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Silver bismuth iodide (SBI) materials are low-toxic, air-stable, and suitable for replacing lead-based
perovskite ones. In this work, the photovoltaic characteristics of SBI-based solar cells with different
hole transport layers (HTL) were investigated. Results showed that the power conversion energy
(PCE) of Silver bismuth iodide-based solar cells with P3HT as HTL was higher than spiro-OMeTAD.
Also, the influence of CNT as a dopant on the performance and stability of the devices was studied.
CNT doping of silver bismuth iodide increased the Voc and so the efficiency of the solar cell was
enhanced. Furthermore, Also, CNT-doped P3HT improves the interface contact between the active
layer and HTL and increases the conductivity of HTL. The best PCE of about 2.16% for devices with
FTO/c-TiO2/m-TiOz/silver bismuth iodide-CNT/P3HT-CNT/Au structure was obtained. Moreover,
the stability of solar cells under environmental conditions after 30 days was investigated. All devices
preserved about 95% of their efficiency.

1. Introduction

One of the most important photovoltaic devices is the
lead-based perovskite solar cell (PSC). Despite the rapidly
advance in the efficiency of over 25%, instability of solar
cells and toxicity of lead impacted the commercialization of
these devices. This has led to search for alternatives to lead
[1-7].

Most Pb-free perovskite light absorbers are based on Tin
(Sn), Germanium (Ge), and bismuth (Bi). Sn is toxic and also
Sn and Ge based devices have poorer stability than Pb
because of the simple oxidation of Sn2* to Sn** and Ge?* to
Ge**. Bi based devices have attracted great attention
because they are low toxic and more stable than lead.
Trivalent bismuth (Bi3*) has a lone pair of 6s? electrons
(isoelectronicity with Pb2*) and because of high born
effective charges, these lone pair cations could have high
dielectric constants. Also, it has similar ionic radius to Pb?+,
great absorption coefficient, and high carrier diffusion life
time. However, they have lower PCE compared with Pb
based devices because of their surface morphology and
relatively high bandgap energies (>2 eV) [7, 8].

Silver bismuth iodide (SBI) compounds with AgaBibla+3b
formula (rudorffites) have attracted considerable attention
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because of their electrical and optical properties. They are
semiconductors with direct bandgaps of below 2 eV and also
air stable [9-17].

For the first time in 2016, Kim et al. [9] used a solution-
based method to prepare solar cells based on AgBi:l7. They
estimated bandgap energy of 1.87 eV for AgBizl7 and PCE of
1.2%. Also, they showed that this photovoltaic device is
stable for 10 days under ambient conditions. Zhu et al. [10]
fabricated silver-bismuth-iodide with different ratios of
Agl/Bils for use in solar cells. They obtained indirect and
direct band gap energies of 1.62 eV and 1.85 eV,
respectively. They obtained a PCE of 2.1%. Turkeych et al.
[11] demonstrated a PCE of 4.3% for device with AgsBils as
light absorber. They fabricated the AgBils, Ag2Bils, AgsBils,
and AgBizl7 thin films with the direct band gap energy
values in the range of 1.79-1.83 eV. Jung et al. [12]
demonstrated the best PCE of 2.31% for devices based on
Ag2Bils with a hexagonal structure, and the bandgap energy
between 1.83 eV and 1.88 eV. Moreover, they indicated the
stability of their devices after 30 days under ambient
conditions. Shao et al. [13] compared three devices with no
ETL, and with TiOz and Sn0O: as ETL and displayed that solar
cells with Sn0O2z as ETL had the best PCE of about 0.67%. Shao
et al. [14] reported the best PCE of 0.83% for solar cells
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based on rough AgBizl7 films. Ghosh et al. [15] reported a
PCE of 2.6% for the solar cells based on Ag:Bils deposited by
a dynamic hot casting method. Pai et al. [16] used silver
bismuth sulfoiodides as a light absorber in solar cells and
achieved a PCE of 5.5%. Khazaee et al. [17] reported a two-
step co-evaporation/ annealing method for depositing the
silver bismuth iodide compositions. They presented the best
PCE of 0.89% for AgBils based solar cells.

