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The emergence of organic—inorganic hybrid perovskites with a high pt product and a high absorption
coefficient has made it possible to adopt an aerosol-liquid—solid technology for direct X-ray detectors.
The film quality from the ALS process is often compromised, especially on the film surface, when de-
posited in ambient conditions with uncontrolled humidity. Herein we develop a solvent engineering strat-
egy in the ALS process to obtain high-quality MAPbIs thick films. The key is the introduction of a mole-
cular additive to intervene and regulate the perovskite crystallization process so that the negative effect of
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1. Introduction

Metal halide perovskites have been attracting considerable
attention across research fields from solar cells," light emit-
ting diodes™ to optoelectronic detectors.®”® Their distinctive
electronic structure endows perovskites with many excellent
properties, such as long charge diffusion length, high charge
carrier mobility, high defect tolerance and good solution
processability.” " However, these inherent properties can only
be brought into play in a device when a high-quality perovskite
film can be prepared by a well-controlled preparation
method."®*® In contrast to the preparation of traditional semi-
conductor materials such as silicon, the preparation of halide
perovskite films generally involves a solution coating process
on a substrate, followed by solvent removal by air-blowing or
heating. Although this approach has obvious advantages in
terms of cost and manufacturing, it poses exacting challenges
to prepare high-quality perovskite films. The properties of the
perovskite precursor solution and solution-mediated crystalli-
zation process have been shown to significantly influence both
the perovskite film quality and perovskite device
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reduced dark current, enhanced response speed and improved overall performance.

performance.'®'”'® Therefore, solvent engineering is crucial

to controlling the crystallization processes for halide perovs-
kite films and indeed it has become an important topic in pre-
paring high-performance perovskite devices.'* "

Recently, halide perovskite materials with a high pt product
and a high absorption coefficient have been applied to radi-
ation detectors, and they are poised to revolutionize X-ray
detection technology.?">® In merely 7 years from 2015 to 2022,
the sensitivity record of the direct perovskite X-ray detectors
has surged from 80 uCGy,;, ' cm™> (ref. 25) up to 3.5 x 10°
HCGy.i, * em™ (ref. 29) and the detection limit has reduced
from 0.5 PGy, s~ (ref. 25) to 0.22 nGy,;, s *.°° These astonish-
ing performance metrics of perovskite materials are several
orders of magnitude better than those of commercial amor-
phous selenium detectors. For direct perovskite film detectors,
it is necessary to ensure the perovskite film has good carrier
transport and X-ray absorption properties. This imposes a
strict thickness and quality requirement on the perovskite
film. The film needs to be tens to hundreds of micrometers
thick and at the same time must have a low defect density and
long carrier diffusion length.>**'* The generally achieved
maximum thickness with spin-coating for perovskite solar
cells is only hundreds of nanometers, and thus other solution
methods like spraying,®”** blading,*® soft-pressing,® in situ
substrate heating,*® hot casting,®” and inkjet printing®® have
been explored for thick perovskite film deposition. However,
solvent engineering has rarely been reported to regulate the
thick film fabrication process. Plenty of research is expected
along this line to enhance the X-ray detector performance by
optimizing the solution-mediated crystallization process just
as has been done in the perovskite solar cell research field.

This journal is © The Royal Society of Chemistry 2023
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In 2021, we developed an aerosol-liquid-solid (ALS)
method to fabricate perovskite films with a large crystalline
size and preferential grain orientation in ambient con-
ditions.** The film thickness could be well controlled over a
large range from several to hundreds of micrometers by simply
varying the number of spraying cycles. This method could be
applied to prepare the organic-inorganic hybrid perovskite
MAPDI; and the all-inorganic perovskite CsPbl,Br. Compared
with CsPbI,Br, MAPbI; is more stable at room temperature
and ambient humidity,>®**' and therefore the MAPbI; X-ray
detectors can work at room temperature without N, protection.
Moreover, MAPbI; has a better precursor solubility, which is
suitable for thick film preparation and a higher carrier
mobility,>***%274* which is beneficial for high-performance
X-ray detectors. However, there are still problems with the as-
deposited MAPbDI; films, such as unwanted rod-like structures
and imperfect crystallization areas on the film surface. To
tackle these problems and to further improve the perovskite
film quality, we herein developed a solvent engineering
method to regulate the crystallization process of the perovskite
during the ALS growth under high humidity (relative humidity
>75%). Crucial to this method is the use of ethylene glycol as
the crystallization regulation additive in the MAPbI; precursor
solution. Using this method, we were able to obtain polycrys-
talline perovskite films with much improved crystallization
quality and minimized surface defect density. The high-quality
perovskite thick films allowed us to successfully demonstrate
high-performance perovskite X-ray detectors, particularly with
a much reduced dark current.

