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ABSTRACT

Due to the exciting photoelectric properties, better stability, and environmental-friendly nature, all-inorganic halide perovskites
(AIHPs), especially the lead-free perovskites, have attracted worldwide attention. However, the film quality of AIHPs fabricated by
typical spin-coating and subsequent high-temperature annealing is still not satisfactory, restricting their further development.
Herein, we demonstrate a simple low-temperature solution-processed drop-casting method to achieve highly-crystalline cubic
CsPbBr; and lead-free layer-structured Cs3;Sb,lg microcrystals (MCs). This drop-casting technique not only consumes the less
amount of precursor solution but also eliminates the high-temperature annealing as compared with those of spin coating. When
these MCs are configured into photodetectors, they exhibit superior device performance, which is in distinct contrast to the one of
spin-coated counterparts. Specifically, the responsivity of CsPbBr; MCs is found to be as large as 8,990 mA/W, being 13 times
larger than the spin-coated films and even better than many state-of-the-art solution-processed AIHPs devices. This device
performance enhancement is attributed to the better film quality and phase purity obtained by the drop-casting method. All these
results can evidently fill the “technology gap” for further enhancing the material quality of solution-processed AIHPs and breaking
down the barriers that hinder the development of AIHPs based optoelectronic devices.
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the ones involving the visible light. Hence CsPbBr; is the most
appropriate material here for the visible light-related use,
particularly for photodetection, where it has good phase and
thermal stability.

At the moment, the solution synthesis of high-quality ATHPs is
still very challenging, especially the obtained photoelectric
performance of solution-processed CsPbBr; is not satisfactory.
The main reasons can be the poor solubility and the complicated
phase diagrams of Cs-Pb-X [16,17]. Besides, the required
annealing temperatures of AIHPs fabricated by conventional
spin-coating methods are relatively high (about 200-350 °C),
which also limits their applications. For example, the high
annealing temperatures may decompose other device layers
during the fabrication of solar cells or LEDs [18]. Zeng et al.

1 Introduction

In recent years, due to the exciting photoelectric properties,
organic-inorganic halide perovskites (OIHPs) have attracted
worldwide attention. They have been widely explored as active
materials for various kinds of optoelectronic devices, including
solar cells, photodetectors, and light emitting diodes (LEDs), with
significant progress achieved across all the communities [1-9].
However, the stability of OIHPs in the ambient environment is
fairly poor, which greatly hinders their practical utilization
[10-13]. In this case, the all-inorganic halide perovskites (AIHPs),
mainly CsPbX; (X = I, Br, or Cl), are promising alternatives
because of their superior thermal and moisture stability.
Unfortunately, for CsPbl;, the black phase of a-CsPbl; is merely
preferred for optoelectronic devices, but it can spontaneously

transform to the undesired yellow phase of §-CsPbl; with poor
optical and electrical properties in the atmosphere of room
temperature owing to the phase instability [14, 15]. For CsPbCl,
since its bandgap is about 3.04 eV, this material is mostly
employed for the ultraviolet light-related applications rather than

fabricated the CsPbBr; films by a solution-based space-confine
method to overcome the film-forming problem caused by the low
solubility of CsPbBr; [19]. Huang et al. enhanced the
concentration of the precursor solution of CsPbBr; by introducing
CsAc and MAAc into the precursor solution system, which can
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help fabricate high-quality all-inorganic films [20]. Zhang et al.
introduced organic n-butylammonium iodide to the AIHP of
CsPbIBr, to decrease the annealing temperatures, but the organic
additive would suffer from its stability problem [18]. Although
many methods have been used to tackle the drawbacks of
conventional solution processing schemes, a simple way to
construct the high-quality CsPbBr; with low temperatures is still
in urgent need.

