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SPECIAL TOPIC — Emerging photovoltaic materials and devices
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Adding additives into peroskite precursor solution has been proven as a simple and efficient strategy to improve the
quality of peroskite films. In this work, we demonstrate an effective additive strategy to improve the quality of all-inorganic
perovskite films by adding a novel silazane additive heptamethyldisilazane (HDMS). The power conversion efficiency
(PCE) of the optimized devices is enhanced from 14.55% to 15.31% with an open-circuit voltage over 1.26 V due to the
higher quality perovskite films with lower trap density after the incorporation of HDMS. More interestingly, the HDMS
devices exhibit superior humidity and thermal stability compared with the control ones. This work provides a simple
and efficient strategy to enhance the device performance and stability of all-inorganic perovskite solar cells, which could

facilitate its commercialization.
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1. Introduction

Since the first application of perovskite materials in so-
lar cells in 2009, the power conversion efficiency (PCE)
of organic—inorganic hybrid perovskite devices has exceeded
25% in only a few years.!!! While the thermal volatiliza-
tion of methylamine ions (MA™) in organic—inorganic hybrid
perovskite makes it unstable, especially under high temper-
ature and high humidity.””-! Theoreticlly, all-inorganic per-
ovskite solar cells (PSCs) should exhibit better stability than
the organic—inorganic hybrid halide ones by replacing the
MA™ with Cs*.[% However, the PCE of the all-inorganic
perovskite solar cells is still much lower.

It is well-known that the device performance of PSCs
strongly depends on the crystal quality of the perovskite photo-
active layers. The incomplete grain boundaries between the
perovskite crystals and a large number of defects at the inter-
faces will cause severe charge recombination, reducing charge
mobilities and affecting the device stability.l'>~15] Adding ad-
ditives into peroskite precursor solutions has been proven as a
simple and efficent strategy to improve the quality of peroskite
films.!'®18] Heptamethyldisilazane (HDMS) is highly reac-
tive, and can participate in various chemical reactions.!!>!’]
If chosen as an additive for perovskites, it could interact with
the precursor and involve in the crytallization process of the
perovskite, which might improve the crystallization and con-
struct high quality perovskite films. In addition, HDMS also
has certain hydrophobic properties,'”! which could improve
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the stability of the device in the external environment. Thus,
it is expected to be used as an additive to improve the device
efficiency and stability of perovskite solar cells.

In this work, we propose a simple method through inco-
porating a novel silazane additive HDMS into the perovskite
precursor to improve the quality of all-inorganic perovskite
films. Then we optimize the concentration of HDMS by
checking the device performance of CsPbl,Br solar cells with
various amount of additives. The best PCE of the opitimized
devices with 1% HDMS is enhanced from 14.55% to 15.31%
with a Voc over 1.26 V. SCLC measurements and PL char-
acterizations exhibit that the quality of the perovskite films is
improved with lower trap density after the presence of HDMS.
Moreover, the HDMS devices exhibit better humidity and ther-
mal stability compared with the control ones. At the end, the
influence of HDMS on the crystalization process of perovskite
is explored.

2. Experimental procedures
2.1. Materials

Lead iodide (> 99.95%), lead bromide (> 99.95%), ce-
sium iodide (> 99.95%) were purchased from Xi’an Poly-
mer Light Technology Corp. Isopropanol (99.9%), ethanol
(99.5%) and dimethyl sulfoxide (99.9%) were purchased from
Alfa Aesar Chemical Co. SnO; nanoparticle solution (2.5 wt%
SnO; in isopropanol) was purchased from Avantama. HDMS
(97%) was purchased from Aladdin.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2.2. Preparation of HDMS-PbBr;

All compounds were weighed in the glove box, a certain
amount of PbBr, and excess HDMS were mixed with each
other, stirred for 1 h until PbBr, changed from white to yellow,
then the excess HDMS was taken out, and the yellow powder
was vacuum dried.

