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26Internal photoemission of electrons from 4- and 2-monolayer thick MoS2 films prepared by sulphuriza-
27tion of metallic Mo on top of SiO2 or HfO2/SiO2 insulating stacks is detected. This enables determination of
28the energy position of the MoS2 valence band which is found to be at 4.1–4.2 eV below the SiO2 conduc-
29tion band. At the interface with HfO2, a barrier height of 3.7 eV is found, corresponding to an increase of
30the electron affinity of MoS2 by �0.5 eV as compared to the SiO2 case. This suggests the presence of inter-
31face charges (or dipoles) in the interfacial HfO2 layer.
32� 2015 Elsevier B.V. All rights reserved.
33

34

35

36 1. Introduction

37 Layered transition metal dichalcogenide semiconductors attract
38 considerable interest because of their tunable properties relevant
39 to a broad range of applications. In particular, few-layer MoS2

40 has already been shown to deliver significant advantages in terms
41 of transistor channel downscaling and optoelectronic properties
42 [1]. The performance of the MoS2-based devices critically depends
43 on the band alignment with other materials since the alignment
44 determines the electrostatics of the stack, height of the tunneling
45 barriers, contact resistance, etc. However, characterization of the
46 barriers at interfaces of few-layer 2D materials generally repre-
47 sents quite an experimental challenge: The electronic transport
48 across the interfaces is strongly affected by hydrocarbon residues
49 of the flake transfer process [2], non-homogeneities (e.g., domain
50 boundaries), and defects in the material itself [3]. For example, it
51 is found that the same metal on MoS2 may provide both n- and
52 p-type Schottky barriers, pointing to an inhomogeneous work
53 function distribution [3,4].
54 Therefore, it is important to find a technique allowing one to
55 reliably determine the MoS2 bandgap edge energies with respect
56 to other materials. In the present work we will show that this goal
57 can be achieved using the spectroscopy of Internal PhotoEmission
58 (IPE) of electrons from MoS2 into an insulating layer. By using 2-
59 and 4-monolayer (ML) thick MoS2 films on top of SiO2 layer or
60 HfO2/SiO2 stack as the prototype interfaces, we observe IPE from

61a thin 2D photo-emitter and determine the corresponding energy
62barriers.

632. Experimental

64The studied samples were prepared by thermal evaporation of a
65thin Mo film on SiO2(50 nm)/p+-Si (B-doped, na � 1020 cm�3) or
66HfO2(2 nm)/SiO2(50 nm)/p+-Si substrates. Next, the Mo/oxide/Si
67samples were transferred to a furnace and sulfurized in pure
68H2S(100 mbar) at 800 �C resulting in the formation of a large-area
69(in the range of cm2) polycrystalline MoS2 film with crystallites of
70�50 nm size as revealed by atomic force microscopy. Cross-sec-
71tional transmission electron microscopy (TEM) images, such as
72shown in Fig. 1, reveal the characteristic layered structure of a
73�3 nm thick MoS2 film (�4 molecular planes of 0.65-nm thick each
74[1]). The Raman spectrum shown in the same figure exhibits two
75distinct peaks at around 383 cm�1 and 408 cm�1 corresponding
76to the in-plane (E2g) and the out-of-plane (A1g) vibrations in
77MoS2, respectively [1]. This observation and electron spectroscopy
78analysis reveals conversion of metallic Mo into 2H-MoS2 character-
79ized by hexagonal crystalline structure and trigonal prismatic coor-
80dination geometry, also supported by plane-view TEM images (not
81shown). By varying the thickness of the initially deposited Mo, it
82appears possible to produce samples with 4 or 2 ML thick MoS2

83films without contamination of the MoS2/oxide interfaces.
84To ensure reliable electrical contacts, optically nontransparent
85(100-nm thick) Au or Al pads (0.01 mm2 area) were evaporated
86on top of the MoS2 film. For the sake of comparison, one 4 ML
87MoS2 sample was metalized by evaporating semitransparent (13-
88nm thick) blanket Au electrodes of 0.5 mm2 area. The steady-state
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89 value of the IPE current was measured between the Si substrate
90 and the MoS2 layer by applying a negative bias to MoS2 to enable
91 electron photoinjection. Generally, the major challenge in the real-
92 ization of IPE from a 2D material is related to the fact that direct
93 optical transitions result in electrons with predominantly in-plane
94 momentum orientation [1,5] which would not allow them to sur-
95 mount the interface barrier. Nevertheless, the present study indi-
96 cates that IPE from the quasi-2D MoS2 emitter can be detected,
97 suggesting relaxation of the momentum conservation rule.

