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5. Patterned Quantum Dot 

Photosensitive FETs for 

Medium Frequency 

Optoelectronics* 

 

 

The use of colloidal quantum dots (CQDs) as active layers for the 

transistors in integrated circuits is often impeded by the poor compatibility 

of CQDs films with the standard lithographic processing. In this work we 

demonstrate successful patterning of TBAI-treated PbS CQDs films on (3-

Aminopropyl)triethoxysilane (APTES)-functionalized glass or aluminum 

oxide surfaces, using lithography. Field-effect transistors (FETs) with a 

patterned gate electrode and patterned CQDs film as an active layer with an 

electron mobility of 0.1 cm2 V-1 s-1, a threshold voltage of -0.29 V, and a cutoff 

frequency of 400 kHz are demonstrated. Furthermore, the lithographic 

processing does not compromise the optical properties of the film, as 

evidenced by the photoresponse measurements of the FETs (11.6 mA/W at 

920 nm and 26.7 mA/W at 440 nm). These results further demonstrate CQDs 

as a potential material for optoelectronic applications, where medium 

frequency operation is required. 

  

                                                           
* A.G. Shulga, A. Yamamura, K. Tsuzuku, R. Dragoman, D.N. Dirin, S. Watanabe, 

M.V. Kovalenko, J. Takeya, M.A. Loi, submitted (2019) 
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5.1. Introduction 
 

Colloidal quantum dots (CQDs) are semiconducting nanocrystals with utterly 

fascinating physical properties that recently triggered great attention from the 

optoelectronics community. [1-3] One of their most interesting properties is the size-

dependent band-gap, which allows tuning the absorption of the CQDs merely by 

changing their size. Along with inexpensive and well-established synthesis, the 

solution processing, the possibility of deposition over large-area and flexible 

substrates have determined the use of CQDs in solar cells, light-emitting diodes, 

photodetectors, water splitting photoelectrodes, field effect transistors, etc.  [4-8] 

Among others, PbS CQDs are used successfully in solar cells and photodetectors due 

to strong and broad absorption, going from the visible to the near-infrared range. [9, 

10] Furthermore, high-performance field-effect transistors and basic logic elements 

were demonstrated with this material. [11, 12] 

However, a number of issues is often associated with the fabrication of CQDs 

thin-film devices. As synthesized, CQDs are commonly capped with long aliphatic 

ligands, such as oleic acid (OA), to ensure a stable colloidal dispersion in non-polar 

solvents. [13] These molecules form an insulating barrier surrounding CQDs, strongly 

hindering the charge transport between quantum dots when they are assembled in a 

thin film. One approach to overcome this obstacle is the layer-by-layer spin-coating 

with subsequent ligand exchange to smaller entities (for example, using 

tetrabutylammonium iodide (TBAI) treatment). [11] Such ligand exchange causes large 

volume reduction with consequent formation of cracks in the film and poor adhesion 

to hydrophilic surfaces. [12] Additionally, unprotected PbS CQDs films show reversible 

degradation of electron transport upon exposure to air. [14] Thermal annealing under 

inert atmosphere can restore the electron transport; however, when performed at high 

temperature and for a long time, it leads to sintering of CQDs, compromising the 

quantum confinement, with consequent degradation of important device parameters. 

[15]  

The aforementioned complications and the sensitivity of quantum dots solids 

to air, solvents and thermal treatments often withhold their use in highly integrated 

circuits, generally made by optical lithography. However, patterning of the active layer 

is often a necessary step to reduce parasitic resistances and capacitances, which is 
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vitally important for high-performance, and high-frequency device fabrication. For 

example, in a field effect transistor, limiting the semiconducting layer only to the 

channel region decreases the gate leakage and cross-currents when the transistor is 

part of an integrated circuit; patterning of the gate electrode decreases its overlap with 

source/drain contacts, thus reducing the parasitic capacitance.   

