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electronics and optoelectronics. These 2D 
materials have been widely studied for a 
large number of applications including 
photodetectors,[3] DNA sensors,[4] and cata-
lysts.[5] Among them, layered transition 
metal dichalcogenide (TMD) semiconduc-
tors (e.g., MoS2 and WS2) are particularly 
of importance with their direct electronic 
band gaps in their monolayer form and 
very high ON/OFF contrast ratios when 
used as active regions in transistors. 
TMDs demonstrate strong light-matter 
interaction accompanied with large exci-
tonic binding energy and strong oscil-
lator strength.[6] In addition, the tunable 
bandgaps of these materials using an 
external electric field[7] and mechanical 
strain[8] and their gate voltage dependent 
photoresponsivity make them promising 
material platforms for photodetectors[9,10] 
and photovoltaics.[11] In particular, a single 
layer of MoS2 exhibits an absorption coef-

ficient of α  =  1 − 1.5  × 106 cm−1, which results in absorption of 
approximately 10% of the normal incident light at the excitonic 
features (≈  620 and 670 nm).[1,12]

In addition to 2D TMDs, colloidal nanoplatelets (NPLs), alter-
natively commonly known as colloidal semiconductor quantum 
wells (CQWs), consist of a quasi-2D structure of atomically-flat 
semiconductor nanocrystals.[13] Owing to their tight quantum 
confinement in the vertical direction, CQWs exhibit favorable 
optical properties including narrow photoluminescence (PL) 
emission spectra,[14,15] large absorption cross-sections[15–17] 
and giant oscillator strengths.[16,17] These attractive properties 
make them versatile and promising candidates in light-gener-
ating[16,18] and harvesting[19] applications.

Although MoS2-based phototransistors exhibit high respon-
sivity performance, in the order of ≈104AW−1, at low excitation 
intensities,[20–22] their photodetection performance is hindered 
by the limited optical absorption of incident light as a result of 
the ultrathin thickness of 2D TMD semiconductors. To address 
this issue, various efforts have previously been conducted 
including surface interface engineering[23] and combining these 
materials with a light absorber layer.[22,24–30] The latter approach 
allows for enhancement in the photocurrent generation level 
via charge transfer or non-radiative energy transfer (NRET) 
mechanisms. To date, a variety of absorber layer has been 
used including p-type MoS2,[31] organic dyes,[24] ZnO,[25] gra-
phene,[27,32,33] WS2,[30] and colloidal quantum dots (CQDs).[29,30] 
However, to the best of our knowledge, the integration of 

A phototransistor built by the assembly of 2D colloidal semiconductor quantum 
wells (CQWs) on a single layer of 2D transition metal dichalcogenide (TMD) 
is displayed. This hybrid device architecture exhibits high efficiency in Förster 
resonance energy transfer (FRET) enabling superior performance in terms of 
photoresponsivity and detectivity. Here, a thin film of CdSe/CdS CQWs acts 
as a sensitizer layer on top of the MoS2 monolayer based field-effect transistor, 
where this CQWs–MoS2 structure allows for strong light absorption in CQWs 
in the operating spectral region and strong dipole-to-dipole coupling between 
MoS2 and CQWs resulting in enhanced photoresponsivity of one order of 
magnitude (11-fold) at maximum gate voltage (VBG = 2 V) and two orders of 
magnitude (≈ 5 × 102) at VBG = −1.5 V, and tenfold enhanced specific detectivity. 
The illumination power-dependent characterization of this hybrid device reveals 
that the thin layer of CQWs dominates the photogating mechanism compared 
to the photoconductivity effect on detection performance. Such hybrid designs 
hold great promise for 2D-material based photodetectors to reach high perfor-
mance and find use in optoelectronic applications.
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1. Introduction

