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Figure S1. Pristine InAs CQDs used for optoelectronic devices. (a) TEM image of pristine 

InAs CQDs (b) Normalized absorption spectrum of pristine InAs CQD ink capped with OA 

ligands after synthesis. The first excitonic peak wavelength : 930 nm 

 

 

 

Figure S2. Comparison of XPS As 3d spectra of InAs CQD. (a) pristine OA ligand-capped 

CQD (b) ET ligands-capped CQD using direct ligand exchange (Method I). 0.3M of ET 

ligands in N,N-dimethylformamide(DMF) were added to the InAs CQD for direct ligand 

exchange. Both CQDs exhibit only In-As bonds in XPS spectra of As3d. Distinctive As-S 

bonds are not observed near 43 eV after direct ligand exchange with ET ligands, which 

indicates that sulfur atoms are barely bonded to the surface of InAs CQDs. 
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Figure S3. Photograph images displaying ET-exchanged InAs CQDs dissolved in various 

solvents using IPT method.  

 

 

 

Figure S4. Colloidal stability of ET-CQD ink exchanged by IPT method. (a) Absorbance 

spectrum of ET ligand exchanged CQDs using IPT method (black), after 100 mins (yellow 

brown), and after 500 mins (brown) (b) Photographic image of CQD ink after 500 mins. CQD 

ink remained stable colloidal state after 500 mins and the absorption spectrum only exhibits 

9.8% of intensity loss. 
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Figure S5. FTIR spectra of InAs CQD solids. (a), (b) ET ligands using IPT method (yellow 

brown), IPT treatment before adding ligands (yellow), and pristine OA ligands (black). InAs 

CQD solids using IPT method exhibit aromatic C-H and C-C stretch near 3050 cm
-1

 and 1600 

cm
-1

 because of the BA ligand. The peaks indicating aliphatic C-H stretch also dramatically 

reduce after IPT and ET ligand exchange, which implies the removal of OA ligands..  

 

 

Figure S6. XPS spectra of InAs CQD solids treated with (a) only IPT and (b) ET ligands after 

IPT method. A peak near 43.5 eV appears which corresponds to As-S bond after 0.3 M of ET 

ligands were inserted dropwise. A peak showing the As-S bond indicates that the thiol ligands 

form a covalent bond with As atoms and passivate the surface of CQDs. 
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Figure S7. Dark J-V characteristics of InAs CQD photodiodes using each ligand exchange 

method: method I (black), method II (yellow brown), and method III (brown) 
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Figure S8. EQE spectra of CQD device at 0 V with method I (black), method II (yellow 

brown), and method III (brown). An ET ligand concentration of 0.3 M was employed for IPT 

process. 
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Figure S9. Noise current of photodiode based on ET-CQD using IPT method with different 

operating frequency. The noise current was measured using current pre-amplifier and lock-in 

amplifier. The noise current logarithmically decreases with increasing frequency and 

converges at the value of 0.018 pA Hz
-1/2

, which is about 50% above the value of shot-noise 

limit. The frequency-dependent noise current originates from the flicker noise
 [1]

 which is 

typically exhibited in CQD-based optoelectronics.
 [2]

 

 

The shot-noise limit was measured using eq. 1 

Ishot = (2qId)
1/2

 (eq. 1) 

where q is the electric charge, 1.60   10
-19

 C, and Id stands form dark current. 
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Figure S10. Specific detectivity of CQD device based on ligand exchange methods: method I 

(black), method II (yellow-brown), and method III (brown). 

 

 

Table S1. Photodetector performances depending on applied voltage. 

  

Applied voltage  

(V) 

Responsivity 

 (A/W) 

Rise time  

(ns) 

Fall time  

(ns) 

0 0.066 41.3 112 

-1 0.140 36.7 87.7 

-2 0.408 26.8 73,1 

-3 0.844 23.1 58.5 

-4 1.377 15.7 49.3 

-5 2.192 12.4 36.3 
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Supplementary Note 1. Determination of trap densities of the devices using space-

charge-limited current (SCLC) measurement.  

 

Bias induced trap filling enables trap-filled region over forward bias of VTFL. Trap density of 

the device can be calculated from the voltage where the trap-filled region started using the 

following equation.
 [3]

  

   
    

   
        (eq. 2) 

In the formula, 𝜀 is the dielectric constant of InAs, A value of 12.3 was used for dielectric 

constant for InAs CQDs.
 [4]

, 𝜀0 is the vacuum permittivity (8.854 × 10
−12

 F/m), e is the 

elementary charge carried by a single electron (1.602 × 10
−19 

C), L is the thickness of CQD 

active layer (~120 nm), and VTFL is trap-filled limit voltage. We measured the thickness of the 

active layer by SEM and calculated the trap density using VTFL.  

Table S2. VTFL and calculated trap density dependent on photodiode device structure. 

