdenum disulfide with
60lithium ions has been shown to separate the individual layers of
61MoS2.

11,12 The resulting lithium−MoS2 complex is unstable
62and leads to “chemical exfoliation” of individual layers of the
63TMDC in solution.13 In our previous work, we demonstrated
64that a low fluence of remotely generated oxygen plasma
65perturbs the crystal structure of few layer MoS2, leading to a
66slight increase (about 1.5 Å) in interlayer separation.14 This
67increased interlayer separation decouples the electronic states
68in the atomic layers of MoS2, inducing an indirect-to-direct
69band gap transition accompanied by a huge enhancement (up
70to 20×) in the photoluminescence (PL) intensity. However,
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71 our previous study was performed using linearly polarized light,
72 which prohibited us from exploring the layer-spin selective
73 physics. In the work presented here, up to 80% circularly
74 polarized photoluminescence is observed in plasma-treated, few
75 layer MoS2 flakes, consistent with our DFT calculations of
76 weakly coupled TMDC multilayers.
77 Sample preparation begins with thin flakes of MoS2 being
78 mechanically exfoliated from bulk MoS2 crystals onto a Si/SiO2

79 wafer. Few layer flakes (2−6 layers) of MoS2 are located using
80 optical microscopy, and the layer thickness of the flakes is
81 confirmed using PL spectroscopy, Raman spectroscopy, and
82 atomic force microscopy (AFM). This study primarily focuses
83 on indirect gap N-layer flakes (N between 2 and 6), which may
84 be considered to be representative of bulk MoS2, since the
85 bandstructure of N-layer MoS2 approaches that of the true bulk
86 band structure in the limit of N > 4. The samples are then
87 exposed to a stream of oxygen plasma (XEI Scientific, Inc.) for
88 2−3 min at a pressure of 200 mTorr. The plasma is generated
89 from ambient air at low RF powers (20W), ensuring a low
90 fluence of oxygen radicals. Furthermore, the sample is not
91 placed directly between the RF electrodes for plasma
92 generation (local plasma generation) but, instead, at a distance
93 of about 10 cm from the plasma-generation electrodes (remote
94 plasma generation). This remote plasma configuration ensures
95 that the sample is not directly bombarded by ionic species
96 being accelerated in a strong electric field. The time of exposure
97 to plasma is somewhat important. While underexposed flakes of
98 MoS2 show no change in optical properties, overexposure to
99 remote oxygen plasma does lead to damage of the MoS2 crystal,
100 and a drop in PL intensity, presumably due to defect creation.
101 The optimal exposure time was found to be ∼2 min in this
102 study. However, this time is dependent on parameters such as
103 flake thickness, pressure in the plasma chamber, and the RF
104 power used to generate plasma. A combination of the low RF
105 power used and remote generation of plasma allows one to
106 minimize any damage to the surface of MoS2 from exposure to
107 the oxygen plasma. Instead, as reported in our previous study, it
108 is found that the interlayer separation in MoS2 is increased by
109 about 1.5 Å after exposure to oxygen plasma. Ab initio
110 calculations showed that such an increase in interlayer
111 separation is sufficient to cause a transition to a direct gap
112 band structure in MoS2.

f1 113 Figure 1a shows an optical microscope image of a typical
114 exfoliated flake of MoS2. The PL spectrum of the as-exfoliated
115 flake, using linearly polarized 532 nm excitation, exhibits weak
116 peaks at 1.85 and 2.05 eV, corresponding to the A and B
117 excitonic states, split by spin orbit coupling in the valence band,
118 as shown in Figure 1b. There is also a broad peak at 1.4 eV,
119 which corresponds to emission from the indirect gap of this few
120 layer MoS2 flake. After oxygen plasma treatment, the PL
121 emission from the A exciton (1.86 eV) is strongly enhanced
122 (16×) with narrower line width, while the indirect band gap
123 peak at 1.4 eV is no longer observed. All these observations
124 imply a transition to a direct gap semiconductor. Raman spectra
125 taken both before and after oxygen plasma treatment are shown
126 in Figure 1c. The two observed Raman peaks correspond to the
127 in-plane and out-of-plane vibrational modes. The separation
128 between these two peaks is measured to be 22.5 cm−1,
129 indicating that the flake is about 3−4 layers in thickness, based
130 on previous reports in literature.15 This separation between the
131 Raman peaks remains unchanged after exposure to oxygen
132 plasma.