The emerging 2D materials have attracted great attention 
in the last decade owing to their superior optical[1] and elec-
tronic[2] properties giving inspiration for novel devices in 
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quasi-2D CQWs with 2D-MoS2 monolayer (CQWs-MoS2) has 
not been considered, among colloids for this purpose although 
this combination would offer a very favorable solution among  
colloidal options owing to their matching atomically-flat geo
metries, and their hybrid structure would thus enable very 
strong layer-to-layer dipole-dipole coupling.[34] One would 
rationalize this strategy therefore to achieve substantial photo-
current enhancement compared to any other possible hybrids 
studied up to present.[34]

A form of NRET interaction, Förster-type resonance energy 
transfer (FRET) is a near-field electromagnetic dipole-dipole 
coupling process where an oscillating dipole in the donor spe-
cies induces a dipole in the acceptor species,[35] and the excita-
tion energy of the donors is non-radiatively transferred to the 
acceptors.[34] The efficiency and hence the rate of FRET pro-
cess essentially depends on the distance between acceptor and 
donor pairs, the spectral overlap between the donor PL emis-
sion and the acceptor absorption spectra and combination of 
dimensionality of the donor[34] and acceptor.[35–37] The potential 
effectiveness of the FRET on light-harvesting and -detecting 
applications has been shown previously. For instance, our team 
previously reported near-unity efficiency of FRET from CdSe/
CdS core/crown CQWs to the single-layer of MoS2 (99.88%),[34] 
accompanied by an ultrafast transfer rate of ≈268 ns−1. This 
study is an obvious indicator of the promising potential of 
CdSe/CdS-MoS2 system, or more generally the CQWs-TMD 
hybrids in photodetection/sensing applications.

In the present study, different from the previously reported 
ones of our group or others, we show considerable FRET-
assisted enhancement in photodetection performance of MoS2 
phototransistors sensitized by CQWs. Here, as a model system, 
we employed a thin film of CdSe/CdS core/crown CQWs as 
a sensitizer layer directly on top of a MoS2 single layer and 
systematically studied the photodetection performance of 
the hybrid system. By exploiting these CdSe/CdS CQW sen-
sitizers interfacing MoS2, we obtain ≈11-fold at VBG  =  2.0 V 
and ≈5 × 102-fold at VBG  = −1.5 V of enhancement in the 
photoresponsivity and tenfold in the specific Detectivity (D*) 
under the irradiation of 1 µW compared to control group when 
only bare MoS2 is used. The mechanism responsible for this 
photoresponsivity enhancement is revealed to be mainly the 
FRET process by systematically performing time-resolved fluo-
rescence (TRF) spectroscopy and electronic transport measure-
ments of the devices under dark and illuminated conditions. 
Here we find at a FRET efficiency level of 97.84% and a rate 
of 21.26 ns−1. An ultra-efficient transfer of excitons from CQWs 
to monolayer of MoS2. To better understand the underlying 
mechanism enabling the photocurrent enhancement and the 
role of FRET in the process, systematical illumination of power-
dependent transport measurements and analysis were also per-
formed, as a result of which we found that the energy transfer 
from CQWs to MoS2 layer is also further coupled into the traps 
states of MoS2 and leads to an increased effect of photogating.

2. Results and Discussion

Figure  1a depicts a schematic illustration of the CdSe/CdS-
MoS2 (CQWs-TMD) hybrid phototransistor. Herein, at the 

bottom layer, a single layer of MoS2 flakes were grown on a 
standard microscope coverslip glass substrate with very high 
monolayer coverage by chemical vapor deposition (CVD) 
method (Figure S1, Supporting Information).[38] Then, the 
MoS2 flakes on the glass substrate were transferred to Al2O3/Si 
substrate through an etching-free, wet transfer method. Having 
chosen as high-κ dielectric gate oxide material, a thin film layer 
of Al2O3 (≈44 nm) was deposited on top of Si wafer via atomic 
layer deposition (ALD) technique (See Supporting Information 
for details on the device fabrication). The optical microscopy 
image of the fabricated phototransistor along with its source 
and drain contacts is shown in Figure  1b. As can be seen in 
Figure 1b, the channel width of the device is 8 µm. To verify the 
single layer formation of MoS2 triangle flakes before and after 
the transfer process, we used µ-Raman and photoluminescence 
(PL) spectroscopies. The Raman spectra of MoS2 flakes on the 
glass (before the transfer) and Al2O3/Si (after the transfer) and 
the deconvoluted Raman modes (E1

