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Abstract
Indium gallium zinc oxide (IGZO) thin-film transistors (TFTs) exhibit high field-effect carrier
mobility and low off-state current, which are attractive for high speed and low noise
photodetectors and image sensor applications. However, with an optical band gap of ∼3.3 eV,
the photodetection range of IGZO TFTs is limited to short wavelength ultraviolet (UV) light.
Here, we demonstrate a simple approach to enhance the performance of IGZO-based
phototransistors by incorporating layers of solution-processed perovskite quantum dots (QDs)
and [6,6]-phenyl C61-butyric acid methyl ester (PCBM). Owing to the fast transfer of
photogenerated electrons by CsPbBr3 QDs absorbing layer, the photoresponse of QD-decorated
IGZO phototransistor is extended to the visible range (500 nm), and the responsivity and
detectivity of QD-decorated device are more than two order higher than those of original IGZO
TFTs. Moreover, the QD-decorated IGZO phototransistor also exhibits enhanced performance
under UV light (350 nm), achieving a responsivity of 9.72 AW−1, a detectivity of 2.96×1012

Jones, and a light to dark current ratio in the order of 106 at a wavelength of 350 nm (a light
intensity of 207.3 μWcm−2).

Supplementary material for this article is available online
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1. Introduction

As a promising candidate material for optoelectronic devices,
inorganic lead halide perovskite (CsPbX3, X=Cl, Br, I)
quantum dots (QDs) are attracting great attention in light-
emitting diodes [1–4], solar cells [5, 6] and photodetectors
[7–10]. For photodetection, the high absorption coefficient of
perovskite QDs over a wide spectral range renders them a
suitable candidate for sensitive light-detection devices [11].
Their solution-process compatibility also facilitates the
development of new types of photodetectors via heterogenous
integration. For example, Zhou et al fabricate CsPbBr3

QDs/TiO2 photodetectors using bifunctional linker mole-
cules, to facilitate the electron transfer from QDs to the linker
and from the linker to TiO2 [12]. Song et al report
CsPbBr3/MoS2 photodetectors and observe the interfacial
photoexcited charge transfer from CsPbBr3 to MoS2 layer
[13]. Photodetector devices based on CsPbBr3–xIx/graphene
[14], and CsPbI3 QDs/DPP-DTT [15] heterojunction are also
studied and the devices show excellent device performances.

Indium gallium zinc oxide thin film transistors (IGZO
TFTs) are widely recognized as a candidate for applications in
electronic devices due to their high field effect mobility, high
optical transparency and low processing temperature [16–18].
There is also a continuous effort on using IGZO TFT in photo
sensing applications. In this aspect, IGZO-based
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heterojunction structures, such as IGZO/CdSe QDs [19],
IGZO/MoS2 [20], and IGZO/graphene QDs [21] have been
widely adopted. A combination of perovskite QDs and IGZO
TFT is rarely reported. Previously, CH3NH3PbI3 thin films
have been deposited on IGZO TFT to construct hybrid pho-
totransistors [22], it is found that photogenerated carriers in
the perovskite thin film are transferred to the IGZO channel,
leading to a photocurrent signal from the transistor. There are
some fundamental differences exist between perovskite thin
film and QDs thin film. First, QDs are small nanoparticles,
which is much thinner than perovskite thin film [23–25].
Second, the QDs contain ligands that probably prevent
effective charge transfer from QDs to IGZO channel [26].
Third, perovskite QDs usually provide high photo-
luminescence (PL) [27–29], therefore, it is necessary to
clarify if the IGZO TFT would be affected by the PL or not.
Thus, it is essential to investigate the photodetection behavior
of IGZO TFT when capped with perovskite QDs. In this
work, a hybrid phototransistor is prepared by spin-coating a
CsPbBr3 QDs layer and a [6,6]-phenyl C61-butyric acid
methyl ester (PCBM) interlayer on the channel region of
IGZO transistors. CsPbBr3 QDs have a narrow, tunable band
gap in the range of visible light and strong light absorptivity,
which enhance the photoresponsivity performance of TFTs
ranging from ultraviolet (UV) to visible light.