2.3. Film preparation and device fabrication

ITO glass substrates were cleaned sequentially with
ethanol, detergent, deionized water, and acetone, followed by
drying with N, flow and UV-ozone treatment for 15 min. The
SnO; (Vsno, : Vi,0 = 1 : 4) was spin coating onto ITO at
4000 rpm for 30 s, then heating at 150 °C for 30 min. Precur-
sor solution (467 mg of Pbl,, 361 mg of PbBr,, and 312 mg of
Csl were mixed in 1 mL of DMF and DMSO (1:9, v/v)) with
different ratio of HDMS was spin coating at 2500 rpm for 25 s.
Then annealing at 43 °C until the color became brown and
annealing again at 180 °C for 10 min. The Spiro-OMeTAD
in chlorobenzene solution (72.6 mg/ml) with 29 uL of 4-tert-
butylpyridine, 17.5 pL of lithium bistrifluoromethylsulfonate
(LiTFSI) was deposited onto the active layer by spin-coating
at 4000 rpm for 30 s. Finally, the device was transferred to the
evaporator for thermal evaporation of Au (60 nm—80 nm) at a
pressure of 1 x 10~* Pa.

2.4. Device testing and materials characterization

UV-vis spectra were measured by PerkinElmer Lambda
650/850/950 UV-vis spectrophoto-meter. X-ray diffraction
(XRD, Rigaku D/MAX-TTRIII 3(CBO)) using Cu K« radi-
ation was taken for the crystal structures. To acquire the mor-
phology, we used the scanning electron microscope (SEM, Hi-
tachi S4800). A fluorescence spectrophotometer (HORIBA
Fluorolog-III) was used for PL spectra. The time-resolved
photoluminescence (TRPL) of the films excited by 467 nm
laser was obtained with TCSPC. Under AM 1.5 G illumina-
tion, current—voltage (J—V') characteristics of the photovoltaic
devices were measured using an Enlitech SS-F5-3A. The J-
V characteristics were measured with a Keithley 2400 source
by Enlitech Ltd. For long-term operational stability test, we
stored the solar cells in N, glove box and air.

3. Result and discussion

We fabricated CsPb,Br films based on the per-
ovskite precursor solutions containing various amounts of
HDMS additive (molecular structure shown in Fig. 1(a))
via the one-step spin-coating procedure.  Subsequently,
we assembled solar cell devices with the structure
of ITO/SnO,/CsPbl,Br(HDMS)/Spiro-OMeTAD/Au (see
Fig. 1(b)). Figure 1(c) shows the current—voltage (J-V) curves
of all-inorganic PSCs without additive and with different con-
centrations of HDMS. The detailed photovoltaic parameters

are shown in Table 1. The optimized device with 1% HDMS
shows the highest PCE of 15.31%, with a short circuit cur-
rent (Jsc) of 15.39 mA/cm?, an open-circuit voltage (Voc) of
1.258 V, and a fill factor (FF) of 79.12%. It is worth noting that
as the content of HDMS increases, the PCE of all-inorganic
perovskite solar cells increases first and then decreases. Ex-
cess HDMS leads to complex crystallization paths, while pro-
moting an adverse effect. [20.21] Therefore, subsequent studies
were conducted between the 1% HDMS devices and the con-
trol ones. The external quantum efficiency (EQE) curve of
the champion device is shown in Fig. 1(d), the tested Jsc of
15.25 mA/cm? is consistent with the previously mentioned in
the J-V curve. The addition of HDMS seems to greatly im-
prove the Jgc of the devices. Statistical diagram of the Jgc of
20 individual devices is described in Fig. 1(e). The optimized
devices behave with good repeatability, and more than 80% of
the devices have a Jsc of over 15 mA/cm?, furthermore, the
maximum Jsc of the device is over 15.5 mA/cm?. Figure 1(f)
investigates the stable power output (SPO) of the HDMS op-
timized device while tracking at the maximum power point,
of whose efficiency for the optimized CsPbl,Br PSC is about
15.17% and the Jsc is 15.05 mA/cm?.

The single carrier devices with the architecture of
ITO/SnO,/perovskite/Cqo/BCP/Ag were fabricated as shown
in Fig. S1 and the corresponding J-V curves are shown un-
der dark condition to investigate the trap state density in the
control and 1% HDMS films.

Compared with the control devices, obviously, the trap-
filled limit voltages (Vrpr) for 1% HDMS tailored devices
demonstrate a decreased trend. Due to the proportion of Vpr
to trap state density (Nyap),?>%*!

2 & Vtr
qL?