Apart from the lead-based AIHPs mentioned above, the
non-toxic lead-free ATHPs are even the more attractive candidates
for high-performance optoelectronic devices [21, 22]. These lead-
free materials are environmentally friendly and highly desirable for
large-scale applications. In the same group as Pb, Sn is usually
proposed to replace the Pb constituent in ATHPs. Nevertheless, the
Sn* in CsSnX; can easily be oxidized to Sn* irreversibly in
ambient air, which deteriorates the material properties [23,24].
Besides, Bi and Sb can also substitute for the Pb constituent in
halide perovskites forming the vacancy-ordered perovskite
structure of A;B,X, (A = Cs' or MA", B = Bi** or Sb*). For the
Bi-based perovskites, they usually have relatively large bandgaps
and a significant amount of defect states, limiting their
applications [25]. This way, the Sb-based halide perovskites have
drawn all the recent focus. For instance, Zheng et al. fabricated the
Cs;Sb,Bry nanoflakes by an inverse temperatures crystallization
method, where both the optical and electrical properties were
characterized [26]. Szklarz et al. fabricated the (NH,CHNH,),Sb,I,
single crystals by slow evaporation of its saturated solution, while
their ferroelectricity was studied in detail [27]. Furthermore, there
are two identified polymorphs for Cs;Sb,ly: the zero-dimensional
(0D) dimer phase (D-Cs;Sb,ly) that has isolated bi-octahedral
Sb,I;> anions and the layered phase (L-Cs;Sb,l;) with two-
dimensional (2D) corrugated layers, as shown in Figs. 1(a) and
1(b) [28-30]. On the one hand, as D-Cs;Sb,l, has an indirect
bandgap of 2.3 eV, it is unfavorable for optoelectronic devices. On
the other hand, although L-Cs;Sb,l, has a preferred direct
bandgap of 2.08 eV, being ideal for solar cells and photodetectors,
the solution synthesis of Cs;Sb,l; would always yield the
undesirable phase of D-Cs;Sb,], rather than the favorable phase of
L-Cs;Sb,l,, greatly restricting its practical use [28,29]. In any case,
based on these limited studies, the reported material performance
is still insufficient for device applications.

In this work, we propose and demonstrate a simple solution
processing (ie., a drop-casting method) method to fabricate
high-quality AIHPs of CsPbBr; and its lead-free counterpart of
Cs;Sb,]; microcrystals (MCs) at low temperatures, which can be
easily deployed to industry for large-scale production. The
CsPbBr; and GCs;Sb,l, MCs are also configured into
photodetectors with detailed evaluation of their photodetection
properties and careful comparison against the thin film devices
obtained by the conventional spin-coating technique. It is revealed
that both the quality and the photodetection performance of the
MCs are superior among all the AIHPs films and devices reported
in the recent literature. All these results can evidently fill the
“technology gap” of how to further enhance the material quality of
solution-processed AIHPs and break down the barriers that
hinder the development of ATHPs-based optoelectronic devices.

2 Results and discussion

Figure 1(c) depicts the schematic illustration of the drop-casting
method developed in this work. To be specific, glass substrates
were utilized, being ultrasonically cleaned firstly and treated with
oxygen plasma to improve their hydrophilicity. Then 5 pL of
CsPbBr; or Cs;Sb,ly solution was dripped onto the processed
substrates. After the solution was spreaded on the substrate, it was

Nano Res. 2022, 15(4): 3621-3627
(a)e. O e 0
b 0 P CI:} % %EQXG%\X
fo 7o Fo g ¢ o
0 # Oup o
{ a( Dol 0\%9‘\,0%\
0
\

- oy
Y M

= ]
Figure1 The lattice structure schematics of (a) D-Cs;Sb,l, and (b) L-Cs;Sb,l,.
(c) The schematic illustration of the drop-casting method and the conventional
spin-coating technique.

Oxygen plasma

heated on a hot plate for 5 min, where the temperatures were set
at 120 or 70 °C, respectively. The CsPbBr; or Cs;Sb,l; MCs were
then obtained accordingly. Notably, this drop-casting method has
obvious advantages over the conventional solution-processed
spin-coating technique (Fig.1(c)). It is notorious that the
spin-coating technique requires a relatively large amount of
precursor solution to initiate the deposition process, but most of
the solution is not consumed and wasted during the process. It
also needs a relatively higher temperature for the subsequent
annealing process to enhance the film quality. In distinct contrast,
this drop-casting method can not only simplify the fabrication
procedure by employing a much lower process temperature to
attain the better film quality but also minimize the amount of the
precursor solution used. All these improvements give a possible
plan and direction to improve the insufficiency of the spin-coating
method.