Herein we demonstrate TBAI-treated PbS CQDs FETs, fabricated by multiple 

lithography steps on a flexible polymeric substrate. First, we demonstrate that, with 

proper surface treatment with (3-Aminopropyl)triethoxysilane (APTES), PbS CQDs 

film sticks to the glass/alumina surface strongly enough to sustain wet etching without 

any delaminating or cracking. Such patterned PbS CQDs films were further used as 

an active layer in patterned-gate FETs. Short-channel devices, which show prevailing 

electron transport with the mean effective mobility value of 0.1 cm2 V-1 s-1 and the 

threshold voltage of -0.29 V, were obtained. These are the first PbS CQDs FETs, for 

which the cut-off frequency was tested and demonstrated. The measured value of 400 

kHz is in agreement with the theoretically predicted value of 500 kHz. To demonstrate 

that the multiple fabrication steps performed in air do not compromise the optical 

properties of the film, we study the photoresponse of the devices. The values (11.6 

mA/W at 920 nm and 26.7 mA/W at 440 nm) of the responsivity spectra shows that 

lithographic etching has practically no influence on the physical properties of the CQD 

assembly. These results further demonstrate the great potential of CQD solids as 

highly integratable optoelectronic material. 

 

5.2. Results and discussion 
 

CQDs films were deposited on glass/alumina surfaces functionalized 

with (3-Aminopropyl)triethoxysilane (APTES). The films were formed via a 

typical layer-by-layer spin-coating technique of OA-capped PbS with 

subsequent ligand exchange with tetrabutylammonium iodide (TBAI). 

Obtained films were patterned via wet etching and further used as an active 

layer for FETs, as it is demonstrated in Figure 5.1. Figure 4.1a shows an optical 

image of a TBAI-treated PbS film, patterned with the university logo using a 
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mask-less lithography technique. This is the first time that the etching of a 

ligand-exchanged CQD film is reported; therefore, it is important to 

demonstrate the quality of the pattern. The atomic force microscopy (AFM) 

micrographs show a film of approximately 63 nm thickness and root mean 

square (RMS) roughness of 4.23 nm, with no pinholes or cracks (see Appendix 

Figure 5.A1). To prove the quality of the material removal upon etching, the 

AFM scan of one of the edges of the CQDs film logo is depicted in Figure 5.1b, 

where the sharp and clean profile is evident. It is important to underline that 

experiments where the CQDs are deposited directly on the untreated substrate 

surface (covered with hydroxyl groups) gave rise to partial or complete 

delamination of the film during the resist removal process. The delamination 

totally disappears when the CQDs are deposited on APTES-functionalized 

glass substrate or aluminum oxide gate dielectric (see methods).  

 

Figure 5.1. Etched CQDs film for FETs. a) Optical microscopy image of patterned 

CQDs film. b) AFM profile of an edge of the patterned CQDs film. c) Schematic 

structure and d) optical microscopy image of CQDs FET with patterned gate and 

active layer. 

The schematics of the FETs, utilizing patterned PbS CQDs films, is 

shown in Figure 5.1c, and the corresponding microscopy image in Figure 5.1d. 

Devices were fabricated on flexible thermally-cured polyimide films, spin-

coated on a 5x5 glass substrate. On the polyimide, patterned gate electrodes 
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are lithographically defined in order to decrease parasitic capacitance, caused 

by the overlap of the gate and the source/drain electrodes. On the patterned 

gate electrode, a 100 nm thick layer of Al2O3 is grown by atomic layer 

deposition (ALD). PbS QDs film is deposited and treated with TBAI as 

described in the experimental section and reported earlier. This layer is also 

patterned and limited to the channel region in order to minimize gate leakage 

current and parasitic capacitances. On top of the active layer, source and drain 

electrodes are lithographically defined. After all the fabrication steps the 

substrate was encapsulated with a layer of aluminum oxide grown by atomic 

layer deposition (ALD), to increase the stability of the device in air. The design 

of the photomasks used for the lithography allowed fabrication of FETs with 

different channel length from 4 µm for high-frequency operation (short-

channel FET) to 7, 12, 22, 52, and 102 µm to estimate the contact resistance 

using the transfer line method (TLM). [16] 

