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Planar p-n junction based on a 
TMDs/Boron Nitride heterostructure 

 

Abstract 

Transition Metal Dichalcogenides (TMDs) are attracting growing interests 
for their prospective application in electronic and optical devices. As a leading 
material in researches of 2D electronics, although band structure is layer-
dependent, the TMDs show ambipolar properties. While optically excited light 
emission has been widely investigated, the study on electrically generated 
emission is still limited. Taking the advantage of its ambipolarity and presence of 
direct band-gap in monolayer, we developed an electrically driven light-emitting 
device base on stacked 2D flakes to obtain sharp planar p-n junction in monolayer. 
Specifically, we have fabricated an atomic layer Transition Metal Dichalcogenides 
(TMDs)-boron nitride (BN) artificial heterostructures using a stacked hBN thin 
flake as a mask to partially cover the TMDs transistor channel allowing high-
density hole accumulation (p-region) via localized exposure to the gate-controlled 
accumulation of anions. Transport through the junction shows typical diode-like 
rectification current with accompanying strong and sharp light emission from the 
crystal edge of BN mask for monolayer case. 
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2.1 Introduction 

Transition metal dichalcogenides (TMDs) such as WS2, MoS2, MoSe2, and 
WSe2 show unique layer dependent properties such as indirect-direct band gap 
transition and strong photoluminescence (PL). The direct band-gap observed in 
semiconducting TMD monolayers is due to the absence of interlayer coupling and 
the lack of inversion symmetry [1–4], which has made monolayer TMDs promising 
for various functionalities in ultrathin, flexible, and transparent devices, such as 
transistor [5,6], photodetector [7], and light-emitting diodes [8–11]. 

Studies of electronic and optical properties of monolayer TMDs have been 
widely performed. The study on the exciton and its derivatives such as trions and 
biexcitons have been conducted mostly by optical pumping [12–16]. The 
measurements include the PL dependence of carrier density controlled by an 
electrical field, optical fluence, and circular polarization excited by the circularly 
polarized incident light [3,12,17–20]. Recently, features of electrically induced 
light emission have been studied although the magnetically induced valley 
polarization [21] and chiral light-emitting transistor [10,22]. Specifically, the 
experiments of electroluminescence (EL) have been performed on lateral or 
vertical p-n junction by irradiative recombination of electrically generates 
electrons and holes. The out-of-plane p-n junction was usually fabricated as 2D 
heterostructures by stacking two or more monolayer with different intrinsic 
doping acting as the p- and n-type semiconductors [23–25]. Meanwhile, light-
emitting diodes (LEDs) based on exfoliated MoSe2, WSe2, and WS2 have been 
realized also by electrostatically induced p-n homojunction using two independent 
gates in the in-plane adjacent regions [8–11]. Alternatively, this lateral p-n 
junction can also be made by chemically doping a partially covered few-layer MoS2 
[26]. 

For application in valley optoelectronics, lateral p-n junction 
configuration is more favorable since electronic transport can be confined to the 
in-plane direction of the devices. Recent studies reported that the circularly 
polarized transition is sensitive to the relative angle between the crystal 
orientation and the direction of the applied field [10,27]. Thus fabricating sharp p-
n interface with definitive control on the orientation is highly demanded in the 
future device applications. 
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In this chapter, we report the fabrication of lateral p-n junctions based on 
stacking TMDs/Boron Nitride (BN) heterostructures. The TMDs flakes were 
prepared by mechanical exfoliation for few-layer samples and CVD growth for 
monolayers. For making the p-n junctions, the TMDs flakes are partially covered 
by a few-layer BN as an isolation mask, which prevents charge accumulation under 
the BN mask due to the fact that the BN layer can prevent the direct contact of 
ionic liquid on the TMDs surface. Whereas, in the exposed region, carriers are 
induced electrostatically by the ionic gating [28], which is much efficient than the 
conventional solid-state gating [6,29,30]. Therefore the ambipolar transport of 
TMDs can be accessed easily. To stabilize the ion movement, the so-called 
freezing-while-gating technique was performed by cooling the ionic liquid down 
below its glass transition temperature [29]. The as-prepared device shows gate 
tunable diode rectification and sharp EL emission profile. For the monolayer case, 
strong EL in the visible range (~620 nm) indicates a well-defined lateral p-n 
junction interface. Furthermore, our EL spectra measurement indicates the 
signature of charged exciton emission in PL spectra, which occurs in the high 
current density regime. 

