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Energy-Dispersive X-ray Spectroscopy (EDXS) Study

Figure S1. EDXS spectra of PQDs. 
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HRTEM Micrograph of PQDs over Large Area

Figure S2. (a) HRTEM micrograph of the PQDs over large area. (b) The size 

distribution histogram of PQDs.  
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Raman Spectrum of Graphene

Figure S3. Raman spectrum of CVD graphene at 633 nm excitation.

The appearance of the Lorentzian shaped 2D band at 2640 cm-1 is sharper than 

the G band located at 1586 cm-1, and the absence of a D band around ~ 1350 cm-1 

indicates the presence of a high-quality graphene layer. The intensity ratio, IG/I2D of the 

2D to the G peak was found to be < 1, and the 2D peak profile is Lorentzian in nature, 

which confirms that a single layer of graphene formed. Again, the absence of a D peak 

at ~ 1323 cm-1 indicates an almost defect-free high-quality graphene layer.1,2  
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Characterization of Mobility of Graphene

Figure S4. Estimation of the mobility of CVD graphene: (a) Schematic diagram with 

an optical microscope image of the transistor of monolayer graphene transferred on top 

of SiO2/Si substrate for the measurement of carrier mobility. (b) Transfer characteristic, 

IDS vs VG, measured at a fixed drain to source voltage 1 V.

We have performed the gate dependent study of our synthesized monolayer 

CVD graphene by transferring it on SiO2/Si substrate having a SiO2 thickness 300 nm. 

The schematic of the device with an optical microscope image is shown in Figure S3. 

We estimated the mobility of the monolayer CVD graphene from transfer characteristic 

by using the following equation, μe = (L/WCVDS) * (dIDS/ dVG), where C = ε0εr/d (with 

εr = 3.9, ε0 = 8.85 × 1012 Fm-1, and d = 300 nm being the relative permittivity and 

thickness of the insulating SiO2 layer, respectively) is the capacitance per unit area 

estimated for gate dielectrics, L ≈ 100 μm is the channel length, and W ≈ 100 μm is the 

channel width.3 The estimated value of dIDS/dVG from transfer curve is ~ 0.04 mAV-1. 

Our estimated value of the graphene mobility is around 2.6 × 103 cm2 V-1S-1.
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The Transfer Characteristic of Graphene-PQDs Hybrid Device  

Figure S5. (a) Schematic of graphene-PQD hybrid device fabricated by spin coating of 

PQDs on top of the graphene. (b) The corresponding transfer characteristic.
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CIE of Photoluminescence

Figure S6. CIE chromaticity diagram corresponding to electroluminescence emission.  

The circle corresponds to the color coordinate (0.220, 0.570). 
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Absorption and Emission Spectra of Pure ligand

Figure S7. (a) Photoluminescence spectrum of pure capping ligand under the 

illumination by a 374 nm laser. (b) Absorption spectrum of pure capping ligand.  
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Raman Spectroscopy Study of PQDs

The band at 65 cm-1 indicates a clear marker of the presence inorganic 

component in the material. The bands at 64 and 110 cm-1 are assigned respectively to 

the bending and the stretching of the Pb-Br bonds. We also assign the librations of the 

organic cations at 156 cm-1. The broad and unstructured 200 - 400 cm-1 feature is 

assigned to the torsional mode of the methylammonium cations. Raman peak at 303 

cm-1 indicates the phonon mode corresponding to the rotation of the whole CH3NH3 

cation around the C-N axis.4,5 
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Photograph of a Real Device with OM Image

Figure S8.  (a) Photograph of a real device by using commercial mobile camera. (b)  

Optical microscope image of the different portion of our fabricated device from the top 

view. 
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Device Optimization

Figure S9. Device optimization by varying the thickness of PQDs through spin coating 

it on PDMS-graphene composite at the different spinning speed of the spin coater. 
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The Photoresponsivity 

The photoresponsivity (Rph), which is a measure of the electrical output per 

optical input of a photodetector and is described as the change in current in the 

photodetector device after the illumination of photons of various power levels, is 

defined as,6

Rph =  ,                                                               (1)
∆𝐼(𝐴)
𝑃(𝑊)            

where ΔI in Ampere is the change in the channel current, i.e. |ΔI| = | IIllumination − IDark |, 

and P in Watt is the total illumination power on the device active area, i.e. 2 mm × 130 

nm in this case. |ΔI| is around 11 µA at VSD = 1 V for laser power density 1.2 nw/cm2 

with spot size ~ 0.03 cm2 on the device area 130 nm × 2mm, as shown in Figure 4b. 

The reflectance spectrum of PQDs is shown in Figure S7. We estimated the value of 

the absorption coefficient of the PQDs ~ 4.46 × 106 m-1 at wavelength 457 nm. Our 

laser spot size (~ 0.03 cm2) is larger than the device area (2 mm × 130 nm). All the 

calculations are normalized by the device active area. 

