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Strong Electroluminescence From a Sharp 
Field-Induced p-n Junction 

 

Abstract 

Transition-metal dichalcogenides (TMDs) have attracted great attention 
due to their layer dependent indirect-direct band gap, strong photoluminescence  
(PL), and large exciton binding energy in the absence of interlayer coupling. 
Moreover, the valley dependence spin texture in the band structure allows 
optically exciting different valleys for valley selective encoding of information, 
which serves as the physical fundamental for valley optoelectronics. On the other 
hand, as one of the technical fundamentals, a bright electrical driven light 
emission is highly demanded in order to integrate these fascinating properties into 
the present electronic devices. Although many approaches to electrically induced 
photoemission have been widely performed, strong light emission from monolayer 
planar diode (LED) with a sharp p-n interface is yet to be demonstrated. In this 
chapter, we introduce the fabrication of a lateral p-n homojunction based on a 
monolayer WS2-Boron Nitride (BN) artificial heterostructure. The device shows 
gate tunable diode rectification with accompanying sharp emission profile due to 
the well-defined lateral p-n junction interface. In addition, the fabrication based 
on CVD-grown supports the large-scale fabrication of novel 2D optoelectronic 
devices.  
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3.1 Introduction 

In the past decade, transition-metal dichalcogenides (TMDs) have been 
studied extensively due to their novel properties and prospect in the development 
of optoelectronic devices [1–3]. The thickness dependence of indirect-direct band 
gap transition, as consequences of the layer dependence of the interlayer coupling 
and the lack of inversion symmetry, became one of the most attractive optical 
phenomena that have been widely studied recently [4–7]. Tungsten Disulfide 
(WS2) together with the other TMDs monolayer group of MoS2, MoSe2, and WSe2 
provide interesting properties lead to various functionalities in ultrathin, flexible, 
and transparent devices, such as transistor [8,9], photodetector [10], and light-
emitting diodes [11–14]. Particularly, the monolayer WS2 has been regarded as a 
next-generation optical material because its direct band gap transition of 2.0 eV 
sets in the middle of visible range in comparison with the other candidates like 
MoS2 and WSe2 having lower-emission energy of 1.80 and 1.65 eV, respectively 
[4,6,15,16]. In addition, the two valleys of a monolayer have specific K/K’ 
dependent chiralities as a consequence of inversion symmetry breaking allowing 
circularly polarized light emission from the K/K’ point [17–20]. These promising 
aspects of valley optoelectronic features, including the freedom of accessing the 
valley-specified light emission with circular polarization, have been proposed as 
the state-of-the-art method of realizing circularly polarized light source [13,21]. 

 The studies of exciton and its derivatives in TMDs, such as trions and 
biexcitons have been studied mostly by the optical pumping methods [16,22–25], 
focusing on the PL dependence on the carrier doping, optical fluence, and 
circularly polarized excitation [6,16–18,20,26]. The magnetically induced valley 
polarization and chiral light-emitting transistor have also been observed 
[13,27,28]. In spite of many optically excited measurement, the researches of 
electrically driven light emission are still limited. The efforts of tailoring an out-
of-plane p-n junction have been conducted by fabricating a 2D heterojunction by 
stacking two or more monolayer with different intrinsic doping level, in this case, 
p-type and n-type semiconductor [29–32]. At the same time, lateral 2D light-
emitting diodes (LEDs) based on various exfoliated TMDs have been realized by 
electrostatically induced p-n homojunction using two independent gate voltages 
to in-plane regions [11–14]. The similar idea of making lateral structure was also 
implemented chemically: a lateral p-n junction based on chemical doping in 
partially covered few-layer MoS2 has also been reported  [33]. 
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 For the integration of valley optoelectronics, the lateral p-n junction 
configuration is more favorable, which avoids the lengthy process of making 
vertical stacking structures. The electrical transport is confined in-plane and the 
device structure is identical to the universal structure of field-effect transistor 
(FET). Furthermore, since the circularly polarized transition is sensitive to the 
relative angle between the crystal orientation and the field direction, the 
fabrication of a highly oriented sharp p-n interface can be the ultimate goal along 
this direction  [13,21].  