2. Experimental section

An inverted-staggered IGZO TFT with bottom gate and top
contact configuration is fabricated. First, a 150 nm thick
molybdenum (Mo) layer is deposited on a cleaned glass
substrate by sputtering and patterned by lift-off process as the
gate (G) electrode. Next, a 200 nm thick SiO2 film is grown as
the gate insulator by plasma-enhanced chemical vapor
deposition (PECVD) at 300 °C. Then, a 40 nm thick IGZO
film is deposited by magnetron sputtering as the channel
layer, followed by a conventional photolithography technol-
ogy. The 150 nm thick Mo source (S) and drain (D) electrodes
are then deposited and patterned by lift-off process. Finally,
the IGZO TFT is annealed at 250 °C for 60 min in an oxygen
atmosphere. To fabricate the PCBM interlayer, a 20 mg ml−1

solution of PCBM is spin-coated onto the IGZO TFT at 2000
rpm for 40 s, followed by annealing at 100 °C for 10 min The
thickness of PCBM layer is 30 nm. The CsPbBr3 QDs dis-
persed in n-hexane solution are spin-coated onto the PCBM
layer at a spinning speed of 2000 rpm for 45 s. CsPbBr3 QDs
are synthesized following the reported work [30].

3. Results and discussion

Figure 1(a) shows the transmission electron microscopy
(TEM) images of CsPbBr3 QDs, with an average edge length
of 4–20 nm range. The corresponding high-resolution trans-
mission electron microscopy (HRTEM) image is shown in
figure 1(a). An interplanar distance of 2.96 Å is observed,
corresponding to the (200) crystal planes of cubic CsPbBr3.

The x-ray diffraction (XRD) pattern of CsPbBr3 QDs shown
in figure 1(b) also indicates the characteristic peaks corre-
spond to the standard cubic CsPbBr3 lattice (PDF#54-0752),
which is consistent with the HRTEM observation. Further-
more, the optical properties of the CsPbBr3 QDs are inves-
tigated by ultraviolet–visible (UV–vis) and PL spectrometers.
An obvious excitonic absorption peak at ∼496 nm is
observed in figure 1(c) (black line), and the PL spectrum (red
line) of CsPbBr3 QDs presents a green emission (∼515 nm)
with a full width at half maximum (FWHM) of 23 nm. As
shown in figure 1(d), the PL decay spectrum of CsPbBr3 QDs
fits well with the bi-exponential decay model, with extracted
τ1=2.3 ns and τ2=10.6 ns, respectively. The short lifetime
τ1 reflects the trap-assisted recombination on QDs surface,
whereas the long lifetime τ2 represents the carrier radiative
recombination [31].

Figure 2(a) shows a schematic cross-sectional view of
CsPbBr3 QDs/PCBM/IGZO hybrid phototransistor. The
phototransistors have a channel length, L=100 μm, and
width, W=100 μm, shown in figure 2(b). The energy dis-
persive spectrometer images of the corresponding IGZO
channel area are shown in figure 2(c), confirming the exis-
tence of Cs, Pb, Br, In, Ga, and Zn elements on the channel
region, as shown in figure S1 is available online at stacks.iop.
org/SST/34/125013/mmedia. The mapping results exhibit
the distribution of Cs, Pb, and Br elements, indicating that the
channel region is covered by QDs layer. The thickness of
QDs layer is not yet confirmed, as the QDs are relatively
small, and the QDs may be discontinuously distributed in
nanoscale range.

The transfer characteristic curves of three types of pho-
totransistors (IGZO, PCBM/IGZO, and CsPbBr3 QDs/
PCBM/IGZO) are compared in figure 2(d). The values of
field-effect saturation mobility (μsat) and gate-source thresh-
old voltage (Vth) are extracted using linear fitting the plot of
[IDS]

1/2 versus VGS by the following equation:

m
=

-
I

C W V V

L2
, 1DS

SiO2 sat GS th
2( )

( )

where IDS and VGS are the drain-source current and the gate-
source voltage, respectively; W and L are the channel width
and length, respectively; CSiO2 is the capacitance per unit area
of the gate dielectric (in our case, it is 17.27 nF cm−2). The
performance parameters are summarized in table 1. In the
dark, the IGZO TFT has a μsat of 7.89 cm