2.2 Device Fabrication Method 

The few-layer MoS2 flakes are exfoliated from bulk single-crystal 2H-MoS2 
using a mechanical exfoliation method on SiO2/Si substrate. To characterize the 
layer number of the MoS2 flakes, a Raman spectroscopy measurement was 
performed using a 324 nm excitation laser. Figure 2.1 shows the typical Raman 
finger-print of the MoS2. The layer number of MoS2 can be characterized by 
investigating the peak position of E1

2g and A1
g. From our measurement, the 

separations of 19.6, 21.5, and 24.6 cm-1 are observed for the monolayer, bilayer, 
and multilayer respectively. Our results are consistent with the previously studied 
MoS2 Raman peaks [31]. For monolayer MoS2, the typical separation between the 
two peaks is 20 cm-1, which is very close to our monolayer result. Our observation 
of the bilayer Raman signal is also very close to the previous report where the 
separation of bilayer signal is 22.7 cm-1 [31]. For the multilayer case (trilayer or 
more), the Raman signal is in a good agreement with the previous observation as it 
varies in the range of 23.5 to 25.3 cm-1 [31]. 
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Figure 2.1 The Raman spectroscopy for monolayer, bilayer, and multi-layer MoS2. 
The layer number of the MoS2 can be determined by separation between E1

2g and 
A1g peaks. The separations of 19.6, 21.5, and 24.6 cm-1 correspond to the 
monolayer, bilayer, and multi-layer respectively. Inset: The optical image of the 
cleaved MoS2 flakes. The dots correspond to the measured spots and the scale bar 
is 5 μm. 

 

Figure 2.2 (a) Schematic cartoon of atomic layer TMDs planar p-n junction device. 
(b) The transfer characteristic of few-layer MoS2 using the ionic liquid gate at T = 
220 K with a subsequent cool-down process in hole region to T = 170 K. Noted that 
the insulating region is slightly shifted to the negative side indicating intrinsic 
electron dope in the sample. To accumulate the hole carrier in the exposed area, 
we gated our device to VLG = -6 V and immediately cooled down to fix the ion 
movement. 
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Figure 2.2(a) shows the schematic structure of the planar p-n junction 
made on a MoS2 flake. The TMD flake is partially covered by an hBN flake masking 
the vertical electric field from the ionic gating. For multilayer devices, few-layer 
MoS2 and BN flakes are prepared from mechanical exfoliating bulk single crystals 
of 2H-MoS2 and hBN on SiO2/Si substrate (SiO2: 285 nm). For the monolayer case, 
we use monolayer WS2 grown by chemical vapor deposition on SiO2/Si substrate 
[32]. The as-grown monolayers are subsequently transferred onto a HfO2/Si 
substrate (HfO2: 50 nm). We patterned the contact electrodes (Ti/Au: 0.5/40 nm) 
into a hall bar configuration by e-beam lithography and e-beam evaporation (TFC-
2000). The few-layer hBN (d = 20 ~ 30nm) was laminated onto the channel to reach 
a partial coverage using the dry transfer method after lifting off the device [33]. 