2g and A1g) using Lorentzian 
curves are depicted in Figure  1c. The difference between E1

2g 
and A1g Raman mode positions of MoS2 was employed to deter-
mine the thickness of the grown layer, which was found to be 
19.3 ± 0.4 and 18.5 ± 0.4 cm−1 for the cases before and after the 
transfer of samples, respectively, indicating monolayer MoS2 
flakes in both cases.[39] Typical room-temperature PL spectra 
obtained from monolayer MoS2

[40] on the glass (Figure 1d) and 
Al2O3/Si (Figure  1e) are deconvoluted to the known excitonic 
features of MoS2, A- and B-exciton and A-trion peaks, by fit-
ting Gaussian curves.[41] The center wavelengths of A-exciton, 
B-exciton, and A-trion are found as ≈676, 632 and 697 nm for 
our MoS2 on its grown substrate (glass) and ≈678, 642, and 
691 nm for the transferred MoS2 on the Al2O3/Si substrate, cor-
respondingly. Here, as shown in Figure 1e, the A-trion intensity 
is slightly increased after the transfer procedure, which can be 
attributed to the defects introduced unintentionally during the 
transfer procedure, as the PL characteristics of MoS2 are very 
sensitive to the doping levels and defect densities. Particularly, 
the integrated intensity ratio of A-trion (IA-trion) to A-exciton  
(IA-exciton) emission is informative about the defect densities, 
which is based on the mass action law due to the relationship 
between the charge carrier density and the quasi-particle con-
centration.[42] In addition, due to the induced defects in the 
transfer procedure, the center wavelength of the A-trion peak 
is blue-shifted while no significant intensity variation or peak 
emission wavelength shift was observed for the A-exciton.[42]

The physical dimensions of CQWs are analyzed by the high-
angle annular dark-field transmission electron microscopy 
(HAADF-TEM) images. In Figure  1f, HAADF-TEM image 
of the synthesized CQWs is presented and the average width 
and length of nanocrystals are estimated to be 13.99 ±1.83 and 
16.76 ± 2.77 nm, respectively. Subsequently, a dilute dispersion 
of CdSe/CdS core/crown CQWs (0.15 mg mL−1 CQWs/toluene 
mixed in 0.1% toluene/PMMA host) was uniformly spin-coated 
onto the fabricated devices (See Supporting Information for 
the details on the CQWs). The resulting thin film of these 
CdSe/CdS CQWs acts as an efficient layer of exciton donors, 
while the monolayer of MoS2 at the bottom layer serves as an 
exciton sink layer. Figure 1g shows the spectral overlap between 
the PL spectrum of the donor (CdSe/CdS core/crown CQWs) 
and the absorption spectrum of the acceptor (MoS2, TMD).  
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The peak emission wavelength of CQWs is at 518 nm with an 
ultranarrow full-width half maximum of 8  nm at room tem-
perature and the excitonic features of MoS2, the B-exciton 
and A-exciton peaks, are around 630 and 670  nm, respec-
tively, observable on the absorption profile. To investigate the 
luminescence characteristics of CQWs in the hybrid of CdSe/
CdS-MoS2 (CQWs-TMD, donor–acceptor pair), we employed 
time-resolved fluorescence (TRF) spectroscopy. To do so, we 
recorded the PL decay curves of the donor band-edge emis-
sion (at 518 nm) for different cases which are shown together 
in Figure  1h. Here, the CQWs-only sample, in which CQWs 

