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ABSTRACT: Polycrystalline properties of perovskites can induce the growth of
different nanostructures thanks to their facile fabrication. In this work, the CsPb,Brs
perovskite grains were used as templates to induce the growth of the ring-like structures
on a Si0,/Si substrate. Owing to the oxidation of the volatile PbBr; originated from the
decomposition of CsPb,Brs, the grain boundaries of perovskites are prone to reaction
with Si0O,, which leads to the formation of Pb-silicate glass at high temperatures. The
quasi-circular grain structure of CsPb,Brs defines the final dimension of the Pb-silicate
glass ring-like structures. XPS measurement results reveal the formation and

composition of Pb-silicate glass ring-like structures converting from the halide



perovskite film on the SiO/Si substrate. Furthermore, these ring-like structures can

extend to the field of display and pulsed-laser by combining existing techniques.



Microstructures such as nanowires (NWs) and microwires (MWs), and quantum
dots have been intensively studied for their distinctive properties and prospective
applications.'> Different from nano/microstructures with a solid interior, nano-ring
(NR)/micro-ring (MR) possess a unique hollow space, which allows greater tunability
through additional degrees of freedom (i.e., inner and outer ring diameters).>” A wide
variety of applications based on NR/MR have already emerged. For example, I[II-V
semiconductor MR arrays® and CsPbBr; perovskite MR arrays® have shown lasing
capability as miniature lasers. Si MRs!® and MAPbBr; MRs!! could be used as optical
resonators and next-generation color printing.!> Moreover, gold nano-rings are widely
used in various fields such as light-matter interaction and plasmonic sensing
applications owning to their localized surface plasmon resonance properties.!*: !4
Tremendous efforts have been devoted to improving the quality of nanoring structures
and finding a facile technique to boost their yield. For example, nanosphere
lithography®- 13-, electron beam lithography!”-'8 and self-assembly growth!'*! are used
to produce nanoring structures, however, low precision in nanoring dimension control
or complex process and expensive cost makes them far more challenging in large scale
fabrication.!?-2

Halide perovskites are receiving increasing academic/commercial interest due to
their outstanding optoelectronic properties and high efficiency in solar cells and
LEDs.**25 Currently, many researchers are focusing on the improvement of efficiency
and device lifetime. However, halide perovskites also have other excellent physical and

chemical properties, which can be utilized for nano/micro-structure fabrication. For



example, the facile and controllable synthesis of perovskites can be used to construct
different nano/micro-structures such as thin film,* 2 NW/MW arrays,”®3 quantum
dots,*>3* and nanorings,”?! and applied in photodetectors, LEDs and lasers. Different
from the lead halide perovskites, lead-bearing silicate glass (PbO-SiO,) has an
extremely long human use history.** The excellent properties of lead-bearing silicate
glass make it one of the key materials in the field of materials science, chemistry, and
physics. For example, lead silicate glass have been studied as radiation shielding
glass®® and as coating of thermoelectric materials.’’” Their H,-reduced form is currently
the most used glass material for micro-channel plates in electron multipliers.34
Herein, we report the Pb-silicate glass ring structures with a micrometer scale
diameter by employing the lead halide perovskite as both the precursor and template.
The quasi-circular grain structure of CsPb,Brs perovskite in the annealing procedure
shows uniform grain size and serves as the template to induce the formation of ring-
like structure. Additionally, the continuous decomposition of CsPb,Brs also provides
sufficient PbBr, to be oxidized in ambient, which readily reacts with SiO, layer of the
S10,/Si substrate to form Pb-silicate glass confirmed by XPS results. Following the
decomposition of perovskites and oxidation of volatile PbBr,, the evenly distributed
ring structures were formed. DI-H,O washing and acid leaching on these ring structures
and the corresponding chemical composition change monitored by XPS further
confirmed lead silicate is the component of the ring-like structures. This work provides
us a facile method to fabricate high quality and mass-produced lead silicate glass MR

structures for advanced applications.



Figure 1 illustrates the formation of ring-like structures. Firstly, a CsPbyBrs
perovskite film of one micrometer thickness was deposited on the SiO»/Si substrates by
vapor deposition (Figure S1). Then the as-prepared samples were placed on the hotplate
(400 °C) and annealed at 700 °C for 60 min under air. After cooling down to the room
temperature, the as-formed ring-like structures were obtained. It is found that the ring-
like structures are evenly distributed on the substrates as seen in Figure 2a and S2. The
measured diameters on one of the ring-like structures are 11.45, 11.25 and 11.75 pum,
respectively (Figure 2b), suggesting this structure is very close to a circle. Statistical
analyses of 73 rings (Figure S3) give an average ring diameter of 25 + 8 um. Atomic
force microscopy (AFM) measurements were further conducted to evaluate the
morphology and structure of the ring-like structure. As seen in Figures 2c-d and S4,
there is significant height variation of the ring-like structure edge, which may result
from the different decomposition rate of the perovskite grains, further leading to the
different growth rate of ring-like structure edge.

