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candidate performance-wise but it also often needs the same 
gate support or dipole-induced electrostatic hole doping for a 
few layer p-WSe 2  layer, which is not very conductive due to its 
low hole-carrier density. 

 Herein, we attempt to fabricate a p–n diode van der Waals 
heterojunction by direct imprinting, [ 4 ]  by transferring p-type 
α-MoTe 2  onto an n-type MoS 2  nanofl ake; this is inspired by the 
achievement of the Mo-based dichalcogen 2D p–n diode in this 
way; p-type α-MoTe 2  should be more conductive than p-type 
WSe 2  because its bandgap is smaller than that of WSe 2 . Such 
a Mo-based p–n diode should be a model device for a chem-
ical-vapor-deposited (CVD) MoTe 2 /MoS 2  junction, which would 
simply be formed by changing the Te source from S on the 
oxidized Mo layer without changing the transition metal [ 33,34 ]  
(unlike the WSe 2 /MoS 2  system). Pt electrode appeared to 
be very good for ohmic contact with α-MoTe 2  even without 
thermal annealing, and also secured a few-layer α-MoTe 2  as a 
strong p-type semiconductor. Our few-layered α-MoTe 2 /MoS 2  
p–n diode demonstrates low voltage operation at 5 V and high 
reasonable ON/OFF current ratio of about 10 3  – 4 × 10 3  (about 
4 × 10 3  on SiO 2 /Si and 10 3  on glass substrate) along with good 
ideality factors of around 1.06–1.34. Kilohertz fast dynamic 
rectifi cation was achieved in the dark while dynamic photovol-
taic switching was also exhibited under red, green, and blue 
light-emitting diodes (LEDs), and 800-nm infrared laser. The 
photoresponse time appears to be at longest 25 ms, as meas-
ured from the about 1–3 Hz photoswitching dynamics; this is 
a temporal way to harvest energy because visible photons can 
dynamically switch 2D photovoltaic devices at zero-volt state. 
Moreover, such a dynamic photovoltaic switching has rarely 
been reported in application, although this type of self-powered 
dynamic voltage generation can have a variety of applications as 
UV- and visible-light detection, biological and chemical study in 
a wireless healthcare platform, powerless communications, and 
so on. [ 35 ]  Our 2D p–n diode is quite promising for nano- and 
optoelectronics. 

 A schematic 3D view of the α-MoTe 2 /MoS 2  nanofl ake 
p–n diode on glass or 285 nm-SiO 2 /Si substrate is shown in 
 Figure    1  a, where Au/Ti and Pt contacts are separately used 
for n-type MoS 2  and p-type MoTe 2 . (Fabrication details are 
explained in the Experimental Section section.) We use Pt 
for α-MoTe 2 , because its work function (ca. 5.2 eV) should be 
deeper than the Fermi level or valence band maximum (ca. 
4.7–4.99 eV based on theoretical calculation [ 36 ] ) of p-type MoTe 2 . 
According to Figure S1 (Supporting Information); good ohmic 
contact behavior occurs from the p-channel MoTe 2  FET with a 

  Transition-metal dichalcogenides (TMDs) are two-dimensional 
(2D) nanomaterials with the common formula MX 2 , where M 
is a transition metal from group IV–VII (M = Mo, W, Nb, Re, 
and so on), while X is a chalcogen (X = S, Se, Te). In general, M 
atoms are sandwiched between X atoms to form a single layer, 
and each layer is stacked together by van der Waals forces, [ 1 ]  
which make 2D TMDs easily cleaved by scotch tape [ 2,3 ]  or other 
similar techniques. [ 4–8 ]  Among TMD families with ultrathin 
layers, molybdenum disulfi de (MoS 2 ) and tungsten disele-
nide (WSe 2 ) are well-known semiconductors with bandgaps 
of more than 1 eV; their bandgap increases to ca. 1.6–1.8 eV 
for monolayers and band properties changes from indirect 
to direct type. [ 9–12 ]  A recently produced 2D material, molyb-
denum ditelluride, (α-MoTe 2 ) has also attracted attention due 
to its optical and electrical properties. [ 3,13,14 ]  Monolayer α-MoTe 2  
exhibits a direct optical bandgap of 1.10 eV, [ 12,13 ]  while its bulk 
form becomes an indirect semiconductor with a bandgap of 
0.88 eV. [ 12,15 ]  α–MoTe 2  shows structural and electronic phase 
transitions. The structural phase transition from hexagonal 
phase to monoclinic distorted octahedral or 1T′ phase is revers-
ible at a high temperature. [ 16 ]  

