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Abstract 

Strain-engineering of the transition-metal dichalcogenide (TMDC) band gaps makes TMDCs 

promising optoelectronic materials. Controlling the flow of optically generated quasiparticles is 

desirable, but optical excitation creates strongly bound excitons due to the low dielectric 

screening in 2D materials, and are not separable by an applied external field. However, a 

localized strain field reduces the bandgap and generates an energy-band gradient that funnels 

neutral excitons to the strain apex. It would be even more advantageous to mimic a diode’s 

internal field, where both bands bend in the same direction separating electrons and holes. This 

can be achieved if the TMDC band structure lowers both the conduction band minimum as well 

as the valence band maximum during strain-induced band narrowing (Type-II band narrowing). 

In this work, we have performed density functional theory calculations to show that the WSe2 

electronic structure under biaxial strain has this property. To test the type of band bending 

experimentally, we have combined localized strain with electrostatic doping to follow the 

evolution of photoluminescence of excitons and positive and negative trions as a function of 

doping. Our experimental results demonstrate that negative trions accumulate, while positive 

trion emission is near zero, indicating that both conduction and valence bands are bent 

downwards in the strained area. Unstrained WSe2 does not show such tendency. Hence, localized 

strain provides an opportunity to locally separate electrons and holes and manipulate light-matter 

interaction for applications in novel strained-engineered optoelectronics.  

  



Introduction 

Two-dimensional (2D) transition metal dichalcogenides (TMDCs)-MX2 (M=Mo, W; X=S, Se, 

Te), such as MoS2, WS2, and WSe2
1 exhibit fascinating excitonic physics due to the reduced 

dielectric screening and enhanced Coulomb interaction in atomic thin 2D lattice2. The binding 

energy of excitonic complexes (excitons, trions etc) in these materials is more than an order of 

magnitude greater than in bulk semiconductors due to the strong Coulomb interaction, forming 

stable neutral excitons and charged excitons (trions) even at room temperature. Large binding 

energy and direct band gap property of these 2D TMDCs results in bright and efficient emission, 

paving the way for excitonic devices, e.g. light-emitting devices.  

The electronic band structure of 2D TMDCs can be easily tuned by strain owning to the atomic 

thin nature and high elasticity of the material, offering good opportunities for straining 

engineering. Straining 2D TMDCs bends the band structure and generates bandgap gradient, 

leading to exciton funneling3 and trion drift4 to the lowest bandgap region. Much research has 

been devoted to straining 2D TMDCs and manipulating excitonic complexes using strain-

gradient devices. This include static straining device, e.g. micro/nano pillars5, wrinkled substrate3, 

and dynamic straining device, e.g. piezoelectric actuators6,7, atomic force microscopy tips4,8, 

nanogap9. Local nonuniform strain from these strain-gradient devices changes the band structure 

and thus offers excitonic states manipulation. Local strain modifies the exciton-phonon coupling 

of TMDCs and leads to exciton energies variation and asymmetric profile of exciton10,11. 

Moreover, local strain induces the exciton funneling in TMDCs (e.g. MoS2
12 and WS2

13, WSe2
14), 

leading to strong PL enhancement. By combining local strain and electrostatic gating, more 

novel effects can also be studied in TMDC. For instance, adjusting the strain and bias the 



TMDCs to charge neutrality can inhibit nonradiative exciton-exciton annihilation (EEA) and 

improve the quantum yield (QY) to unity15.  

WSe2 is one of the most frequently used TMDCs and has great potential for electronic 

engineering applications, e.g., field effect transistors16, sensors17. Monolayer WSe2 is a great 

system for studying various excitonic complexes due to its high quantum yield15. Though much 

research work has been carried out on uniform straining engineering of WSe2
18,19, local strain 

can physically move excitons  and trions in WSe2 towards or away from the strain apex9.  