As can be seen in the above mentioned literatures,
compare with lead-based thin film, silver bismuth iodide
film has higher bandgap, and SBI solar cells have low short-
circuit current (Jsc), open-circuit voltage (Voc) and also low
efficiency. In general, the Vo for SBI based devices are lower
than that for lead based ones and are usually below 1 V. So,
to improve the performance of the solar cells, the
morphological and optical properties of SBI based devices
should be corrected.

We have previously reported the influence of multi-
walled carbon nanotube (MWCNT) as a dopant on the
physical properties of SBI based solar cells [18]. We showed
improvement in surface morphology of the SBI layers in
presence of MWCNT and also they had the bandgap values
in the range of 1.85-1.92 eV. Studies on the photovoltaic
performance of devices demonstrated that compare with
the pure silver bismuth iodide based samples with PCE of
0.44%, doping of MWCNT increased the PCE to 1.61% [18].
Furthermore, hole transport layer (HTL) of these devices is
usually dopant-free. So, low Jsc and efficiency could be
related to the low conductivity of HTL. CNTs are often used
as ETL and HTL in perovskite solar cells [19-28]. They
increase conductivity and lead to higher Jsc values. Also, they
reduce trap centers and improve the perovskite surface and
results higher Vo.. Furthermore, CNT-doped devices are
highly stable. In addition, CNTs have unique optical and
electrical properties. They are semiconductor materials
with bandgap energy of below 1 eV and have absorption
edges over 800 nm [19-28]. To achieve these goals, in the
present work we tried to improve photovoltaic properties
of SBI based devices. At first we compared dopant-free spiro
and P3HT as HTL. Then the effect of the carbon nanotube
(CNT) as a dopant in hole transport layer was investigated.

2. Experimental details
2.1. Materials

In this research, BiI3 (99.9%, Aldrich), Agl (99.9%,
Aldrich), MWCNT (>95%, US Nano), were used as the
precursors. 2, 2', 7, 7'-Tetrakis (N,N-di-p-methoxy phenylamino)-
9,9'-spirobifluorene (spiro-OMeTAD, >99.5%, Luminescence
Technology Corp) and poly(3-hexylthiophene-2,5-diyl)
(P3HT, >99.5%, Luminescence Technology Corp) were
used as hole transport materials and chlorobenzene
(99.8%, Sigma-aldrich) was used as solvent.

2.2. Fabrication of Solar Cells

We employed direct mesoporous architecture for the
fabrication of the FTO/c-TiO2/m-TiOz/Absorber/HTL/Au
photovoltaic cell. We used silver bismuth iodide compound
with molar ratios of Agl/Bils=2 (SBI) and SBI+0.3wt%CNT

(SBI-C) as light absorber layer, also; spiro-OMeTAD, P3HT,
and P3HT+0.05wt%CNT (P3HT-C) as hole transport layers.
All devices were fabricated as described in our previous
report [19].

To prepare the hole transport layer, (i) 72.3 mg of spiro-
OMeTAD was dissolved in 1 mL of chlorobenzene and 30 uL
of this solution was spin-coated at 4000 rpm for 30 s, or (ii)
15 mg of P3HT (or P3HT+0.05Wt%CNT) was dissolved in 1
mL of chlorobenzene and 30 pL of this solution was spin-
coated at 2000 rpm for 1 min. Finally, Au electrode was
evaporated on top of the HTL. The Schematic image of the
final device is demonstrated in Figure 1.

2.3. Characterization

X-ray diffraction (XRD) patterns were recorded on an X-
ray diffractometer (Bruker-AXS D8 Advance Cu-Ka). The
morphologies of the studied layers and the amount of
different elements were detected by a field emission
scanning electron microscope and energy dispersive X-ray
spectroscopy (FE-SEM and EDX, TESCAN MIRA3),
respectively. Optical data was measured by UV-Vis
Spectrophotometer (Model UNICO 4802) between 400 and
1100 nm. Current density-voltage (J-V) measurement was
recorded by a solar simulator under the standard AM 1.5G
situation (100 mW cm-2).