2 V−1 s−1, Vth of
3.47 V, and a sub-threshold swing (SS) of 0.27 V/decade. In
contrast, the CsPbBr3 QDs /PCBM/IGZO TFT exhibits the
characteristics with a value for μsat of 8.95 cm

2 V−1 s−1, Vth

of 2.27 V, and SS of 0.52 V/decade. Therefore, the saturation
mobility, threshold voltage and on/off current ratios of hybrid
devices with PCBM or PCBM/QDs have not changed much,
compared to that of pristine IGZO TFT. Since the IGZO TFT
is sensitive to the fabrication conditions [32], it indicates that
the materials and preparation process of CsPbBr3 QDs are
compatible with the fabrication of IGZO transistors.

Figure 3(a) shows the transfer characteristics measured
under dark and light illumination at various wavelengths
(λ=600–350 nm) for the IGZO, PCBM/IGZO and CsPbBr3
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QDs/PCBM/IGZO phototransistors, respectively. The pho-
toresponse of pristine IGZO phototransistor is limited to
350 nm light due to its wide band gap (3.3 eV) [22], which
restricts its detection for visible light. In contrast, the detect-
able wavelength of PCBM/IGZO phototransistor and

CsPbBr3 QDs/PCBM/IGZO phototransistor extends to
400 nm and 500 nm, respectively. By comparing the off-state
photocurrent of the three phototransistors, an obvious increase
in photocurrent is observed for the CsPbBr3 QDs/PCBM/
IGZO phototransistor for wavelengths shorter than 600 nm

Figure 1. (a) TEM and HRTEM images of CsPbBr3 QDs. (b) XRD pattern of CsPbBr3 QDs. (c) Absorption and PL spectra of CsPbBr3 QDs.
The insets show the photographs of the as-obtained CsPbBr3 QDs solution under ambient conditions and the UV illumination (365 nm),
respectively. (d) Time-resolved PL decay spectra and fitting curve of CsPbBr3 QDs.

Figure 2. (a) Schematic diagram of CsPbBr3 QDs/PCBM/IGZO phototransistor. (b) The top-view SEM image of CsPbBr3 QDs/PCBM/
IGZO phototransistor. (c) EDS mapping images of Cs, Pb, and Br elements of the channel region. (d) Transfer characteristics of IGZO,
PCBM/IGZO, and CsPbBr3 QDs/PCBM/IGZO transistors (VDS=30 V).

3
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owing to the smaller band gap (2.3 eV) of CsPbBr3 QDs [30].
When illuminated at a fixed light wavelength of UV light
(350 nm) with various illuminating light intensities, the
transfer characteristics of the three devices are shown in
figure 3(b). It is observed that the transfer characteristics
depend on the light intensity for the QDs device. Furthermore,

it is worth noting that the QDs device is more sensitive to low
light intensity. The detectable light intensity is as low as
8.95 μWcm−2 for the QDs device, whereas for the IGZO and
PCBM/IGZO phototransistors, the light intensity is increased
to 50.25 μWcm−2 for recognizable detection. Finally, to
clearly show the light switching characteristics, the ratios

Figure 3. Transfer characteristics of IGZO, PCBM/IGZO, and CsPbBr3 QDs/PCBM/IGZO phototransistors (VDS=30 V) (a) as a function
of the illuminating light wavelength at a fixed light intensity (207.3 μW cm−2). (b) as a function of the light intensity at a fixed illuminating
UV light wavelength (350 nm).

Table 1. Comparison of the electrical characteristics including saturation mobility, sub-threshold swing, threshold voltage, the off current, the
on current and the current on/off ratio for the transistors.

Structures μ (cm2 V−1 s−1) SS (V/decade) Vth (V) Ioff (A) Ion (A) Ion/ Ioff

IGZO 7.89 0.27 3.47 8.9×10−14 5.01×10−5 5.63×108

PCBM/IGZO 8.63 0.49 3.04 1.08×10−13 5.62×10−5 5.2×108

CsPbBr3 QDs/PCBM/IGZO 8.95 0.52 2.27 2.24×10−13 6.18×10−5 2.76×108
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values of current under illumination (Ilight) and current under
dark (Idark) for three phototransistors under different types of
light source and light intensity are listed in table 2.