2 Experimental
2.1 Materials

Materials synthesis. Methylammonium iodide (MAI, 98%)
was from GreatCell Solar. Lead iodide (PbL,, 98%) and
dimethyl sulfoxide (DMSO, safe dry, 99.7%) were from
Sinopharm. Ethylene glycol (analytically pure, 99%) was
obtained from Aladdin. All these raw chemicals were used as
received without further purification. The carbon paste was
from Guangzhou Seaside Technology Co., Ltd.

2.2 Device fabrication

In the preparation of the MAPbI; precursor solution, 20 mmol
MAI and 20 mmol Pbl, were added to 25 ml DMSO with stir-
ring overnight. In contrast to the control sample, an additional
2 ml ethylene glycol was added to the precursor solution to
regulate the crystallization.

Spraying equipment was purchased from Siansonic
Technology Ltd (WideMist™ Ultrasonic Spray Nozzle, K12).
In the ultrasonic spray coating process, the ultrasonic nebu-
lizer power was 3.0 W and the spray speed was 25 mm s~ .
To prepare the high-quality MAPbI; perovskite films in the
ALS processes, the substrate temperature was set to 150 °C
and the air flux and precursor liquid flux were 0.08 L min~"
and 90 pL min~", respectively. Each spraying run afforded a
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100 nm increase in the film thickness. To prevent the per-
ovskite film from detaching from the substrate, a pro-
grammed cooling process was applied after the spray
coating process. The temperature of the hot plate was slowly
decreased from 150 °C to 30 °C with a slow cooling rate
about 1 °C min™".

The carbon paste was bladed directly on the perovskite film
and baked at 100 °C for 30 min to prepare the carbon
electrode.

For the thermal admittance spectroscopy (TAS) measure-
ment, the device was fabricated by depositing perovskite on
the NiO4-coated FTO substrate using the ALS method. Then,
phenyl-C61-butyric acid methyl ester (PCBM) in chlorobenzene
(20 mg mL™") was spin-coated on the perovskite film at the
speed of 3000 rpm for 30 s. Finally, the device was completed
by thermal evaporation of Ag (150 nm) on the top.

2.3 Characterization of the MAPbI; films and detectors

The morphologies of the perovskite films were characterized
by field emission SEM (JEOL 7100F). The XRD patterns were
obtained using a diffractometer (D8 Discover, Bruker AXS,
Karlsruhe, Germany) with Cu Ka radiation. In situ optical
microscopic images were obtained by a polarization micro-
scope (XPV-800E) with a transparent hot stage (Nanjing Kyle
Instrument, KER-4100-08S). UV visible (UV-vis) absorption
spectra were measured on a UV-vis spectrometer (Biao Qi).
An acceleration voltage of 60 kV was used to generate the
X-ray photons. X-ray dose rates were calibrated with a multi-
function meter (MagicMaX Rad, Daol). The stated dose was
the entrance dose in air, measured in air at the surface of
the sample. The air kinetic energy released per unit mass is
comparable to that used in common medical applications
on patients, which allows for the comparison of perform-
ance with other medical detectors. The thermal admittance
spectroscopy was conducted in the dark on a Zahner
Zennium Pro electrochemical workstation at various temp-
eratures (T = 300-390 K) controlled by a liquid nitrogen
cryostat (Oxford Instruments, OptistatDN). The frequency
range was from 1 to 100 Hz and a small AC amplitude of
20 mV was used. The DC bias was set to zero to rule out
the ferroelectric effect during measurement. The SCLC
measurement was performed on a Keithley 2612B source
meter. The carrier mobility of the perovskite was deduced
by fitting the curves in the Child region with the Mott-
Gurney law of J = 9eequV?/8L%, where J is the current density,
u is the carrier mobility, V is the voltage bias, ¢ is the rela-
tive dielectric constant,”® &, is the permittivity of vacuum,
and L is the film thickness. The trap density of this device
was calculated according to the equation of Vipy = enlL?/
2¢e€9, where Vg, is the onset voltage of trap-filled limit and
e is electric charge constant. The transient ionic current was
also measured on a Keithley 2612B source meter. An exter-
nal reverse bias of 0.5 V was applied to the detector (perovs-
kite thickness ~100 pm) for 120 s in the dark, followed by
tracking the transient current for another 200 s at 0 V.
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3 Results and discussion
3.1 Morphology of the perovskite films