(0.15  mg mL−1 CQWs/hexane diluted in 0.1% hexane/PMMA) 
were deposited on a pre-cleaned quartz substrate, acts as a 
reference sample for which the amplitude-averaged PL lifetime 
corresponds to 2.13 ns. As shown in Figure 1h, in the presence 
of monolayer of MoS2 (i.e., acceptor), however, the PL decay 
kinetics of donor in the CQWs on MoS2 sample is significantly 
accelerated and the PL lifetime is reduced to 46 ps, suggesting 
the opening of a new channel for the relaxation of the carriers 
in CQWs. This significant decrease in the PL lifetime can be 
ascribed to FRET or charge transfer process.[34] However, in our 
structure, the charge transfer is ineffective owing to passivation 

Figure 1.  a) Schematic illustration of the proposed CQWs-MoS2 hybrid phototransistor (not drawn to scale). b) Top-view optical microscopy image of 
the fabricated device along with Au/Ti metal contacts (scale bar is 10 µm). c) Raman spectra of the as-grown MoS2 monolayer on a glass substrate 
and that after transferred onto Al2O3/Si substrate is shown along with their deconvoluted Raman modes. d) Photoluminescence spectra of MoS2 on 
glass and e) on Al2O3/Si with their excitonic species: A- and B-excitons and A-trion. f) High-angle annular dark-field transmission electron microscopy 
image of the CQWs (scale bar is 50 nm). g) Normalized photoluminescence spectrum of the as-synthesized 4 monolayer (ML) thick CdSe/CdS core/
crown CQWs (donor) and the overlapping UV−vis absorption spectrum of the MoS2 triangular monolayer flakes (acceptor). h) Photoluminescence 
decay curves of the solid films of the CQWs-MoS2 assembly and CQWs-only. The solid black lines represent the fitted curves.
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of CQWs with a nonaromatic ligand of oleic acid and mixing 
dilution in hexane/PMMA, which is in consistent with previous 
experimental studies.[34] If the PL lifetime of CQWs (donor) 
in the absence of MoS2 (acceptor) is τD, and the lifetime of 
CQWs on MoS2 (donor–acceptor pair) is τDA, the FRET effi-

ciency and rate can be estimated from 1FRET
DA

D
η τ

τ= −






  and 

1 1 1
FRET

FRET DA Dτ τ τΓ = = − , assuming that the donor lifetime 
modification is purely from FRET. Based on this estimation in 
our hybrid, we extracted a FRET efficiency level of 97.84% along 
with a fast FRET rate of 21.26 ns−1, indicating an ultra-efficient 
transfer of excitons from the CQWs to the monolayer of MoS2.

We also performed electrical measurements of our fabricated 
devices under ambient conditions at room temperature for both 
the dark and illuminated states. It is worth mentioning that Si 
substrate is used as the back-gate contact for the modulation 
of IDS current. The dark current characteristics of the devices 

are not only important for photocurrent extraction but also 
useful to reveal any electronic or physical modification on the 
device before and after introducing the CQWs layer. To this 
end, the transport measurements of the pristine and hybrid 
devices are presented in Figure 2. Figure 2a shows the transfer 
characteristics of the bare monolayer MoS2 device on the log-
arithmic and linear scales with a positive bias of VDS  =  1.0 V. 
The back-gate voltage sweep range of the positively biased 
device is larger than the negatively biased one (Figure  2b) to 
observe the modulated maximum saturation current. This 
asymmetric bias characteristic of devices is due to the forma-
tion of asymmetric Schottky contacts between MoS2 and Au/
Ti metal contacts. The asymmetric Schottky barrier is usually 
caused by fermi level pinning (FLP), the oxidation of metal con-
tacts due to the adsorption at the metal-semiconductor inter-
face and the difference between the work functions of channel 
and contact materials.[43] Furthermore, it has been shown that 

