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Atomically thin transition metal dichalcogenides (TMDCs) with 

exceptional electrical and optical properties have drawn 

tremendous attention for novel optoelectronic devices such as 

photodetectors, transistors and light emitters, etc. However, the 

electron bound trions formed through the combination of neutral 

exciton and electron significantly decrease the photoluminescence 

(PL) efficiency of TMDCs. In this study, we report a simple yet 

efficient chemical doping strategy to modulate the optical 

properties of monolayer tungsten disulfide (WS2). As a 

demonstrative example, the chemical doped monolayer WS2 

exhibits remarkably PL enhancement, which is about one order of 

magnitude higher than pristine WS2. This outstanding PL 

enhancement is attributed to the fact that the excess electron 

which promotes the formation of electron bound trions is 

effectively decreased through charge transfer from WS2 to chemical 

dopant. Furthermore, an improved degree of circular polarization 

which is increased from ~9.0% to 41.5% is also observed in the 

chemical doped monolayer WS2. Our work illustrates a feasible 

strategy to manipulate optical properties of TMDCs via exciton 

modulation, making TMDCs promising candidates for versatile 

semiconductor-based photonic devices. 

Two-dimensional (2D) atomic layer materials have attracted 

exponential attention in diverse fields, not only for their 

fundamental scientific importance but also because of their 

potential applications, ranging from electronics, photonics to 

valleytronics.1-7 A typical example is the atomically thin 

transition metal dichalcogenides (TMDCs), a layered 

semiconductor consists of transition metal and chalcogenide 

atoms which are arranged in a hexagonal lattice.8-11 It is well 

known that TMDCs possess layer dependent band gap and 

undergo a transition from an indirect band gap bulk crystals to 

direct band gap monolayer semiconductors. Monolayer TMDCs 

exhibit unique electrical properties and excellent optical 

performance, opening up conceptually novel optoelectronic 

devices, such as FETs, light emitting diodes, and 

photodetectors.12-15 Furthermore, monolayer TMDCs are ideal 

platform to investigate the valleytronics originated from the 

inversion symmetry breaking and spin-orbital coupling.13, 14 

Commonly, the photo-excited hole and electron can form 

excitons on the basis of attractive Coulomb interaction. The 

excitons can further become electron bound trions through 

binding an additional electron owing to the natural n doping of 

the TMDCs.16 However, the formation of electron bound trion 

results in low photoluminescence quantum yield of monolayer 

TMDCs,16, 17 which has greatly obstructed their applications.18-20 

Therefore, the manipulation of electron bound trions 

concentration in monolayer TMDCs is of central importance for 

achieving high PL efficiency.  
The regulation of electron density is demonstrated to be an 
effective strategy of tuning the neutral exciton and trion for 
achieving high PL efficiency in monolayer TMDCs.20-25 Electron 
density could be effectively changed through tuning gate 
voltage of FETs devices, resulting in significant exciton 
brightening in monolayer WS2.21, 22 Four-fold PL efficiency 
enhancement in monolayer WS2 through strong affinity 
fluorination plasma treatment was also reported.20 The 
modulation of electron density in monolayer WS2 also observed 
in WS2/graphene vertical heterostructure through facilitating 
charge transfer from WS2 to graphene, rending efficient PL 
enhancement.23 However, the electron density modulation 
realized by gate voltage tuning, gas physisorption, and vertical 
heterostructure requires complicated technological processes 
and precise control of the gas doping concentration and time to 
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obtain the desired PL efficiency, leading to relatively high 
fabrication costs and limiting the fundamental study of 
monolayer WS2. As a result, it is imperative to develop a feasible 
and universal strategy to control electron density for tuning 
optoelectronic properties of monolayer WS2. Organic molecules 

 
Fig. 1 Design concept and mechanism of exciton modulation for achieving bright 

monolayer WS2. (a) Schematic drawings of hexaazatriphenylenehexacabonitrile (HATCN) 

doping in monolayer WS2. (b) Chemical structure of HATCN. (c) Schematic drawings of 

exciton modulation through chemical doping in WS2. The electron bond trions in the 

monolayer WS2 can be effectively changed to the neutral excitons through charge 

transfer from the conduction band (CB) of WS2 to the LUMO of HATCN. 