 

Figure 3.1. (a) The schematic picture of a monolayer WS2 planar p-n junction 
device. (b) The transfer characteristic of the monolayer WS2 using the ionic liquid 
gate at T = 220 K. Note that at VLG = 0 V the device is already in electron transport 
regime indicating the intrinsic electron dope in the sample. (c) The transport 
measurement performed by solid gating at T = 150 K below the glass transition of 
the ionic liquid. A comparison of the transport curve in the covered and exposed 
part of the device shows the n- (red line) and p-type (black line) characteristics in 
the respective area. 
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In this chapter, we prepare a lateral p-n junction on a monolayer WS2-
boron nitride (BN) heterostructure [34]. The WS2 monolayers were synthesized by 
chemical vapor deposition (CVD). The as-grown monolayers show a typical n-type 
behavior in the electrical transport characterizations. Here, the WS2 is partially 
covered by a few-layer BN as an insulating mask preventing direct contact with the 
ionic liquid, which can electrostatically induce strong carrier doping in the 
exposed region due to the accumulation of ion on the surface of the 
semiconducting channel–a process called ionic gating. The gate induced p-n 
junction forms due to the movement and frozen of the moment of ions above and 
below the glass transition temperature of ionic liquids, respectively [35,36]. This 
junction features strong doping in both the p and n region, which is not accessible 
for the conventional solid gate dielectric systems [9,15,35]. Compare with the 
dynamically formed recombination zone, the p-n junction in present device forms 
at the predefined regime, therefore the diode rectification comes from a well-
defined p-n junction interface showing sharp emission at ~620 nm. Moreover, the 
junction is prepared on a CVD-grown monolayer, which is compatible with large-
scale device fabrication.  

3.2 Experimental Method 

The WS2 monolayer flakes were synthesized using the CVD method on a 
SiO2/Si (285 nm) substrate. The monolayer WS2 flakes were prepared in a three-
zone furnace with growth temperatures were set to 950 oC, 1050 oC, and 850 oC for 
the respective zone in 15 minutes. As the precursor, WO3 and S are used. During 
the growth process, the Argon gas flow was set 100 sccm and S was vaporized with 
temperature 180 oC. Later, the grown monolayer flakes were peeled off from the 
SiO2 and then transferred onto a HfO2/Si (50 nm) substrate for the actual devices. 
The electrodes with Hall bar configuration and a gate electrode were patterned on 
the monolayer flake using e-beam lithography. Subsequently, the Ti/Au electrodes 
(0.5/40 nm) were deposited via an e-beam evaporation (TFC-2000) system. After 
the lift-off process, we transferred a mechanically exfoliated hBN layers (~30 nm) 
to partially cover our device with a dry transfer method [37]. The final 
configuration of our device is shown in Figure 3.1(a), where the DEME-TFSI (N, N-
diethyl-N-methyl-(2-methoxyethyl) ammonium bis (trifluoromethyl sulfonyl) 
imide) is an ionic liquid selected based on its performance for generating an 
ambipolar transistor operation [9,35]. Due to the masking BN, our monolayer 
device consists of two regions: the exposed area and covered area. All electrical 
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transport and optical measurements were performed in high vacuum (10-6 mbar) 
inside a Janis Cryostat at or below T = 220 K to prevent chemical reaction with 
moisture during the measurements. 

 

Figure 3.2. (a) The optical microscopy images of a transferred CVD growth WS2 

(upper panel), the p-n junction device (middle panel) and the light emission (100 
ms exposure, bottom panel). (b) The real-space intensity profiles at various 
current injections. The dashed lines show the p-n junction interface. (c) The device 
operation of the planar monolayer p-n junction under VBG = 4.5 V and VLG = -5 V at 
temperature 165 K. The blue and red circles represent, respectively, the source-
drain current and the intensity detected by CCD camera as a function of the 
voltage bias. 
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3.3 Results and Discussion 