The transfer and output curves of the FETs, made in our first 

experiments, showed high injection barrier for electrons (see Appendix Figure 

5.A2). This is determined by the use of tetramethylammonium hydroxide 

(TMAOH)-based developer during the photoresist patterning, which we found 

can modify the TBAI-treated QDs film by substituting the I- ligands on the 

surface of CQDs with OH- groups. This hypothesis of the I- - OH- substitution 

was verified by comparing TBAI-treated with TMAOH-treated and 

subsequent TBAI/TMAOH treated PbS QDs FETs. The transfer curves of 

TBAI/TMAOH treated PbS QDs FETs are almost identical to the one of the 

purely TMAOH-treated FETs, showing larger threshold voltage than the 

classical TBAI-treated FETs (see Appendix Figure 5.A3). In order to remove 

the undesired electron barrier, a thin layer of TiO2 (approximately 6 nm) was 

deposited by ALD before the deposition of aluminum, which will form the 

source and drain electrodes. We speculate that the highly reactive titanium 

tetrachloride (the ALD precursor) successfully reacts with OH- groups on 

CQDs surfaces during the ALD process, creating a titania shell and efficiently 

removing the injection barrier for electrons.  
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Figure 5.2. Electrical characteristics of a short-channel CQDs FET. a) Output 

characteristics of a short-channel (4 µm) CQDs FET measured for n-channel (right) 

and p-channel (left). b) Transfer characteristics of CQDs FET measured for drain 

voltages of 1 V, 2 V, 5 V and 12V, plotted in linear and logarithmic scale. The gate 

leakage current is plotted as a black curve in logarithmic scale. 

The output and transfer characteristics of a short-channel PbS QDs 

FET with TiO2/Al contacts are shown in Figure 5.2. After fabrication and 

encapsulation, generally, poor transport properties with low current and large 

hysteresis are obtained; however, after sufficient thermal annealing on a hot 

plate (typically, 2 h at 120 °C), the behavior improves largely (see Appendix 

Figure 5.A4) and properties as the one in Figure 5.2 can be measured.  

The electron current in the output characteristics shown in Figure 5.2a 

shows negligible hysteresis and clear linear/saturation regime. For the hole 

channel, the current is much smaller, and a hysteretic behavior appears and 

increases with increasing gate voltage. In agreement with previous reports, 

this behavior can be explained by the presence of charge traps for holes, 

injected through the low-work-function TiO2/Al contacts. Figure 5.2b shows 

transfer curves of the FET, confirming the strong n-type properties the minor 

hole injection for higher drain voltages, which affect the off-current of the 

device and decrease the on-off ratio from 105 for 1 V drain bias to 104 for 12 V 

bias. The effective electron field-effect mobility (μeff), extracted from the slope 

of the transfer curve in linear mode, is 0.10 cm2V-1s-1 with a standard deviation 

of 0.01 cm2V-1s-1; the threshold voltage VTH is -0.29±0.01 V (See Appendix 
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Figure 5.A5 for more statistics). Interestingly, the effective mobility does not 

show a monotonic decrease with decreasing channel length, indicating low 

contact resistance that is crucial for the high-frequency operation of FETs. 

Devices with longer channels, up to LC = 12 µm, show slightly higher effective 

mobility (17% increase) compared to the short-channel ones; however, the 

mobility decreases again as channel length further increases, going back to 0.1 

cm2V-1s-1 for 102 µm channel.  

 

Figure 5.3. Cutoff frequency measurement for short-channel CQDs FET. a) Source 

current (red circles), gate current (blue squares) and calculated drain current 

(yellow triangles) for a short-channel CQDs FET for different frequency of the gate 

voltage signal. The connection scheme for the frequency measurements is shown in 

the inset. b) The current gain, calculated from the data depicted in a), of a short-

channel CQDs FET.   

For high-frequency operation, besides high charge carrier mobility and 

low contact resistance, a low gate leakage current and low parasitic 

capacitance are extremely important. The cutoff frequency, which is the 

maximal operational frequency of an individual FET, can be approximated 

with the following expression: [17] 

𝑓𝑇 =
𝜇𝑒𝑓𝑓𝑉𝐷

2𝜋𝐿𝐶(𝐿𝐶 + 𝐿𝑂𝑉)
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Where VD is the drain voltage, LC is the channel length and LOV is the 

total overlap of the gate electrode with source and drain electrodes. For our 

short channel devices, for 𝑉𝐷 = 10 𝑉 bias, μeff = 0.1 cm2V-1s-1, LC = 4 μm, LC + 

LOV = 8 μm, which gives a cutoff frequency fT = 500 kHz. 