98 3. Results and discussion

99 The IPE quantum yield (Y) measured as a function of the photon
100 energy (hm) and the Y1/3-hm plots used to extract the spectral
101 thresholds are shown in Fig. 2 (open symbols) for a 4 ML MoS2/
102 SiO2/Si sample with Au contact pads. The spectral curves exhibit
103 a clearly visible increasing red-shift with increasing negative volt-
104 age applied to the MoS2 film due to the image-force barrier lower-
105 ing (the Schottky effect). This observation points to IPE of electrons
106 into the conduction band (CB) of SiO2 since the barrier lowering
107 becomes visible only in the case of ballistic photo-electron trans-
108 port across the interface barrier. The corresponding spectral
109 thresholds extracted from the Y1/3-hm plots [6] shown in Fig. 2(b)
110 obey the image-force model as evidenced by the Schottky plot
111 shown in Fig. 3(a). The barrier height Ue between the valence band
112 (VB) of MoS2 and the oxide CB can be found by extrapolation to
113 zero electric field, giving the value Ue(MoS2) = 4.20 ± 0.05 eV,
114 where the image force dielectric constant ei is found to be

115consistent with the value expected for SiO2: ei � n2 = 2.1, where
116n = 1.46 is the refractive index of SiO2.
117For the sake of comparison, in Fig. 2(a) are also shown IPE yield
118spectra corresponding to electron emission from the p+-Si sub-
119strate (d, positive bias) and from the 2-ML MoS2 film (j).
120Electron IPE from Si can be identified on the basis of the yield drop
121observed at hm � 4.3 eV corresponding to the excitation of direct
122optical transitions in the Si substrate crystal (the E2 singularity
123[7]). The quantum yield value of electron IPE from Si is approxi-
124mately 10 times higher than from a 4 ML MoS2 photoemitter (cf.
125the range hm > 5 eV), reflecting the small volume available for the
126optical excitation in the last case. This explanation is also consis-
127tent with even lower yield observed in the case of IPE from a
1282 ML MoS2 electrode [cf. Fig. 2(a)] independently indicating elec-
129tron IPE from few-ML MoS2.
130Comparison of the field-dependent spectral thresholds mea-
131sured in the structures with 4 ML MoS2 electrodes and Au or Al
132contact pads [Fig. 3(a)] reveals that the metal work function has
133no significant influence on the results, further supporting the iden-
134tification of the IPE as constituting electron emission from MoS2. In
135the case 2 ML MoS2, the spectral thresholds are slightly
136(�150 meV) lower than for the 4 ML MoS2 layer but still obey
137the same image-force law. By contrast, as evident from Fig. 3(a),
138the sample with the Au blanket contact on top of 4 ML MoS2 shows
139no measurable barrier lowering while the spectral threshold value
140exactly corresponds to the zero-field barrier value found in the
141case of IPE from an unmetallized MoS2 layer. This effect can also
142be seen as indication that the IPE occurs by excitation of electrons
143from the MoS2 electrode: Since the density of charge carriers in
144MoS2 is insufficient to screen a hole left behind by a photoelectron
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Fig. 2. (a) Quantum yield as a function of photon energy measured on the
(100)Si/SiO2(50 nm)/MoS2(4 ML) structures under different negative bias voltages
applied to the MoS2 electrode (open symbols). The IPE yield spectra corresponding
to electron emission from the p+-Si substrate (d), observed under positive bias, and
from a 2-ML MoS2 film (j) are also shown for comparison; (b) Determination of the
IPE spectral threshold using linear extrapolation of the Y1/3-hm plots.
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Fig. 3. (a) The Schottky plot of spectral thresholds measured on
(100)Si/SiO2(50 nm)/MoS2 structures using different contact schemes and
metallization materials; (b) Schottky plot of spectral thresholds measured on the
(100)Si/SiO2(10 nm)/Mo(10 nm) structures after 30 s annealing in N2 at different
temperatures (after Ref. [7]).

Fig. 1. Cross-sectional TEM images and Raman spectra of a 4 ML MoS2/SiO2/Si sample.
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