The transistor can be switched by gating (N, N-diethyl-N-methyl-(2-
methoxyethyl) ammonium bis (trifluoromethyl- sulfonyl) imide) (DEME-TSFI), a 
typical ionic liquid widely used in ionic gating. Compared with the conventional 
solid gating, high efficiency in ionic gating can more effectively induce large hole 
concentration, which is difficult to be accessed by conventional gating because of 
the intrinsic n-type doping in most semiconducting TMDs. Nevertheless, the high 
carrier density has been induced for n2D ~ 1014 cm-2, which allows routine access to 
the ambipolar characteristics even in an n-type semiconductor (e.g. MoS2) and 
superconductivity [6,34]. The electrical transport and optical spectroscopy were 
performed under high vacuum (10-6 mbar). Figure 2.2(b) shows the transfer curve 
for a typical few-layer MoS2 EDLT for the channel exposed to the ionic liquid. The 
device clearly shows ambipolar behavior with the OFF regime slightly shifted to 
the negative side of bias indicating low intrinsic electron doping. To accumulate 
holes, we applied VLG up to -6 V until the source-drain current IDS starts to 
saturate. Then, we immediately cool down the system below the glass transition 
temperature (T  = 170 K) to fix this partial doping configuration. 

2.3 Results and Discussion 

The I-V characteristic of the MoS2 p-n junction device is shown in Figure 
2.3. The typical diode rectification was observed in our device indicating the 
formation of a p-n interface between the exposed and BN-covered MoS2 surface. 
Furthermore, we observed no significant breakdown voltage appeared in our 
device under reversed bias. It is worth noting that the device performance depends 
on the applied VLG. We also note that we limited the liquid gating up to VLG = -6 V 
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to prevent the permanent doping occurred at the higher VLG due to a chemical 
reaction.  

 

Figure 2.3 The typical diode rectification from the MoS2  p-n junction device at 
the different fixed VLG. As one can see from the figure, the optimum rectification 
occurs at VLG = -6 V indicating a formation of the p-doped MoS2 on the exposed 
area. Inset: The optical image of the corresponding device. The scale bar 
corresponds to 5 μm. 

Figure 2.4 shows the I-V characteristics of few-layer MoS2 p-n junction 
devices at different applied back gate (VBG). Here, we investigate two devices of 4 
and 13 nm thick, where the thicknesses are estimated by interference color 
contrast in optical microscopy. One can see that both devices show the 
rectification behavior of a typical diode as a function of bias between source and 
drain. The increase of back-gate voltage clearly enhances forward-bias current. 
However, as shown in Figure 2.4(a), the reverse bias current increases significantly 
after VBG = 30 V for the thicker device (13 nm). On the other hand, as shown in 
figure 2.4(b), the thinner device (4 nm) shows that the rectification of the p-n 
junction is preserved even at VBG = 100 V – the highest back gate voltage accessible 
by this experiment before having gate breakdown. We attribute the two different 
rectification behaviors to the formation of two different configurations of p-n 
junctions due to the flakes of different thicknesses. As schematically drawn in 
Figure 2.5(a), the effect of the liquid gate only occurs in the proximity of the 
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surface layer, while the bottom layers remain their intrinsic doping state. Hence, 
for the thicker device, the increase of reverse-bias current is attributed to the 
unintended formation of conduction channel due to the carriers induced by 
biasing the back gate, which accumulates the carrier to the bottom surface of the 
flake. In contrast, this conduction channel cannot be established as the additional 
conducting layer in the thinner device because of the dominating influence of the 
electrical field from the top ionic gating. 