The cutoff frequency is the frequency, at which the gate current is equal 

to the drain current, and is, therefore, the frequency at which the current gain 

becomes zero. [17] In our short-channel PbS QDs FET, the cut-off frequency 

was measured using a simple setup, the schematics of which is shown in the 

inset of Figure 5.3a. A constant bias voltage of 10 V and a high-frequency 

sinusoidal signal with 1V RMS amplitude was applied to the gate of the FET. 

A 50 Ω- terminated oscilloscope was connected to the source electrode and 

was used to monitor the source current of the FET. When the drain bias 

voltage is set to 0 V, the oscilloscope signal is merely equal to the gate current 

(blue squares); when the drain bias is set to 10 V, the source current is equal 

to the sum of the gate current and the drain current (red circles). The drain 

current was calculated as the difference between the gate current and the 

source current under the aforementioned biasing conditions (yellow 

triangles). As it is shown in Figure 5.3a, the gate current is increasing 

proportionally to the frequency of the signal, following a plain capacitor 

model. The drain current is stable up to 100 kHz, when it starts decreasing. 

Both these trends cause the decrease of the current gain (Figure 5.3b), which 

is equal to zero at fT = 400 kHz. This value is slightly lower than the calculated 

500 KHz; we believe part of this discrepancy could be due to our experimental 

setup, which use an oscilloscope instead of current probes. [17] 

It is important to underline that these are the first ever-reported 

measurements of the cutoff frequency of CQDs FETs, which were made 

possible by the patterning of the CQD layer by a standard lithographic process 

and by the optimization of the device structure and the sample encapsulation. 

The lithographic patterning allows reducing the parasitic capacitance while 
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the optimization of the device structure and the transistor encapsulation is 

fundamental for obtaining hysteresis-free device characteristics. 

 

Figure 5.4. CQDs FET as a photodetector. a) Transfer curve of a CQDs FET for 1 V 

drain bias measured in dark (blue squares) and under illumination (yellow circles). 

b) Current-voltage curve of a CQDs FET connected as a diode in the dark (blue 

squares) and under illumination (yellow circles). c) The responsivity of a CQDs FET 

measured for 5 V drain bias and -4 V gate bias (red circles). The blue curve is the 

absorption spectra of the CQDs in solution. 

Since PbS CQDs can absorb efficiently near-infrared light, we have 

tested our PbS CQDs FET as possible in-chip photodetectors. The results of 

the measurements are depicted in Figure 5.4. First, the device was connected 

and measured in phototransistor mode (Figure 5.4a). The drain voltage was 

fixed at 1 V and the transfer curve was measured in dark (blue squares) and 

under white light (yellow circles). Second, the device was measured in a 

photodiode mode, connected accordingly to the schematics in Figure 5.4b. The 

photodiode shows good rectification ratio of 104 at VDD = ± 3 V. Under white 

light illumination both photodiode and phototransistor measurements yield 

approximately 2 orders of magnitude increase of the current. The responsivity 

curve of the phototransistor was measured for VD = 5V and VG = - 4V, and is 

depicted in Figure 5.4c. The responsivity shape resembles a typical absorption 

curve of TBAI-treated PbS CQDs film, with a visible excitonic peak at 

approximately 920 nm. This value is considerably shifted towards the red 
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compared to the excitonic peak of the OA-capped PbS CQDs in solution, used 

for the fabrication of the device, which is at 700 nm. Therefore, the thermal 

annealing was not only instrumental to improving the charge transfer 

properties of the FETs but also caused partial sintering of the nanoparticles. 