3. Results and discussion

3.1. XRD patterns

Fig. 2 shows XRD patterns of SBI and SBI-C layers on the
top of the FTO/cp-TiO2/mp-TiO2 structure. The peaks
appeared at 26 values about 12.8°, 23.8°, 25.2°, 26.3°, and
29.2° show that the main phase is the hexagonal phase of
Ag2Bil5 with R3'm space group symmetry corresponds to
JCPDS card No.: 00-035-1025. In addition, other peaks
refered to FTO (JCPDS card No.: 01-046-1088) were located
at 20 values of 33.8° and 37.9° in the XRD patterns.

By studying the XRD patterns of the SBI and SBI-C
samples, it was found that after adding CNT, the intensity
of peaks decreased. Also, Due to the small amount of
CNT, no peak is observed for it.

3.2. Morphological studies

the prepared thin films were studied using FESEM
analysis. Fig. 3 shows top-view FESEM images of SBI (a,b)
and SBI-C (c,d) active layers on top of the FTO/cp-TiOz/mp-
TiO2 structure. As can be seen, the surface of pure SBI
sample is covered by separated small particles. After
doping, it seems that the morphology of the SBI thin film
improves, and particle size is increased. CNT
causes films with more compact surface and act as
connector of the nanoparticles to each other. The thickness
of the different layers is obvious in cross-sectional image of
FTO/c-TiO2/m-TiOz/ SBI /P3HT/Au structure in Fig. 3-e. It
can be seen that the thickness of the c-TiO2, m-TiO2+SBI,
SBI, P3HT and Au layers is about 40 nm, 230 nm, 210 nm,
80 nm, and 110 nm, respectively.
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Fig. 1. Schematic and real images of the final device.
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Fig. 2. XRD patterns of SBI and SBI+CNT samples.

3.3. Optical studies

The variations of the absorbance (A), versus
wavelength for the prepared active layers, are presented in
Figure 4 (a). The results show that the absorption edge of
SBI-C thin film shifts to a higher wavelengths (A~680nm)
in comparison to pure SBI (A~650 nm). This behavior is in
agreement with the bandgap calculations. The details for
the direct bandgap of these active layers are shown in Fig.
4 (b). According to curves, SBI film has a direct bandgap
energy value of about 1.90 eV, and for SBI-C thin film, the
bandgap value decreases to 1.82 eV. Shape, size, size

distribution, phase, crystalline degree, and defects can play
a role in the energy gaps of materials. Generally, Eg
becomes narrower by using larger particles in accordance
with FESEM image of SBI-C, Fig. 3 (d).

3.4. Device results

Fig. 5 (a) shows forward bias sweep for the solar cells
under simulated 1 sun irradiation, 100 mW cm~? intensity
and standard air-mass 1.5 global spectrum. The short-
circuit current (Jsc), open-circuit voltage (Voc), fill factor
(FF), series resistance (Rs), shunt resistance (Rsn), and
power conversion efficiency (PCE) derived from ]J-V
curves are summarized in Table 1. It can be seen that
compared with Spiro-OMeTAD, SBI-based solar cell with
P3HT as HTL has better photovoltaic parameters. Jsc, Voc,
and FF values were increased and the PCE obtained in these
devices was about 0.44% and 1.39% for solar cells with
Spiro-OMeTAD and P3HT, respectively. So we chose P3HT
as HTL to keep working. In our previous work, we studied
the effect of CNT as a dopant in SBI and we observed that
compared with the pure SBI samples, they showed better
performance. Based on those results, we decided to use
SBI-C instead of SBI as absorber layer in structure of solar
cells. According to J-V curves, efficiency of solar cells based
on SBI-C as absorber layer and P3HT as HTL was enhanced
and it has a PCE of about 1.88%. Doping CNT improved the
SBI surface, reduced the strains and so increased the Vo
value (from 0.46 V to 0.55 V), which could lead to increase
efficiency of devices. Furthermore, the effect of CNT doped
P3HT was investigated. Results showed that SBI-C-based
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solar cells with P3HT-C as HTL had the best PCE of about
2.16%. Actually, CNT doping improves the interface contact
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between the active layer and HTL and increases the
conductivity of HTL and so it causes an increase in Jsc and

| P3IHT

£ |sBi

| m-TiO2 + SBI

Fig. 3. Top-view FESEM images of (a,b) SBI (c,d) SBI+CNT sample, and (e) cross-sectional image of the FTO/cp-TiO2/mp-TiO2/SBI/P3HT /Ausolar

cell structure.