In this study, the experimental sample was prepared from the
precursor solution with the additive of ethylene glycol in
DMSO. For the sake of comparison, the control sample was
prepared using pure DMSO as the solvent. Firstly, the surface
and cross section of the two perovskite films were character-
ized by SEM. The most important observation was the appear-
ance of many rod-like structures on the perovskite surface of
the control sample (Fig. 1a). However, these rod-like structures
did not appear in the cross-sectional view (Fig. 1b), which indi-
cates that the rod-like structures were incompletely converted
species formed during the final deposition step on the top
surface. Interestingly, with the addition of ethylene glycol, the
surface of the as-prepared perovskite became smoother and
had fewer rod-like structures (Fig. S11). When the mixed
volume ratio of DMSO and ethylene glycol in the precursor
solution increased to 10:0.8, we found that the resulting
MAPDI; film had no rod-like structures whatsoever. However, if
this ratio increased to 10: 1, a large amount of precipitate was
generated in the solution, making the solution unsuitable for
the spraying process. Therefore, we concluded that the best
mixing ratio was 10:0.8 and used it for our sample prepa-
ration. As shown in the insets of Fig. 1a and c, the grain size of
the perovskite was also greater in the experimental sample
than that in the control sample, which is corroborated by the
AFM images (Fig. S21). Moreover, no obvious grain boundaries
were observed in the cross-sectional view of the experimental
sample (Fig. 1d). With the number of ALS growth cycles
increasing, the thickness of the perovskite film could be
increased to 100 pm, which is a desirable feature for preparing
X-ray detectors. The perovskite film had almost no grains in
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the vertical direction, which reflects the merits of the ALS
method (Fig. S37).

There have been many reports in the literature that, during
the crystallization of the perovskite materials, some rod-like
mesophase compounds may remain on the perovskite film
surface. To explore this possibility, the crystal structure of the
perovskite films was characterized by XRD. As shown in
Fig. 1f, the XRD patterns suggest the presence of a number of
the perovskite mesophase moieties in the control sample,
including the lead rich MA,Pb;Ig(DMSO), mesophase and the
lead poor MA,PbI¢(H,0), mesophase.*®™*° The elemental ana-
lysis of the rod-like regions by EDS (energy dispersive spec-
troscopy) also showed that the I/Pb ratio was lower as com-
pared to other regions (Fig. S4f). According to the
literature,*®™*° these mesophases often have a rod-like mor-
phology, which is in line with our SEM observations. On the
contrary, the experimental sample showed a uniform surface
composition. It was noticed that the characteristic XRD peaks
of the mesophase structures of the control sample were much
weaker than the MAPbI; peaks (Fig. 1f). This is reasonable
given that such a rod-like mesophase could only exist on the
surface of the perovskite film as concluded above.