To understand the rectification behavior in samples with different 
thicknesses, we performed a numerical calculation to obtain the potential 
distribution under both liquid gate and back gate in both vertical and horizontal 
directions. To calculate the potential distribution, we numerically solve the two-
dimensional (2D) Poisson equation: 

    −∇2𝑉𝑉(𝑥𝑥, 𝑧𝑧) = 𝜌𝜌
𝜀𝜀𝑟𝑟𝜀𝜀𝑜𝑜

  (2.1), 

where V(x,z), ρ, εr, and ε0 correspond to the potential at the location (x,z), carrier 
density, dielectric constant, and the permittivity of vacuum, respectively. The 
calculation uses the 2D finite difference method by setting the charge density as 
1×1014 cm-2 for the exposed channel surface (in contact with ionic liquid) and 
5×1012 cm-2 for the bottom surface (tuned by the back gating). Figure 2.5(b) shows 
the numerical solution of equation (2.1). The potential distribution in the vertical 
region can be divided into three regions; the top channel A, the insulating channel 
B, and the bottom channel C. The channel A represents the region where the 
actual rectification of p-n junction occurs as the ionic gating induces hole 
accumulation only close to the top surface. When the applied back gate increases, 
the carrier can be accumulated also in the bottom layer creating additional 
conducting channel C. 
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Figure 2.4 (a) I-V characteristics of the thicker (13 nm) MoS2 planar p-n junction 
device in fixed liquid gate VLG = -6 V under various back-gate voltage VBG. Noted 
that the reverse-bias current start to increase after VBG = 30 V at T = 170 K. (b) I-V 
curves of the thinner (4 nm) MoS2 p-n device under similar gating condition with 
(a). Here, one can see no reversed-bias current was observed even in the highest 
applied back gate VBG = 100 V. 
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Figure 2.5 (a) Schematic band structure for the vertical direction (side panel) and 
the surface channel (upper panel). (b) Normalized potential distribution of a 
device under both liquid- and back gate. Position A, B, and C are representing the 
top channel, insulating channel, and bottom channel, respectively.  

In relatively thick devices, the thickness of this bottom conduction 
channel can be estimated as ~1 nm from the simulation, which is bigger than the 
thickness of monolayer MoS2 (the interlayer spacing d = 0.6 nm). Therefore, when 
the applied back gate increases and adds more carrier to the bottom layers, the 
conductivity enhances for channel C. Moreover, this bottom layer behaves as a 
transistor channel when a reverse bias is applied. In contrast, this unlikely occurs 
in the thinner flakes because the bottom layer thickness is estimated less than 0.5 
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nm, smaller than the thickness of monolayer, implying that the applied back gate 
cannot create additional conduction channel from the bottom. In addition, when 
the negative back gate is applied as shown in figure 2.5(a), channel C becomes 
insulating hence electrical transport can only occur in channel A. 

 

Figure 2.6 The summary of the current rectification ratio of (a) the thicker (13 nm) 
and (b) thinner (4 nm) devices at different applied VBG. 

To further investigate the device qualities, we extract the current 
rectification ratio, which is defined as a ratio between forward and reverse bias 
current, at different VBG as shown in Figure 2.6. The rectification behavior of the 
thicker device can be seen in Figure 2.6(a). Surprisingly, the maximum ratio can 
reach 6000 at negative VBG = -40 V. We attribute this behavior to the presence of 
bottom layers in our p-n junction device. The enhancement of the rectification 
ratio at the positive back gate can be caused by the accumulation of the electron 
from the bottom layer that enhances the intrinsic n-type part of the p-n junction. 
As previously discussed, the carrier density induced by liquid gating is larger than 
that of the SiO2 gating in the order of 102. Therefore, the applied solid gating only 
affects the covered part of MoS2. However, in the thicker device, the solid gating 
can still induce carrier in the bottom layers so that it forms an unintended 
conducting channel at the positive VBG. Therefore, at the negative VBG, the bottom 
channel becomes more insulating than the top channel. Not to mention, the ionic 
liquid has been proven to induce conductive channel confined on the top surface 
[35]. As a result, the negative back gate confines the p-n junction on the surface 
channel which enhances the device performances. This behavior unlikely occurs in 
the thinner device due to the absence of the bottom channel. As shown in Figure 
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2.6(b), no significant rectification ratio enhancement is observed at the negative 
back gate.  