Voc (from Jsc=6.7 mA cm2 to 7.6 mA cm 2 and Voc=0.55V to
0.58 V).

As itis known, the solar cells performance is affected by
series and shunt resistances (Rs and Rsh). The Rs is because
of the resistance of the cell materials to current flow and
shunt resistance is due to the leakage of current in cell. Rs
and Rsh have direct effect on fill factor. Increase in shunt
resistance and decrease in series resistance causes higher
fill factor and so better cell performance. From Table 1, it
can be seen that the Rs resistance is decreased and Rsh
resistance is increased with using P3HT as HTL instead of
Spiro-OMeTAD and Also use CNT as dopant. The results

were in agreement with expectations and improved
efficiency of devices.

Comparison of the photocurrent density versus voltage
curves in both directions in Fig. 5 (b) shows low hysteresis
of these solar cells so that both directions are almost the
same.

Also, the stability of devices was investigated at 35 °C in
60% relative humidity. The PCE values for the solar cells
after 30 days are mentioned in Table 1. Results show that
CNT can increase the stability of SBI and P3HT. All devices
were preserved more than 90% of their efficiency.
However, the SBI-C-based device with P3HT-C as ETL
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preserved about 98% of its efficiency and remains above
2.13%.
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Fig. 4. (a) Absorption curves and (b) Optical band gap versus photon energy of SBI and SBI+CNT thin films.

Table 1. Photovoltaic parameters of solar cells.

Jsc PCE (%) Rs Rsh PCE (%)
| Voc (V FF (¥
Sample oc (V) (mA cm?) (%) (0 day) (Qcm?) (Q cm?) (30 day)
SBI/Spiro 0.42+0.02 3.540.1 29.8+0.3 0.44+0.05 95.83 168.14 0.394+0.03
SBI/P3HT 0.46%0.04 6.5+0.2 46.610.4 1.391+0.03 36.88 169.69 1.28+0.01
SBI-C/P3HT 0.551+0.04 6.710.4 51.0+0.1 1.8840.01 35.43 221.55 1.79+0.01
SBI-C/P3HT-C 0.58+0.04 7.610.1 49.0+0.1 2.16+0.01 33.89 174.67 2.13+0.02
9 9 T
-(a) = = =SBIl/Spiro r(b) | ——Light (Forward)
_8F e SBI/P3HT _ 8L . e -~ Light (Backward)
o 7 ==« = SBI-C/P3HT N 7 : = Dark
I ——SBI-C/P3H-C £ : i
< 6 . ‘.. < 6+ .
E el
25 ) :
g 2 4
D 4 [ !
: P
g3 5 5[
3 2 8 4L
1 ’ o I g s s R s
0 [ I T U R | .\‘l; :'° I W W [ ; L | v\; L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 00 01 02 03 04 05 06 0.7
Voltage (V) Voltage (V)

Fig. 5. (a) ]-V characteristics and (b) comparison of the photocurrent density versus voltage curves in both directions of solar cells.

4. Conclusion

In summary, we have prepared SBI-based solar cells.
Influence of CNT as dopants on performance and stability
of devices was studied. The results demonstrated that PCE
for SBI-based solar cell with P3HT as HTL was higher than
that of spiro-OMeTAD. Furthermore, CNT doping of SBI
increased the Vo and so efficiency of solar cell was
enhanced. Also, CNT-doped P3HT improved the interface
contact between the active layer and HTL and increases the
conductivity of HTL and so it causes increase in Jsc and Voc

showed the best PCE of about 2.16% for devices with
FTO/c-TiO2/m-Ti02/SBI-C/P3HT-C/Au structure.

Study on the stability of devices at 35 °C in 60% relative
humidity for 30 days showed that CNT can increase the
stability of devices. Although, all devices preserved more
than 90% of their efficiency, the SBI-C-based device with
P3HT-C as ETL preserved about 98% of its efficiency and
remains above 2.13%.
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