Responsivity (R) and detectivity (D*), which are the key
parameters to characterize a photodetector, can be expressed
by the following equations:

=R
I

P
, 2

ph

in
( )

=D
R

qI A2
, 3

dark
1
2( )

( )⁎

/

where Iph is the photocurrent, equal to the difference between
Ilight and Idark at the same gate and drain voltages; Pin is the
power of the incident light; q is the elementary charge
(1.6×10−19 C); A is the effective area of the photodetector
(in our case, A=W×L). As shown in figure 4(a), the
CsPbBr3 QDs/PCBM/IGZO phototransistor shows a
responsivity of larger than 3 mAW−1 for wavelength
between 350 and 600 nm. It reaches a maximum value of
9.72 AW−1 at 350 nm UV light, compared to 0.55 AW−1 for
the IGZO device. The responsivity is 2–4 orders of magnitude
larger than that of IGZO phototransistor in the visible range
due to the introduction of CsPbBr3 QDs. The detectivity of
CsPbBr3 QDs/PCBM/IGZO phototransistor reaches
2.96×1012 Jones when illuminated at 350 nm with light
intensity of 207.3 μWcm−2, more than one order of magni-
tude higher than that of IGZO phototransistor. As shown in
figure 4(c), the source-drain current of CsPbBr3 QDs/
PCBM/IGZO phototransistor increases from 5.96×10−11 A
to 9.24×10−7 A with the increase of the light intensity. The
photo-to-dark current ratio, Sph, of the photodetector is
defined as follows:

=S
I

I
. 4ph

ph

dark
( )

The maximum value of Sph for CsPbBr3 QDs/PCBM/
IGZO phototransistor reaches the order of 106, indicating the
high light switching characteristic. And it is approximately
2×105 at 103.3 μWcm−2 light illumination, ∼2 orders of
magnitude higher than that of IGZO devices. In addition,
compared to the parameters of reported perovskite-based and
IGZO-based phototransistors shown in table S1, the CsPbBr3
QDs/PCBM/IGZO phototransistor shows a comparable
performance in the relatively low light intensity. Apart from
the photocurrent, the shift of threshold voltage is also plotted
as a function of illumination light intensity in figure 4(d).

When the light intensity increased, a negative shift of Vth is
observed, with the absolute value of ΔVth exceeding 8 V. A
larger ΔVth of the QD-decorated device also confirms that the
QDs lead to higher UV sensitivity. It has been shown in
previous report that the photo induced threshold voltage shift
can also be used for light detection in a photogating inverted
circuit [33].

Based on the above results, the proposed working
mechanism of CsPbBr3 QDs/PCBM/IGZO hybrid photo-
transistor is schematically shown in figure 5(a) [22, 30]. Upon
visible light (500 nm) illumination, electron–hole pairs are
generated in the CsPbBr3 QDs layer. Owing to the presence
of QDs ligands, the conductive path from source to drain via
the QDs layer is blocked. The photogenerated electrons at the
conduction band tend to be transferred to the IGZO layer
through the energy downhill process, while the deep HOMO
level of the valence band of IGZO would block the holes and
diffuses them to the IGZO layer. These transferred photo-
generated electrons accumulate and transfer to form the
increased photocurrent in the high electron mobility IGZO
layer. As a result, the QDs device has achieved the detection
of visible light. Upon UV light (350 nm) illumination, both
the CsPbBr3 QDs layer and IGZO layer can absorb light. The
photocurrent enhancement for QDs device cannot be ascribed
to the PL of QDs, as their PL peaks appeares at 515 nm,
which falls outside the sensitive zone of IGZO TFT (as shown
in figure 3(a)). The photocurrent consists two parts. One is the
transferred photogenerated electrons in the CsPbBr3 QDs
layer; another is the photogenerated electrons in the IGZO
layer. In addition, the photogenerated electrons from the
CsPbBr3 QDs layer dominate the photocurrent flow in weak
light intensity, as shown in figure 3(b) and table 2.