  

 

  

ET ligand concentration (M) VTFL (V) Trap density (/cm
3
) 

0.1 M  0.275 2.60 × 10
16

 

0.3 M  0.243 2.29 × 10
16
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Figure S11. Transient photoresponse of IPT-treated InAs CQD photodiodes (ET ligands 

concentration: 0.3M) with 0V (light orange) and -5V bias (orange). 

 

 

 

Figure S12. Photographic images of CQD ink using IPT process with ET concentrations of 

(a) 0.3 M (left) and 0.1 M (right). Optical microscope images of CQD thin-films fabricated 

using the CQD inks with ET concentrations of (b) 0.3 M and (c) 0.1 M. 
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Figure S13. EQE vs. -3dB bandwidth of the solution-processed NIR photodetectors. 

Non-toxic CQDs (grey circle), Pb-free perovskites (orange triangle), organic semiconductors 

(yellow square) and this work (brown pentacle). -3dB bandwidth were calculated using rise 

time. 
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Figure S14. Photodetector stability of based on IPT-InAs CQDs measured by time-dependent 

responsivity. The responsivity of the photodiode was calculated with EQE spectra which was 

measured at -5 V in ambient air condition. 
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Table S3. Solution-processed NIR photodetectors using non-toxic materials. 

 

 

Device 

type 

Photoactive  

material 

λ 

(nm) 

EQE 

(%)  

[bias] 

Responsivity 

(A/W) 

Rise 

time 

(ns) 

Fall 

time 

(ns) 

Area 

(mm2) 

Detectivity 

(Jones) 
Ref. 

1 PD PTT:PCBM 850 38 [-5 V] 0.26 100 100 12 -  [5] 

2 PD PBTTT:PCBM 960 7.75 [-1 V] 0.06 1160 - 20 4.8 x 1012  [6] 

3 PD Cyanine dye 850 23 [-2 V] 0.157 - 1000 160 3.0 x 1012  [7] 

4 PD ZnPc:C60 875 23 [0 V] 0.16 3 151 0.25 1.0 x 1011  [8] 

5 PD 
PTB7TH:COi8DFIC: 

PC71BM 
900 40.8 [-0.5 V] 0.37 175 900 0.25 5.6 x 1011  [9] 

6 PT FASnI3 850 
1.16 x 106  

[0.5 V (VDS)] 
7300 

8.70 x 

109 

5.70 x 

1010 
0.0048 1.9 x 1012  [10] 

7 PD PTB7TH:Co1-4Cl 920 
6.70 x 101  

[-0.1 V] 
0.5 1820 1820 - 1.0 x 1012  [11] 

8 PC CsSnI3 940 7.12 [-0.1 V] 0.054 
8.38 x 

107 

2.43 x 

108 
- 3.8 x 105  [12] 

8 PT FASnI3 850 
1.46 x 107  

[0.5 V (VDS)] 
1.00 x 105  

1.28 x 

1011 

2.26 x 

1011 
- 4.3 x 1012  [13] 

9 PT CuInSe2 CQD 1064 
2.95 x 104 

[1 V (VDS)] 
253.2 

8.00 x 

108 

1.50 x 

109 
- 2.4 x 1012  [14] 

10 PD CsSnI3 850 37.5 [0 V] 0.257 
3.50 x 

105 

1.60 x 

106 
- 1.5 x 1011  [15] 

11 PD Ag2Se CQD/TiO2 840 1.7 [-0.5 V] 0.0115 
2.10 x 

108 

2.40 x 

108 
49 -  [16] 

12 PD InAs CQD 930 36 [-1 V] 0.27 - 65 0.8 1.6 x 1011  [17] 

13 PD PNIR:PC71BM 850 8.75 [-0.5 V] 0.06 
5.71 x 

104 

1.48 x 

105 
- 1.0 x 1010  [18] 

14 PD P3HT:PTB7-Th:BEH 850 
1.53 x 104  

[-13 V] 
223.2 

3.58 x 

108 

3.58 x 

108 
3.8 8.8 x 1011  [19] 

14 PT 
InSb CQD 

PCBM:poly-TPD 
800 0.155 [-] 0.001 

8.00 x 

107 

8.00 x 

107 

1.63 x 

10-4 
1.5 x 106  [20] 

15 PD InAs CQD 940 36 [-1 V] 0.27 2.3 2 0.03 1.0 x 1011  [21] 

16 PD In(As,P) CQDs 1140 5 [-4 V] - 1200 600 13 1.1 x 1010  [22] 

17 PD PBDB-T:FM2 880 52.4 [0 V] 0.372 
4.90 x 

104 

1.40 x 

104 
8 4.6 x 1013  [23] 

18 PD InAs CQD 950 37 [0 V] 0.283 1000 1400 9.8 1.9 x 1011  [24] 

18 PD InAs CQD 920 
292 [-5 V] 2.167 12.4 36 

0.03 
1.1 x 1010 This 

work 36 [-1 V] 0.267 8.9 14 1.9 x 1011 
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