Table 2.1 Comparison of various developed homojunction devices based on 2D 
TMDs. 

Homojunction 
Methods 

Materials Thickness 
Rectification 

Ratio 
Reference 

Lateral 
Electrostatic 

WSe2 
WSe2 
WSe2 
WSe2 
MoS2 (this work) 
MoS2 (this work) 
 

1L 
1L 
1L 
5 nm 
4 nm 
13 nm 

50 
500 
100000 
10000 
33000 
6200 

[9] 
[36] 
[11] 
[37] 

Lateral 
Chemical 
doped 

MoS2 
MoS2 

60 nm 
7 nm 
 

100 
10 

[26] 
[26] 

Vertical 
Chemical 
doped 

MoSe2 
MoS2 
MoS2 

6 nm 
10 nm 
3 nm 

1000000 
250 
100 

[38] 
[39] 
[40] 

 

Table 2.1 shows a summary of the developed 2D p-n junction devices. The 
electrical performances of the p-n junctions are represented by the rectification 
ratio behavior. We note that, in the lateral electrostatic homojunction group, our 
thin-layer device performance is only inferior with the monolayer WSe2 p-n 
junction reported in Ref. 11. The monolayer device gives ideal architecture for the 
lateral homojunction devices since the induced carrier will be uniformly 
distributed in one layer. Whereas in the multilayer case, the contribution of the 
additional layers is inevitable which affects the performance of the p-n junction 
device. Furthermore, among the other MoS2-based homojunctions, our lateral p-n 
junction devices show superior qualities. In addition, the best electrical 
performance is observed in the vertically chemical doped MoSe2 which exceeds the 
other reported p-n junction devices [38]. The device is fabricated by stacking an 
intrinsic n-type and pre-doped p-type MoSe2 [38]. Compared to our devices, this 
device performance is far more superior. However, our device architecture has 
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been proven to give more flexibility in the term of device performance since the 
electrical performance is tunable by the gating effect. Therefore, to achieve similar 
performance with the reported device, we can simply replace the SiO2 gate with 
high-k dielectric gate such as HfO2 in order to increase the gating efficiency and 
achieve a higher range of the device tunability. 

 

Figure 2.7 (a) Device operation of a planar monolayer p-n junction under VBG = 4.5 
V and VLG = -5 V  at T = 165 K. The blue squares and red circles represent, 
respectively, the IDS and the intensity of light emission detected by the CCD 
camera as a function of VDS. Inset: the optical images of the p-n junction device 
(left panel) and the light emission taken with an exposure of 100 ms (right panel). 
(b) Electrical performance under forward-bias at different back gate conditions at 
80 K. Inset: the logarithmic plot of the I-V curve. The dashed black line 
corresponds to the ideality factor. 

To investigate optoelectronic properties, especially the light emission, we 
chose the CVD grown monolayer WS2 as our channel material because of the much 
higher quantum efficiency observed in CVD monolayers. The as-grown 
monolayers on SiO2/Si were transferred to a HfO2/Si substrate because the high-k 
dielectric can enhance the back-gate efficiency. The formation p-n junction was 
performed by the aforementioned method used in a few layers. The I-V 
rectification of a monolayer device is shown in Figure 2.7(a). As one can see from 
the measurement at 165 K and under VBG = 4.5 V, the current through the p-n 
junction shows a typical diode-like rectification accompanied by strong and sharp 
light emission from the crystal edge of the hBN mask (see inset). In addition, no 
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indication of reverse-bias current was observed until VDS = -3 V indicating well 
established p-n junction in the p-n interface. 