Figure S10. The reflectance spectra of PQDs. 
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The Specific Detectivity 

Specific detectivity, which is one of the figures of merits of a photodetector used 

to characterize the performance of the photodetector, determines the minimum 

illumination light power that can be used to permit a detector to distinguish from noise, 

and it can be defined as,7

D* = ,                                                                            (2)
(𝐴𝐵)

1
2

𝑁𝐸𝑃                

where A is the device active area, B is the measuring bandwidth which is inversely 

proportional to the response time of the photodetector and NEP is the noise equivalent 

power in units of Watt. NEP  is the incident optical signal required to generate a 

photocurrent equal to the RMS noise current: NEP = , where IN is noise current which 
𝐼𝑁

𝑅𝑝ℎ

is related with the dark current (  of the photodetector and Rph is the 𝐼𝐷)

photoresponsivity of the device.7   = 2e B, where e is the electronic charge.8𝐼2
𝑁 𝐼𝐷
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External Quantum Efficiency 

The external quantum efficiency of the vertical photodetector device has been 

calculated by using the following equation,9

EQE = ,                                                                         (3)
|𝛥𝐼|/𝑞

𝛷           

where q is the elementary charge, and Φ = Pin/Ein is the total incoming flux under the 

normal incidence illumination, Pin is the total power under normal incidence, and Ein is 

the energy per unit photon. Now, we know that photoresponsivity, Rph =   which 
|𝛥𝐼(𝐴)|
𝑃(𝑊) , 

is related with EQE by the formula, Rph = q × λ × EQE/hc, where λ is the excitation 

wavelength.10 By using the standard values of electronic charges, Plank constant, and 

light velocity we have calculated EQE = 3.89 × Rph for the excitation wavelength λ = 

457 nm. We estimated the value of the photoresponsivity ~ 3 × 109 AW-1 for same 

excitation wavelength as described in the supporting information of the 

photoresponsivity.
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The Photocurrent Gain 

The photocurrent gain (G) can be calculated using the following formula,11

G =   ×                       ,                                                                     (4)
∆𝐼/𝑞
𝑝/ℎ𝜈

1
𝑄𝐸

where P is the incident laser power, hν is the incident energy per photon, and QE is the 

quantum efficiency the of charge carrier generated per unit photon. In order to 

investigate the power variation of photocurrent gain, we further fitted the experimental 

values for photocurrent gain with the following formula,11

G =  ×                     ,                                                                   (5)𝐺0 1

1 + (
𝑃

𝑃0
)

𝑛 

where G0 is a constant related to the drift carrier mobility and lifetime in the 

graphene/PQD/graphene composite, carrier transit time from the PQD to graphene 

τtransit, device dimension, etc. G0 = CT0, determines the highest photoresponsivity of the 

device, while the power P approaches zero, T0 is the carrier lifetime at the lowest 

excitation energy. P0 is the illumination power at which the surface states are fully 

occupied, and n is a phenomenological fitting parameter. The solid curve is the best fit 

with the parameters P0 = 1.41 × 10 -9 W and n = 2.49 as shown in Figure 4d. CT0 is 

inversely proportional to τtransit. In order to achieve a higher gain, it is necessary to have 

a faster transit time and larger excited state carrier lifetime in the PQDs layer. The lower 

value of the illumination power while the surface trap states are saturated, P0 = 1.41 × 

10 -9 W signifies that fewer defect states caused a decrease in the unwanted loss of 

photogenerated electrons, which is attributed to the high crystalline quality of PQDs. 

The higher value of n implies a better detection limit. 
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Electroluminescence Study

Figure S11. Schematic of the device with an applied electrical bias for 

electroluminescence study. 
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The Optical Photo of Light Emission 

Figure S12. Optical photo of light emission from the phototransistor device with an 

indication of light emission location taken by using a commercial mobile camera. 
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External Quantum Efficiency Calculation of Light-emissive Phototransistor

Figure S13. The estimation of EQE in light emission of phototransistor. (a)Variation 

of Radiant power as a function of forward current. (b) Emission spectrum distribution 

curve for different injection current in the device.  

Typically, the overall efficiency of the LED device is characterized by the 

power efficiency (𝜏PE), defined by the ratio of the radiant power (P) from the LED to 

the input electrical power, 𝜏PE =  = , where I and V are the injection 
𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑝𝑜𝑤𝑒𝑟 

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 
𝑃
𝐼𝑉

current and voltage in the LED device, respectively. The external quantum efficiency 

(EQE) of the LED device can be defined as the ratio of number of photons emitted from 

LED per second to the number of electrically injected electrons into LED per second, 

𝜏EQE =  = , where h⊽ is mean photon energy and q is the 
# 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝐿𝐸𝐷

# 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑖𝑛𝑡𝑜 𝐿𝐸𝐷

𝑃
ℎ⊽

𝐼
𝑞

electronic charge.12 If LED device emits single-color light with a narrow-spectral width, 

the number of emitted photons will be P/hv (hv is the energy of a single photon).12 If 
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the spectral width cannot be neglected, then the mean photon energy can be defined as, 

h⊽ ≡ . The mean photon energy can be obtained from the electroluminescence 
𝑃

∫∞
0

𝜆
ℎ𝐶 

𝑑𝑃(𝜆)
𝑑𝜆  𝑑𝜆

spectrum distribution curve. In order to estimate the mean photon energy, we measured 

the EL spectrum distribution curve under different forward injection currents. For each 

injection current, we also measure the power of emitted light by power meter. The 

radiant power vs injection current plot is shown in Figure S13a. Figure S13b shows 

the EL spectrum distribution curve. We estimated the mean photon energy (h⊽) ~ 2.3 

eV from the emission spectrum distribution curves. We estimated EQE of our fabricated 

device ~ 5.6 % for the forward current injection 10 mA. We have tried to measure the 

emission with a large angle as wide as possible, and the obtained result is consistent 

with that estimated from the comparison with commercially available high brightness 

LED under the same experimental conditions, as shown in Figure S14.
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Figure S14. The comparison of the EL spectrum of our fabricated LED using PQDs 

with the EL spectrum of commercial green LED available in the market at similar input 

power. 
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