3.3.1 Electroluminescence of the lateral monolayer WS2 p-n junction device 

The quality of the gating is first tested for the exposed area. Typical 
transfer characteristic at T = 220 K (Figure 3.1(b)) shows a clear ambipolar 
transport.  As we can see, both positive and negative gate biases can switch on the 
source-drain current. Moreover, the device was already n-type doped when the 
gate bias for VLG  -1 V, which suggests that the initial electron doping in the as-
grown flakes due to the sulfur vacancies formed during CVD growth. The excess of 
the electron in the monolayer flake causes asymmetric ambipolarity requiring 
larger bias to access the ON-state for the hole side. In order to access high doping 
in the p-side, we induced hole in WS2 via liquid gate until the IDS hole current 
reaches saturation IDS = 1.5 μA at VLG = -5 V. This doping profile was kept by 
cooling the device below the glass transition temperature of the DEME-TFSI (~180 
K), below which the gate voltage can be released due to the frozen of the ion 
movement, and then carrier density in the device for the covered area can be 
controlled by the solid gating. Here, we incorporated the high-k dielectric (HfO2) 
as the solid gate material for higher efficiency in electron accumulation. Then, the 
electrical properties under solid gating were measured at 150 K as shown in Figure 
3.1(c). For both regions, namely the covered and exposed, the IDS values are in a 
similar order of magnitude ~10-7–10-6 A. It also can be seen that the covered area 
already has n-type transistor behavior due to initial electron doping and the 
exposed part has p-type behavior as a result of the electrostatic induced hole 
carrier. This indicates that the high-density hole doping can effectively suppress 
the intrinsic n doping for the exposed area whereas the part which is covered by 
BN remains unaffected by the liquid gating. Figure 3.2(c) illustrates the device 
operation of our planar monolayer p-n junction when VG = 4.5 V at 165 K. It can be 
seen clearly that the monolayer device shows a current rectification (blue-squares) 
under forward bias, and the low current at reverse bias indicates the formation of a 
high-quality p-n junction. Figure 3.2(a) shows the magnified image of the 
observed spot of light emission (100 ms exposure time). A more detailed analysis 
of the spot of the electroluminescence (EL) shows that the intensity of the 
emission increases exponentially as a function of the current injection from IDS ~ 2 
μA till saturation occurs at IDS ~ 4 μA (inset, Figure 3.2(c)). As shown also in the 
intensity profile colormap for various current injection (Figure 3.2(b)), the 
emission is confined at the crystal edge of the hBN. The intensity profile has the 
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initial straight-line shape and gradually formed the two elliptical spots between 
the pair of voltage probes of the Hall bar. The formation of a non-uniform EL 
profile across the width of the Hall bar is due to higher current density close to the 
Hall voltage pairs. At low bias, the light emission has a straight-line shape that 
indicates the very sharp and well-oriented formation of lateral p-n junction along 
with the interface between the p- and n-type regions. Furthermore, this emission 
profile is different compared with the previous reports in exfoliated homojunction 
where the emission profile appears in a dot shape [11].  

 

Figure 3.3 The schematic illustration of the formation of the p-n junction and the 
related change of band diagram in the equilibrium state and under forwarding 
bias. The mask BN provides an atomically sharp edge preventing the electrostatic 
field from ionic liquid to induce carriers (in this case hole) in the covered area. The 
solid gating is simultaneously applied inducing electron carriers to enhance the n-
type side of the p-n junction device. 
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The sharp p-n interface is formed due to the fixed location for 
accumulating carriers, which is assisted by the edge of the hBN as illustrated 
schematically in Figure 3.3. The role of the hBN in our device is to provide an 
atomically sharp edge preventing the electrostatic field from ionic liquid to induce 
carriers (in this case hole) in the covered area while simultaneously guiding the 
path of the current to be perpendicular to the edge. At low temperature (T  < 180 
K), the anions of ionic liquid are fixed on the channel surface and the carrier 
density control can be performed by a solid gating to enhance electron doping in 
the covered area. Since our device only consisted of homojunction, the 
recombination process can be simply modeled with a conventional p-n junction. 
Schematically, the relevant pockets in the band diagram (Fig 3.3) should take into 
account the valley transport at K/K' point of the Brillouin zone as also reported in 
the previous researches [12,13]. The electrons and holes occupy conduction (n-
side) and valence (p-side) band respectively in the K/K’ valley due to the induced 
carrier in the respective zone resulting a depletion region in the p-n interface (in 
this case along the mask hBN crystal edge). Under forward bias, the injected 
current drives the electrons and holes to the opposite side through the depletion 
where the recombination process occurs. Due to the direct band gap of monolayer 
WS2, the direct electron-hole recombination in the K/K’ valley generates an 
efficient photon emission in the depletion region. 