The two kinds of perovskite films have very strong charac-
teristic diffraction peaks of MAPbI; at (110) and (220), which
are indicative of the strongly preferred orientation of the
MAPDI; polycrystalline films (Fig. 1e). However, the full width
at half maximum (FWHM) of the (110) diffraction peak (0.06°)
for the experimental sample was lower than that for the
control sample (0.11°). This phenomenon suggests that the
crystal grain size of the perovskite film prepared with the ethyl-
ene glycol additive was larger than that of the control film. The
differences of the two kinds of the perovskite films indicate
that the addition of ethylene glycol could considerably affect
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Fig. 1 Top-view and cross-sectional SEM images of the control (a and b) and experimental sample (c and d). (e and f) The XRD patterns of the
control and experimental sample. These perovskite films were all deposited on FTO.
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the surface properties and crystalline quality of the perovskite
films.

3.2 Mechanism of the additive effect

Further studies were carried out to reveal the mechanism of
the additive effect on the perovskite film properties. Firstly,
owing to its high boiling point 197.3 °C, ethylene glycol could
possibly remain in the perovskite film during the ALS process.
However, our NMR results ruled out this possibility. For the
NMR testing, the perovskite film of the experimental sample
was dissolved in the DMSO solvent (Fig. S5t), and no charac-
teristic peak of ethylene glycol was found (the methylene peak
was generally between 3-4 ppm). Therefore, ethylene glycol
should only play a substantive role in the -crystallization
process and then volatilize completely after the annealing
process.

It is worth noting that ethylene glycol can dissolve MAI but
can hardly dissolve lead iodide. This fact raised another possi-
bility that the role of ethylene glycol was similar to the alcohol
often used as an anti-solvent in the spin coating method. To
uncover the influence of ethylene glycol on the crystallization
of perovskite in the ALS process, an in situ microscopy system
was built on a transparent hot plate to monitor the nucleation
and crystallization process after the perovskite liquid mem-
brane was formed by spraying (Fig. 2a-h) in ambient con-
ditions. For the experimental sample, upon heating at 150 °C
for about 31 s, the liquid membrane started to show a small
amount of crystal nuclei, along with the solvent evaporation.
The crystal nuclei continued to develop and about 7 s later, a
full perovskite film was formed (Fig. 2d). For the control
sample without ethylene glycol, however, the rod-like struc-
tures were immediately observed when the liquid membrane
was just sprayed on the substrate (at 0 s). After about 30 s
heating, a large number of crystal nuclei appeared and about 2
s later, the crystallization process quickly completed, but the
rod structures did not transform into perovskite crystals
(Fig. 2e-h).

(a) With EG

Control

(e) Control

View Article Online

Paper

The above experimental results show that the nucleation
and crystallization process of the perovskite changed signifi-
cantly after the addition of ethylene glycol. Several points can
be summarized here: (1) in the experimental sample, the
nucleation rate was almost the same as in the control sample,
but the inchoate grain density was far less than that of the
control group (Fig. 2b and f); (2) the crystallization process in
the experimental sample was slower than that in the control
sample (Fig. 2c and d and 2g and h); and (3) after the precur-
sor solution of the control sample was sprayed on the sub-
strate, some large rod-like structures were formed immediately,
but not at all in the experimental sample. In order to eliminate
the influence of the ultrasonic spraying process, the spin
coating method was used to prepare the corresponding perovs-
kite wet films in ambient conditions. In situ optical microscopy
images showed that a large number of rod-like structures still
appeared in the control group but hardly any in the experi-
mental group (Fig. S6T). This result is in accordance with that
of the ALS method, ruling out that this structure is generated
by the ultrasonic spraying process. Through the above analysis,
from (1) and (2), we believe that the larger grain size of the per-
ovskite film in the experimental group could be caused by the
fewer nucleation sites and the slower crystallization rate. Also,
from (3), the origin of the rod-structure could be inferred as
follows. In fact, it has been reported previously that>>*' such
rod-like structures originated from the interactions between
the antisolvent molecules and the water molecules in air and
perovskite precursors. These interactions and the formation of
the complex intermediate phases were adverse to the ALS crys-
tallization process or other solution methods for the perovskite
film preparation in ambient air. Here, the ethylene glycol addi-
tive we used could be a magic bullet to fix this problem.