133We have also performed circularly polarized photolumines-
134cence measurements on these oxygen-plasma-treated flakes of
135 f2few-layer MoS2, as shown in Figure 2. Excitation is provided by
136a 633 nm HeNe laser at moderate laser powers (80 μW), to
137ensure heating effects are minimal. Figure 2 shows the
138normalized circularly polarized photoluminescence spectra
139measured at 30 K. The photoluminescence signal is strongly
140copolarized with either left (σ+) or right (σ−) circularly
141polarized excitation, as shown in Figure 2a,b. The sharp spectral
142features around 650 nm correspond to Raman peaks from the
143MoS2 and the underlying silicon. These features were removed
144from the spectra before calculating the degree of polarization,

145which is given by ρ = −
+

+ −

+ −
I I
I I

, where I+(−) is the intensity of PL

146emission of σ+ (σ−) polarization. As seen in Figure 2c, the PL
147emission is copolarized by up to 80% with the excitation
148polarization (at λ = 640 nm). In these spectra, the degree of
149polarization is most pronounced at shorter wavelengths (i.e.,
150640 nm) and tails off at lower energies due to intervalley
151scattering processes, consistent with previous studies on
152monolayer MoS2. This is considerably higher in energy than
153the band gap (667 nm), but closest to the circularly polarized
154excitation (633 nm). The slight difference in the spectra in
155 f3Figures 1 and 3 can be attributed to the differences in substrate
156temperature, and excitation wavelength. The 633 nm excitation

Figure 1. (a) Optical microscope image, (b) photoluminescence
spectra, and (c) Raman spectra of a 3−4 layer flake of MoS2 taken
before and after the remote oxygen plasma treatment. The electrical
lithographically patterned electrical contacts on the MoS2 flake in (a)
were not used in this study, which focuses on optical measurements.
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157 also uses a long pass filter with a cutoff around 640 nm, which
158 slightly distorts the emission line shape. The large background
159 observed in the PL spectra in Figure 2 emerges as a red-shifted
160 shoulder peak at low temperatures and has been previously
161 attributed to defect related sub-band gap states. In this work, we
162 find that this background is largely unpolarized (Figure 2c), as
163 expected for emission from subgap states. Circularly polarized
164 photoluminescence spectra were also collected on as-exfoliated
165 few layer MoS2 flakes (before exposure to remote oxygen
166 plasma), as shown in Figure 3. As expected, the PL emission
167 from few layer flakes shows a negligible degree of polarization,
168 even at 30 K. The lower quantum yield of PL emission in the
169 indirect gap few layer MoS2 leads to weaker PL signals. Thus,
170 the degree of polarization is dominated by sharp spectra

171features such as the Raman peaks of MoS2 and the underlying
172silicon substrate. At wavelengths longer than 680 nm, the raw
173spectra are dominated by the detector shot noise, leading to
174large fluctuations in the calculated degree of polarization, ρ.
175As described above, bilayer TMDCs introduce a layer degree
176of freedom that couples to the spin and valley degrees of
177freedom. That is, in the K valley, the up-spin resides primarily
178in the lower layer, and the down-spin resides primarily in the
179upper layer. The spins are reversed in the K′ valley. The layer
180index is treated as a pseudospin with layer amplitudes cL for the
181lower layer and cU for the upper layer. For a given spin and

Figure 2. Circularly polarized photoluminescence spectra from an
oxygen plasma treated few layer flake (3−4 layers) of MoS2 collected
at 30 K with (a) σ+ excitation and (b) σ− excitation. The degree of
polarization, ρ, is plotted in (c). Inset shows the valley contrasted
selection rules for optical transition, with strong oscillator strength,
similar to the case observed for direct gap (monolayer) MoS2.

Figure 3. Circularly polarized photoluminescence spectra from a “as-
exfoliated” few layer flake of MoS2. The emission spectra, collected
using σ+ excitation at 633 nm are shown in (a). The spectra for σ+ and
σ− polarization are nearly identical, exhibiting only a weak (∼10%)
degree of polarization below 640 nm, shown in (b). The inset
represents the absence of valley contrasted selection rules for optical
transitions. The degree of polarization from few layer MoS2 before and
after plasma treatment is compared to that of pristine “as-exfoliated”
monolayer MoS2 in (c).
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182 valley, analysis of the low-energy, k·p Hamiltonian described in
183 ref 7 shows that the magnitude of the layer polarization is

λ λ| | − | | = +c c t/U
2

L
2 2

p
2

184 (1)

185 where λ is the valence band spin−orbit splitting and tp is the
186 interlayer coupling. This value is the same for each spin and
187 each valley. This degree of layer polarization is also the degree
188 of spin polarized absorption from circularly polarized light

189
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190 matrix element of the canonical momentum Px + iPy for the
191 indicated valley and spin. Even for an unperturbed bilayer of
192 MoS2, the spin polarization is large. Using values of λ = 73.5
193 meV and tp = 43 meV, the magnitude of the layer polarization
194 and the spin polarization of the absorption is 0.86.
195 The O2 plasma treatment increases the thickness of the
196 sample, presumably by intercalating O2 between the layers
197 pushing them apart. As the layers are pushed apart, the
198 interlayer coupling tp is reduced, and the polarization given by
199 eq 1 is enhanced. To understand the effect of layer separation
200 (d) on the value of tp in the low-energy k·p Hamiltonian, we
201 perform density functional theory calculations as described
202 previously, however, now we turn off the spin−orbit coupling
203 so that the valence band splitting ΔKv = 2tp resulting from the
204 interlayer coupling is not obscured by the spin−orbit coupling.
205 Values for tp resulting from an increase in the interlayer