3.3.2 Back Gate and Temperature Dependence of Diode Rectification 
Behavior 

The temperature dependence and gating effect of the monolayer device at 
T = 160 K are shown in Figure 3.4(a) and (b), respectively. As shown in figure 
3.4(a), the I-V characteristics of the current rectification can be divided to be two 
regions based on the slope shown in the logarithmic scale: the region I of the low 
injection level (VDS = 0 to 1 V) and the region II of the high injection level (VDS > 1 
V). The stronger temperature dependence for the I-V characteristics at the high 
injection level lowers the slope of I –VDS indicating a decrease of conductivity due 
to a higher contact resistance in series. The physical parameter of the p-n junction 
is determined carefully by performing a theoretical curve fitting. However, the 
Shockley equation for an ideal diode is not suitable for the real diode system since 
it does not take into accounts the effect of the series resistance and requires 
further modification as reported in reference [38]. For instance, the quality of the 
p-n junction can be well described by an ideality factor n, which is obtained by 
fitting with the extended Shockley diode equation [14,38]: 
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𝐼𝐼DS =  𝑛𝑛 𝑉𝑉T
𝑅𝑅s

𝑊𝑊 [𝐼𝐼0𝑅𝑅s
𝑛𝑛𝑉𝑉T

 𝑒𝑒𝑒𝑒𝑒𝑒 (𝑉𝑉DS+𝐼𝐼0𝑅𝑅s
𝑛𝑛𝑉𝑉T

)] − 𝐼𝐼0  (3.1), 

where I0 is the reverse-bias current, VT = kBT/q the thermal voltage at temperature 
T, kB the Boltzmann constant, and q the electron charge. The obtained n for the 
present sample is much greater than 2 exceeding the limit of an ideal diode and 
Shockley-Read-Hall (SRH) recombination theory [39]. This large n can be typically 
observed in the GaN-based p-n junction devices [40–42]. This temperature 
dependency and high ideality factor suggest that tunneling enhanced 
recombination via intermediate trap state other than the diffusion current and the 
SRH recombination occurs in the depletion region  [43–46].  

 

Figure 3.4 The electrical performance under forward bias (VBG = 4.5 V) at different 
temperatures (a) and back gate biases at T = 160 K (b). The increment of VBG in (b) 
is 0.4 V. Inset: The I-V curves shown in the logarithmic scale, divided by two 
regions I and II corresponding to the low and high injection levels, respectively. 
The black dashed line represents the logarithmic slope m which is inversely 
proportional to the ideality factor n (m ~ 1/n). 
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Our observation shows that the ideality factor is temperature dependent 
as summarized in Figure 3.5. This phenomena also can be typically observed in the 
other p-n junction systems, such as Chalcopyrite solar cells and GaN-based device 
and its derivatives like InGaN/AlGaN diodes [47–49]. To understand this nature, 
we consider two extensively studied models. The first model was described by 
Riben and Feutch in a nGe-pGaAs heterojunction study and proposed tunneling 
enhanced recombination model via the intermediate state [43]. According to the 
first model, the recombination process occurs via a trap state where the 
electron/hole tunnels through depletion to occupy the trap state and recombine or 
fall into the conduction/valence band [43]. While it was not explicitly stated the 
ideality factor, the description in that report shows that the logarithm of the 
current should be proportional to T-1 with T is temperature.  Later, Walter et al 
derived more precise calculation for the relation between ideality factor n and T in 
chalcopyrite solar cells [47]: 

1
𝑛𝑛 = 1

2 (1 + 𝑇𝑇
𝑇𝑇∗) (3.2), 

where kT* is the characteristic energy of energetic distributions of recombination 
centers. Another approach in this theory is using an approximation to the 
expression derived by Padovani and Stratton for thermionic field emission of 
parabolic band bending Schotty barrier [44]. The expression of the temperature-
dependent ideality factor can be written as the following equation: 

𝑛𝑛 =  𝐸𝐸00
𝑘𝑘B𝑇𝑇 𝑐𝑐𝑐𝑐𝑐𝑐ℎ ( 𝐸𝐸00

𝑘𝑘B𝑇𝑇) (3.3), 

where  E00 is characteristic tunneling energy that proportional to the square-root 
of the carrier population.    

