Energy Reports 8 (2022) 4453-4460

Contents lists available at ScienceDirect

Energy Reports

journal homepage: www.elsevier.com/locate/egyr

Research paper

Enhancement of novel NaZnBr3; perovskite for solar cells application R

Check for
updates

* .
Moses E. Emetere **, Oluwaseyi O. Bello ", S.A. Afolalu ¢
2 Department of Mechanical Engineering Science, University of Johannesburg, South Africa
b physics Department, Covenant University Canaanland, P.M.B 1023, Ota, Nigeria

¢ Department of Mechanical Engineering, Afe Babalola University, Nigeria

ARTICLE INFO ABSTRACT

Article history:

Received 29 October 2021

Received in revised form 13 January 2022
Accepted 11 March 2022

Available online xxxx

The efficiencies of lead-based inorganic and organic-inorganic hybrid perovskite solar cells have
been approaching 25% in recent years. Their major challenges include instability problems and their
possible long term health hazards. In response to this, there has been a growth in research into
lead-free inorganic perovskites. This research proposed that structural modifications of perovskite
using copper and silver dopants be used as a unique technique for enhancing the efficiency of novel
NaZnBrs. The optical, microstructural, electronic, and crystalline characterization was carried out using
Ultraviolet-Visible (UV-VIS) spectroscopy, Scanning Electron Microscopy (SEM), SCAPS-1D, and X-ray
Diffractometry (XRD) respectively. NaZnBr; had an efficiency of 0.88% at 100 wm, with a band gap
of 3.1 eV. This efficiency improves to 9.33% with silver additive with a bandgap of 1.65 eV. Pure
NaZnBrj3 is found to be a p-n type semiconductor via its flat band potential, while doped NaZnBr; are
shown to be p-type semiconductors. Silver is concluded to be the better dopant, although both dopants
increased the efficiency and show higher doping densities and external quantum efficiencies than pure
NaZnBrs. It was reported that the crystallographic and microstructural structure of the perovskite
plays a significant role in the optimization or modification of the efficiency of the novel NaZnBr;
perovskite. It is recommended that NaZnBr; be researched further using different synthetic routes and
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1. Introduction

Perovskites, which are a class of compound with the general
formula ABX3, are a promising replacement for silicon in solar
cells. ‘A’ & ‘B’ are cations of dissimilar bulks, ‘A’ being normally
larger than ‘B’, and ‘X’ being an anion, which can be oxygen
or a halogen. Perovskites have been shown to have excellent
photoelectric properties. For example, they have high optical
absorption coefficients and lower exciton binding energy (Zhou
et al,, 2018). They also have conducting, superconducting, and
piezoelectric properties (Ahmed et al,, 2015). These properties
make them suitable for use in several electrical devices, partic-
ularly those that require semiconductors (Elumalai et al., 2016).
The high absorption coefficients of perovskites mentioned earlier
indicates that they are possible replacements for silicon in the
role of the light absorbing layer in solar cells. One of their ad-
vantages in this regard are the lower costs involved in producing
them, as well as their impressive efficiency (Roy et al.,, 2020).
Perovskites are also useful as hole transport layers in other types
of solar cells (Rahman et al., 2018).
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The best performing perovskite solar cells (PSCs) have been
the lead-based perovskites of the inorganic and organic-inorganic
hybrid types. The highest efficiency of these kinds of solar cells
is a perovskite/silicon tandem cell, with an efficiency of 25.2%
(Sahli et al.,, 2018). These lead based perovskite solar cells (PSCs)
have problems of instability and toxicity. Lead is toxic, and has
been banned from a variety of uses that would lead to it being
ingested or absorbed into humans. The problem of instability
leads to the fear that a possible large-scale manufacture of these
cells could lead to environmental and health disasters in both
human and non-human life and ecosystems (Zhou et al., 2018). It
would therefore be prudent to find replacements that could give
a similar or better performance without the risk of toxicity and
degradation, and this is why research into lead-free perovskites,
particularly the inorganic type, has been picking up over recent
years (Roman-Vazquez et al,, 2020). The CsSnls-based lead-free
perovskite solar cell has had one of the highest efficiencies of its
class at 7.11% (Chen et al., 2019). Its disadvantage is that it is still
has instability problems which deteriorate the efficiency. Because
of this instability that comes with replacing lead with similar
cations such as Tin, there have been attempts to replace lead with
two cations (Bi* and Bi**) in “double perovskite” compounds
instead (Greul et al., 2017; Shao et al., 2018; Igbari et al., 2019).
The chemical formula of such compounds, as postulated by Zhang
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Fig. 1A. (a) UV spectra of pure and Copper doped NaZnBr; (b) UV spectra of pure and Silver doped NaZnBrs.