doping via drop cast is well known as a promising method for 

tuning electron density in 2D materials.10, 18, 26-29 Nevertheless, 

there are few reports about robust PL enhancement in 

monolayer WS2 based on organic molecule doping.19 

HATCN (hexaazatriphenylenehexacabonitrile) is a promising 

organic semiconductor which is widely used as the hole 

injection and buffer layer in the arena of organic light emitting 

diodes and organic solar cells owing to its strong electron 

withdrawing ability and deep highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) energy level, making it a promising candidate for 

hybridizing with WS2 to modulate the optoelectronic 

properties.30-33 In this work, we deposit HATCN solution onto 

monolayer WS2 to modulate exciton and PL property of 

monolayer WS2 (Fig. 1). The HATCN doped monolayer WS2 

successfully achieve a state-of-art PL enhancement, which is ~ 

10-fold higher than that from a pristine monolayer WS2. 

Additionally, we demonstrate that the HATCN doped monolayer 

WS2 shows an increased degree of polarization (DOP), which 

increases from ~9.0% to 41.5%. In combination with the 

experimental and density functional theory (DFT) simulation 

results, we reveal that the electron density significantly 

decreases in monolayer WS2 through charge transfer from 

monolayer WS2 to HATCN (Fig. 1), which promotes the 

transition from electron bound trions to neutral excitons and 

decreases the intervalley scattering. This renders the 

enhancement of PL intensity and DOP in monolayer WS2. 

The monolayer WS2 flake was conveniently exfoliated from the 

bulk crystals by a standard micromechanical method, followed 

by transferring onto a Si wafer with a 280 nm thick SiO2 coated 

layer.34 To reveal the exact layer number of WS2 flakes, the 

exfoliated sample was investigated by optical microscopy (OM),  

 

Fig. 2 Preparation and characterization of monolayer WS2. (a) Optical image, (b) AFM 

image (c) PL mapping and (d) Raman spectrum of a WS2 flake on SiO2/Si substrate 

measured at room temperature. (e) The AFM height measured along the line in (b). (f) 

The PL spectrum extracted from PL mapping (c). The scale bar in (a), (b) and (c) is 2 μm. 

atomic force microscopy (AFM), Raman spectrum and PL 

measurement. The typical optical image of monolayer WS2 flake  

is shown in Fig. 2a and then the thickness was measured to be 

~0.8 nm through AFM with non-contact mode (Fig. 2b,e). The 

Raman spectrum (Fig. 2d) excited with a 488 nm laser shows a 

strong out of plane A1g peak at ~417 cm-1 and an intense 

combinational Raman peak consisting of 2LA peak at ~350 cm-1 

and in-plane E1
2g peak at ~355 cm-1.18 The frequency difference 

between E1
2g and A1g peak is ~62.3 cm-1, which unambiguously 

confirms that the flake is a monolayer WS2.35 The PL spectra 

measured by a micro-PL system is also used to reveal the exact 

number of WS2 flake. The PL mapping (Fig. 2c) exhibits a bright 

emission for the monolayer WS2, while the emission is quite 

weak for the few layer WS2. The different PL intense between 

monolayer and few-layer WS2 is due to the transition from 

direct to indirect band gap.19 The non-uniformity intensity of 

the PL mapping may be due to the variation of natural doping 

(n doping) in the pristine monolayer WS2, as relatively high trion 

contributions (low energy PL shoulder) in area with weak PL 

intensity are observed (Figure S2).36 The PL spectrum extracted 

from the mapping shows a peak at ~1.99 eV (Fig. 2f) for the 

monolayer WS2. It should be noted that the B exciton is not 

detectable under this laser excitation (532 nm) owing to the 

energy difference which arises from strong spin-orbit 

interaction is as large as 0.4 eV between A and B exciton.37 

To test the feasibility of exciton modulation through the 

chemical doping, the PL spectra of pristine and HATCN doped 

monolayer WS2 were systematically investigated (Fig. 3). The 

pristine monolayer WS2 shows a wide PL spectrum with an 

emission peak at ~1.99 eV (Fig. 3a), which is the emission from 

both neutral exciton (X) and electron bound trion (X−) states 

owing to the heavily n-doped of pristine monolayer WS2.36 In 

contrast, the PL intensity of monolayer WS2 undergoes 

apparent variation after the HATCN doping. It should be noted 
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that the PL intensities are dramatically enhanced with the 

increase of the doping steps and become saturated after 6 times 

doping process. The PL intensity of HATCN doped monolayer 

WS2 is more than ~10 fold that of pristine monolayer WS2, which 

is among the best results of PL enhancement reported to date 

(Table S1). On the other hand, the PL spectra become sharp and 

blue shift with an emission peak at ~2.02 eV after the HATCN 

doping and can be clearly fitted with two peaks (X− and X) using  

 