After the material deposition, X-ray diffraction (XRD) was
performed on the CsPbBr; MCs, in which the results were
compared against the standard XRD pattern of CsPbBr;
(PDF#75-0412, cubic phase, and space group Pm3m) in
Fig. 2(a). It is witnessed that the XRD peaks of the MCs all come
from CsPbBr;, suggesting the pure phase of MCs obtained
without any other impure phases. Figure 2(b) shows the scanning
electron microscope (SEM) image of the MCs, where the large-
area SEM image is shown in Fig.S1 in the Electronic
Supplementary Material (ESM). We can see that the MCs are
regular rectangular shapes with dimensions of ~ 20 pum, which is
consistent with the cubic lattice structure of CsPbBr; [31]. Apart
from CsPbBr; MCs, the structural properties of their lead-free
counterpart of Cs;Sb,ly MCs are also thoroughly evaluated. The
XRD pattern of the Cs;Sb,I; MCs is shown in Fig. 2(c), in which
the pattern can be well fitted with the data from PDF#88-0690
(L-Cs3Sb,Ls, space group P3ml). Importantly, there are only
obvious peaks of the [001] crystal orientation observed in the XRD
pattern, which indicates the preferred stacking direction of the
Cs;Sb,ly MCs, further confirming the formation of the desired
layered structure of L-Cs;Sb,I, through the drop-casting method.
Figure 2(d) shows the SEM image of a typical Cs;Sb,I; MC, where
the large-area SEM image is presented in Fig. S2 in the ESM. It is
observed that the MCs are regular hexagonal shapes with an edge
length of ~ 30 um that is consistent with the orthorhombic
structure of Cs;Sb,l,. Besides, as demonstrated in Fig. S2 in the
ESM, some relatively small hexagonal MCs are easily stacked on
top of the large MCs in a one-by-one manner, yielding the
features of flower buds. It is because that the surface of the MCs is
the ideal nucleation site of the next MC.

Then the optical properties of the MCs were also studied. The
ultraviolet-visible (UV-vis) absorption and photoluminescence
(PL) spectra of the MCs are shown in Fig. 3(a). Evidently, the
absorption edge is located at 536 nm, from which the bandgap
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Figure2 (a) XRD pattern and (b) SEM image of the CsPbBr; MCs. (c) XRD pattern and (d) SEM image of the Cs;Sb,I; MCs.
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Figure3 (a) Absorption and PL spectra, (b) PL mapping and the corresponding optical photograph, (c) large-area AFM image, and (d) high-resolution AFM image
of the CsPbBr; MCs. (¢) Absorption spectrum (inset shows the large-area AFM image) and (f) high-resolution AFM image of the Cs;Sb,Io MCs.

energy of 2.31 eV can be determined. The PL peak is positioned at
543 nm, whereas the sharp peak indicates the good crystallinity of
the MCs. Furthermore, as presented in Fig. 3(b), PL mapping of
one typical CsPbBr; MC is as well performed, where the inset
shows the corresponding optical image. It is obvious that there is
strong PL emission occurred from the cubic CsPbBr; MC, with
the stronger intensity coming from the inner region of the MC as
compared with that of the edge region. This spatial intensity
variation can be attributed to the morphology, the relatively low
specific surface area and the low surface defect density of the MCs
[32]. Based on the atomic force microscope (AFM) measurement,
the thickness and the root-mean-square (RMS) surface roughness
of a typical CsPbBr; MC are determined to be ~ 2.3 um (Fig. 3(c))
and ~ 1.07 nm (Fig. 3(d)), respectively, suggesting a fairly smooth
surface morphology. At the same time, the XRD pattern of the
CsPbBr; film fabricated by conventional spin coating was also
collected (Fig.S3 in the ESM), revealing that the pure cubic
CsPbBr; film is obtained. The sharp UV-vis absorption edge and
the strong PL peak as well suggest the good crystallinity and a
direct bandgap of 2.38 eV of the spin-coated film (Fig. $4 in the

ESM). As expected, the corresponding SEM image shows the
formation of a compact film with crystalline grains and without
any noticeable pinholes (Fig. S5 in the ESM), attributed to the
combination of anti-solvent characteristics in spin-coating and
grain growth in subsequent high-temperature annealing. All these
results can clearly demonstrate the comparable film quality
between our drop-casted CsPbBr; MCs and the spin-coated films,
even though the drop-casting method involves the simpler
fabrication procedure and the lower process temperature.