 Few-layered α-MoTe 2  fi eld-effect transistors (FETs) show 
ambipolar or p-type conduction, [ 3,16–19 ]  with a broad range of 
mobility such as ca. 0.2–40 cm 2  V –1  s –1 . However, a MoTe 2 -
based homo- or heterojunction p–n diode was not yet reported, 
although the p–n diode is a basic building block for electronics 
and optoelectronics. Forming two different types of conduction 
in the same nanofl ake might not be easy, since it often needs 
chemical or gate-induced electrical doping which is unstable 
or makes device structures complicated. [ 20–23 ]  So, heterojunc-
tion p–n diode studies have always been limited to n-MoS 2 /p-Si 
bulk, [ 24,25 ]  n-MoS 2 /p-WSe 2 , [ 26–31 ]  and n-MoS 2 /p-BP (black phos-
phorous) systems. [ 32 ]  Among the reported heterojunction p–n 
diodes, the n-MoS 2 /p-Si diode does not represent all 2D p–n 
junction cases and the n-MoS 2 /p-BP diode does not appear to 
have high performance without gate support from SiO 2 /p-Si 
substrate. So, the n-MoS 2 /p-WSe 2  system appears to be the best 
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Pt source-drain electrode. Good ohmic contact between Pt and 
α-MoTe 2  was obtained even without any thermal annealing, 
while the MoS 2  channel usually required postannealing for 
better contact with Ti/Au. Optical microscope images of the 
two p–n diodes on glass and 285 nm-SiO 2 /Si substrates are 
respectively shown in Figure  1 c and Figure S2a (Supporting 
Information). The layer thickness or numbers of α-MoTe 2  and 
MoS 2  were determined by using micro-Raman spectroscopy 
(Figure  1 d) and confi rmed by atomic force microscopy (AFM; 
Figure  1 e and Figure S2c, Supporting Information). Raman 
spectroscopy was used to probe both the p and n regions 
(arrows indicate these in Figure  1 c and Figure S2b, Supporting 
Information) all at once by using 532 nm excitation to distin-
guish the two different 2D materials for the p and n regions. 
According to the Raman results in Figure  1 d and Figure S2b 
(Supporting Information), in-plane E 1  2g  and out-of-plane A 1g  
vibration modes in MoS 2  are much larger in wavenumber than 
those of MoTe 2 . MoTe 2  layers even show a B 1  2g  vibration peak. 
MoS 2  and α-MoTe 2  layers should have the same hexagonal 
structure but different bond length, as shown in the schematic 
monolayers of Figure  1 b; the Mo–Te bond length is longer than 
that of Mo–S so causes smaller vibration frequencies in the 
MoTe 2  system than in the MoS 2  one. Based on their peak posi-
tion/intensity information in the Raman spectra [ 12–14,37 ]  and 
AFM results, the layer numbers (or thickness) are estimated to 
be about 3L for both MoTe 2  and MoS 2  on glass while the other 

sets on SiO 2 /Si substrate are around 4L for both p and n layers. 
We attempted photoluminescence (PL) measurements as well 
to distinguish the two different 2D materials, by using the same 
532 nm laser probing on the same spot as for Raman spec-
troscopy. As a result (seen in Figure S2d and S2e, Supporting 
Information), our PL spectra displayed two different emission 
regions at about 790 nm (1.56 eV) and 1150 nm (1.08 eV), 
which nicely resolves the two materials. 