Figure 2.  Electronic transport measurements of the pristine and hybrid devices under dark conditions. a) Transfer characteristics (IDS − VBG) of the 
MoS2-only device at VDS =  1.0 V under dark conditions. b) The transfer characteristics of the MoS2-only and MoS2-CQWs devices at  VDS = −2.0 V 
under dark conditions. The output characteristics (IDS − VDS) of c) MoS2-only and d) MoS2-CQWs devices for VBG sweep from −5.0 to 5.0 V under dark 
conditions.
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applying higher gate voltages results in an increase in the gate 
leakage currents which is not desired and suitable for the inte-
grated circuits. The gate sweep range of the positively biased 
device is larger (−5 to 5 V) than the one (−2 to 2 V) biased with 
negative drain-source voltage to achieve similar maximum 
IDS current. Therefore, to keep the gate leakage current at low 
levels, as to apply a narrow gate-voltage sweep range, all pris-
tine and hybrid devices were biased with a negative bias of  
VDS  = −2.00 V. The transfer characteristics of the MoS2-only 
and MoS2-CQWs devices under dark conditions at VDS = −2.0 V 
are depicted in Figure 2b in both logarithmic and linear scales. 
Here, threshold voltages (VTH) are determined from the linear 
regime of the on-state conduction via a commonly used method 
of linear extrapolation (LE),[44] where the tangent line with a 
maximum slope on the transfer curve at the peak transconduct-
ance (gm) is linearly extrapolated to extract VBG axis crossing 
and VTH value by adding 

2
DSV  to this intercept at VBG axis. The 

estimated threshold voltages for MoS2-only and MoS2-CQWs 
devices are −0.5 and −0.3  V, respectively. Here similar values 
of VTH for MoS2-only and MoS2-CQWs indicate that there is no 
charge transfer from CQWs to MoS2 which would otherwise 
be expected to change the VTH,[22] consistent with our previous 
systematic optical study on FRET from CQWs to MoS2. In addi-
tion, as can be seen in Figure  2b, the dark currents for both 
cases follow very similar behavior which is another evidence 
supporting the absence of charge transfer or of doping effect in 
our hybrid system.

The field-effective carrier mobility (μFE), subthreshold swing 
value (SS) and the current ON/OFF ratio of the fabricated 
devices are used to reveal the electronic transport performances. 
The field-effect mobilities were estimated from the calculated 
transconductance m

DS

BG
g I

V
= ∂

∂
 using the following expression:

1
(cm V s )FE

CH

CH DS g

DS

BG

2 1 1L

W V C

I

V
µ = ∂

∂
− − 	 (1)

where IDS is the drain-source current, CH

CH

L
W  is the ratio of length 

to width of the channel, VDS is the bias voltage and Cg is the 
gate capacitance per unit area. Cg can be defined as g

g

g
C t

ε
=

where εg is the dielectric constant and tg is the thickness of 
the gate oxide.[45] The calculated μFE values are 7.02 and 18. 
21 cm2 V−1 s−1 for the negatively and positively biased devices, 
respectively, which are rather high carrier mobilities for our 
device architecture and measurement conditions.[45] The fab-
ricated devices provide a significantly high current ON/OFF 
ratio of ≈105 and very low SS values of 315 and 325 mV dec−1 
under positive and negative biases, respectively. The character-
istic curves (IDS-VDS) of the MoS2-only and MoS2-CQWs based 
devices are given in Figures  2c and 2d, respectively, for the 
gate modulation voltage swept from VBG  =  −5.0 to 5.0  V with 
an interval of 0.5 V. To further examine effect of the sensitiza-
tion layer (i.e., CQWs layer) on the output characteristics of the 
devices under dark condition, we swept VDS voltage from −3.0 
to 3.0  V. Later, the maximum saturation currents (IDSS) were 
measured before and after of the CQWs layer deposition and 
the measured values are found very close to each other, indi-
cating that the CQWs layer does not cause any observable mod-
ification without illumination.