In addition, the UV-vis absorption spectrum of the Cs;Sb,],
MCs is also shown in Fig. 3(e). One can see that the absorption
edge is located at 588 nm, from which a bandgap energy of
2.10 eV can be determined. AFM was as well used to assess the
thickness and surface morphology of the MCs. As shown in the
inset of Figs. 3(e) and 3(f), the typical thickness and the RMS
surface roughness of the MC are ~ 492 and ~ 1.82 nm,
respectively, suggesting its smooth surface morphology. In
addition, the XRD pattern of the Cs;Sb,l, film fabricated by spin
coating is also depicted in Fig. S6 in the ESM. It is clear that there
are two obvious peaks witnessed for the L-Cs;Sb,l, phase (ie.,
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(201) plane with I(f)
D-Cs;Sb,ly phase (ie, (203) plane with I(f)

86.0 from PDF#88-0690) and the
100.0 from

PDF#88-0689), illustrating the existence of the mixed phases of
the spin-coated film. The bandgap of 2.38 eV can be calculated
from the UV-vis absorption spectrum of the Cs,Sb,], film (Fig. S7
in the ESM). Based on the SEM image of the Cs;Sb,], film, shallow
gullies are appeared on the smooth surface (Fig. S8 in the ESM),
which can be caused by the evaporation of Sbl; during the
annealing step [28]. Impressively, the drop-casting method is
capable of producing the high-quality phase-pure L-Cs;Sb,l,
MCs with the modest fabrication procedure and without

any high-temperature annealing. To

confirm that

this

low-temperature annealing is sufficient to make the solvent
evaporate completely, thermogravimetric analysis (TGA) of the
CsPbBr; and L-Cs;Sb,I; MCs was also measured, as shown in Fig.
S9 in the ESM. It is seen that for the CsPbBr; MCs, the weight
ratio remains 99% even the temperature is heated to 250 °C, which
indicates the annealing process is enough for CsPbBrs. As for
Cs;Sb,ly, the weight ratio even maintains 100% at 250 °C,
suggesting that 70 °C can remove almost all the residual solvents.

In order to assess the photoelectric performance of the
fabricated materials, the CsPbBr; MCs were then configured into
photodetectors and carefully characterized. The schematic of the
device structure used in this work is depicted in Fig. S10 in the
ESM. The photocurrent-voltage (I-V) curves collected under
different light intensities are shown in Fig. S11 in the ESM. All the
I-V curves are linear, suggesting the nearly ohmic contact
properties between MCs and Au electrodes, which is beneficial for
the collection of photogenerated carriers. Figure 4(a) gives the
current-time (I-f) curves of the MCs and the spin-coated
film-based photodetectors under chopped illumination with an
intensity of 450 mW/cm® They both show the stable switching
on/off behavior, where the photocurrent of MCs is about 13 times
larger than that of the spin-coated film device. The on/off current
ratio of the MCs-based photodetector is calculated to be 5.5 x 10°.
These photocurrents under different light intensities are also
shown in Fig. 4(b). One can see that the photocurrents of both
MCs and spin-coated film devices show a linear relationship with
the light intensities. In general, the linear dynamic range (LDR),
representing the linear light intensity of response range for a
photodetector, can be calculated according to the expression of
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P, upper

LDR = 20log , where P

limit within ﬂlf:lqlwi?learity, and P, is the minimum light intensity
[33,34]. In this case, the LDR of the MCs-based photodetector is
determined to be as large as 82.6 dB. Since the values of P, and
Piower are limited to the equipment employed here, together with
the good linearity of photocurrents with light intensities, the actual
LDR value can be even larger than 82.6 dB. Besides, the
responsivities (R) of the photodetectors are compiled and
displayed in Fig. 4(c), in which R can be calculated through the

equation of R = —*-, where I, @, and S are the photocurrent, the

light intensity, and the active area of the photodetector,
respectively. In specific, it is obvious that R keeps increasing with
the decreasing light intensity, which is a common character of the
photodetectors. Another two important performance parameters
of photodetectors, the detectivity (D*) and external quantum
efficiency (EQE), can be defined as D* = RS"/(2ely,4)" and EQE =
hcR/eA (e, Iy, b, ¢, and A represent the electronic charge, the dark
current, the Planck’s constant, the velocity of the incident light,
and the wavelength of the incident light, respectively) [35]. As
shown in Fig.S12 in the ESM, the D* and EQE of the
photodetectors are calculated according to the equations described
above. Not surprisingly, the EQE of the CsPbBr; MCs is found to
be much larger than that of the spin-coated film, where the largest
EQE arrives at 2,758%. However, one can see that the D* of the
film is comparable to that of the MCs, which is ascribed to its
relatively low dark current. Moreover, the response speed is also
an essential parameter for the performance evaluation of
photodetectors, especially for high-frequency devices. As
presented in Fig. 4(d), the high-resolution I-t curves of the
CsPbBr; MCs and film based photodetectors are measured, where
the rise time is defined as the time required for current to increase
from 10% to 90% of its peak value, and similarly, the decay time is
from 90% to 10% of the peak value. The rise and decay times of
the CsPbBr; MCs-based photodetectors are then determined to be
as fast as 153 and 152 ps, but the film-based ones are only 362 and
538 ps, accordingly, indicating the superior device performance of
the drop-casted MCs.