Fig. 3 PL variation of monolayer WS2 before and after HATCN doping. (a) The PL spectra 

of monolayer WS2 measured at different HATCN doping step from 0 to 6. (b) The 

evolution of PL spectra of monolayer WS2 as the HATCN doping step increases. Note that 

the PL spectra are fitted through the Lorentzian fitting, which are assigned to the trion 

(X-) and neutral exciton (X). (c) The integrated PL intensity of trion (IX
-), neutral exciton 

(IX) and the sum (Itotal) of IX- and IX as a function of HATCN doping step. The discrete points 

are the experimental results, while the solid lines are theoretical results fitted through 

rate equation. (d) The trion spectra weight (IX
-/IX) as a function of HATCN doping step. 

Lorentzian function (Fig. 3b and S1). In order to figure out the 

spectral weight of each component, the integrated PL intensity 

of trion, neutral exciton, and total intensity was evaluated 

according to the Lorentzian fitting results.28 As shown in Fig. 

3c,d, the intensity of trion is predominant and trion spectra 

weight is as high as ~0.6 in the pristine monolayer WS2. 

However, the intensity of trion is drastically decreased and the 

trion spectra weight is as low as ~0.1 after 6 times doping 

process, indicating that the neutral exciton becomes 

predominant because of transition from trions (X-) to neutral 

excitons (X) in monolayer WS2 after the HATCN doping. 

In order to gain insight into the PL intensity variation in HATCN 

doped WS2, the excited dynamics in monolayer WS2 was 

discussed based on a three-level model (Fig. 4a).27 According to 

the rate equation, the PL intensity of neutral exciton (IX) and 

trion (IX
-) can be expressed as follows (see Supporting 

Information):28 
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where A is coefficient, ex and tr are the radiative decay rate of 

the neutral exciton (IX) and trion (IX
-), respectively. In order to 

simplify the analysis, the variation of ex and tr are neglected 

with the doping step increases. The experimental PL intensity of 

trion (IX
-) and neutral exciton (IX) can be fitted by equation (1) 

and (2), as shown in Fig. 3c (solid line). The best fitting result of 

tr/ex is 0.06, which demonstrate that the radiative rate of trion 

is significantly lower than that of neutral excitons, suggesting 

enhanced PL emission from the neutral excitons. 

Under the assumption that the mass action law is valid, the 

relationship among the population of neutral excitons, trions  

 

Fig. 4 Exciton analysis and theoretical calculation of chemical doped WS2. (a) Schematic 

drawing of the three energy level model, G is the population of excitons after optical 

excitation, ktr(n) is the generation rate of the trion (X-) from the neutral exciton (X) after 

n-th doping step, Γex and Γtr are the decay rate of neutral exciton and trion, respectively. 

(b) The experimental electron density as a function of HATCN doping step. The inset is 

calculated electron density based on mass action law model. (c) Energy level of WS2 and 

HATCN and schematic drawing of the charge transfer from the CB of WS2 to the LUMO 

of HATCN. (d) The calculated electron density difference before and after HATCN doping. 

The yellow and cyan color represent the accumulation and depletion of the electron. (e) 

The circularly polarized PL spectra and DOP of pristine and HATCN doped WS2. The DOP 

can be expressed as P = (I+ − I−)/(I+ + I−), where the I+ and I- are the intensity of the right 

(δ+) and left (δ-) hand PL emission, respectively. 

and electron density in monolayer WS2 can be expressed as19, 38  
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where ћ is the reduced Planck's constant, kB is the Boltzmann 

constant, T is the temperature, Eb (~25 meV) is the trion binding 

energy, me, mX
- and mX are electron, trion and neutral exciton 

effective masses, respectively. me and mh are 0.44m0 and 

0.45m0, where m0 is a free electron mass.39 The effective mass 

of a neutral exciton (mX) and a trion (mX
-) can be calculated as 

mX = me + mh = 0.89m0, mX
- = 2me + mh = 1.34m0, respectively.20 

Therefore, the trion PL weight (IX
-/Itotal) can be determined as 

(see Supporting Information) 
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Thus, the calculated electron density nel can be estimated from 

the trion spectra weight (IX
-/IX, Fig. 4b inset) by the equation (4). 