To evaluate the enhancement in optoelectronic performance 
of the sensitized MoS2 phototransistor compared to the pris-
tine MoS2 one, we investigated the photocurrent-bias voltage  
(IPH-VDS) (Figure 3a) and the photocurrent-gate voltage (IPH − VBG)  
characteristics (Figure  3b). The photocurrent(IPH) was quanti-
fied from the measured difference between the currents under 
illuminated and dark conditions (IPH = ILIGHT  − IDARK) for dif-
ferent values of VDS and VBG. Figure  3a represents IPH  − VDS 
curves of both pristine and sensitized MoS2 phototransistor 
which are measured under the UV light of 375 nm and 1 mW for 
the back-gate voltages tuned from 2.0 to 5.0 V with an interval 
of 0.5 V. As expected, the photocurrents of both MoS2-only and 
MoS2-CQWs devices are increased with the rising illumination 
power. Owing to an efficient FRET process, the photocurrent of 
the MoS2-CQWs device is dramatically enhanced with respect 
to the MoS2-only one for all gate voltages (Figure  3a,b). The 
maximum photocurrent enhancement in the sensitized photo
transistor was found to be threefold larger compared to the 
pristine MoS2 device. Furthermore, by increasing the illumina-
tion power, IPH-VBG curves of both devices shifted in negative 
gate voltages which also indicates the threshold voltage shift 
(Figure 3b). The threshold voltages of the illuminated transfer 
curves extracted by LE method and the shift in the threshold 
voltages, which is the difference between the threshold volt-
ages of the illuminated (VTH(ILL)) and dark (VTH(DRK)) meas-
urements (Δ VTH  = VTH(ILL)  − VTH(DRK)) for both devices, are 
plotted in Figure  3c as a function of the incident power. The 
shift in the threshold voltages (ΔVTH) is increased by increasing 
the incident illumination power, which can be considered as 
a signature of photogating, also commonly referred to as the 
photovoltaic effect. The MoS2-CQWs device offers a smaller 
threshold voltage shift range compared to the MoS2-only device, 
where ΔVTH varies from ≈630 to ≈860 mV for the CQWs-MoS2 
and from ≈150 to ≈770 mV for the MoS2-only. However, at a low 
level of illumination power (at 1 μW), ΔVTH exhibits a higher 
absolute shift value of ≈630 mV compared to the absolute shift 
value (≈150 mV) of MoS2-only device. This higher absolute shift 
value can be attributed to the effect of the energy transfer from 
CQWs to MoS2 layer thanks to the increased exciton population 
in the MoS2 layer. Moreover, ΔVTH − PIL curves of both devices 
are fitted well with the function of TH ILV aPb∆ = [46] where α and 
b are constants. Here, the obtained b values for the sensitized- 
and pristine-MoS2 device is ≈ 0.45 and ≈0.07, respectively. Both 
b values are smaller than 1, confirming the illumination power 
dependent threshold voltage and the occurrence of photogating 
effect. Here, the shift in threshold voltage with respect to illumi-
nation power tends to saturate for both device structures with 
different accelerations, indicating the density of photogenerated 
carriers in active layers almost reaches its maximum revealing 
that the photogating effect in sensitized device is stronger than 
one in pristine due to higher b value. This is an expected result 
due to positive contribution of FRET on photogating. To fur-
ther understand the mechanism under laying the photocurrent 
enhancement and the effect of FRET on MoS2, the log-plotted 
photocurrent (IPH) curves of the MoS2-CQWs and MoS2-only 
devices with respect to the illumination power were fitted by 
a linear function of PH ILI P∝ α , where the obtained α factor 
gives information about the rate of photogating and photocon-
ductivity effects (Figure S3a,b, Supporting Information). The 
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photogating effect results in linear increase in the photocurrent 
as a function of the illumination power (IPH ∝ PIL), while 
photoconductivity exhibits sublinear dependency on the inci-
dent power ( PH ILI P∝ α  where α < 1).[46–48] The fitting parameter 
of α is plotted as a function of the gate voltage for both devices 
in Figure S3c, Supporting Information. α declines from 1.00  
(at VBG = −2.0 V) to 0.14 (at VBG = 2.0 V) for MoS2-only device, 
indicating that the prevailing effect is purely photoconductivity 
at VBG = −2.0 V but turning into photogating effect as the back-
gate voltage increases from −2.0 to 2.0 V.