Ntrap = y (D
where L is the thickness of the active layer, & is the vac-
uum permittivity, and & is the dielectric constant of the
perovskite. The determined Ny, can be assessed in Ta-
ble 2, the device with HDMS has a smaller trap state density
(4.712 x 1012 cm™3), nearly half of the Ny, in the control one
(7.603 x 10'> cm™3). The reduced trap state density is due
to the better crystallization in the all-norganic perovskite pro-

cessed with HDMS. [24]

Table 1. Photovoltaic parameters of the CsPbl,Br-based devices with dif-
ferent concentrations of HDMS.

Sample Voe (V) Jee (mA/cm?) FF (%) PCE (%)

Control 1.22 14.83 80.32 14.55
0.1 % HDMS 1.21 14.89 77.72 14.05
0.2 % HDMS 1.23 15.11 80.25 14.99
0.5 % HDMS 1.26 15.39 77.41 15.04
1.0% HDMS 1.26 15.39 79.12 15.31
1.5 % HDMS 1.23 15.15 78.98 14.75
2.0 % HDMS 1.15 15.23 70.20 12.30
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Fig. 1. (a) Structure of HDMS. (b) All-inorganic perovskite device structure. (c) J-V curves of the CsPbl, Br-based devices with different concentrations
of HDMS. (d) EQE curve and integrated Jsc of the champion device with 1% HDMS, (e) Jsc distributions for control devices (20 samples) and optimized
CsPbl,Br PSCs (20 samples) with 1% HDMS, (f) the stable power output of the HDMS optimized device and long-term stability of the devices.

Table 2. TRPL parameters and defect state density of CsPbl,Br films with
and without 1% HDMS-PbBr;.

Sample T (ms)  Tms) Vi (V) Niap (x1019) (em™3)
Control 0.56 6.91 0.77 7.603
1% HDMS  0.40 8.40 0.33 4712

As we all know, the performance of solar cells is related
to the quality of the active layer. We also need to confirm
the previous conjecture through film-related tests. Thus the
perovskite films with or without HDMS were prepared. XRD
was utilized to describe CsPbl,Br films after an annealing pro-
cess. As shown in Fig. S2(a), both films show the same three
main peaks at around 14.6°, 20.8° and 29.5°, which represent
the (100), (110) and (200) planes of a typical CsPbl,Br cubic
phase, respectively.?>?>-271 Meanwhile, the XRD peak posi-
tions which do not vary with the adding of HDMS demonstrate
that HDMS is not inside the crystal.[*8! To better indicate the
morphology of the control and the 1%HDMS optimized per-
ovskite films after an annealing process, SEM images (see
Fig. S2(b)) were acquired, it shows that the optimized film
possesses more smooth grain boundaries compared with the

control, [20-29.30]

‘We then move to the optical properties of the additive on
the quality of the pervskite film. To investigate trap states
on the surface of the control and the optimized CsPbl,Br
perovskite films, photoluminescence (PL) of both was stud-
ied (Fig. 3(a)). The stronger PL intensity compared with the
control film means that there are less traps on the optimized
surface.33?] Similarly, high quality films were revealed by
single carrier devices (see Fig. 2), in which the unexpected
charge recombination decreased. Also, a blueshift of the PL
peak from 660 nm to 648 nm can be observed, which is re-
sulted from that high quality perovskites film as confirmed by
SCLC image can effectively reduce defect density.!33] Then
the TRPL decays of the two CsPbl,Br perovskite thin films
with and without HDMS were investigated. TRPL decay
curves (Fig. 3(b)) were fitted by a bi-exponential decay func-
tion, and the key parameters of the two films are listed in Ta-
ble 2. The average carrier lifetime (T,v,) of two kinds of films
are 0.58 ns and 3.82 ns, respectively. The much longer T,yg of
the optimized film also agrees with the conjecture of less trap
states with the help of HDMS. [33:34]
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Fig. 3. (a) Steady-state PL spectra, (b) TRPL curves, (c) UV-vis absorption
spectra, (d) Tauc plots of CsPbl,Br films with and without 1% HDMS.