  Current-voltage ( I – V ) curves of our p–n diodes on SiO 2 /Si 
and glass are shown in  Figure    2  a, where the ON current of 
the p–n diode on SiO 2  is a few times higher than that of the 
other diode on glass; this is expected because the p–n junc-
tion area of the diode on SiO 2  was initially larger than that 
on glass (see Figure  1 c and Figure S2a, Supporting Informa-
tion). Ideality factors of our diodes are in the range from 1.06 
(on glass) to 1.34 (on SiO 2 ) and their ON/OFF ratios are in the 
range of about 10 3  – 4 × 10 3  under ±5 V operating conditions. 
Since both devices show quite similar behavior, we chose the 
p–n diode on the glass substrate for more extended study while 
the device performances of the SiO 2 -supported device are given 
in Figure S3 (Supporting Information). Inset of Figure S3 
(Supporting Information) shows the circuit symbol of the p–n 
diode. Figure  2 b shows applied input voltage ( V  IN ) vs. output 
voltage ( V  OUT ) plots respectively obtained from the inset cir-
cuit with three different external resistors of 1, 10, and 100 MΩ 
Under a reverse bias (positive  V  IN  applied to n-MoS 2 ), the p–n 
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 Figure 1.    Schematic 3D view of (a) our Mo-based p–n diode comprised of n-MoS 2  and p-MoTe 2  nanofl akes on glass. b) Hexagonal structures of MoS 2  
and MoTe 2  nanofl akes. The yellow, green, and orange balls show sulfur, molybdenum and telluride atoms, respectively. c) Optical microscopy (OM) 
images of a p–n diode on a glass substrate. (Black and red dashed lines indicate MoTe 2  and MoS 2  nanofl ake, respectively). Direct imprinting was 
used to realize the MoS 2 /MoTe 2  heterojunction p–n diode. d) Raman spectra obtained from both MoTe 2  and MoS 2  fl akes at once, with an estimated 
thickness of 3L for both MoTe 2  and MoS 2  nanofl akes. (See arrow; the excitation wavelength was 532 nm.) e) AFM line profi le shows the thickness of 
3L-thin α–MoTe 2  fl ake on glass (ca. 2.2 nm).
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adiode should be so highly resistive that the circuit may achieve 
a rectifi ed output signal of almost 0 V. Alternating the  V  IN  with 
± 5 V square pulse at 1 Hz and 1 kHz resulted in dynamically 
rectifi ed  V  OUT  signals, as shown in Figure  2 c and d, respec-
tively. In such dynamics, we used 1 MΩ as an external resistor 
and found that at 1 Hz the  V  OUT  signal had the same value as 
in Figure  2 b (–0.7 V under –5 V input). However, the value of 
 V  OUT  fl uctuates from –0.7 to –0.5 V at 1 kHz, probably due to 
some noise from contact, while no delay is observed. Similar 
rectifi cation dynamics were observed by applying sinusoidal 
 V  IN  at 1 Hz (Figure  2 e) and 1 kHz (Figure  2 f). 

   Figure    3  a,b show the photoinduced  I – V  curves of our 
α-MoTe 2 /MoS 2  p–n diode, on logarithmic and linear scales. 
Red (620 nm, 1.3 mW), green (520 nm, 2.3 mW), blue (470 nm, 
3 mW) light-emitting diodes (LED), and infrared (IR, 800 nm, 
120 mW) laser were used to illuminate our device from an 
identical distance (2 mm away). Because of the different optical 
power density of the LEDs and laser beams, different open 