On the other hand, the α exponent decreases from 0.70 (at 
VBG  =  −2.0  V) to 0.06 (at VBG  = 2.0  V) for the MoS2-CQWs 
device, which shows that both of the mechanisms coexist at 
VBG = −2.0 V and the photogating is the dominant mechanism 
at the elevated back-gate voltages. The photogating effect in 
the layered materials occurs due to the consequence of long-
lived traps at the surface or interface, which are mainly induced 
during the growth process as S-vacancies.[41] The decrease in 
the α exponent for the MoS2-CQWs device compared to the 
pristine MoS2 device at all gate voltages suggest that the energy 

transfer from the CQWs to the MoS2 layer is also coupled by 
the traps states of MoS2 and results in an increased effect of the 
photogating.

Additionally, we estimated the photoresponsivity of both 

devices from PH

eff

R
I

P
=  where eff in

device

beamspot

P P
A

A
= × , A is the 

area and IPH is the photocurrent. The estimated R values are 
plotted as a function of the illumination power at VBG =  2.0 V 
in Figure 3d. In particular, at 1 µW of illumination power, the 
maximum R of the MoS2-only device is found to be ≈0.16 AW−1, 
while for MoS2-CQWs device, the maximum R is ≈1.88 AW−1, 
which corresponds to ≈11-fold enhancement as a result of the 
ultra-efficient FRET from the CQWs to the MoS2 layer ena-
bling a substantially higher level of the photoresponsivity factor 
at the operating illumination power levels. Furthermore, the 
effect of the gate voltage on photoresponsivity is investigated 
by estimating the responsivity as a function of gate voltage 
and calculating the responsivity ratio of MoS2-CQWs to MoS2-
only devices which are depicted in Figure S3d,e, Supporting 
Information. The effectiveness of the CQW sensitization layer 

Figure 3.  Optoelectronic performance of the CQWs-MoS2 phototransistor compared to the bare MoS2 phototransistor. a) IPH–VDS curves under illumi-
nation (PIL) for a range of back-gate voltage (swept from 2.0 to 5.0 V) and b) the transfer characteristics of the photocurrent (IPH–VBG) as a function of 
the illumination power (from 1 to 2 mW) of the MoS2-CQWs (red) and the MoS2-only (blue) devices. c) Threshold voltage shift and d) photoresponsivity 
of both devices under the bias voltage of −2.0 V as function of the increasing illumination power.
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is clearly visible from the gate dependent responsivity curve. 
The maximum photoresponsivity enhancement is achieved 
as ≈5 × 102 − fold at  VBG = −1.5 V under 1 µW laser excitation 
power and  VDS = −2.0 V. This performance enhancement is a 
result of almost two order of magnitude increased photocurrent 
due to the transferred energy from the CQWs to the MoS2 layer. 
The temporal response of the MoS2-only and the MoS2-CQWs 
devices is shown in Figures S4a and S4b, Supporting Infor-
mation, respectively. The decay and rise times of both devices 
are in the orders of seconds due to the trap states at the oxide 
material interface or surface adsorbates, fully consistent with 
the reported values in the literature.[21,49] The high surface-to-
volume ratio of MoS2 affects the optoelectronic performance 
of the MoS2-based devices due to a large number of trap states 
and adsorbates in the air which causes persistent photocurrents 
and acts as recombination centers.[21,49] Therefore, large decay 
and rise times for MoS2-only and MoS2-CQWs devices is corre-
lated to that interface effect. In addition, the speed performance 
of the hybrid device is shown to be degraded with respect to 