Firstly, the EDS element map of as-formed ring-like structure (Figure S5) exhibits
that the ring is composed mainly of Pb element, but also it contains Si, O and Cs
elements. Interestingly, Br does not show significant signal intensity on the ring edges
compared to Cs, suggesting there is significant amount of Cs concentrated on the ring
structure edges versus insignificant amount of Br. Moreover, the ex-situ XPS was used
to reveal the surface composition of the ring-like structure. The peak location and
intensity are very consistent across all 3 sampling positions (Figure S6), suggesting
high uniformity of the surface composition. All the presented peaks were assigned in
Figure S7 (“As-formed”).

The narrow scans have been further performed on the as-formed rings on SiO,/Si
substrate for quantification and chemical state analysis. The O 1s, Pb 4f, Si 2p, Br 3d,
Cs 3d and C 1s XPS narrow scan results are shown in Figures 3 and S8 (“as-formed”),
respectively. The most distinctive feature in Figure 3a is the splitting of the O 1s signal,

which shows two superimposed peaks at binding energy (B.E.) and full-width-half-



maximum (FWHM) (in brackets) of 531.9 eV (1.5 eV) and 530.2 eV (1.3 eV) with
separation in peaks (AB.E.) of 1.7 eV. These values demonstrate remarkable agreement
with previous XPS studies on Pb-silicate glass material system (R,O-PbO-SiO,, R is
alkaline/alkaline earth metal and could be absent) with O 1s at 531.7 eV (1.38 eV) and
530.1eV (1.40eV) with AB.E. of 1.6 eV - and at 532.2 eV and 530.3 ¢V with AB.E.
of 1.9 eV.* On the basis of these studies, the higher binding energy of O 1s peak at
531.7 — 532.2 eV originates from the Si-O-Si bridging oxygen (BO) in the Si-O-Si-O
network of the Pb-silicate glass, while the lower binding energy of O 1s peak at 530.1
—530.3 eV is caused by the modification of Si-O-Si-O network by Pb to form non-
bridging (NBO) Pb-O-Si and probably Pb-O-Pb. This interpretation of O 1s signal is
further confirmed by the Pb 4f (Figure 3b) and Si 2p (Figure 3c) signals. The Pb 4fs,
peak position at 143.2 eV (1.4 eV) and Pb 4f;, peak position at 138.4 eV (1.4 eV) are
extremely consistent with the literature XPS result of Pb?* in lead silicate glass at Pb
4f5,— 1433 eV (1.33eV) and Pb 4f;, — 138.4 eV (1.33 eV).*** The Si 2p signal shows
a single peak at binding energy 102.2 eV (1.9 eV), within range of the Si in the silicate
anion of Pb-silicate glass literature result at 101.6 eV (1.85 eV) — 102.6 eV 44> The
percentage atomic concentration ratio of Pb:Si:O determined by the peak areas is
10.2%:18.7%:52.2% (Table S1).

The Br and Cs are also identified on the surface. The Br 3d region shows two spin-
orbit splitting peaks at binding energies of 69.2 eV (Br 3d;,) and 68.1 eV (Br 3ds),)
(Figure S8b), in excellent agreement with both CsPbBr; (Br 3ds, 68.1 eV)* and CsBr
(Br 3ds, 68.1 eV).*” However, the annealing temperature of the CsPbBr; to form the
ring-like structure at ~700 °C surpasses the decomposition temperature of CsPbBr; at
~350 °C "% while the CsBr has much higher thermal stability (660 °C).3!-4 The Br 3d
peaks are therefore unequivocally attributed to CsBr. The Cs 3d signal exhibits two
spin-orbit splitting peaks at Cs 3d;,—738.3 eV (1.6 eV) and Cs 3ds,— 724.3 eV (1.6 eV)
(Figure S8c), in agreement with the previous XPS work of CsBr at Cs 3d;, — 738.3 eV
and Cs 3ds, — 724.3 eV.>° The percentage atomic concentration of Cs and Br is only

2.8% and 1.3%, an order of magnitude lower than that of Pb (10.2%), Si (18.7%), and



O (52.2%). The location of the Cs* cation in the Pb-silicate glass atomic structure is
worth further discussion. The presence of alkaline and alkaline earth metal ions is
frequent in the Pb-silicate glass material system. Previous XPS study on Pb-silicate
glass containing Cs displays Cs 3ds,, peak position at 724.5 eV ,*° only 0.2 eV different
from our Cs 3ds, result. It is likely that the extra Cs* ions diffuse into the host structure
of the PbO-Si0, glass, possibly leading to the formation NBO Cs-O-Si at atomic level.