 

Figure 3.5. The curve fitting using equation 3.2 (Model 1) and 3.4 (Model 2).  
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As shown in Figure 3.5, both of the theoretical models show good 
agreement with our results confirming the tunneling enhanced recombination 
process. Furthermore, Shah et al in their GaN superlattice study reported that the 
high ideality factor is originated from the sum of the ideality factor in each 
rectifying p-n junction lattice [48]. In addition, Zhu et al experimentally 
demonstrated the origin of high ideality factor in a GaInN/GaN multiple-quantum-
well systems where the ideality factor depends on the number of intentionally 
doped quantum wells [49]. Since our system is composed only by a homojunction 
structure, this superlattice and quantum-well studies seem to be not comparable 
with our case. However, from these two studies, it is interesting if we consider the 
superlattices and quantum-wells analog with the defect states in a monolayer 
TMDs p-n junction. Therefore, the extrinsic factor such as the sulfur defects in the 
CVD-grown samples can significantly contribute to the ideality factor of the p-n 
junction devices.  

 

Figure 3.6 The theoretical fittings of the I-V curve using the extended Shockley 
diode equation at the different back-gate voltages at T = 160 K. The solid lines are 
the fitting results using equation 3.1 and the experimental data are represented by 
solid symbols. 
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In spite of the temperature dependence, no significant gating dependence 
of the ideality factor was observed. At T = 160 K as shown in Figure 3.4(b), the 
obvious rectification starts to occur when VBG = 2 V and improves with the increase 
of VBG. The logarithmic slope m of region I of low injection (inset, Figure 3.4(b)) 
increases significantly from VBG = 0 to 2 V and tends to be saturated starting at VBG 
= 2.4 V. This suggests that the ideality factor increases with the increase of the VBG 
up to 2 V and remains constant afterward since the ideality factor is inverse 
proportional of logarithmic slope (m ~ 1/n).  As shown in Figure 3.6, the theoretical 
fits using equation 3.1 give a good agreement with our experimental data. Our 
calculation yields ideality factor is increasing, but not significantly, as the back 
gate increases. The ideality factor was also measured at 160 K, which yields no 
distinct variation as a function of the VBG. The n ranges from 6.3 to 6.85 at VBG = 1 
to 3 V and remains almost constant naverage ≈ 6.9 from 3 to 5 V implying the stable 
and optimal operation of the junction. In contrast, the series resistance RS exhibits 
obvious dependence on the gate bias as the RS drastically decreases from 8.3 MΩ to 
230 kΩ when the VBG increases as a result of enhanced conductivity with higher 
carrier doping, which also effectively changed the intrinsic region between the p 
and n doped channels. Since the p- and n-type transports show no significant 
dependence on VBG (Figure 3.1(c)), hence the contact resistance is expected to 
remain constant. Due to the intrinsic electron doping, the p and n doping appears 
even at VBG = 0 V in the present device configuration. The fact that n is 
independent of the change of the carrier density at optimum device operation 
indicates that the gating effect only changes the conductivity of the device while 
the nature of operation of the p-n junction, e.g. the recombination process and 
diffusion current, especially in the depletion region remains the same. This could 
be an advantage for a further investigation since it allows us to study the 
consequence of the recombination process such as exciton behavior under 
different carrier density concentration with identical device performance.  

3.3.3 Spectral analysis of electroluminescence 

The EL generated by applying different IDS is measured at 80 K as shown in 
Figure 3.7(a). The spectra show a single peak at 1.98 eV at VBG = 5 V. The EL 
increases with the increase of the injected IDS and shows an obvious asymmetric 
shape. Notably, the full width of half maximum (FWHM) of the spectrum increases 
with the increase of the IDS as shown in Figure 3.7(b). Here, the spectral width 
expands from 11.6 to 16.26 nm with the increase of IDS. We attribute that the 
broadening of the EL is most likely due to the electrically driven enhancement of 
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the additional excitonic states, e.g. trions, biexcitons, bound excitons, etc. besides 
the neutral excitons.  

 

Figure 3.7 (a) The electroluminescence (EL) spectra of the 2D planar p-n junction 
device measured for different IDS injections at T = 80 K and VBG = 5 V. The injection 
current is IDS = 4.7 to 27.2 μA. (b) The full width of half maximum (FWHM) versus 
IDS obtained from the normalized spectra. (c) The normalized EL spectra at 
different back gate conditions and injection current to qualitatively investigate 
spectral line shape evolution. 