The experimental electron density is illustrated in Fig. 4b. The 

electron density in pristine monolayer WS2 is ~9×1013 cm−2 

owing to its heavily n-doped characteristic, while the electron 

density sharply decreases to ~ 8×1012 cm−2 after 2 times doping 

and becomes constant (~ 6×1012 cm−2) after 4 times doping. It is 

worthy to note that the variation of electron density (Δnel) 

before and after HATCN doping is simulated as high as ~8.4×1013 

cm−2. These results indicate that the HATCN doping can 

effectively regulate the electron density in monolayer WS2, 

which could be an effective way to manipulate the optical and 

electrical properties of WS2. 

The origin of PL modulation through HATCN doping can be 

regarded as charge transfer from monolayer WS2 to the HATCN. 

The energy level of monolayer WS2 and HATCN is illustrated in 

Fig. 4c, revealing that HATCN forms a type II p-n heterojunction 

with monolayer WS2. The lower LUMO level of HATCN than the 

CB of monolayer WS2 leads to significantly accumulated 

electrons on HATCN owing to the free electrons locate the 

bottom of conduction band of WS2, thus reducing the formation 

probability of electron bound trion. 

To further understand the PL enhancement of HATCN doped 

monolayer WS2, we conducted first-principles calculations using 

the GGA/PBE40 method with Tkatchenko–Scheffler dispersion 

correction41 in Material Studio2017 Castep module42. The 

commonly used dopant, 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-

quinodimethane (F4TCNQ), was also calculated for 

comparison.19, 28  According to the theoretical calculations, 

HATCN withdraws about 0.18 e charges from the WS2 layer 

(Mulliken population analysis),43 which is two times larger than 

that of F4TCNQ (~0.09 e). With a consideration of its strong 

electron withdrawing ability, HATCN doped WS2 showed higher 

PL enhancement than that of F4TCNQ doped WS2 (Table S2). In 

order to gain a direct insight into the decrease of electron 

density in monolayer WS2, the calculated charge density 

difference before and after HATCN doping was mapped out by 

subtracting the electron of HATCN doped WS2 from that of 

isolated components of WS2 and HATCN. As shown in Fig. 4d, 

the charge density is redistribution and accumulates at the 

HATCN and interface of HATCN and WS2 junction. It should be 

noted that the absorption energy of HATCN is -1.93 eV (Table 

S2), which is slight higher than that of F4TCNQ, demonstrating 

the physical adsorption of HATCN on monolayer WS2.19, 44  

Light-emitting from K and K' valleys of TMDCs shows opposite 

circular polarization light (right and left hand) owing to the 

breaking inversion symmetry, which has been widely 

investigated in opto-valleytronics.13, 45, 46 The modulation of 

electron density is also an effective way to tune the DOP of 

TMDCs.14, 27 Given the simple modulation of electron density in 

WS2 through chemical doping, we further investigated the 

variation of DOP in WS2 before and after chemical doping. As 

shown in Fig. 4e, the PL intensity of the right (δ+) and left (δ-) 

hand emission in HATCN doped WS2 is significantly enhanced 

with the increase of doping steps, which is in accordance with 

the normal PL emission, indicating the decrease of the electron 

density. More importantly, the DOP also increases in HATCN 

doped WS2. The DOP of pristine WS2 is ~9.0%, while it increases 

to ~18% after one-step doping and to ~41.5% after two-step 

doping. The increase of the DOP in HATCN doped WS2 may 

attribute to the decreasing of K↔K' intervalley scattering 

triggered by the decreasing of electron density.12, 20, 23 

Conclusions 

In summary, we have proposed an efficient exciton modulation 

approach, p-type HATCN doping on monolayer WS2 via drop 

cast, for tuning the optical properties of WS2. The chemical 

doped monolayer WS2 exhibits remarkably PL enhancement up 

to ~10 fold. Our results demonstrate that the modulation of 

electron density through charge transfer from n-doped WS2 to 

HATCN is the key to modulate excitons in monolayer WS2 for 

achieving high PL efficiency. The decrease of electron density 

leads to the trions to neutral excitons transition. Furthermore, 

benefitting from the flexibility in manipulating of the electron 

density through chemical doping, the HATCN doped monolayer 

WS2 also show a tunable degree of circular polarization, which 

is increased from ~9.0% to 41.5%. This work not only develops 

a method to achieve bright monolayer TMDCs but also opens a 

new avenue for improving the degree of circular polarization. 
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