et al. (2020) and Zhao et al. (2020), is A2M'M'X6 (A=Cs, MA;
M'=Ag, Na, K; M"'=Sb, Bi; X=Cl, Br, I). The trade-off for gaining
stability is a loss in efficiency due to the relatively large band gap
of the double perovskites. The Cs,AgBiBrg PSCs reported by Wang
et al. (2018) had a maximum PCE of 1.37%. The PSC retained more
than 90% of that original PCE after storage in air at 7% Relative
Humidity for 240 h. The 2.43% PCE of the Cs,AgBiBrg based PSCs
constructed by Greul et al. (2017) displayed only a 5% decay over
a 30 s period, and then reduces to and stabilizes at an efficiency
of 1.9%. The reduction in PCE is due to the large band gap of
these compounds. The advantage of these double perovskites is
their stability, unlike compounds that simply replace lead with
similar cations. Their low efficiencies means that one problem
(i.e. stability) has been replaced with another (i.e. efficiency), and
there is need for perovskites which have the advantage of both
efficiency and stability. In this study, NaZnBr; was synthesized.
Separate samples were doped with Copper and Silver. Its band
gap was found using UV-Vis analysis and Tauc plots. The in-
formation from the UV-Vis analysis was used in SCAPS-1D in
order to determine its power conversion efficiency (PCE), as well
as to estimate several other parameters such as doping density,
external quantum efficiency, and flat band potential in order to
determine the overall performance of the simulated solar cell.

2. Method

In order to synthesize pure NaZnBr3, 0.04 moles of NaBr and
ZnBr, were mixed in the ratio 1:1 in a beaker with 50 ml of
distilled water to give a clear solution, after which 2 ml from
the mixture was collected for UV-Vis analysis. The dissolved
NaZnBr3; was then heated at 250 °C for 12 h in order to dry them
completely, after which they were put in labeled PET bottles. In
the case of the doped samples, the doping compounds (Cu(NOs)2,
and AgNOs), were mixed in with the precursors in such a ratio
that the molar portion of zinc and the molar portion of the dopant
should add up to 0.04. NH4Br was added to make up for the
bromine in the proposed perovskite when the amount of ZnBr
is reduced in order to add the dopant. The mixture was then
heated to remove the unwanted by-products of the reaction via
evaporation. The table for the synthesis in this regard is given
in Table 1. The solutions with copper were a blue-green color,
while those with silver were clear with a light green precipitate.
From the pre-heated mixtures, 2 ml portion was taken for UV-Vis
analysis while the rest were dried at by heating at 250 °C for 12 h.

The electrical characterization was performed using SCAPS-
1D, which is a windows-based 1- dimensional solar cell capac-
itance simulator. It simulates profiles such as grading, device
architecture, defects, and recombination using Poisson’s equation

4454

Table 1

Molar quantities of precursors and dopants.
Compound NaBr ZnBr; Cu(NO3), AgNO3 NH4Br
NaZnggCug 1Brs 0.04 0.036 0.004 0 0.008
NaZnggCug,Br3 0.04 0.032 0.008 0 0.016
NaZng7Cug3Br; 0.04 0.028 0.012 0 0.024
NaZnooAgo 1Brs 0.04 0.036 0 0.004 0.008
NaZnggAgo,Brs 0.04 0.032 0 0.008 0.016
NaZng7Ago3Brs 0.04 0.028 0 0.012 0.024

(which relates the charge to the electrostatic potential ¢) and
the continuity equations for electrons and holes (Niemegeers and
Burgelman, 1996). The software, with the input of the band gap
and the absorption data from the UV-Vis analysis, was used to
find parameters such as diffusion lengths, current density, open
circuit voltage, and photo conversion efficiency.

The structure of the perovskite is TiO,/ZnO/Perovskite/P3HT.
The parameters for the simulation used in this research is given
in Table 2. The band gaps for the perovskites are given in Table 3.