A more complexed spectral evolution appears at the different VBG biases as 
shown in Figure 3.7(c). At VBG = 4.5 V, with the increase of FWHM, corresponding 
emission peaks also shift. This was studied carefully based on the assumption that 
enhancement of the other excitonic states plays important role in this system as 
shown in many optical studies [7,25,50,51]. Specifically, we labeled a single 
excitonic peak that appears at the lowest injection current as ‘A' peak.  This peak 
gradually red-shifts from 1.992 eV to 1.982 eV as the IDS increases from 4.23 to 9.20 
μA. Afterward, the interesting ‘B' feature lower than the ‘A' peak at 10.6 meV, 
starts to be detectable. At even higher IDS, this ‘B' feature can be recognized as a 
clear peak before it grows and becomes even stronger than the ‘A' peak. Similar 
behavior was also observed in small back-gate condition, where the ‘A' peak is 
slightly red-shifted from 1.984 to 1.978 eV with an increasing contribution of ‘B' 
feature at 1.969 eV. The FWHM remains relatively constant in the range between 
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14.54 to 18.22 nm, which is larger than the two previous conditions, suggesting 
the presence of the various excitonic states at the low injection current. Generally, 
we can clearly see a competition of the different exciton states from overall 
measurement. The presence of ‘B’ feature, the broad FWHM, as well as the peak 
evolution on the IDS are the main features in this measurement. Since the gate 
voltage is directly associated with carrier density, we suggest that the charged-
exciton states should play an important role in the present system. In addition, we 
attribute the redshift to thermal related dissipation due to higher series resistance 
at the contact for the junction induced at low gate voltages. 

 

Figure 3.8 (a) The EL spectra deconvolution procedure to separate 4 
possible emission species named as I1, I2, I3, and I4 corresponding to 1.998 eV, 
1.980 eV, 1.952 eV, and 1.884 eV. The Lorentzian peaks are used in the fitting 
procedure. (b) The spectral evolution as the increasing of current injection. The 
vertical dashed lines show that no appreciable peak shift of each species while the 
I4 becomes hardly distinguished at higher bias. Open black dots show experimental 
data and solid red lines are fitted spectra. The spectra were taken at T = 80 K. 
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For further quantitative analysis of the different emission states at the 
different current injections, we fit the asymmetric EL spectra by 4 Lorentzian 
components I1 to I4 representing excitons as shown in Figure 3.8(a). As shown in 
Figure 3.8(b), the observed spectra were decomposed into 4 peaks for different IDS 
injections under VBG = 5 V. Qualitatively, the origin of broadening of the emission 
spectra is due to the growth shoulder on the lower energy side, which corresponds 
to the peak I3. By varying IDS, the I3 shows the most significant increase among all 
peaks. In contrast, the I3 is nearly negligible compared to I1 and I2 at low IDS. When 
the IDS increase from 4.7 to 27.2 μA, the I3 increases more rapidly than that of I1 
and I3 and became a dominating peak. To investigate the origins of this spectral 
evolution, first, we determine, by spectral shape analysis, the origin of two 
dominating peaks: the I1 and I2. At low IDS injection, the spectral deconvolution 
shows two clearly separated peaks: I1 and I2. Since the typical carrier density is in 
the order of 1013 cm-2 in our liquid gated system, we attribute the I2 to the emission 
from the charged-excitons. Since the carrier doping is also controlled by the back 
gate, the carrier density can be estimated from the geometric capacitance of the 
solid back gate as n2D = Cg (VBG − VTH)/q, where the VBG is the back gate voltage, q 
the charge of electron, and VTH the threshold voltage extracted from transfer 
curves shown in Figure 3.1(c), The Cg = 425 nF/cm2, which is a geometrical 
capacitance per unit area of HfO2 (using dielectric constant of 25) [52].  For the 
state VBG = 5 V, the calculated carrier density is approximately 4.4 × 1013 cm-2 for n-
side and 1.3 × 1013 cm-2 for p-side which clearly indicates an imbalanced carrier 
doping. Therefore, the high n-type doping causes the dominance of charged-
excitons, namely the trions, and their features in the EL spectra. The dominance of 
generating charged instead of neutral excitons due to the imbalanced carrier 
injection has also been demonstrated in the previous study [32]. Hence, the higher 
energy peak I1 can be safely assigned for the intrinsic exciton IX. It is worth noting 
that we can also assign the I3 for the defect-induced bound exciton. However, 
typical behavior of electrically driven bound exciton is limited by the occupied 
defect state at IDS injection [12,32], which is different from the enhancement of the 
I3 observed in our measurements.  