f4 206 distance (Δd) are shown in Figure 4. At the equilibrium

207 position (d = 3.12 Å, Δd = 0), our value of tp = 35.3 meV is
208 close to the value of 43 meV from ref 3. At Δd = 1.0 Å, tp = 4.8
209 meV, and the polarization is 0.998. These calculated values are
210 in close agreement with the recent work of Liu et al.16 Values of
211 Δd between 1.0 to 1.5 Å are required to cause the indirect to
212 direct transition in few layer MoS2. Therefore, for the O2
213 treated samples, we expect nearly complete spin polarization of
214 the excited carriers. Experimentally, the degree of circularly
215 polarized PL will rely on the spin lifetime and the radiative
216 relaxation time of the excitons, which depends on the quality of
217 the samples. The interpretation of these circularly polarized PL
218 spectra using eq 1 is strictly valid in the long carrier lifetime
219 limit, and a more rigorous model would also include any change
220 in the carrier lifetimes brought about by exposure to remote
221 oxygen plasma. However, intervalley scattering processes are
222 strongly suppressed in TMDCs as they must be accompanied
223 by a spin flip, which leads to long carrier lifetimes. Hence, only
224 in highly defective samples is this assumption likely to be

225invalid, and to a first order, we expect that the change in
226interlayer coupling, and not a change in carrier lifetimes, plays a
227dominant role in the degree of polarization.
228As the temperature is increased, the degree of polarization
229reduces due to phonon assisted intervalley scattering. However,
230 f5as shown in Figure 5, a strong degree of copolarization with the

231excitation is observed up to a temperature of about 300 K, in
232agreement with previous reports on pristine monolayer MoS2
233samples. In highly defective samples with a high density of
234localized scattering sites, one would expect to see strong
235intervalley scattering. The measured temperature dependence
236of the degree of circular polarization confirms that the crystal
237quality of the MoS2 is not degraded by exposure to this remote
238oxygen plasma. In contrast, before oxygen plasma treatment,
239few layer MoS2 shows a weak degree of polarization, even at 30
240K.
241Optical access to the valley and spin degrees of freedom
242would be essential for future spintronic devices. However, the
243indirect gap nature and rapid relaxation of excited carriers to
244the Γ point in multilayers dramatically suppresses the quantum
245yields in the light emission from K valleys, which makes the
246observation of these effects challenging. Our results show that,
247by engineering the van der Waals separation in these TMDCs,
248it is possible to observe strong circularly polarized emission and
249absorption from multilayer MoS2 with enhanced photo-
250luminescence, which offers the additional benefit of layer
251index as an additional degree of freedom, absent in monolayer
252MoS2. The transition to a direct gap semiconductor is
253corroborated by the large enhancement in photoluminescence
254quantum yield observed. Although bilayer indirect gap TMDCs
255such as WSe2 and WS2 have shown some degree of circular
256polarization17 due to spin-layer-locking, previous measurements
257of bilayer MoS2 show a much weaker degree of circularly
258polarized PL emission (∼15%), due to the larger energy
259difference between the direct and indirect transitions.
260Furthermore, the quantum yield for PL emission is
261considerably lower in bilayer MoS2, due to the indirect band
262gap. In this work, up to 80% circular polarization in the PL
263emission spectrum is observed for samples 3−4 layers in
264thickness. Also, the PL quantum yield is far stronger when
265compared with previous studies on multilayer MoS2, due to the
266transition to a direct band gap. Other approaches to modifying
267the van der Waals gap, such as the application of cross-plane
268tensile strain could potentially also give rise to similar effects.

Figure 4. Calculated interlayer coupling parameter tp and the
polarization corresponding to the localization within the top or
bottom layer of each spin in each valley and also the spin polarization
of the excited carriers due to circularly polarized optical absorption.

Figure 5. Temperature dependence of the degree of polarization of
circularly polarized photoluminescence spectra, showing strong
copolarization with the excitation up to T = 300 K.
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269 In conclusion, we observe circularly polarized photo-
270 luminescence from few layer MoS2 flakes after treatment with
271 a remote oxygen plasma. These results confirm the transition
272 from an indirect to a direct band gap material induced by
273 plasma assisted decoupling of the electronic states in the
274 individual layers of few layer MoS2. An up to 20-fold
275 enhancement of PL emission is observed due to the direct
276 gap transition. While as-exfoliated MoS2 exhibits only a weak
277 degree of polarization, the PL resulting from circularly polarized
278 excitation is 80% polarized at T = 30 K, consistent with the
279 predictions of Liu et al. This simple and robust technique offers
280 the possibility of creating efficient multilayer TMDC spin
281 polarized optoelectronic devices. Multilayer molybdenum
282 disulfide not only offers a higher absorption cross section, but
283 is also significantly less sensitive to surface scattering
284 phenomena. Engineering the bandstructure by plasma assisted
285 layer decoupling gives multilayer MoS2 the advantages of single
286 layer MoS2 (i.e., direct band gap) without sacrificing layer
287 thickness.
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