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Optoelectronic devices applications based on Organic—inorganic perovskites are promising and
effective low-cost energy materials due to their exceptional physical properties which include high
carrier mobility, high optical absorption coefficient, and long carrier diffusion length. In the
presented work, a TiOy/NiO+5% Fe quantum dots (QDs)—doped CsMAFAPbIBr; perovskite
heterojunction broadband photodetector was fabricated on FTO/glass substrate. The photodetector
can detect a wide range of wavelengths, from UV to Vis (100-800 nm), has high responsivity (0.99
A/W), and has excellent detectivity (8.9 x 10'? Jones). Scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD), atomic force microscopy
(AFM), and electrical (I-V) characterization were used to measure the responsivity and detectivity
of the photodetectors. Doping with NiO+5% Fe QDs protected the device from oxygen and
moisture and improved the morphology of the perovskite by reducing pit defects. The results showed
high performance and the potential of a NiO+5% Fe QDs—doped triple cation perovskite

1. Introduction

In the last decade, hybrid organic—inorganic perovskites
(HOIPs) have attracted significant attention because of their
chemical variability, structural diversity, and favorable physical
properties. HOIPs can be classified into formates, azides,
dicyanamides, cyanides, and dicyanometallates. They are a future
material for optoelectronic  applications [1], optical
communication, light-emitting diodes [2], UV detectors [3], gas
sensors [4], transistors [5], and solar cells [6]. HOIPs have 400—
990 nm coefficient of absorption, long carrier diffusion lengths,
and high carrier mobilities [6]. ABX3 is the main perovskite
structure. Within the formula ABXj, A is an organic or inorganic
cation, usually methylammonium CH3;NH;3", formamidinium
CH>(NH>):", FA, Cs™, or Rb"; B is Pb, or Snp; and X is a halide
anion or mixed halide (to gain stability and resistance to
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environmental influence). The formula ABXj; is illustrated in
figure 1.

Figure 1: The structure of perovskite.
Varieties of perovskites have been developed via different
preparation procedures, varying properties such as the choice of
cations or halide elements, and optimizing the morphology.
Perovskites with mixed cations and halides have been more
thermally and structurally stable than pure perovskites. One of the
most efficient mixtures of cations and halides is triple cation
perovskite CsSFAMA, which is currently a promising material for
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future optoelectronic applications. Triple cation perovskite
CsFAMA has high thermal stability, reduced recombination, and
increased electron lifetime due to a low percentage of Cs,
resulting in highly homogenous grains of pure perovskite [6].
Moreover, partially displacing inorganic cations, such as Cs* and
Rb*, enhances the thermal and mechanical stability of MA/FA
halide perovskites. The stability and distortion of a crystal
perovskite material’s structure can be estimated by finely
controlling the t value. By combining organic cations, such as FA
or MA, with relatively slight amounts of Rb* or Cs* cations, a
more beneficial Goldschmidt tolerance factor (t) value can be
achieved, allowing the photoactive perovskite phase to be
stabilized over a wider temperature range, leading to stable
devices [7-9]. The development of stable and efficient electron
transport materials (ETM) and hole transport materials (HTM) is
of prime consideration. Heterojunction photodetectors can be
produced using metal oxides, such as ZnO, TiO,, WO, or SnO»,
as an electron transport layer (ETL). Triple cation perovskite
CsFAMA photodetectors have high-density pits defects, which
have the effect of reducing carrier transport, reducing
responsivity, and decreasing the crystal quality of the film. Fe
doped NiO improves the properties of carrier transport due to
better transmission, wide band gap, high stability, and suitable
alignment of energy level with perovskite for good hole collection
[10—13]. In the presented work, we demonstrate the enhancement
of the responsivity and detectivity of triple cation perovskite
photodetectors by optimizing the morphology. This is done
through fabricated heterojunction photodetectors by doping with
iron-doped nickel oxide quantum dots (QDs).

2. Experiment

2.1 Preparation of CsMAFAPbI,Br>»

Using a glove box, a mix of 21.84 mg of Csl, 18.84 mg of MABr»
, 62.04 mg of PbBr2 , 247.2 mg of FAI, and 722.4 mg of Pbl> was
dissolved in anhydrous dimethylformamide/dimethylsulphoxide at a
4:1 volume ratio to create a perovskite precursor solution.