the pristine one. The reason for this degradation is suggested 
to be related to the additional trap states that are formed at the 
interface of CQWs-MoS2. The effects of illumination, back-gate 
voltage modulation, and FRET process on the channel cur-
rent transport and energy band alignment are illustrated and 
explained in detail through the schematics of Figure  4. The 
work functions (∅) of MoS2, Si, and Al2O3 are taken 4.23,[11,50] 
4.10,[50] and 2.80–0.90 eV,[51] respectively. Because of the physical 
distance between, the CQWs and the MoS2 (which is due to a 
nonaromatic ligand of oleic acid of CQWs and also possibly 
diluted PMMA host) the charge transfer is ineffective between 
the sensitizer layer and the MoS2 monolayer. The channel cur-
rent transfer is mainly modulated by the back-gate voltage. For 
VBG > VTH, there is a large drift current (Figure 4c,g,j). On the 
other hand, there is a small or no drift current for VBG < VTH  
(Figure  4d,h,k). The addition of CQWs layer on top MoS2 
enhances the photo-induced current by highly efficient transfer 
of the excitation energy through an electromagnetic dipole-
dipole coupling process (Figure  4j,k). Owing to FRET, the 

Figure 4.  Schematics of channel current transport mechanism with and without the assistance of FRET process and energy band diagram of the 
MoS2-CQWs and the MoS2-only phototransistors: a,e) Flat band diagrams; b,f) under VBG = VTH; c) VBG > VTH (ON-state), g) without CQWs and  
j) with CQWs; and d) VBG < VTH (OFF-state), h) without CQWs and k) with CQWs. The schematics in (a)–(d) are in Ez plane without illumination and 
the schematics in (e)–(k) are in Ex plane with illumination but the band states of CQWs drawn in (g)–(k) are on Ez plane that show Ex plane just for 
the demonstration purposes. E stands for the energy-axis.
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recombination lifetime of electron-hole pairs in MoS2 is elon-
gated, resulting in a larger photocurrent. The energy transfer 
process also increases the effectiveness of the photo-gating over 
the photoconductivity as discussed above.

Finally, we analyzed another important figure-of-merit for 
our phototransistors, the specific detectivity (D*) which can 
be defined as D* = (AB)1/2/NEP  =  RA1/2/Sn, where A is the 
active photodetection area, B is the noise bandwidth, NEP is 
the noise equivalent power, R is the responsivity, and Sn is the 
noise spectral density. To obtain the noise spectral density, dark 
current traces were measured at constant gate (VBG) and bias 
(VDS) voltages (under the same conditions that were used for 
the optical characterization) at a sample rate of 10  Hz. Then, 
the noise power density curves were calculated from fast Fou-
rier transform of the dark current traces, which are shown in 
Figure 5a, where the noise power density of the sensitized and 
pristine MoS2 devices are almost the same. Consequently, the 
noise power density curves of both devices were fitted with a 
linear function, for which both devices exhibit a similar noise 
behavior of 1/f. This behavior is in good agreement with 
the previously reported 2D-MoS2 based phototransistors and the 
noise power density rises as a function of 1/f due to the fluctua-
tions in the mobility of the carriers.[52] The calculated D* for the 
CQWs-MoS2 and MoS2-only devices are shown as a function 
of the frequency in Figure 5b. As shown in Figure 5b, thanks 
to the ultra-efficient (≈98%) FRET from the layer of CQWs to 
that of MoS2 in the hybrid MoS2-CQWs device (red-colored data 
points), the estimated D* is enhanced by tenfolds compared to 
the pristine MoS2 device (blue-colored data points).

3. Conclusions

In conclusion, we have proposed and demonstrated a novel 
hybrid MoS2-CQWs phototransistor where the CQWs acts as a 
layer of sensitization in our device architecture. Owing to the 
ultrafast (≈21 ns−1) and ultra-efficient FRET (≈98%) from the 

sensitization layer (CQWs) to active layer (MoS2) in our device 
structure, we achieved a two order of magnitude enhancement 
in the photoresponsivity performance compared to pristine 
MoS2 phototransistors. In addition, a tenfold enhancement 
was obtained in the specific detectivity of the sensitized device. 
Moreover, from the transport characteristics, we show that due 
to the assistance of FRET in our hybrid system, the contribution 
of the photogating mechanism is enhanced compared to the 
photoconductivity effect. The proposed hybrid device structure 
shown here using CQW sensitization offers a new pathway for 
hybrid 2D materials-based phototransistors with high perfor-
mance levels, endorsing their use in optical communication, 
video imaging, and spectroscopy applications.
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