Electrostatic gating is an easy and efficient way to introduce external charges (holes or electrons) 

and study the dynamic and conversion of excitonic complexes (dark trions20, exciton to trion21, 

exciton to biexciton22, biexciton to charged biexciton23, etc.). In this study, we combine local 

strain and electrostatic gating, which offers considerable opportunities to study to study exciton 

funneling and excitonic complexes conversion in WSe2. In particular, we are interested in the 

type of band bending that the strain causes. If the band “pinch” together, it will collect quasi-

particles and charge carriers which is interesting for studying high density phenomena such as 

crossover between an exciton gas and electron-hole liquid. If on the other hand, the bandgap 

decreases while both bands bend in the same direction, (“Type-II”)24, it will cause charge 

separation. Density functional theory (DFT) calculations of the electronic bands under different 

strain does not keep track of the relative band position as a function of strain. Typically, the top 

of the valence band is arbitrarily chosen as a fixed reference point. In this work, we use the 

vacuum level to determine the absolute movement of the bands. Both experimental evidence and 

DFT calculations point to WSe2 as Type-II band-bending. 

In this work, we study excitonic complexes in monolayer WSe2 using micropillar static local 

strain and electrostatic gating, as shown in Fig 1 to elucidate the relative changes to the band 



structure. We explore the radiative efficiency of exciton and trion in the photoluminescence (PL) 

of unstrained and locally strained WSe2 under different bias conditions at low temperatures. We 

find that exciton and trion emission from unstrained and locally strained WSe2 respond 

differently to gating. For the unstrained film, trion emission dominates both positive and 

negative bias. For the locally strained film, however, we see a large fraction of negative trions 

when introducing external electrons, but only a negligible fraction of positive trion emission 

when external holes are injected. This indicates that the local strain induced by micropillars 

bends down both the conduction band and valence band of WSe2, i.e., Type II, resulting in the 

accumulation of electrons and removal of holes in the lowest bandgap region, indicated in the top 

panel of Figure 1. This provides an opportunity to locally separate electrons and holes and 

manipulate light-matter interaction for applications in novel strained-engineered optoelectronics. 

 

Figure 1 A schematic of the device for studying locally strained WSe2 across micro-pillars. The 

upper panel shows the band diagram of WSe2 over the micro-pillar and the direction of carrier 

movement. Excitons are funneled to the strained region and excess holes are repelled from the 

apex of the pillar. 



 

The sample setup is illustrated in Figure 1. The WSe2 film is connected to an electrode, which is 

grounded. The highly-doped Si provides the back gate on the WSe2 sample and external 

electrons or holes can be introduced by positive or negative gate bias, respectively.  The optical 

images and Atomic Force Microscopy images are shown in Figure S4. The localized strain on 

WSe2 is generated by transferring a monolayer WSe2 over micro-pillars (2 μm in diameter, 130 

nm in height). The exciton PL peak shift corresponds to 0.26% using relative energy shift in 

strain-dependent PL spectra, 50 meV/% strain25, shown in Figure S8. However, this strain is an 

underestimated value since the measured PL spectrum is convolutional results of the WSe2 

sample within the laser spot. The local strain is estimated to be significantly higher since the 

generated strain is a combination of local height variations26 and some degree of slipping3,27, 

discussed below. The WSe2 device is mounted onto a cryostage and pumped down to 10-6 Torr. 

The photoluminescence (PL) is measured using a continuous-wave (CW) laser with a 

wavelength of 532nm at a 77 K unless otherwise mentioned. Detailed sample preparation, device 

fabrication, and measurement setup are described in Supplementary information (SI), Figure S1-

S5. The laser power is around ~140 nW, making sure that the excitation in the linear region is 

without thermal effect (Figure S6) and preventing the strain release due to high laser power. We 

found that the strain on the WSe2 over a pillar would release if the laser power is higher than 1 

µW, as shown in Figure S7. 

 

 

 

 



Figure 2 Photoluminescence under different gated voltages of unstrained and strained WSe2. 

Waterfall plot of biased PL of unstrained WSe2 (a) and strained WSe2 (b). The exciton, positive 

trion, and negative trion are denoted as X, X+, and X-, respectively. The extracted normalized 

integrated intensity, intensity, and binding energy as a function of biased voltages of unstrained 

WSe2 (c) and strained WSe2 (d).  