The back gate dependence of rectification at T = 80 K is displayed in Figure 
2.7(b). Similar to the case of few-layer devices, a consistent forward-bias 
enhancement also occurs when the back-gate bias increases. From the logarithmic 
plot, the rectification starts to occur at VBG = 1.8 V implying the transition from the 
insulating state and the formation of the p-n junction in the n-type region. 
Furthermore, the ideality factor n of the p-n junction can be determined by the 
theoretical fitting using extended Shockley diode equation [11,41]: 

𝐼𝐼DS =  𝑛𝑛 𝑉𝑉T
𝑅𝑅s

𝑊𝑊 [𝐼𝐼0𝑅𝑅s
𝑛𝑛𝑉𝑉T

 𝑒𝑒𝑒𝑒𝑒𝑒 (𝑉𝑉DS+𝐼𝐼0𝑅𝑅s
𝑛𝑛𝑉𝑉T

)] − 𝐼𝐼0  (2.2), 

where W is lambert-function, I0 the reverse-bias current, Rs the series resistance. 
The VT = kBT/q is the thermal voltage at temperature T. Here, kB is the Boltzmann 
constant, and q the electron charge. The obtained n values are larger than 2 
exceeding the limit of an ideal diode and Shockley-Read-Hall (SRH) recombination 
theory [42]. This large n value is typically observed in GaN-based p-n junctions due 
to the presence of a tunneling mechanism in the carrier transport process [43–45]. 
From the calculation, we observed that the ideality factor remains constant from 
VBG = 3 to 5 V with an average na = 6.8 indicating that, in this regime, the p-n 
junction operation and the recombination process is independent on the change of 
carrier density. It indicates that the carrier density at optimum operation regime 
only affects the series resistance of the p-n junction device after establishing the 
p-n junction. 

As shown in Figure 2.8, the electroluminescence (EL) spectrum of a 
monolayer device is compared with its photoluminescence (PL) counterpart. The 
EL measurement was performed under VBG = 4.5 V and injection current IDS = 13.9 
μA. Whereas, the PL measurement was measured in as-grown CVD monolayer. 
The comparison between the EL and PL spectra shows that the EL spectrum (red 
line) is red-shifted from that of PL. We attribute the peak shift to the different 
exciton density induced in the sample. In the EL case, the excitons are formed by 
driving the n and p carriers accumulated by both liquid- and back gate to the 
recombination regime. Therefore, the upper bound of exciton density is limited by 
the lower carrier density found for either n or p carriers, which is in the order of 
~1013 cm-2. Under the influence of high density of the doped carrier, the 
recombination process can involve charged exciton, which has lower photon 
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energy than that from intrinsic exciton PL [13,46]. Therefore, we suggest that the 
light emission of our monolayer device is dominated by charged exciton. 
Furthermore, recent studies also show that crystal defect due to impurities or 
transfer process can trigger this charged exciton emission [16,47]. In our case, the 
p-n junction device is fabricated by transferring the CVD grown monolayer flakes. 
Hence the formation of the defect is highly possible. The influence of crystal 
defect can be observed in PL spectra where peak shoulder exists at higher photon 
energy. 

 

Figure 2.8 Electroluminescence (red) and photoluminescence (black) spectra 
measured at 80 K. The PL spectrum was taken under an excitation laser power of 
650 μW/m2. 

2.4 Conclusion 

In conclusion, we demonstrated that a clear diode rectification behavior in 
our lateral p-n junction based on TMDs/BN heterostructures. In few-layer samples, 
the rectification behavior is thickness dependent where additional conduction 
layer was formed on the bottom surface, which affects the device performance 
under high back gate bias. For the monolayer case, light emission from the crystal 
edge of the BN mask has been observed indicating sharp and well-defined p-n 
junction. Furthermore, our measurement of EL spectra indicates the signature of 
emission from charged excitons in contrast to the PL spectra which might 
originate from the high carrier density induced in our sample and defects 
generated during the device fabrication process.  

