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Supplementary Figure 1. Illustration of stacked mediator-assisted growth method. 

 
 

Supplementary Note 1 
Graphene-based mediator 

 
In addition to graphite, graphene was employed as a mediator. Raman characterization indicated 

that for reaction times over 30 minutes the graphene mediator disappeared, which indicates that 

mediators are consumed at a rate of approximately 1012 s-1. This disappearance agrees with 

thermochemical calculations that indicate the conversion to gaseous carbon oxides. 
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Supplementary Note 2 
Comparison of WS2 from different sources: 
  
Optical micrographs show that conventional CVD and exfoliation produce individual grains with 

micrometer size whereas mediator-grown WS2 demonstrates uniform coverage. 

Raman spectroscopy of all materials was conducted in a confocal system with 532nm excitation   

and WS2 from all three sources show the characteristic A1g and E2g vibration modes. Compared to 

exfoliated WS2, the A1g (at 417.6 cm−1) of mediator-grown WS2 remained at the position while the 

E2g (at 349.3 cm−1) is slight red-shifted. This behavior has been previously reported to be due to 

tensile strain1.

 

 

Supplementary Figure 2. Comparison of WS2  from various sources. Raman and OM images for 

conventional, exfoliated and mediator-assisted WS2. Investigation of lattice defects 
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Supplementary Note 3 
Estimation of defect density from HR-TEM 

 
We investigated large arrays of HRTEM images to identify defects and found that the prevalent 

type of defect are multi-atom vacancies and tears. This defect type is different from previous 

reports which observed predominant vacancy-type defects. We therefore hypothesize that these 

large defects are induced during transfer from the growth substrate to the TEM grid. 

 
 
Supplementary Figure 3. Visualizing defects. Composite picture of 6 HRTEM images with 
indication of multi-atom defect. 
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Supplementary Note 4 

 Calculation of Fermi level: 

 
The intrinsic Fermi level can be calculated according to 

 

Fܧ                                                           = gap2ܧ  + ݇2ܶ ln ቀܦVܦCቁ                                                 (1)  
, where Dv,c are the edge densities of states for the valence and conduction band, respectively 

 
v,cܦ                                                          = ݉h,e∗/πℏ2                                                          (2) 

, here m* is the effective mass of holes and electrons, respectively. Theoretical work has estimated 

the effective masses in WS2 to be 0.37me and 0.38me for holes and electrons, respectively2. 

Comparison of the intrinsic and measured Fermi level suggests an extrinsic doping density of 3 × 1012cm-2 but this value is associated with a large error due to the absence of experimental values 

for the effective mass of WS2. 
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  Supplementary Note 5 

Spectroscopic characterization of sample uniformity: 

We have conducted large-scale optical spectroscopic characterization to establish the uniformity of 

mediator-grown material. For this purpose, 10,000 photoluminescence (PL) and Raman spectra 

taken from a 7x2cm sample size and individually fit to Lorentzian peaks using a MATLAB fitting 

routine. Histograms of the PL peak intensities demonstrate a narrow distribution compared to the 

wide spread of intensities observed in CVD grown WS2. This observation indicates the lower 

variability of emission properties in mediator-assisted growth. Moreover, the PL peak position of 

mediator-assisted growth corresponds exclusively to the neutral exciton energy whereas CVD- 

grown WS2 exhibits a large contribution of defect-related biexcitons, suggesting the presence of 

alternative recombination pathways. Finally, statistical analysis of the separation between the E2g 

and A1g Raman peaks indicates that mediator grown material is exclusively composed of single- 

layers3.  

 

Supplementary Figure 4. Statistical analysis for CVD grown and mediator-grown WS2 at 

indicated dimensions (a) scaled histogram of photoluminescence intensity normalized to average 

intensity,(b) histogram of photoluminescence wavelength of the strongest peak in each PL spectrum, (c) 

histogram of energy difference between Raman E2g and A1g features. 
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Supplementary Note 6 
Photoelectron spectroscopy 

 
Supplementary Figure 5. XPS of conventional CVD v.s Mediator-assisted grown WS2. 

 
The observation of tensile strain is supported by X-ray photoelectron spectroscopy which shows 

the S 2p1/2 and S 2p3/2 peaks located at around 163.0eV and 164.2eV and the W4+4f5/2 and 4f7/2 

peaks at 35.4eV and 33.2eV, respectively.4Both peaks exhibit a significant blueshift which has 

been attributed to the occurrence of strain in WS2 monolayers5. 

Ambient Photoelectron spectroscopy was conducted in a APS01 system (KP Technology Ltd), 

Figure 3(d) shows an exponential tail close to the conduction band edge that has been previously 

observed for WS2 and MoS2 by electrical measurements6. 
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Supplementary Figure 6. Fitting of WS2 PL spectra from different sources. 

 
The PL spectrum for each WS2 source is deconvoluted into peaks corresponding to different 

contributions. Following previous reports7, we assign the following excitonic transitions from high 

to lower energy: Neutral (X0, 2.01 eV) , Trion (X-, 1.96eV), defect-bound exciton (XX/D, 1.94 

eV). 
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 Supplementary Note 7 

Details on photosensor characterization:  
The photoresponse time was extracted by fitting the photocurrent under pulsed illumination to the 

formula 

                                                         ݅ =  ݅଴ ቀ1 − ݁ି೟ഓቁ                                                                         (3) 
The resulting time constant is extracted to be r = 58µs 
The responsivity was calculated according to 

                                                           ܴ = ௜౦௉                                                                                (4) 

, where ip is the photocurrent (Ilight-Idark) and P is the incident light power. 

The detectivity D* in the shot-noise limit is calculated according to

∗ܦ                                                      =  1/2                                                      (5)−(darkܫݍ2)12ܣܴ

  ,where A is the device area. 

Under 1.4 µW/cm2 excitation, the measured dark current at 15V is 0.98 × 10-6 A, and the on 

current is 8.05 × 10-6 A. Considering a channel area of ~2 × 10-4 cm2, we obtain a maximum 

photoresponse of ~25000 A/W. 

The photoresponse time was measured under pulsed white light excitation with power of 30 µW 

cm^-2 using a SR-540 optical chopper. Each device had dimensions of 400µm(W) x 50µm(L). 
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Supplementary Figure 7. High-speed response. Current response under pulsed light 

illumination (intensity of 30 μW cm^-2) indicating high-speed response in with fit. 

 
  

cu
rr

en
t (

uA
) 



11  

 

 
Supplementary Figure 8. Stability test. Photoluminescence spectra of exfoliated and mediator-

grown WS2 after different duration of exposure to ambient environment. 
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Supplementary Table 1. Comparison of photosensor performance to previous reports. 
 

Material Method Response 
time(s) Responsivity(A/W

) 
Reference 

Multilayer WS2 CVD 5.30E-03 9.20E-05 8 

Monolayer WS2 CVD 6.00E-02 1.88E-02 9 

WS2 CVD 9.10E+01 9.50E+02 10 

Multilayer WS2 mechanical exfoliation 2.00E-02 5.70E+00 11 

few layer WS2 
Li-ion intercalation 
technique 4.20E-02 1.10E+00 
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multilayered WS2 pulsed-laser deposition 4.10E+00 5.10E-01 13 

WS2 exfoliated 7.90E+00 4.04E+00 14 

Monolayer WS2 CVD 5.60E-04 5.20E-04 15 

Single-Layer WS2 CVD 2.00E-03 4.50E+03 12 

This work Mediator-assisted CVD 5.80E-05 2.50E+04  
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