The transient responses of IGZO, PCBM/IGZO, and
CsPbBr3 QDs/PCBM/IGZO phototransistors are measured
by periodic illumination with an on/off interval of 10 s biased
at VGS=−3 V and VDS=30 V and illuminated at a light
intensity of 207.3 μWcm−2 at 350 nm, as shown in
figure 5(a). The photocurrent of CsPbBr3 QDs/PCBM/IGZO
phototransistor increases rapidly and its value is higher than
those of the other two devices, consistent with the results
shown in figure 3(b). This phenomenon is known as the so-
called persistent photoconductivity (PPC) effect, owing to the
charged oxygen vacancies of the IGZO activated by light
[34, 35]. The recovery process is related to oxygen vacancies
and their ionization [36, 37]. However, as is shown in
figure 5(b), the transfer character of CsPbBr3 QDs/PCBM/

Table 2. The Ilight/Idark ratio values of the three phototransistors under different kinds of light source and light intensity, VGS=−3 V. A is
the effective area of the photodetector.

Ilight/Idark radio

Light source, intensity IGZO PCBM/IGZO CsPbBr3 QDs/PCBM/IGZO

Green light, λ=500 nm, Pin/A=207.3 μW cm−2 2.86 4.7 0.72×102

Blue light, λ=400 nm, Pin/A=207.3 μW cm−2 2.49 5.7×103 3.73×104

UV light, λ=350 nm, Pin/A=8.95 μW cm−2 2.21 3.38 1.77×102

UV light, λ= 350 nm, Pin/A=50.25 μW cm−2 7.45 4.06×103 3.14×104
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Figure 4. (a) Responsivity and (b) detectivity of IGZO, PCBM/IGZO, and CsPbBr3 QDs/PCBM/IGZO phototransistors at VGS=−3 V,
VDS=30 V. (c) Photocurrent and (d) shift of threshold voltage of IGZO and CsPbBr3 QDs/PCBM/IGZO phototransistors as a function of
light intensity of 350 nm UV light at VGS=−3 V.

Figure 5. (a) Time-dependent photocurrent response of IGZO, PCBM/IGZO, and CsPbBr3 QDs/PCBM/IGZO phototransistors under 350
nm light with an on/off interval of 10 s at VGS=−3 V, VDS=30 V. The inset shows band diagram of CsPbBr3 QDs/PCBM/IGZO
phototransistor and the transport of photogenerated electrons and holes under light illumination. (b) Transfer characteristics of IGZO
phototransistors before UV light illumination and 24 h after turning off the light; Transfer characteristics of CsPbBr3 QDs/PCBM/IGZO
phototransistors before UV light illumination and 1.5 h after turning off the light. The light wavelength is 350 nm and light intensity is
740.6 μW cm−2.
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IGZO phototransistor can be recovered 1.5 h later, whereas
that of pristine IGZO TFT cannot be recovered at all even
after 24 h. Thus, the CsPbBr3 QDs can partially reduce the
damage of IGZO-based phototransistor under UV
illumination.

4. Conclusion

In summary, a phototransistor based on CsPbBr3 QDs/
PCBM/IGZO heterojunction structure is prepared. The
device shows excellent electrical performances of the tran-
sistor, such as the on/off current ratios (108), SS (0.52 V/
decade) and off current (10−13 A). The photogenerated
electrons in the CsPbBr3 QDs layer under illumination are
effectively transferred to the IGZO layer. Thus, an enhanced
photoelectric detection to the low intensity of light and wider
detective range from UV to visible light are observed. The
phototransistor exhibits a responsivity of 9.72 AW−1, a
detectivity of 2.96×1012 Jones, and a light to dark current
ratio of 106. Also, the transient responses of the devices need
further improvement, the present work demonstrates that the
CsPbBr3 QDs can reduce the PPC effect of IGZO-based
phototransistor. In addition, a conventional process is used to
fabricate the devices, which facilitates the application of large
area integrated circuits.
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