Then the Cs;Sbyly MCs and spin-coated films are also
constructed into photodetectors to examine their photoelectric
performance. The I-V curves of the photodetectors under
illumination with different light intensities are shown in Fig. S13
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Figure4 (a) Time-dependent photoresponse, (b) dependence of photocurrent on light intensity, (c) dependence of responsivity on the light intensity, and (d) high-

resolution current vs. time curve for the CsPbBr; MCs and film.
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in the ESM. The linear relationship of the I-V curves indicates the
nearly ohmic contact properties between MCs and Au electrodes,
which is essential for the effective collection of photogenerated
carriers. Figure 5(a) gives the I-t curves of the MCs and
spin-coated  film-based  photodetectors under  chopped
illumination with an intensity of 730 mW/cm’. They both show
the repeatable switching on/off characteristics, where the
photocurrent of MCs is more than five times larger than that of
the film. The on/off current ratio of the MCs-based photodetector
is calculated to be 105. The photocurrents under illumination with
different light intensities are depicted in Fig.5(b). The
photocurrents of both the MCs and the film show a linear
relationship with light intensities, while a broad LDR of larger
than 80 dB is also acquired. Moreover, the responsivities of both
photodetectors are also shown in Fig. 5(c). It is clear that R keeps
increasing with the decreasing light intensity, which can be found
in most photodetectors reported. The D* and EQE of the
photodetectors are as well calculated and presented in Fig. S14 in
the ESM. Similar to the responsivity, the D* and EQE of the
Cs;Sb,Iy MCs are much larger than those of the films. One can see
that the largest EQE of the Cs;Sb,l, MCs is ~ 123%, whereas the
D* is as high as 1.27 x 10" Jones. In addition, the response speed
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of the Cs;Sb,l, MCs-based photodetector was also determined
through the high-resolution I-¢ curve shown in Fig. 5(d). The rise
and decay times are as short as 149 and 158 s, respectively.
However, as depicted in Fig. S15 in the ESM the response speed of
the Cs;Sb,], film-based photodetector can only reach 3.9 and 5.2
ms, respectively. The performance parameters of the AIHPs
photodetectors reported recently are then compiled in Table 1 and
compared with the MCs devices developed in our work. Evidently,
the high responsivity and rapid response speed of the MCs
photodetectors fabricated by the simple low-temperature
drop-casting method are superior to those obtained by
spin-coating, chemical vapour deposition (CVD), or
co-evaporation techniques, which can be ascribed to the good
crystal quality of the drop-casted MCs. Besides, the moisture
stability of the CsPbBr; and Cs;Sb,l; MCs was as well evaluated.
As shown in Fig. S16 in the ESM, the MCs were stored in an
ambient environment with the humidity of 70% for one month,
and then the UV-vis absorption spectra were re-measured,
compared against the pristine ones. One can observe that the
absorption edges of the MCs maintain the same without any
noticeable degradation, indicating their excellent stability.
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Figure5 (a) Time-dependent photoresponse, (b) dependence of photocurrent on the light intensity, and (c) dependence of responsivity on the light intensity
illuminated on the Cs;Sb,I; MCs and the counterpart film. (d) High-resolution current versus time curve for the Cs;Sb,I; MCs.

Table1 Comparison of various figure of merits of AIHPs-based photodetectors

Halides Method/morphology R (mA/W) D*(Jones) Rise/decay time (ms) References
Cs;Sb,Bry Solution/single crystal 3,800 2.6 x 10" 24/48 [26]
Cs;3Sb, ], CVD/nanoplate 40 1.26 x 10" 0.096/0.058 [32]
Cs;Bi, 1, Solution/single crystal 7.2 10" 0.247/0.23 [36]
Cs;Cu,]; Solution/thin film 64.9 6.9 x 10" 26.2/49.9 [37]
PEDOT:PSS/Cs,Bi,]Brs/Cq,/BCP Solution/thin film 16 4.6 x 10" 40.7/27.1 [38]
GaN/CsPbBr; MCs/n-ZnO CVD/MCs 89.5 10" 0.1/0.14 [39]
CsPbBr; CVD/microplatelets 1,330 8.6 x 10" 20.9/24.6 [40]
CsPbBr; Co-evaporation/microwires 7,660 4.05 x 10" 275/550 [41]
CsPbL,Br Solution/thin film 12 10" 0.175/0.180 [42]
CsPbIBr, Solution/thin film 8 10" 0.320/0.230 [42]
CsPbl;-CsPbBr; Solution/nanowire array 125 N/A 0.7/0.8 [43]