2.2 Preparation of spiro-OMeTAD

HTM solutions were prepared in a N, glove box by mixing
17.8 pL of lithium (Li) with 28.8 puL of 4-Tert-Butylpylpyridine
and then adding 85.6 mg of spiro-OMeTAD with 1000 pL
chlorobenzene.

2.3. Preparation of Iron-doped NiO Quantum Dots

Chemical precipitation is the normal method for preparing
QDs. In this study, iron-doped NiO QDs synthesized by
dissolving 13.81 g nickel nitrate, Ni (NOs),, and 1.01 g iron
nitrate, Fe (NOs)3, in 50 mL of distilled water at a moderate
stirring speed at 50°C. After 15 minutes, 1 g of citric acid was
added to the mixture, and it was stirred for another 15 minutes.
Then, a drop of ammonium hydrate was added, and precipitate
began to form until the combination became a thick gel. The
temperature was eventually elevated to obtain a totally dry
sample, producing FeOs-doped NiO QDs. Finally, the samples
were heated for 2 hours at 350°C in a furnace.

2.4. Thin films and photodetector fabrication
Ultrasonication in deionized water, acetone, and ethanol was

used to clean the fluorine-doped tin oxide (FTO) / glass substrate,
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followed by UV drying for 15 minutes. Then, a nanoscale
blocking layer (TiO,) was sprayed on the cleaned FTO at 450°C
(1:9 volume ratio) using a commercial titanium diisopropoxide
bis (acetylacetonate) solution (75% in 2-propanol, Sigma-
Aldrich) diluted in anhydrous ethanol. A 150 nm TiO;
mesoporous layer was spin coated at 4000 rpm for 20 seconds
then annealed at 450°C for 30 minutes in dry air (diluted paste,
1:6 wt. ratio of Dyesol 30NRD to ethanol). Manufacturing of the
device was done inside a dry air box under carefully controlled
settings. In a two-stage process, Spin coating of perovskite
solution at 1000 and 6000 rpm was performed. Iron-doped NiO
QDs were doped within the perovskite at the same stage. On the
spinning substrate, 200 pL of chlorobenzene was dropped in the
last 10 seconds of spinning. All samples were annealed at 100°C
for 45 minutes. Finally, spiro-OMeTAD was coated as hole
transport layer in steps at 4000 rpm for 20 seconds, as shown in
figure 2.

Samples

Spraying

FIO b 150nm s spin dropped

FTO v at 200
Tio mesop coated Samples

ultrasoni microlit
{ (comme orous with Samples coated +

cation Dry FTO rcial layer Perovsk ersof || Gnneal led spiro-
ot ’ chlorobe s
deionized | (UVfor | o ] ofTior [ e [ > +100°C+

) nzene + ;
water + 15min) diisopro solution : 45 min
; (4000 11000 spinning
poxide r.p.m substrat
bis + r.p.m+
+ e+

o 6000
450°C) 20sec) 10sec

~ & &
Frr2 @

1000 rpm 10 seconds 6000 rpm 50 seconds 4000 rpm 60 seconds Full device

Adding sample
Clean

omtad +
4000 r.p.m
+20sec.

acetone +
ethanol)

Figure 2. (a) Steps of photodetector fabrication.
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Figure 2. (b) band gap alignment
3. Results and Discussion

SEM imaging was used for studying the manufactured
NiO+5%Fe QDs—doped triple cation CsMAFAPbLBr; film.
Figure 3(a) shows a NiO+5% Fe QDs image where the QDs are
nearly spherical with 4.3, 5.6, 9.7, and 11.6 nm sizes. A
CsMAFAPDI,Br; perovskite film exhibiting many voids and
defects between grains is shown in figure 3(b). Doping NiO+5%
Fe in the perovskite surface improved morphology and decreased
defects. A cross section of the device and image of NiO+5% Fe
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QDs is shown in figure 3(c). Figure 3(d),(e) shows high-resolution
TEM (HR-TEM) images of NiO+5% Fe QDs in different scales.

(2)
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Figure 3. (a) SEM image of NiO+5% Fe QDs calcined at 350 °C. (b) Illustration
of morphology of CsSFAMAPbDIL,Br, perovskite. (¢) Cross section of full device.
(d) HR-TEM images of NiO+5% Fe QDs.