The preparation of the thick perovskite films by the solu-
tion method generally requires the deposition of thick liquid
membranes for solid films fabrication after solvent volatiliz-
ation or multi-step deposition method. No matter what
method is adopted, it is necessary to obtain crystals with a

(d)  With EG

(@) (h)

Control

Fig. 2 In situ optical microscopic images during the nucleation and crystallization process of the experimental sample at O s (a), 31 s (b), 32 s (c) and

38 s (d) and the control sample at O s (e), 30 s (f), 32 s (g) and 38 s (h).
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large grain size and high crystal quality. Therefore, the right
amount of nucleation sites in the crystallization process and
full transformation of the mesophase is required when too
many grain boundaries and defect sites are to be avoided. In
this context, we have demonstrated that the addition of ethyl-
ene glycol could be a good solution to perfect perovskite films
by modulating the corresponding nucleation and crystalliza-
tion processes and thereby to significantly improve the photo-
electric properties of the films.

3.3 Characterization of perovskite films

Next, optical and electrical characterizations were performed.
Through the steady-state PL measurements on the surface of
perovskite films, it can be seen that the photoluminescence
peak positions of the two perovskite films were the same near
795 nm, which can be attributed to the intrinsic emission
peak of MAPDbI;. However, the photoluminescence of the per-
ovskite films grown by the ALS process with ethylene glycol
was significantly stronger than that of the control group. The
change of the PL emission intensity was closely related to the
recombination process inside the perovskite film. Some defect
states on the surface of the perovskite film could induce sub-
stantial non-radiative recombination, leading to a reduction in
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the luminescence intensity (Fig. 3a).”>® Therefore, the differ-
ence in the PL emission intensities suggests that the defect
density on the surface of the experimental film sample was
greatly reduced.

To further investigate the defect density of two perovskite
films, we carried out the space-charge-limited current (SCLC)
and thermal admittance spectroscopy (TAS) measurements.
The SCLC and TAS measurements were performed on the
device structures of FTO/MAPbI;/carbon®® and FTO/NiO,/
MAPDI;/PCBM/Ag,>® respectively. In Fig. 3b, the defect density
was calculated from the transition voltage of the defect filling
region. The perovskite film defect density for the experimental
group was only 6.55 x 10"* cm ™, which was lower than that for
the control group (1.80 x 10'* ecm™®). By fitting the curves in
the Child region, the carrier mobilities (x) of the control and
experimental perovskites were calculated to be 8.64 cm”> V'
s~ ' and 5.91 cm® V™' 577, respectively. The TAS measurements
further revealed the difference in the defect density and defect
energy level for these two samples.>**” As shown in Fig. 3c, for
the experimental group, the defect state density at the deeper
level (0.35-0.45 eV) was significantly lower than that for the
control group. This result further indicates that ethylene glycol
could regulate the crystallization process and reduce the deep-
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Fig. 3 (a) PL signal of the MAPblI; films (control and with EG). (b) SCLC measurements of the device with a structure of FTO/MAPbIs (20 pm)/
Carbon. (c) The trap density of states of the experimental and control sample obtained by thermal admittance spectroscopy. (d) The sample is first
subjected to a bias to drive migration of the ions to the interfaces, followed by relaxation of the accumulated ions.
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level defects in the perovskite films, which is beneficial for the
detector applications.

The defects in the perovskite materials can also cause ion
migration. The concentrations of the mobile ions in the two
MAPDI; films were measured by first applying a bias to the
device with the FTO/MAPDI;/C structure to drive the mobile
ions to the interfaces, followed by the relaxation of the accu-
mulated ions.’®*® As shown in Fig. 3d, once the bias was
removed, the device immediately showed a negative ionic
current. By integrating the ionic current, we found that the
experimental sample had a much lower charge density than
the control devices. This result indicates that the experimental
sample had a lower mobile ion concentration than the control
sample. The lower defect density, lower mobile ion concen-
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tration, and higher mobility for the experimental sample could
be ascribed to the EG-enhanced crystal quality.