When the pure and doped samples were dried via heating
at 250 °C for 12 h. It was observed that the resulting samples
are deliquescence by nature. After several times of drying and
the substance keeps absorbing moisture from the atmosphere
and forms a solution, it was mixed with the powder of a native
rice seed so that it can be handy to characterized further. The
rice grain samples were milled to <20 pwm using mechanical
grinding mill. Rice was used because of the presence of very
low mineral elements (Wannee and Arporn, 2014). The rice that
was used was a local known as ‘Ofada’. Usikalu et al. (2017)
had characterized this rice and found that it has 8805.5 + 221,
276.5 + 32, 3704.5£39, 21248, 1105 £ 8, 1255 + 7, 145 + 1
and 44.5 + 4 ppm for P, Cl, K, Ca, Mn, Fe, Cu and Zn respectively.
The mixture of the NaZnBr3 and rice powder was done in ratio
1:3. The microstructural and morphology of the novel NaZnBr3
perovskite was characterized using scanning electron microscope
(SEM) analysis and the crystalline nature of the compound was
investigated using the X-ray diffraction (XRD).

3. Results and discussion

Fig. 1A shows the UV-Vis graphs of Copper and Silver doped
NaZnBr; respectively. The doped samples have significantly
higher absorptions than the pure sample. The peak of the pure
sample is in the 280 nm to 320 nm range. Fig. 1(a) follows
the same general pattern, with two peaks; a narrower n-n*
transition with a peak followed by a wider o -o* transition peak.
For the shorter peak, Fig. 4 displays a shorter peak for the n-
n* transition in the case of the highest doped sample, while
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Table 2
Parameters for Simulated Solar Cell Structure (Rahman et al., 2019).
ZnO TiO, Perovskite P3HT

Thickness pwm 80 80 100/10,/0.001/0.01 65
Band gap (eV) 3.2 33 - 1.8
Affinity (eV) 41 42 419 3.9
Dielectricpermittivity 8.1 10 58 3
Conduction Band (cm™3) 4% 1078 2.5 x 1018 1x 10'6 1 x 10%
Valence Band (cm—3) 1x 1078 1x 10" 1x 10'6 1 x 10%
Electron mobility (cm?/V s) 300 0.1 20 1x 1074
Hole mobility (cm?/V s) 1 0.1 20 1x107*
Acceptorconcentration (cm™3) 0 0 1x 10" -
Donor concentration (cm™3) 1x 10" 1x 10" 1x 10" 1x 10"

Table 3

Band gaps, pH, and power conversion efficiencies of pure, additive modified, and doped NaZnBr; at different thicknesses.

Material pH Band Gap Efficiency (%) at 100 pm Efficiency (%) at 10 pm Efficiency (%) at 1 nm Efficiency (%) at 10 nm
NaZnBr3 5.61 3.1 0.88 0.86 1.92 191
NaZng9Cug 1Brs3 451 1.77 4.35 4.08 1.95 2.15
NaZnggCug2Br3 438 2.06 8.33 8.26 3.33 X
NaZng;Cug3Brs3 4.33 1.76 8.33 8.26 2.08 3.331
NaZng9Ag.1Brs3 5.88 2.95 9.28 7.82 1.93 1.97
NaZnggAgo,Brs 5.88 2.39 8.08 6.86 1.92 1.92
NaZng;Ago3Br3 5.86 1.65 9.33 8.11 2.02 2.80
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Fig. 1B. ]V curves of simulated NaZnBr;-based solar cells with and without copper dopant with perovskite thicknesses (a) 100 pwm, (b) 10 pm, (c) 1 nm, (d) 10 nm.

having the highest o-o* transition peak. The band gap of pure
NaZnBrs is 3.1 eV. This figure is greatly reduced with the addition
of dopants in smaller doses, but rises slightly with dosage, the
highest among the doped samples being NaZng;Cug3Brs with
1.76 eV, significantly lower and somewhat advantageous for solar
cell usage.

Only one peak appears for the various Silver doped samples
in Fig. 1A(b). The wavelength is between 280 nm and 470 nm for
the widest peaks. This widest peak belongs to the NaZnBrswith
the highest amount of silver dopant. The rise in peaks and their
broadening is most likely due to the Silver, which has its peak
between 350 nm and 700 nm (Dengler et al., 2012). Their band
gaps are higher than those doped with copper, but all lower by
at least 0.185 eV, and still in semiconductor range (Fig. 2).

Fig. 1B shows the ]V graphs of copper doped NaZnBrs;. The pure
sample itself has a very poor performance, with an efficiency of

0.88%, a performance reflected in the near horizontal graph that
starts with a very low Jsc. The addition of copper dopants greatly
increased the efficiency. They start at higher Jsc, and have better
efficiencies, especially in both micrometer thicknesses, peaking at
8.33% for NaZng;Cug3Br; based cells. Their efficiencies drop off
at the nanometer ranges, although they do not start converging
immediately. They are still distinct at 10 nm. This might be due
to the strong effects of copper doping (Ramyadevi et al., 2011).