The values of the responsivity reach 11.6 mA/W at 920 nm and 26.7 mA/W at 

440 nm, and depends on the biasing conditions of the device. In typical 

photogate-based devices, the photogenerated charges induce the effective 

shift of the threshold voltage leading to high gain values and slow time-

dependent photoresponse. [18-20] This gain mechanism is absent in our device 

architecture, and the photoresponse is caused by the direct contribution of the 

photogenerated carriers to the conductivity of the channel in the depleted 

state, thus limiting the external quantum efficiency (EQE) of the light 

conversion (which is the number of transported electrons per the number of 

incident photons) to the values smaller than unity (1.5% at 920 nm and 7.5% 

at 440 nm) but with the advantage of a highly responsive device. [21] Therefore, 

for practical applications requiring efficient and fast light detection, an 

amplification circuit might be required, which can be fabricated from similar 

PbS QD FETs. [22] 

 

5.3. Conclusions 
 

In this chapter, we demonstrate CQDs FETs with effective mobilities of 0.1 

cm2V-1s-1 and cutoff frequency of 400 kHz. CQDs films on APTES-functionalized 

aluminum oxide or glass surfaces were patterned using lithography. To remove the 

electron injection barrier from source/drain electrodes into the CQDs film, a thin layer 

of low-temperature ALD-grown TiO2 was deposited before aluminum deposition. 

Thermal annealing is needed to improve the transport properties of the FETs after 

fabrication that leads to partial sintering of the film; however, partial quantum 

confinement was preserved, what was confirmed by the responsivity measurements 

of a phototransistor. The responsivity shape resembles the typical absorption 

spectrum of TBAI-treated PbS film with the first excitonic peak at 920 nm. These 
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findings show that PbS CQDs films are fully compatible with standard lithography 

operations and therefore can be used as a part of integrated circuits working in the 

medium frequency range. Additionally, PbS CQDs FETs show photoresponse for near-

infrared light and, possibly in combination with an amplification circuit integrated 

from similar FETs, can be used as in-chip photosensors – e.g., for optical 

communication.  

 

5.4. Experimental   

 

PbS CQDs synthesis. PbS CQDs were synthesized following an up-scaled 

hot-injection technique developed by Yarema et al. [23] Briefly, PbO (18 g, 80 mmol) 

was mixed with 50 mL of oleic acid and 750 mL of 1-octadecene in the 2 L three-neck 

flask. The addition funnel with 8.4 mL (40 mmol) of bis(trimethylsilyl)sulfide and 400 

mL of dried 1-octadecene was connected to the flask. Lead oxide solution was 

degassed at 120 °C for 2 hours. After that flask was refilled with nitrogen and 

temperature was settled to 82 °C. Prior to injection, the heating mantle was removed 

and a vacuum was applied until the pressure reaches 1−10 mbar. After that, the 

vacuum valve was closed and the stopcock of the addition funnel was opened resulting 

in fast injection of the sulfur precursor. The solution was allowed to cool down 

naturally for 8 minutes. PbS CQDs were washed three times with hexane/ethanol 

solvent/nonsolvent pair and finally redissolved in hexane. 

Bottom gate FET substrate fabrication. A polyimide film was spin-

casted on a glass substrate from polyimide precursor – polyamic acid U-Varnish S 

(UBE Industries) and thermally cured at 450 °C for 10 min. After cooling down, an 

aluminum thin film (45 nm) was deposited via thermal evaporation. Bottom gate 

electrodes were patterned via lithography using the high-resolution image-reversal 

photoresist AZ® 5214 E (MicroChemicals) in positive mode, and etching of the 

aluminum by TechniEtch Al80 (MicroChemicals). After resist removal, the substrates 

were treated with O2 plasma for 3 minutes to remove residual photoresist and to 

enlarge the amount of native aluminum oxide on the surface. The gate dielectric, Al2O3 

was deposited using a low temperature (100 °C) ALD process (ALD deposition system 

R200 Advanced system, Picosun) using trimethyl aluminum (TMA) and water as 
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precursors. The thickness of the aluminum oxide was circa 100 nm (1000 ALD cycles 

+ native oxide layer), corresponding to the gate capacitance of 80 nF∙cm-2 (measured 

using an impedance meter in a flat capacitor configuration).  