 



Chapter 2

50

References 

[1] K. F. Mak, C. Lee, J. Hone, J. Shan, T. F. Heinz, Phys. Rev. Lett. 2010, 105, 136805. 
[2] H. Zeng, G.-B. Liu, J. Dai, Y. Yan, B. Zhu, R. He, L. Xie, S. Xu, X. Chen, W. Yao, X. Cui, 

Sci. Rep. 2013, 3, 1608. 
[3] A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C. Y. Chim, G. Galli, F. Wang, Nano Lett. 

2010, 10, 1271. 
[4] H. R. Gutiérrez, N. Perea-López, A. L. Elías, A. Berkdemir, B. Wang, R. Lv, F. López-

Urías, V. H. Crespi, H. Terrones, M. Terrones, Nano Lett. 2013, 13, 3447. 
[5] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, A. Kis, Nat Nano 2011, 6, 147. 
[6] Y. Zhang, J. Ye, Y. Matsuhashi, Y. Iwasa, Nano Lett. 2012, 12, 1136. 
[7] O. Lopez-Sanchez, D. Lembke, M. Kayci, A. Radenovic, A. Kis, Nat. Nanotechnol. 

2013, 8, 497. 
[8] S. Jo, N. Ubrig, H. Berger, A. B. Kuzmenko, A. F. Morpurgo, Nano Lett. 2014, 14, 2019. 
[9] J. S. Ross, P. Klement, A. M. Jones, N. J. Ghimire, J. Yan, D. G. Mandrus, T. Taniguchi, 

K. Watanabe, K. Kitamura, W. Yao, D. H. Cobden, X. Xu, Nat. Nanotechnol. 2014, 9, 
268. 

[10] Y. J. Zhang, T. Oka, R. Suzuki, J. T. Ye, Y. Iwasa, Science (80-. ). 2014, 344, 725 LP. 
[11] B. W. H. Baugher, H. O. H. Churchill, Y. Yang, P. Jarillo-Herrero, Nat. Nanotechnol. 

2014, 9, 262. 
[12] Y. You, X.-X. Zhang, T. C. Berkelbach, M. S. Hybertsen, D. R. Reichman, T. F. Heinz, 

Nat. Phys. 2015, 11, 477. 
[13] J. Shang, X. Shen, C. Cong, 2015, 647. 
[14] Y. Zhang, T.-T. Tang, C. Girit, Z. Hao, M. C. Martin, A. Zettl, M. F. Crommie, Y. R. 

Shen, F. Wang, Nature 2009, 459, 820. 
[15] G. Moody, J. Schaibley, X. Xu, J. Opt. Soc. Am. B 2016, 33, C39. 
[16] M. S. Kim, S. J. Yun, Y. Lee, C. Seo, G. H. Han, K. K. Kim, Y. H. Lee, J. Kim, ACS Nano 

2016, 10, 2399. 
[17] K. F. Mak, K. He, J. Shan, T. F. Heinz, Nat. Nanotechnol. 2012, 7, 494. 
[18] H. Zeng, J. Dai, W. Yao, D. Xiao, X. Cui, Nat. Nanotechnol. 2012, 7, 490. 
[19] B. Zhu, H. Zeng, J. Dai, Z. Gong, X. Cui, Proc. Natl. Acad. Sci. 2014, 111, 11606. 
[20] J. Shang, X. Shen, C. Cong, N. Peimyoo, B. Cao, M. Eginligil, T. Yu, ACS Nano 2015, 

9, 647. 
[21] Y. Ye, J. Xiao, H. Wang, Z. Ye, H. Zhu, M. Zhao, Y. Wang, J. Zhao, X. Yin, X. Zhang, 

Nat. Nanotechnol. 2016, 11, 598. 
[22] M. Onga, Y. Zhang, R. Suzuki, Y. Iwasa, Appl. Phys. Lett. 2016, 108, 073107. 
[23] C.-H. Lee, G.-H. Lee, A. M. van der Zande, W. Chen, Y. Li, M. Han, X. Cui, G. Arefe, C. 