The doping, although for one of the doped sample graphs, this
range is extended at 10 wm. The graphs, however, narrow and
converge at the nanometer range, as it is with the others.

Fig. 3 displays the Mott Schottky Curves of pure and Cooper
doped NaZnBrs. The curve for pure NaZnBr3 at 100 m is strange
in that it has two lowest points. It is an oddly shaped Boltz-
mann curve, with each depression in the positive and negative
section of the V axis respectively. This indicates that it is a p-n
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Fig. 2. JV curves of simulated NaZnBrs-based solar cells with and without silver dopant with perovskite thicknesses (a) 100 ym, (b) 10 wm, (¢) 1 nm, (d) 10 nm.
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Fig. 3. Mott Schottky curves of simulated NaZnBrs;-based solar cells with and without Copper dopant with perovskite thicknesses (a) 100 wm, (b) 10 pwm, (c) 1 nm,

(d) 10 nm.

semiconductor, making it suitable for heterojunction solar cells
(Swain et al.,, 2018). It has a slightly higher n-bias due to the
depression in the n- side of the V axis being the lowest vertically.
This phenomenon is rapidly suppressed at lower thicknesses.
Its slopes at 100 wm and at 10 wm also indicate a very low
doping density, and hence a lower performance than the Cooper
doped versions, where this p-n semiconductor becomes simply

a p-type semiconductor and have smaller slopes. The effects of

the Copper dopants are not eliminated at the nanoscale. Fig. 4
shows a positive influence of copper on the NaZnBr; in terms
of doping density, Vfb and hence solar cell performance. The
same disappearance of the p-n semiconductor phenomenon is
observed for the pure sample as the thickness decreases, and the
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homogenization at the nanoscale is not complete due to the effect
of silver.

Pure NaZnBr3 has less EQE than its copper doped counterparts
(Fig. 5), with several peaks which seem to be smoothed over by
the copper doping, and mostly homogenized at the nanoscale.
This effect is still present when doped with silver (Fig. 6), but
less pronounced, with a particular concentration of dopant having
less EQE than the rest in both micrometer scales, and breaking off
from the rest at 680 nm. This indicates a lesser PV performance.
The curves still homogenize at the nanoscale.

The n-n* transition for the highest doped NaZnBr3 is between
280 nm to 580 nm, while the largest o -0 * transition is between
600 nm and 900 nm. o-c* peaks are most likely caused by the
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Fig. 5. Quantum Efficiency curves of simulated NaZnBrs-based solar cells with and without copper dopants with perovskite thicknesses 100 wm, 10 pm, 1 nm, and

10 nm.

presence of the copper, which has its major peak between 330 nm
and 700 nm (Ramyadevi et al., 2011). NaZnBr3 has a higher band
gap than CaZnBr3, however, that does not seem to be the cause
of the lower efficiency in its pure state.

It is more likely due to its nature as a p—n heterojunction type
semi-conductor as indicated in the Mott Schottky plot (Swain
et al,, 2018). The particular configuration of solar cell used here,
which is the same for all the samples, may not be compatible
with the unique properties of NaZnBr;. However, doping does
eliminate this property, and the efficiency improves dramatically
with both copper and silver dopants, in agreement with the
relevant graphs.
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The morphology of the samples is presented in Figs. 7-9.
The pure rice sample under the 300x magnification shows that
there is low porosity with larger portion being smooth (Fig. 7).
The fairly smooth surface as presented in higher magnification
i.e.,, 1000x and 1500x are further evidence that majority of the
particulate sizes is in the nanometer scale. This also makes it a
good candidate to make the deliquescence NaZnBr; sample more
rigid.

Fig. 8 shows the morphology of the mixture of rice powder and
NaZnBrs . It is observed that the coloration as well as the porosity
increased due to the inherent properties of the perovskite. Also,
the glittering surface and its cracks reveal the viability of this
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1 nm, and

Fig. 7. Morphology of the rice powder (a) 300x magnification (b) 1000x magnification (c) 1500x magnification.

Fig. 8. Morphology of the rice powder + NaZnBr; (a) 300x

4458

magnification (b) 1000x magnification (c) 1500x magnification.
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Fig. 9. Morphology of the rice powder + NaZng;Ago3Br; (a) 300x magnification (b) 1000x magnification (c) 1500x magnification.

compound to be commercially shaped to varying sizes according
to photovoltaic module designs. The rigidity of the material via
the addition of the rice powder to overcome the deliquescence
nature of the NaZnBr; compound is promising physically.