 

Results 



We first performed gated PL measurements on the unstrained WSe2 layer on the substrate at 77 

K. Figure 2a shows the evolution of PL of unstrained WSe2 biased from 30V to -60V. The PL 

spectra show negative trion peaks at ~1.69 eV under positive gate bias, neutral exciton peaks at 

1.73eV (ETB- = 40 meV) with a charge neutrality point (CNP) at -8V, and positive trion peaks at 

~1.705eV (ETB+ = 25 meV) under negative gate bias. Similar results are also reported 

previously20,22,23,28. To analyze the data, the collected PL data is fitted using a combination of a 

Voigt profile (trion) and convoluted asymmetric long-tail profile (exciton), as shown in Figure 

S9. Figure 2c shows the fitted parameters under different bias voltages. The binding energy 

between trions and excitons is shown in the lower panel of Figure 2c. We see the positive trion 

has a lower binding energy than the negative trion as observed previously. This is due to the 

different short-range Coulomb exchange interactions between electrons and holes21. The middle 

panels of Figure 2c shows the extracted PL intensity of trion and exciton emission. The exciton 

emission  achieves the maximum intensity at the CNP and vanishes under positive or negative 

bias where excitons are converted to trions29. Positive and negative trion peaks emerge when the 

gate voltage is away from the CNP, and the intensity reaches a plateau at a doping level higher 

than 1012cm−2 for the optical intensity used. Variation of normalized integrated intensity, peak 

intensity, and binding energy versus bias charge density is shown in Figure S10. The radiation 

efficiency of the trion peak depends on the quality of the WSe2 sample. Both stronger negative 

trion peak intensity23,28,22,20,21 and stronger positive trion peak intensity30,31 in monolayer WSe2 

devices or BN encapsulated WSe2 devices are reported previously. Here, we observe that the 

positive trions has higher intensity than negative trions. This might be because the positive trions 

have lower binding energy and are easier to thermalize. The location of CNP (-8V) indicates the 

mechanical exfoliated WSe2 sample is originally n-doped due to the selenium vacancies32. Under 



positive bias, external electrons are introduced, and there are insufficient holes forming exciton 

and negative trion for radiative decay, so non-radiative decay such as Auger recombination 

dominates33, causing lower quantum yield; On the other hand, doping hole into n-type 

semiconductor would favor recombination of radiative decay of many-body excitonic 

complexes34 such as excitons and trions. We also observe that the positive trion intensity slowly 

decreases as negative bias increases because the higher doping levels favor the formation and 

recombination of positive dark trions31. Figure 2c upper panel plots the normalized integrated 

intensity exciton and trion, which shows the variation of trion and exciton in the radiative 

channel. Clearly, on both sides of the CNP, we observe PL that is dominated by the trion 

radiative decay channel, and decreasing exciton emission.  

To experimentally determine the type of bandgap reduction, CB and VB pinching, or CB and VB 

both moving in the same direction (Type II), we carried out PL measurements of strained WSe2 

at a temperature of 77 K under different biased voltages. Figure 2b and d plot PL results at 

different biased voltages of WSe2 strained using micropillars. We don’t observe positive trions 

under negative bias, while we still see the negative trion peak under positive bias, as shown in 

the PL waterfall plot in Figure 2b. The extracted parameters, shown in Figure 2d, indicate 

exciton dominates the radiative channel even though holes are supplied. While under positive 

bias, we observe similar trion and exciton behavior as the plot from unstrained WSe2 shown in 

Figure 2a and c. Hence, the local strain induced by the pillar changes the conduction band and 

valence band so that electrons can accumulate on the apex of the pillar while holes are repelled 

from the apex of the pillar (Figure 1, top). Under the positive bias, negative trions are formed 

similar to unstrained WSe2 and dominate the radiative channel, shown in Figure 2d upper panel. 

Under negative bias, the exciton achieves 95% to 98 % emission ratio (exciton emission ratio is 



defined as the integrated intensity of exciton over the integrated intensity of exciton and trion). 

This indicates that holes are repelled away from the pillar regime, and charge separation are 

realized in WSe2 strained over a pillar. The extracted parameters discussed above versus charge 

doping levels are plotted in Figure S10b. We also performed similar experiments on WSe2 

strained using square pillars. The results show similar exciton and trion emission behavior as the 

WSe2 strained using circle pillar (Figure S11). We still see strong exciton peak and weak positive 

trion peak under negative bias.  

 

Figure 3 The extracted normalized integrated intensity (area ratio) of trion and exciton, the 

binding energy as a function of bias voltages of (a) unstrained WSe2 and (b) strained WSe2 at 

different temperatures.  