circuit voltage ( V  OC ) and short circuit current ( I  SC ) values are 
observed in Figure  3 c and d, as magnifi ed from the circled 
area of the  I – V  curves in Figure  3 b. The  V  OC  values are only 
about –0.06 to –0.11 V for visible photons but appear to be as 
large as –0.32 V for 800 nm IR. Similarly, the  I  SC  value ranges 
from 2–7 nA for visible photons, while an IR laser produces 
about 150 nA. This result is unsurprising because the laser IR 
intensity should be around 60 times higher than that of visible 
photons in the present experiment. However, for more detailed 
analysis based on the photoinduced  I – V  curves of Figure  3 c and 
d, we also estimated a zero volt spectral responsivity of our p–n 
diode, to be plotted in Figure  3 e. According to the plot, blue 
photons show a responsivity value of about 322 mA W –1  and 
this decreases as the photon energy decreases (with a lowest 
value of 37 mA W –1  for 800 nm IR; see Table S1, Supporting 
Information). Such responsivity behavior and values are compa-
rable to those of other 2D devices (also see Table S2, Supporting 
Information). [ 26 ]  The responsivity plot of the 2D heterojunction 
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diode is quite different to that of a bulk Si p–n diode, [ 38 ]  where 
irradiation in the near IR (ca. 900 nm) results in the maximum 
responsivity with the Si bandgap of 1.12 eV (ca. 1100 nm); the 
responsivity decreases with the photon energy as shown in the 
solid line of Figure  3 e. External quantum effi ciency (EQE, %) 
plots of 2D and bulk Si p–n diodes exactly follow their respec-
tive responsivity behavior (Figure  3 f). Such behavior may be 
typical of a 2D p–n diode, [ 26 ]  whose thickness is too thin for 
depth-penetration effects of over-bandgap photons, unlike in 
the bulk Si diode case. The responsivity of the bulk Si diode is 
infl uenced by both penetration depth and energy of incoming 
photons, so for most visible and near-IR photons the conven-
tional Si p–n diode should be better than our prototype 2D 
diode because such low energy photons penetrate into the Si by 
more than a few micrometers, to generate electrons and holes. 

However, the penetration depth in Si decreases with the photon 
energy; more energetic photons such as from blue and ultra-
violet (UV) lights will have shallower penetration depths of a 
few tens of nanometers, along with lower responsivity (the p–n 
junction is normally located at a depth from the p-Si surface, 
so will not be excited by high-energy photons). [ 39 ]  This situa-
tion means that for high-energy photons our thin 2D p–n diode 
may respond more effi ciently than does the Si diode, as indeed 
shown in Figure  3 e and  3 f. Our 2D p–n diodes are thus prom-
ising for more energetic photons than is the case for near IR 
(which is barely higher than the bandgap energies of 3L MoS 2  
and MoTe 2 : ca. 1.5 and 1 eV), for photovoltaic applications. 

  The photovoltaic effects observed with photoinduced  I – V  
characteristics (Figure  3 a–d) are directly applied to dynamic 
photovoltaic switching (at 1 Hz) which would be more practical 
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 Figure 3.    Photoinduced  I – V  curves of heterojunction p–n diode on glass under dark, red, green, blue LED, and IR (800 nm) illuminations (a) on a 
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and enable us to harvest energy, as shown in  Figure    4  a–d. The 
photovoltaic switching is used to measure values of  I  SC  and  V  OC  
(as  I  OUT  and  V  OUT ) without an electrical power supply, as seen in 
the inset circuits of Figure  4 a and b. According to  I  SC  and  V  OC , 
the  I  SC  ( I  OUT ) values obtained from visible lights are limited to 
2, 4, and 7 nA while  V  OC  appears to be 60, 80, and 110 mV. The 
photoresponse time appears to be about 25 ms, as measured at 
3 Hz under a red laser (630 nm, 4.8 mW, Figure S4, Supporting 
Information). These results are consistent with those shown in 
Figure  3 c. Dynamic  I  SC  and  V  OC  values at 800-nm IR irradiation 
also follow the results from Figure  3 d, displaying maximum 
current and voltage of about 200 nA and 0.3 V, respectively. 

  The photoinduced voltages from our 2D p–n (or n–p) junc-
tion diode are explained in the schematic band diagrams of 
 Figure    5  a–c. Figure  5 a shows an energy-band diagram of indi-
vidual MoS 2  and α-MoTe 2  (n–p) systems before heterojunction 
formation. (In the fi gure n–p junction drawings are shown for 
the viewer’s convenience, following the schematic device cross-
section in Figure  5 d. We initially transferred MoS 2  onto glass, 
and then the MoTe 2  fl ake was transferred onto MoS 2 ). The 
energy levels in Figure  5 a are based on a previous report which 
summarizes the theoretical calculation values of conduction 
and valence band edge on various TMD layers. [ 36 ]  According 
to Figure  5 a and the report, the calculated difference between 
the conduction band minimum of MoS 2  and valence band max-
imum of α-MoTe 2  would be about 0.35 eV (again, this value is 
based on literature [ 36 ]  and the actual value could be higher). If 
charge transfer takes place between p–type α-MoTe 2  and n-type 
MoS 2  after heterojunction formation (despite the van der Waals 