Meanwhile, figure 3(c) shows the absorbance of the films
with or without HDMS. The perovskite films with or with-
out HDMS have almost the same absorption and the value
is nearly 650 nm, which is consistent with the previous
reports.*>! Using the Tauc method, the optical bandgap of
these perovskite films is assessed in Fig. 3(d).[*9 It is noted
that a small amount of HDMS has no obvious effect on the
bandgap of the CsPbl,Br perovskite film, and the values are
both close to 1.89 eV, which is in line with the conclusions
of other experiments. It should be noted that the HDMS film
(= 510 nm) is slightly thicker than the control film (= 490 nm),
which is the reason for the increased absorption strength.

Less traps promote the charge transport process, *®37l and
also enhance the stability of the perovskite devices.*8 Fig-
ure 4 demonstrates the long-term stabilities of the CsPbl,Br
devices without encapsulation in the ambient atmosphere and
thermal treatment, respectively. As shown in Fig. 4(a), the
thermal stability of both devices at 85 °C in N, indicates that
the optimized ones have an enhanced tolerance to high tem-
peratures, especially for the decay time to 80% PCEs (con-
trol device of ~ 70 h, HDMS one of ~ 120 h). Figure 4(b)
shows the humidity stability at 25 °C and RH 40%—-50%. After
1000 h storing, the optimized devices with HDMS remained
about 90% PCEs, while the devices without HDMS remained

only 60%. These results suggest that HDMS is an effective
additive to promote the film quality and prepare high PCE and
stable PSCs. Figures 4(c) and 4(d) show the water droplet con-
tact angles of the perovskite films with or without using addi-
tive. The contact angle for the optimized one is slightly larger
than the control one. The superior device stability at high hu-
midity might come from the enhanced hydrophobicity and the
improved crystal quality of CsPbl,Br films with HDMS.
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Fig. 4. Devices post stability of (a) RH 40%-50% in air and (b) 85 °C in
Nj. The contact angle of (c) control film (d) film with 1%HDMS.

To figure out the influence of HDMS on the crystaliza-
tion of perovskites, we explored a simplified experiment be-
tween HDMS and PbBr;. Interestingly, the white PbBr, pow-
der quickly turns into yellow after adding a certain amount
of HDMS, and the color does not change after purification
and drying, figure 5(a) shows the whole transformation. SEM
characterization was carried out to check the mouphology
change. As shown in Fig. 5(b), PbBry, powder exhibits bulk
blocks, while HDMS-PbBr, shows much different morphol-
ogy with small plate-shaped distribution. More importantly,
there are many attachments which are considered to be HDMS
in the figure of HDMS-PbBr,. Then, we checked the XRD re-
sults (Figs. 5(c) and 5(d)). For the two samples, the main peaks
between 20°—40° do not show any different, proving that there
is no change in the inherent crystal structure (PbBr;). While
the new peak at below 20° in the HDMS sample might come
from the coordination of HDMS with PbBr,. Based on the
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above experimental results, we suspect that the HDMS ad-
ditive might firstly interact with PbBr, to form the HDMS—
PbBr; complex, which could slow the reaction between PbBr;
and Csl, resulting a higher-quality perovskite film. After the
crystallization of CsPbl,Br, the HDMS might serve as a sur-
face modification component which adheres to the surface of
the perovskite grains to improve the stability.

(a)
0
- - [
step 1 step 2
o/e%c}e) S886 8o
PbX, PbX,+HDMS PbX,-HDMS
(b)

—~
(¢}
~
—~
[}
~—

PbBr,-HDMS PbBr,

Intensity
Intensity

20 40 60 20 40 60
20 (°) 20 ()

Fig. 5. (a) Preparation process of PbX,-HDMS. Top-view SEM and physical
diagram images of (b) PbBr,-HDMS and PbBr;. Powder XRD of (c) PbBr,-
HDMS and (d) PbBr;.

4. Conclusion and perspectives

In summary, we demonstrate an effective additive strat-
egy to improve the quality of all-inorganic perovskite films
by adding a novel silazane additive HDMS into the perovskite
precursor. The PCE of the optimized devices is enhanced from
14.55% to 15.31% with a Voc over 1.26 V due to the higher
quality perovskite films with lower trap density after the in-
coporation of HDMS. More interestingly, the HDMS devices
exhibit better humidity and thermal stability compared with
the control ones. This work provides a simple and efficient
strategy to enhance the device performance and stability of
all-inorganic perovskite solar cells, which could fercilitate its
commercialization.
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