APTES functionalization of the surfaces. Aluminum oxide and glass 

surfaces were functionalized using (3-Aminopropyl)triethoxysilane (APTES) prior 

PbS CQDs film casting for better adhesion. APTES was dissolved in toluene (1 µl per 

20 ml), and the substrates were immersed in the solution. For APTES self-assembled 

monolayer (SAM) formation, the solution was heated to 100 °C in a nitrogen 

atmosphere for 1 hour; the substrates were rinsed with toluene and dried on a hot 

plate at 120 °C afterward.  

TBAI-treated PbS CQDs film deposition. TBAI-treated PbS CQDs were 

deposited via layer-by-layer spin-coating from 20 mg/ml OA-capped PbS CQDs 

solution in hexane and subsequent ligand-exchanged using a puddle treatment by 11 

mg/ml TBAI solution in methanol for 35 s followed by a double washing step with 

pure methanol and spin-drying. The procedure was repeated three times to get TBAI-

treated PbS CQDs film of circa 63 nm. At the end of the deposition process the 

substrate was annealed at 125C for 1 min. 

TBAI-treated PbS CQDs film patterning. The patterning of the CQDs 

film was done in air using lithography photomasks or a mask-less exposure system 

(SmartPrint, SmartForce Technologies). The patterns were defined using AZ® nLof 

2020 photoresist (MicroChemicals) and wet-etching was done by immersing the 

substrates in 1 mM water solution of HCl for approximately 1 minute. After washing 

with demi water, the resist layer was removed by sonication in acetone and rinsed with 

isopropanol. The substrate was dried in vacuum for 30 min before the next 

lithography step.  

Top contact fabrication and encapsulation of FETs. For the top 

contact deposition, the electrodes were patterned with AZ® 5214 E photoresist 

(positive mode). The substrate was moved into the ALD chamber, and TiO2 was 

deposited at 100 °C from titanium tetrachloride (TiCl4) and water (120 cycles). The 

sample was them move to the vacuum chamber of the thermal evaporator where 45 

nm aluminum were deposited. The lift-off was done by sonicating the substrate in 

acetone for 15 minutes and subsequent rinsing with isopropanol. After that, the 
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substrate was moved in an N2 – filled glovebox and annealed on a hot-plate at 125 °C 

for 2 hours. For encapsulation, circa 50 nm of aluminum oxide was deposited using 

the above-described ALD process.     

 

References 
 

[1] M. Yuan, M. Liu, E. H. Sargent, Nature Energy 2016, 1, 16016. 

[2] Y. Shirasaki, G. J. Supran, M. G. Bawendi, V. Bulović, Nature Photonics 
2013, 7, 13. 

[3] F. Hetsch, N. Zhao, S. V. Kershaw, A. L. Rogach, Materials Today 2013, 
16, 312. 

[4] M. Liu, O. Voznyy, R. Sabatini, F. P. García de Arquer, R. Munir, A. H. 
Balawi, X. Lan, F. Fan, G. Walters, A. R. Kirmani, S. Hoogland, F. 
Laquai, A. Amassian, E. H. Sargent, Nat Mater 2017, 16, 258. 

[5] X. Gong, Z. Yang, G. Walters, R. Comin, Z. Ning, E. Beauregard, V. 
Adinolfi, O. Voznyy, E. H. Sargent, Nature Photonics 2016, 10, 253. 

[6] S. A. McDonald, G. Konstantatos, S. Zhang, P. W. Cyr, E. J. D. Klem, L. 
Levina, E. H. Sargent, Nature Materials 2005, 4, 138. 

[7] L.-H. Lai, W. Gomulya, L. Protesescu, M. V. Kovalenko, M. A. Loi, Phys. 
Chem. Chem. Phys. 2014, 16, 7531. 

[8] D. K. Kim, Y. Lai, B. T. Diroll, C. B. Murray, C. R. Kagan, Nat Commun 
2012, 3, 1216. 

[9] M. J. Speirs, D. N. Dirin, M. Abdu-Aguye, D. M. Balazs, M. V. Kovalenko, 
M. A. Loi, Energy Environ. Sci. 2016, 9, 2916. 