junction gap (ca. 0.3 nm in general)), a schematic hetero n–p 
junction band diagram is expected to be like that in Figure  5 b. 
However, more details regarding the potential drops in 3L-thick 
n, 3L-thick p, and 3-Å-thick van der Waals junction gap regions 
could be described, so we show those in Figure S5 (Supporting 
Information) for zero, forward, and reverse bias conditions. 
When energetic photons fall onto the diode, as seen in the 
diagram and device cross-section scheme of Figure  5 c and d, 
the band diagram changes from that in Figure  5 b to that in 
Figure  5 c, because the photoexcited holes and electrons move 
to the p- and n-side, respectively. Then, photoinduced voltage 
( V  photo ) is generated, but probably has its theoretical maximum 
at about 0.35 V, which arises from the difference between the 
conduction band minimum of MoS 2  and the valence band 
maximum of α-MoTe 2 . This estimate is based on an organic 
heterojunction p–n diode solar cell, where the situation may 
be similar to our van der Waals heterojunction diode. [ 40 ]  In 
consideration of the lateral (charge-neutral) region resistance 
(see Figure  5 d) and exciton binding energy of 2D semiconduc-
tors, measured  V  OC  should not be higher than the theoretical 
maximum value (0.35 V) regardless of the 120 mW high optical 
power of the 800-nm IR laser, which thus results in about 0.3 V 
as  V  OC  in Figure  3 d and Figure  4 d. 3 mW low-power blue visible 
photons produce limited  V  OC  ( V  OUT ) values that are lower than 
0.11 V because of two issues: low light intensity, which may not 
be enough to make a maximum  V  OC  and a serious potential 
drop in large lateral resistance which could be reduced by high-
intensity photoexcitation (as is the case for the IR laser). We 
thus believe that  V  OC  output would be smaller than 0.35 V. 
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  In summary, we have fabricated van der Waals heterojunc-
tion p–n diodes with two different TMD nanofl akes of p-type 
α-MoTe 2  and n-type MoS 2 , to achieve Mo-based dichalcogen 
2D p–n diode on glass and SiO 2 /Si substrates. A Pt electrode 
appeared to give good ohmic contact with p-type α-MoTe 2 . Our 
few-layered α-MoTe 2 /MoS 2  p–n diode demonstrates low-voltage 
operation at 5 V and a high ON/OFF current ratio of about 
10 3  – 4 × 10 3 , along with ideality factors of around 1.06–1.34. 
Dynamic rectifi cation was demonstrated at a high frequency of 
1 kHz on glass. Photovoltaic effects were also characterized by 
means of photoinduced  I – V  curves and band diagrams, meas-
ured using 800-nm-IR, red, green, and blue illuminations. 
The highest responsivity value (322 mA W –1 ) and EQE (85%) 
were achieved under zero-bias from blue photons. A maximum 
open-circuit voltage of about 0.3 V was confi rmed by dynamic 
photovoltaic switching of high-power 800-nm IR light. We con-
clude that our few-layered α-MoTe 2 /MoS 2  p–n diode is prom-
ising as a Mo-based nanosystem to provide high-frequency 
rectifi cation and photovoltaic-switching capabilities for future 
nanoelectronics.  