 

 

 



 

Increasing temperature delocalizes excitonic complexes and strengthens the non-radiative 

scattering (exciton phonon scattering) in WSe2, leading to lower PL yield and suppression of 

trion PL35,36. Thus temperature can also play an important role in the exciton-trion conversion 

mechanism strained WSe2. We performed PL on unstrained and pillar-strained WSe2 at different 

temperatures and biased voltages and studied the variation of the integrated intensity (area) of 

trion and exciton under different doping levels. Figure 3 shows the normalized trion and exciton 

integrated intensities, and the binding energies of unstrained and strained WSe2 at different 

temperatures from 77 K to 137 K. For unstrained WSe2 shown in Figure 3a, the trion area 

decreases as the temperature increases; while the exciton area has the opposite behavior, the 

exciton area increases by ~25 % as temperature increases. This can be explained by the presence 

of dark excitons at low temperatures, and more dark states within the light cone are occupied at 

high temperature37. Figure 3b shows similar plots of strained WSe2. Firstly, the positive trion 

area is negligible, and the corresponding exciton area is dominant at all temperatures, indicating 

that the mechanism of holes flowing out of the happens under all the collected temperatures. 

However, on the electron doping side, we observed a decrease in the negative trion area and an 

increase of exciton as the temperature increases, similar to the results collected from unstrained 

WSe2, shown in Figure 3a. The binding energy does not show a big difference at different 

temperatures except a shift in the CNP. The collected biased PL of unstrained and strained WSe2 

under different temperatures are shown in Figure S12. We only fit and analyze the PL spectra at 

the temperature up to 137 K since the trion and exciton peaks overlap too much at higher 

temperatures, and the fitting is unreliable.  

 



 

 

Figure 4 Simulated strain and PL distribution and measured PL. (a) Simulated biaxial tensile 

strain distribution of a circle pillar based on the AFM profile shown in inset, the scale bar is 1μm. 

(b) The calculated PL position distribution based on the strain shown in (a). (c-d) The calculated 

convolutional PL position and PL FWHM of (b) using a laser spot size of 0.5 μm and a stride of 

0.2 μm. (e-f) The experimental PL position and PL FWHM of a PL spatial mapping. The dashed 

circle indicates the location of the pillar.  

 

We simulated the biaxial tensile strain distribution across different pillars via a finite element 

analysis (FEA)  approach that calculates strain based on neighboring height differentials, 

reported by Darlington et al.26 The FEA result of monolayer WSe2 on a circle pillar (AFM image 

shown in Figure 4a inset) is shown in Figure 4a: the maximum strain always appears at the edges 

of the pillar and with a value of ~ 0.7 %.  Figure 4b shows the distribution of PL peak position 

calculated from Figure 4a using a linear correlation between PL red-shift and tensile strain (50 

meV / % strain)18. The strain simulation calculates local strain, while the measured samples 

strain over a region of WSe2 within the laser spot, and averages the local strain variation. To 

compare calculated and measured strain mapping, we convolute the locals strain with the laser 

spot. The PL spectra at each pixel is generated using a Voigt profile with the same FWHM (20 

meV) and a normalized amplitude. The convolutional process is performed by summing up the 

PL and dividing by the number of points within the laser spot diameter (0.5 μm). The 



convolutional result of PL energy and full width half maximum (FWHM) is shown in Figure 4(c-

d). We can clearly see that the variation of PL peak position reduces by more than a factor of 2. 

Our measured data oversampled at 0.2 m step size from a similar pillar, Figure 4 (e) and (f),  

show very good qualitative agreement with the calculated  convolution. Hence we deduce that 

the actual local strain is larger than the measured 0.26 %.  

Moreover, we performed first-principles DFT calculations of the electronic band structures of 1L 

WSe2 under different amounts of biaxial tensile strains. As shown in Figure 5a, with the 

increasing strain, the calculated band gap decreases, corresponding to the red-shift of the A 

exciton; the decreasing rate is ~ -0.085 eV/% (as shown in Figure S13 (a)) that agrees with 

previous theoretical results38. Note that experimental results have a smaller decreasing rate38. 

Moreover, to understand the influences of increasing biaxial tensile strains on the positions of the 

energy bands, we re-align the energy bands with respectto the calculated vacuum energies (as 

shown in Figure S13 (b)). As shown in Figure 5a, with increasing biaxial tensile strain, both 

CBM and VBM downshift; Figure 5b shows that CBM downshifts with a larger rate of -0.112 

eV / % compared to -0.028 eV % of VBM, corresponding to the Type-II band bending.24 The 

larger band bending of the conduction band rather than that of the valence band suggests the 

accumulation of electrons and removal of holes in the lowest bandgap region. Hence, increasing 

strain in a Type II band bending aid holes to diffuse/drift away from the strain apex. The 

simulation results also support the experimental data that stronger exciton emission and weak 

positive trion PL are observed at CNP and hole doping conditions.   