3.4 Device performance

To assess the performance of the materials we developed
above, we inserted a layer of them into a perovskite X-ray detec-
tor with a device structure of FTO/MAPbI;(100 pm)/C and sub-
jected it to a series of standard characterizations. Under the
electric field of 15 V. mm™", the response signals of the two
detector devices under the X-ray exposure dose of 2.25 mGy,;,
s~! were measured (Fig. 4a). The photocurrent density of the
X-ray detector in the experimental group was about 3.75 x 10~°
A em ™%, which is higher than that in the control group (3.46 x
10~ A cm™?). The dark current of the experimental sample
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Fig. 4 (a) The X-ray response profiles of the control and experimental detectors with a dose rate at 2.25 mGy,;, s~ under 15 V. mm™. (b) J-V
characteristics of the X-ray detectors. (c) The X-ray generated current density as a function of dose rate at different applied electrical fields. (d) The
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was reduced from 1.05 x 107> A cm ™ to 6.81 x 107° A cm ™2,
The J-V test also indicated that the experimental group had a
lower dark current (Fig. 4b). Overall, the on/off ratio was much
improved. The significant decrease of the dark current is
ascribed to the decrease of the ionic conductivity, while the
small increase of the photocurrent could be due to the
decrease of deep level defects.

More importantly, the photocurrent of the detector in the
control group reached its steady state very slowly and did not
stabilize even after 10 s of exposure. The rise and fall times of
the experimental sample were measured to be about 200 ms
and 360 ms, respectively. Notably, because the opening of the
X-ray shutter had a 200 ms delay, the actual response of the
X-ray should be faster. The deep-level defects at the perovskite
interface could trap the carriers and change the injection
barrier at the interface. This process might lead to an increase
of the response time. However, the details about the defect
types and mechanisms need to be further investigated in the
future.

By varying the X-ray dose from 2.25 mGy s~ to 0.225 mGy
s~! (Fig. S71), the sensitivity of the perovskite X-ray detector in
the experimental group was measured to be about
7304 pCGy,, ' cm > (Fig. 4c), which was higher than
5616 uCGy ' cm™2 in the control group. As shown in Fig. S8,1
this performance difference was statistically significant. The
SNR (signal-to-noise ratio) of the detectors is plotted in Fig. 4d
as a function of the dose rate. The SNR showed a good linear
dependence on the dose rate and therefore, the LoD (limit of
detection) could be obtained by extrapolating the SNR to the
value of 3. The LoD was found to be reduced from 345 nGy,;,
s~! for the control detectors to 154 nGy,; s for the experi-
mental detectors (Fig. S91). We benchmarked the key para-
meters of our X-ray detectors with other reported detectors
measured under similar test conditions (Table S1}) and we
found that our detectors have higher sensitivity and lower LoD
than most of the others.?*%0%¢

The stability of the perovskites used in our devices is impor-
tant for the X-ray detection. To check this aspect, we measured
the response of the detector under on-off X-ray radiation. The
dark current and photocurrent of the MAPbI; detector showed
little degradation throughout the whole test period with an
accumulated radiation dose of 2.815 Gy (Fig. 4e).

4 Conclusions

In this study, we revisited the solvent engineering strategy but
on the ALS platform in order to deposit thick high-quality per-
ovskite films in the ambient air for the X-ray detector appli-
cations. Previously, the MAPbI; perovskite film grown by the
ALS method suffered from a considerable number of defect
sites and mesophase residues on the surface. We herein have
identified ethylene glycol as an excellent quality-boosting addi-
tive for MAPbI; perovskite films. In the mechanistic study,
ethylene glycol was found to inhibit the generation of the per-
ovskite mesophase by primarily curbing the effect of ambient
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air with high humidity, reduce the number of nucleation in
the nucleation process, and slow down the crystallization rate
in the crystallization process, which could effectively reduce
the defects of the perovskite film especially on the surfaces.
The X-ray detector applications taking advantage of the
afforded materials were further demonstrated with much
improved performance. The sensitivity of the detectors was
promoted from 5616 pCGy,;, ' em™2 to 7304 uCGy,, ~ cm™2
Their dark current density was reduced from 1.05 x 107> A
em ™2 to 6.81 x 107° A cm™ and the response speed was also
faster. This work provided a simple effective strategy to process
high-quality thick perovskite films for the direct X-ray detector
applications.
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