 To understand the origin of the I3, we extract the intensity of I3 at the 
different IDS injections. For ideal thermal equilibrium, the relation between 
biexciton and intrinsic exciton is expected to show a quadratic dependence IXX ≈ 
(IX)m where IXX and IX are the biexciton and neutral exciton intensity respectively, 
and m = 2 [53]. In the well-studied quantum-well systems, the power numbers are 
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observed in the ranges m = 1.2 − 1.9 due to the lack of thermal equilibrium 
between the states [53,54]. As shown in Figure 3.9, the intensity of I3 is plotted 
against the intensity of the intrinsic exciton showing a power-law dependence: I3 ≈ 
(IX)m, where m = 1.33. Therefore, this superlinear dependence indicates that the I3 
can be attributed to the biexciton  (IXX) state. Furthermore, to assign the remaining 
components, the relationship between the I2 and IX can be well described as a 
linear function with m = 1.01. This linear dependence also supports our 
assignment that the I2 component originates from the charged exciton. The I4 
component shows a sublinear dependency (m = 0.61) indicating that this 
component peak arises from defect-induced localized state [16,25,26]. 

 

Figure 3.9 A plot of species intensity as a function of the intrinsic exciton 
emission intensity, represented in the logarithmic scale at VBG = 5 V. The solid 
lines represent the power-law fits; I3 ≈ (IX)m and the dashed line is a linear function 
(m = 1) for comparison. 

Additionally, the biexciton binding energy can be expressed as ΔXX = 2EX – 
EXX, by assuming that the biexciton is originated from the pairing of two free 
excitons [16]. Taking the obtained the peak positions of the emission from 
biexciton and intrinsic exciton, we obtained the binding energy to be ~46 meV, 
which is consistent with the previous observation  [26]. 

Finally, we investigate the gate dependence of the generation of 
biexcitons in the EL. Figure 3.10 represents a comparison of the biexciton-exciton 
power-law relation under various VBG. As predicted, the biexciton rate with respect 
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to neutral exciton depends on the carrier density induced by the different VBG 
biases. A nearly quadratic relation of m = 1.94 is observed under VBG = 4.5 V 
indicating a generation of the biexciton close to a thermal equilibrium state [53]. 
These results clearly show that the formation of the biexciton in a planar p-n 
junction can be tuned simply by controlling the carrier density. For the nearly 
ideal state with m = 1.94, the estimated carrier density in n- and p-side is, 
respectively, 4.3×1013 and 1.5×1013 cm-2 corresponding to the ne/nh ~ 2.9. The ratio 
is lower than the calculated ratio ne/nh = 3.4 at VBG = 5 V. The more balanced ratio 
at VBG = 4.5 V provides a better environment for the biexciton formation. However, 
the quadratic relation of the biexciton is not observed at VBG = 4 V with a similar 
ratio of ne/nh = 2.6, which is likely originated from the stronger thermal effect due 
to the higher series contact resistance since the exciton decays faster at a higher 
temperature, which does not favor the formation of  biexciton  [26]. 

 

Figure 3.10 The comparison of power-law relation of biexciton-exciton under 
different back-gate bias. The solid lines show data fitting based on power-law 
equation described in the text resulting superlinear relation for VBG = 5 V (m = 
1.33) and VBG = 4 V (m = 1.37) and nearly quadratic (m = 1.94) for VBG = 4.5 V.  The 
dashed line is linear function (m = 1) for comparison. 

3.4. Conclusion 

In summary, we demonstrate the optoelectrical performance of a 2D 
monolayer planar p-n homojunction device based on WS2-BN heterostructure. The 
electrical measurement showed a gate tunable diode rectification and a very sharp 
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p-n interface indicated by a straight-line emission profile. With this sharp p-n 
junction interface, we are anticipating further advances in the studies of valley-
optoelectronics beyond the previously studies [13]. Furthermore, the 
electroluminescence (EL) spectra showed a clear broadening of FWHM indicating 
the complicated excitonic process in the EL of the system. The presence of the 
current induced biexciton has been confirmed by a spectral analysis and was 
accessible due to the high-density carrier population in the liquid gated system. 
Our finding that the biexciton formation can be enhanced in the recombination of 
a sharp p-n junction interface provides a controllable way to study TMD valley 
optoelectronics, and suggests intriguing prospects in light-source engineering 
based on CVD-grown TMD monolayers. 
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