NiO+5% Fe QDs with 5 nm particle size, with XRD that
doped NiO+5% Fe QDs by CsMAFAPbL,Br, and SEM
homogeneously distribution, as shown in figure 4(a). The
diffraction peaks were observed at 37.2°,43.1°,62.90°, 74.9°, and
79.2° for the NiO+5% Fe QDs that were well-defined for (111),
(200), (220), (311), and (222) cubic NiO3;+FeOs crystals
[14,15].The CsMAFAPDIL:Br; /NiO+5% Fe film confirmed the
formation of a-Fe2Os phase via the observed peaks (024) and
(116) at 50.4° and 52.2°, respectively, which is consistent with
previous studies [16,17]. The diffraction peaks of
CsMAFAPDIBr, were observed at 12.5°, 19.8°, 24.3°, 28.2°,
31.6°,34.7°,40.3°,42.9°,49.8°, 60.3°, and 73.2° for (011), (002),
(211), (100), (111), (224), (024), (166), (220), and (311),
respectively, confirming the diffraction pattern of the cubic
perovskite. The NiO3+FeOs QDs size derived from the diffraction
peaks using the Scherrer formula was 5.6 nm. The Scherrer
formula can be written as follows:

kA
- LcosO (1)

where D is the crystallite size, k = 0.89 is the Scherrer constant
depend on the spherical particles and crystals index (hkl), A=
0.145 is the source wavelength, and [ is the full width at half the
maximum (FWHM) of the peak in radians.

AFM topography maps of 5 um CsMAFAPDI,Br; perovskite
films are shown in figure 4(b). The maps identified a slightly
uniform grain distribution with dimensions between 200 and 400
nm and created a unified background film with pit defects, and
comparable dimensions, surpass in height and exhibit a
morphological contrast on the background layer’s surface. The
CsMAFAPbBI,Br; perovskite film’s thickness was assessed as 372
nm + 31, which is similar to the grains’ lateral dimensions.

Studies of UV absorption show a blue shift. Figure 5(a) shows
the absorption spectra and a decrease in bandgap as a result of an
increase in QD size. The UV absorption spectrum’s peaks were
between 300 and 400 nm, which is consistent with previous
research [18,19]. CsMAFAPDI,Br, absorption peaks found
between 700 and 800 nm in the visible region is consistent with
previous studies [20]. Figure 5(b) shows the absorption of
CsMAFAPDBI,Br; doped with NiO QDs in the broadband visible,
and the absorption spectrum from UV to visible is shown in figure

5(c).
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Figure 5. UV-visible absorption spectra of (a) NiO QDs, (b)CsMAFAPbI,Br,,
and (¢) NiO QDs/CsMAFAPDI,Br, .

Current—voltage (I-V) measurements of NiO+5% Fe QDs—
doped CsMAFAPDI,Br, were measured under dark conditions
and illumination with 1 mW/m?. The performance of the
photodetector NiO+5% Fe QDs device is shown in figure 6(a).
Equation (2) were used for calculating a photo-responsivity (R)
where Al denotes the difference between the photo-current and
the dark current, P denotes incident power density, and S denotes
the effective area illuminated by the white lamp source.
Furthermore, we calculated the detectivity (D*) by equation (3)
where g denotes the electron charge (1.6 X 1071°C) and J,
denotes the dark current density. R and D* were calculated
depend on that noise in the current noise is mainly dominated by
shot noise. Compared with a previous study [21] appeared
responsivity 0.99 A/W where the detectivity of 8.9 x 10'2 Jones,
related to the improved morphology with a decrease in grain size
and vacancies, which is reflected in the high performance level of
our photodetector. By using on/off ratio as a measurement of
photodetector repeatability, we obtained a high capacity that
allows the photodetector to be operated repeatedly and with the
same efficiency without any damage to the photodetector, as
shown in figure 6(b).
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Figure 6. (a) I-V characteristics of CsMAFAPbL,Br, photodetector
heterojunction under illumination of 1 mW/m?. (b) On/off ratio of
CsMAFAPDLBr,/NiO+5% Fe QDs photodetector heterojunction.

4. Conclusion

In the presented work, our goals were achieved with enhanced
responsivity and detectivity of the photodetector while trying to
keep a low dark current. Doping NiO QDs in the perovskite layer
significantly reduced perovskite pit defects. The responsivity of
the photodetector was enhanced by 47% (0.99 A) with doped
NiO+5% Fe QDs and a detectivity of 8.9 x 10'> Jones was
achieved, which is the highest value that has been reported.
Moreover, the photodetector performance was enhanced by
expanding the photodetection range from the UV to the visible
spectrum.
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