[10] L. Mi, Y. Yu, H. Wang, Y. Zhang, X. Yao, Y. Chang, X. Wang, Y. Jiang, 
Part. Part. Syst. Charact. 2015, 32, 1102. 

[11] A. G. Shulga, V. Derenskyi, J. M. Salazar-Rios, D. N. Dirin, M. Fritsch, 
M. V. Kovalenko, U. Scherf, M. A. Loi, Adv. Mater. 2017, 29, 1701764. 

[12] A. G. Shulga, L. Piveteau, S. Z. Bisri, M. V. Kovalenko, M. A. Loi, Adv. 
Electron. Mater. 2016, 2, 1500467. 

[13] C. B. Murray, C. R. Kagan, M. G. Bawendi, Annu. Rev. Mater. Sci. 
2000, 30, 545. 

[14] D. M. Balazs, M. I. Nugraha, S. Z. Bisri, M. Sytnyk, W. Heiss, M. A. Loi, 
Appl. Phys. Lett. 2014, 104, 112104. 



- 100 - 
 

[15] H. Wang, S. Yang, Y. Wang, J. Xu, Y. Huang, W. Li, B. He, S. 
Muhammad, Y. Jiang, Y. Tang, B. Zou, Organic Electronics 2017, 42, 
309. 

[16] S. Luan, G. W. Neudeck, Journal of Applied Physics 1992, 72, 766. 

[17] A. Yamamura, S. Watanabe, M. Uno, M. Mitani, C. Mitsui, J. Tsurumi, 
N. Isahaya, Y. Kanaoka, T. Okamoto, J. Takeya, Science Advances 2018, 
4, eaao5758. 

[18] S. Ghosh, S. Hoogland, V. Sukhovatkin, L. Levina, E. H. Sargent, Appl. 
Phys. Lett. 2011, 99, 101102. 

[19] G. Konstantatos, M. Badioli, L. Gaudreau, J. Osmond, M. Bernechea, F. 
P. G. de Arquer, F. Gatti, F. H. L. Koppens, Nature Nanotechnology 
2012, 7, 363. 

[20] D. K. Hwang, Y. T. Lee, H. S. Lee, Y. J. Lee, S. H. Shokouh, J. Kyhm, J. 
Lee, H. H. Kim, T.-H. Yoo, S. H. Nam, D. I. Son, B.-K. Ju, M.-C. Park, J. 
D. Song, W. K. Choi, S. Im, NPG Asia Materials 2016, 8, e233. 

[21] G. Winstel, C. Weyrich, Optoelektronik II: Photodioden, 
Phototransistoren, Photoleiter Und Bildsensoren, Springer-Verlag, 
Berlin Heidelberg, 1986. 

[22] F. S. Stinner, Y. Lai, D. B. Straus, B. T. Diroll, D. K. Kim, C. B. Murray, 
C. R. Kagan, Nano Lett. 2015, 15, 7155. 

[23] M. Yarema, O. Yarema, W. M. M. Lin, S. Volk, N. Yazdani, D. Bozyigit, 
V. Wood, Chem. Mater. 2017, 29, 796. 

 

Appendix 
 

 

Appendix Figure 5.A1. AFM images of patterned TBAI-treated PbS CQDs film 

measured for different filed sizes.   
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Appendix Figure 5.A2. Output and transfer curves of TBAI-treated PbD CQDs 

FET with lithography-patterned aluminum top contact illustrating injection barrier 

for electrons.  

 

Appendix Figure 5.A3. Transfer curves of PbS CQDs FETs treated with TBAI. 

TMAOH and with subsequent TBAI/TMAOH. 
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Appendix Figure 5.A4. Change of the transfer curve of a TBAI-treated PbS CQDs 

FET upon thermal annealing on a hotplate at 125 °C in N2 – filled glovebox for 

different time. Solid lines show the transfer curve for the forward sweep and dashed 

curves for the reverse sweep of the voltage. 

 

Appendix Figure 5.A5. Statistical distribution of effective mobilities and 

threshold voltages of TBAI-treated PbS CQDs FETs with different channel lengths, 

measured for 24 devices on 5x5 cm2 substrate. 
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