Fig. 9 presents the morphology of the mixture of rice pow-
der and NaZng;Ago3Brs. Recall that in Table 3, NaZng;Ago3Brs3
was reported to have the highest efficiency which itself is a
breakthrough in field of inorganic lead-free perovskite. The mor-
phology was investigated to understand why it showed signifi-
cantly higher efficiency compared its parent material i.e. NaZnBrs.
It is observed that the coloration as well as the porosity in-
creased due to the inherent properties of the doped perovskite
i.e., NaZng;Ago3Br3. Unlike the parent material i.e., NaZnBrs, the
coloration is the evidence of formation of layer as reported by
Brammertz et al. (2013). Under higher magnification, a whitish
particulate was observed which may be the silver. The spread and
localization of the whitish particulate are evidence that the lattice
modification was such that will permit electron mobility. Hence,
the morphology of the material further validates the theoretical
calculation using SCAPS-1D.

The crystallographic structure of the materials was investi-
gated as shown in Fig. 10. The XRD measurement was carried
out using the XRD Rigaku D/Max-IIIC model with generator ten-
sion and current given as 40 kV and 20 mA respectively. The
scanning angle ranges from 0-66.68°. Under a continuous scan
technique with a maximum intensity of 1400cps, nine peaks were
discovered and adequately labeled as presented in Fig. 10(a). The
typical rice powder is highly oxidized as presented in Fig. 10(a).
The peaks had the following planes i.e., (100), (110), (111), (200),
(210), (220), (300), (310), and (211).

Fig. 10(b) shows the crystallographic structure of the mixture
of rice powder and NaZnBr 3. Nine peaks were also obtained with
same planes mentioned in Fig. 10(a). However, it is seen that the
spaces within each peak and re-arrangement of the planes are
evidences that the layers inherent in the perovskite were not al-
tered even when it is padded with the rice powder. Literature has
revealed that aside the high carbohydrate and protein content,
the mineral contents is considerably low (Yoshihashi et al., 2004;
Yadav et al.,, 2007). Hence, the influence of the rice powdered
on the crystal structure of the enhanced novel perovskite is
insignificant.

Fig. 10(c) shows the crystallographic structure of the mix-
ture of rice powder and NaZng;Ago3Brs. Nine peaks were also
obtained with same planes mentioned in Fig. 10(a) and 10(b).
However, the structural arrangement of the compound was like
its parent material i.e. NaZnBr3. From the idea that each chemical
compound or phase reflects X-rays slightly differently and so has
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a different diffraction pattern, the impact on the sites can be in-
ferred. Juxtaposing Fig. 10(b) and (c), the ‘A’ site can be identified
by the planes (100), (110), and (111). The difference between both
samples the prominence of plane (211) and relegations of planes
(210) and (310). These scenario are evidence that only the ‘B’ sites
that were doped as presented in the stoichiometry.

In other words, the crystallographic and microstructural struc-
ture of the perovskite plays a significant role in the optimization
or modification of the efficiency of the novel NaZnBr; perovskite.

4. Conclusion

This study revealed that structural modifications of perovskite
using Copper and Silver dopants can be used as a unique tech-
nique for enhancing the efficiency of NaZnBrs. The optical char-
acterization carried out using Ultraviolet-Visible (UV-VIS) spec-
troscopy revealed a band gap of 3.1 eV. The electronic character-
ization using SCAPS-1D showed that NaZnBr; had an efficiency
of 0.88% at 100 wm. This efficiency improves to 9.33% with
silver additive with a bandgap of 1.65 eV. The flat-band potential
indicates a p-n type semiconductor, fit for heterojunction solar
cells, however this property is removed by doping. The external
quantum efficiency shows an increase with doping and implies
better stability of the doped NaZnBrs. Silver is also revealed as
a better dopant than Copper as it gives the higher efficiency. In
other words, the crystallographic and microstructural structure
of the perovskite plays a significant role in the optimization or
modification of the efficiency of the novel NaZnBr; perovskite.
There were significant limitations in the study which includes
the experimental determination of the efficiency of the novel
perovskite in pure sample and when mixed with rice. It is rec-
ommended that NaZnBr; be researched further using different
synthetic routes. Also, the experimental determination of the
efficiency of the novel perovskite in pure sample and when mixed
with rice should be researched further.
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