CsPbBr; Solution/MCs 8,990 1.52 x 10" 0.153/0.152
Cs;Sb, 1, Solution/MCs 446 1.27 x 10" 0.149/0.158 This work
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3 Conclusions

In conclusion, cubic CsPbBr; and L-Cs;Sb,l, MCs with high
crystal quality have been fabricated by the solution-processed
low-temperature drop-casting method. Their counterpart films
have also been fabricated by the conventional spin-coating
technique. Both the MCs and spin-coated films are configured
into photodetectors, where their photodetection performance was
studied and compared in detail. The MCs-based photodetectors
are found to exhibit much higher performance than that of the
spin-coated films’ devices. The responsivity of the CsPbBr; MCs is
as large as 8,990 mA/W, which is more than 13 times larger than
that of their films. Besides, the responsivity Cs;Sb,I; MCs is also
determined to be as large as 446 mA/W, while that of the films is
only 81 mA/W. The superior performance of the MCs can be
attributed to their high crystal quality and phase purity
contributed by the drop-casting method. Our work illustrates the
simple low-temperature and solution processing manufacturing to
achieve high-quality phase-pure AIHPs MCs, which will further
the development of ATHPs-based optoelectronic devices.

4 Experimental section

4.1 Perovskite precursor synthesis

For the CsPbBr; solution, 0.48 mmol CsBr and 0.48 mmol PbBr,
were dissolved in 1 mL of dimethylsulfoxide. For the Cs;Sb,l,
solution, 1 mmol of CsI and 0.67 mmol of Sbl; were dissolved in
1 mL of dimethylformamide (DMF). The solutions were then
stirred at room temperature overnight.

4.2 Materials and device fabrication

All the materials were fabricated in a nitrogen-filled glovebox,
where the oxygen and moisture concentration were well
controlled at the ppm level. The glass substrates were
ultrasonically washed by acetone, ethanol, and deionized (DI)
water in succession for 15 min first. Then these substrates were
treated with mild oxygen plasma to improve the hydrophilia. For
the drop-casting method, 5 pL of CsPbBr; or Cs;Sb,], solution was
dripped on the substrate, followed by thermal annealing at 120 or
70 °C for 5 min. For the spin-coating method, 30 uL of CsPbBr; or
Cs3Sb,], solution was spin-coated onto the substrate at 3,000 rpm
for 40 s, followed by thermal annealing at 250 or 100 °C for
10 min. For the fabrication of the photodetectors, 50-nm-thick Au
electrodes were thermally evaporated onto the samples with the
assistance of shadow masks, where the channel length and width
were 10 and 70 pm, respectively.

4.3 Film and device characterization

XRD (D2 phaser with Cu Ka radiation, Bruker) was used to
evaluate the crystal structure of the obtained MCs and films. The
morphologies of the MCs and films were characterized with SEM
(FEI quanta 450 FEG SEM). The thickness and the surface
roughness of the MCs were characterized by AFM (Bruker
dimension icon AFM). UV-vis absorption spectra were recorded
using a Hitachi UH4150 UV-vis-NIR spectrophotometer (the
MC:s can be directly used for the measurement of the absorption
spectra thanks to their dense distribution. In this case, using
another glass substrate as a reference, a perfect absorption
spectrum of the MCs can be easily acquired). The PL spectrum
was acquired by a Hitachi F-4600 spectrophotometer and the
wavelength of the excitation light is set at 370 nm. The PL
mapping was recorded by WITec RAMAN alpha 300R system
with the wavelength of the excitation laser fixed at 532 nm. TGA
curves were measured by SDT Q600 at a heating rate of 5 °C/min
in a nitrogen atmosphere. The electrical performance of fabricated
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devices was characterized by a standard electrical probe station
and an Agilent 4155C semiconductor analyzer (Agilent
technologies, California, USA). Lasers with a wavelength of
450 nm were used as the light sources for the photodetector
measurement, while the power of the incident irradiation was
measured using a power meter (PM400, thorlabs). An attenuator
was also employed to tune the irradiation power illuminating on
the device. For determining the response time of the detector, a
low-noise current amplifier (SR570, Stanford Research Systems,
USA) combined with a digital oscillator (TBS 1102B EDU,
Tektronix, USA) was used to obtain high-resolution current-time
curves.
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