  Experimental Section 
  Device Fabrication : p-MoTe 2  and n-MoS 2  nanofl akes were used 

to fabricate a van der Waals heterojunction p–n diode on glass and 
285 nm-thick SiO 2 /p + -Si substrates. The substrates were ultrasonically 
cleaned in acetone, methyl alcohol, and deionized water and then dried 
by N 2  fl ow. Bulk MoS 2  and MoTe 2  crystals (commercially available; 
α-MoTe 2 : HQ graphene and MoS 2 : SPI supplies) were exfoliated by 

using transparent polydimethylsiloxane (PDMS), so we searched 
for appropriate few-layer MoS 2  or MoTe 2  fl akes by using the optical 
microscope. The optical transparency of fl akes is different with back 
illumination, depending on the layer thickness. Then, we transferred 
thin MoS 2  and MoTe 2  nanofl ake, by the direct imprinting technique. [ 4 ]  
Therefore, the MoTe 2  fl akes could be aligned on few-layer MoS 2 . So, 
we had a heterojunction area of both n-type and p-type Mo-based 
semiconductors on glass or 285 nm-thick SiO 2 /p + -Si substrate. The 
electrodes were patterned by using conventional photolithography. [ 41 ]  
Then, to form a heterojunction p–n diode, 25 nm-thick Ti and 
50 nm-thick Au layers (Au/Ti) were deposited as ohmic contacts for the 
MoS 2  nanofl ake and 25 nm-thick Pt and 50 nm-thick Au layers (Au/Pt) 
for the MoTe 2  nanofl ake, by using a DC magnetron sputtering system 
as shown in the OM images of Figure  1 c, and Figure S2a (Supporting 
Information). For the lift-off process, acetone and lift-off layer (LOL) 
remover were used. 

  Electrical and Photovoltaic Measurements : Atomic force microscopy 
(AFM) equipment (XE-Bio, park systems) was used to measure the 
fl ake thickness and Raman spectroscopy was performed by using 
a Raman spectrometer (LabRam, Horriba Jovin Yvon). All device 
characterizations were performed in the dark at room temperature 
by using a semiconductor parameter analyzer (HP4155C, Agilent 
Technologies), and a function generator (AFG 310, Tektronix) was used 
for dynamic measurements. The photocurrent density is defi ned as 
 J  ph  =  J  Illumination  –  J  Dark , where  J  Illumination  and  J  Dark  are respective current 
densities ( J ) without and with illumination;  J  =  I /(p–n junction area). 
The (photo)responsivity defi ned as  J  ph / P  laser/LED , where  P  laser/LED  is the 
incident optical power density of the laser or LED, defi ned as optical 
power/illuminating area. [ 29 ]  The external quantum effi ciency (EQE) 
is calculated by EQE = ( J  SC / P  Laser )( hc / eλ ), where  J  SC  is short circuit 
current density,  h  is the Planck constant,  e  is the electron charge,  c  is 
the velocity of light, and  λ  is the wavelength of the incident light. Laser 
power supply (CL-2000 diode pumped crystal) was used for the 800-nm 
IR illumination (120 mW, 3.73 W cm –2 ). Red (1.3 mW, ∼6.6 mW cm –2 ), 
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 Figure 5.    a) Energy-band diagram of 3L-MoS 2  and 3L-MoTe 2  before realizing the Mo-based heterojunction, where  E  C  and  E  V  are conduction-band edge 
and valence-band edge,  E  F  is Fermi energy level, Δ E  C  means conduction-band offset between MoS 2  and MoTe 2 , Δ E  V  is valence-band offset between 
MoS 2  and MoTe 2 ,  E  g  is bandgap energy, and  E  vac  is vacuum energy level. Energy-band diagrams at the interface between MoS 2  and MoTe 2  of our p–n 
junction diode (b) at equilibrium, (c) and under illumination.  V  photo  refers to the photoinduced voltage and its maximum would be the difference 
between  E  C-N  and  E  V-P . d) Cross-section schematic of our Mo-based p–n heterojunction diode, which actually contains internal resistance resulting 
from the charge neutral (lateral) region.
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green (2.3 mW, ca. 12 mW cm –2 ), and blue (3 mW, ca. 15 mW cm –2 ) 
LEDs were also used for photovoltaic effect characterizations of our 2D 
p–n diodes. Illuminated areas were 3.2 × 10 –2  cm 2  for the IR laser and 
1.96 × 10 –1  cm 2  for RGB LEDs. The heterojunction area of our p–n diode 
on glass is 1.42 × 10 –6  cm 2  .   
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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