Nuckolls, T. F. Heinz, J. Guo, J. Hone, P. Kim, Nat. Nanotechnol. 2014, 9, 676. 
[24] J. S. Ross, P. Rivera, J. R. Schaibley, E. L. Wong, H. Yu, T. Taniguchi, K. Watanabe, J. 

Yan, D. Mandrus, D. H. Cobden, W. Yao, X. Xu, Nano Lett. 2016, 17, 638-643 
[25] R. Cheng, D. Li, H. Zhou, C. Wang, A. Yin, S. Jiang, Y. Liu, Y. Chen, Y. Huang, X. 

Duan, Nano Lett. 2014, 14, 5590. 
[26] M. S. Choi, D. Qu, D. Lee, X. Liu, K. Watanabe, T. Taniguchi, W. J. Yoo, ACS Nano 

2014, 9332. 
[27] W. Yao, D. Xiao, Q. Niu, Phys. Rev. B - Condens. Matter Mater. Phys. 2008, 77, 235406. 
[28] J. T. Ye, S. Inoue, K. Kobayashi, Y. Kasahara, H. T. Yuan, H. Shimotani, Y. Iwasa, Nat. 

Mater. 2010, 9, 125. 



Planar p-n Junction Based on a TMDs/Boron Nitride Heterostructure

51

C
h

ap
te

r 
2

[29] Y. J. Zhang, J. T. Ye, Y. Yomogida, T. Takenobu, Y. Iwasa, Nano Lett. 2013, 13, 3023. 
[30] D. Braga, I. Gutiérrez Lezama, H. Berger, A. F. Morpurgo, Nano Lett. 2012, 12, 5218. 
[31] H. Li, Q. Zhang, C. C. R. Yap, B. K. Tay, T. H. T. Edwin, A. Olivier, D. Baillargeat, Adv. 

Funct. Mater. 2012, 22, 1385. 
[32] Y. Rong, Y. Fan, A. Leen Koh, A. W. Robertson, K. He, S. Wang, H. Tan, R. Sinclair, J. 

H. Warner, Nanoscale 2014, 6, 12096. 
[33] P. J. Zomer, M. H. D. Guimaraes, J. C. Brant, N. Tombros, B. J. Van Wees, Appl. Phys. 

Lett. 2014, 105, 013101. 
[34] J. T. Ye, Y. J. Zhang, R. Akashi, M. S. Bahramy, R. Arita, Y. Iwasa, Science 2012, 338, 

1193. 
[35] J. M. Lu, O. Zheliuk, I. Leermakers, N. F. Q. Yuan, U. Zeitler, K. T. Law, J. T. Ye, 

Science 2015, 350, 1353 LP. 
[36] A. Pospischil, M. M. Furchi, T. Mueller, Nat. Nanotechnol. 2014, 9, 257. 
[37] D. Li, M. Chen, Z. Sun, P. Yu, Z. Liu, P. M. Ajayan, Z. Zhang, Nat. Nanotechnol. 2017, 

12, 901. 
[38] Y. Jin, D. H. Keum, S. J. An, J. Kim, H. S. Lee, Y. H. Lee, Adv. Mater. 2015, 27, 5534. 
[39] C. Reuter, R. Frisenda, D.-Y. Lin, T.-S. Ko, D. Perez de Lara, A. Castellanos-Gomez, 

Small Methods 2017, 1, 1700119. 
[40] H.-M. Li, D. Lee, D. Qu, X. Liu, J. Ryu, A. Seabaugh, W. J. Yoo, Nat. Commun. 2015, 6, 

6564. 
[41] T. C. Banwell, A. Jayakumar, Electron. Lett. 2000, 36, 291. 
[42] S. M. Sze, Semiconductor Devices, Physics and Technology, Wiley, New York , 1985. 
[43] P. Deb, H. Kim, Y. Qin, R. Lahiji, M. Oliver, R. Reifenberger, T. Sands, Nano Lett. 

2006, 6, 2893. 
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