 



Figure 5 DFT simulations of monolayer (1L) WSe2. (a) Band structures of 1L WSe2 under 0%, 

1.0% and 2.0% biaxial tensile strains, where the inset picture shows the selected high symmetry 

points along the first Brillouin zone. All band energies are aligned to the vacuum potential for 

direct comparison. (b) Red-shift rates of CBM and VBM from 0% to 2.0% biaxial tensile strains 

with an increment of 0.1%.   

 

Conclusion 

In conclusion, we performed experimental and theoretical analysis on biaxial strained monolayer 

WSe2. We found that biaxial strain induced by micropillars bends down the conduction band and 

valence band of WSe2, resulting in accumulating of electrons and dissipation of holes in the 

lowest bandgap region and leading to strong exciton emission (95 to 98 % of area ratio) and 

negligible positive trion at positive bias. The effect of temperature on the exciton and trion 

emission efficiency is also studied, and strong exciton emission with negligible positive trion are 

also observed at different temperatures. Finite element analysis of strain distribution and density 

functional theory calculations of band structures of WSe2 agree well with the experimental 

results. This provides an opportunity to locally separate electrons and holes and manipulates 

light-matter interaction for applications in novel strained-engineered optoelectronics.  

Methods 

Device fabrication and measurement: Monolayer WSe2 was obtained by the use of gold-

mediated mechanical exfoliation39; the detailed exfoliation process is shown in the 

supplementary information (SI). The WSe2 device is fabricated by transferring WSe2 over micro-

pillars (2 × 2 um) grown by patterning and depositing 130 nm SiO2 on the substrate (285nm 

SiO2/Si+). The ground electrode (Au/Cr) is deposited next to the pillar array on the substrate by 

the use of a CHA electron-beam evaporator, and the gate electrode is formed by etching through 



the SiO2 layer and deposited Au/Cr films. The exfoliated WSe2 monolayer flake is picked up 

using the water release method with PPC and transferred onto the pillar array, and connected 

with the ground electrode. The PPC is then removed using a critical point drier (CPD) with 

acetone to prevent the effect of surface tension on the WSe2 during the evaporation of acetone. 

The photoluminescence (PL) is measured in a Cryo Industries cryostat using a continuous-wave 

laser (power: ~140nW, wavelength: λ = 532nm) and a 50× objective (spot size: 2.5um) on a 

Horiba T64000 spectrometer. More detailed fabrication process and measurement setup are 

described in Figures S1 and S2.  

DFT simulations: Plane-wave DFT calculations were carried out using the Vienna Ab initio 

Simulation Package40 (VASP) with projector augmented wave (PAW) pseudopotentials40–42 for 

electron-ion interactions, , and the generalized gradient approximation (GGA) functional of 

Perdew, Burke and Ernzerhof42 (PBE) for exchange-correlation interactions.  A unit cell of 

strain-free monolayer WSe2 was modeled by creating a periodic slab with a vacuum separation 

of more than 22 Å to avoid the interactions with periodic images in the out-of-plane direction (Z 

direction). Both the lattice constants and atomic positions were optimized with a cutoff energy of 

400 eV and 15×15×1 k-point samplings until the maximum force allowed on each atom was less 

than 0.001 eV / Å. The total volume of the structure was fixed during geometry optimization to 

avoid the structural collapse of the 2D slabs with vacuum separations. After the structural 

opmization, biaxial-strained monolayer WSe2 structures were built, and their atomic positions 

were relaxed using the same parameter setting for strain-free monolayer WSe2. The post-analysis 

of electronic band structures was carried out by using VASPKIT package.43 

Strain simulation: The strain simulation from the measured AFM profiles follows the analytical 

methods and codes developed by Darlington et al.26 The AFM profiles of monolayer WSe2 lying 



on the different pillars were acquired by using a Veeco Dimension 3000 atomic force microscope 

(AFM).   

 

 

Supporting information: 

Detailed descriptions of the sample preparation, device fabrication, power- and temperature-

dependent PL characterizations and detailed DFT simulation results of strain-dependent band 

gaps and vacuum energies.  
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