It is well known that the Pb-silicate is insoluble in H,O.3! A previous study showed
that acids could be used to leach out Pb and alkaline metal from Pb-silicate glass in
aqueous solution, whereas CsBr readily dissolves in H,O.* To further understand the
chemical composition of these ring-like structures on Si, the as-formed sample was
treated with deionized (DI) water and concentrated HCI. Firstly, the as-formed sample
was dried with compressed N, gas after being washed thoroughly with DI H,O. The
dried sample was next checked by optical microscope and transferred into the EDS and
XPS system for composition and surface analysis, respectively. The surface
morphology under optical microscope remains the same as the as-formed sample
(Figure S9). The EDS map of ring-like structure shows Pb, Si, O, Cs elements in Figure
S10, which is close to the as-formed sample (Figure S5). Similarly, the XPS spectra in
Figure S11 are consistent across different positions and one representative spectrum is
shown in Figure S7 (“DI H,O washed”). The O 1s, Pb 4f, Si 2p, Br 3d, Cs 3d and C 1s
spectra of the same surface are shown in Figures 3 and S8, respectively.

The XPS results of the DI H,O washed sample show the peaks of Cs 3d, O 1s, C
Is, Pb 4f, Si 2p, and Br 3d. Further quantification based on the narrow scan results
showed the chemical identity of these species remain unchanged after the DI H,O
washing. The percentage atomic concentration (Table S1) showed Pb, Si and O
remaining as the dominant species on the DI-H,O washed sample while the amounts of
Cs and Br were reduced by half. This result is consistent with the low H,O solubility of
the Pb-silicate glass and high H,O solubility of CsBr. The remaining Cs and Br amounts
identified on the washed sample are likely inside the bulk of the Pb-silicate glass and

thus inaccessible to the H,O during washing.



The as-formed Pb-silicate glass ring-like structure was next tested against acid in
aqueous environment. The as-formed sample was immersed in a beaker filled with
concentrated HC] overnight and the corresponding optical microscope image is shown
in Figure S12. Different from the other two cases, the Pb element in the HCl-leached
sample is absent as seen in EDS map (Figure S13). The XPS spectra of the HCl-leached
sample show high consistency across 3 different positions (Figure S14), and one
representative spectrum is shown in Figure S7 titled “HCI leached”. Cs, Br, and Pb
signals previously observed on the as-formed and DI H,O washed samples have
disappeared on the surface. Only 3 elements — Si, O, and C have been found. The narrow
scan spectra comparison in Figures 3 and S8 further confirmed the complete removal
of Pb, Br, and Cs by concentrated HCI leaching. The removal of Pb and Cs also
eliminates all NBO (Pb-O-Si, and possibly Cs-O-Si, and Pb-O-Pb), thus converts Pb-
bonded O to BO (Si-O-Si). Indeed, the O 1s spectra in Figure 3a only shows a single
peak, in sharp contrast to the two-peak splitting feature (530.2 eV for NBO, and 531.9-
532.1 eV for BO) typical of Pb-silicate glass in the as-formed and DI-H,O washed
samples. The O 1s single peak position also shifted to higher binding energy of 533.1
eV. Consistent with O 1s evolution after HCI leaching, the Si 2p overall signal also
shifted from 102.2-102 .4 eV typical of the Pb-silicate glass to higher binding energy at
103.7 eV, very close to the binding energy of Si-O-Si bond in SiO, tetrahedron in SiO,
at 103.5 eV. The peak evolution of both O 1s and Si 2p are in excellent agreement with
previous XPS result on the leaching of Pb-silicate glasses in acid under aqueous
environment.*

To further understand the evolution and verify the peak deconvolution of the Si 2p
and O 1s XPS signal after the HCI leaching, we performed XPS on pristine Si where
S10, is the dominant species on the surface (Figures S15 and S16) and compared the Si
2p and O 1s signal with that of the HCI-leached sample (Figure 3). The Si 2p signal
comparison between Figures 3c and S16a confirmed the deconvolved Si 2p peak at
103.7 eV (1.4 eV) is from Si0,. The much smaller deconvolved Si 2p peak at 102.2 eV

(1.3 eV) is attributed to Si-OH formed by ionic exchange reaction taking place during



HCI leaching (Scheme 1).* The O 1s signal comparison between Figures 3a and S16b
confirmed the deconvolved O 1s peak at 532.9 eV (1.2 eV) is from SiO,. The much
larger deconvolved O 1s peak at 533.2 eV (1.6 eV) is attributed to silanol Si-OH based
on Scheme 1. The convolved O 1s peak positions and FWHM are consistent with
literature >33
=Si-0O-Pb-O-Si= + 2H* — 2=Si-OH (silanol) + Pb** Scheme 1

The disappearance of Cs and Br with the dissolution of the Pb-silicate glass by
concentrated HCl is worth a detailed discussion. We have showed the reduced amount
of Cs and Br identified by XPS in the DI-H,O washed sample. Since CsBr is soluble in
H,0, the CsBr exposed during H,O washing have been removed. But the H,O-insoluble
Pb-silicate glass protects the CsBr inside the bulk of Pb-silicate from being exposed.
Chemical testing using concentrated HCI dissolved the Pb-silicate glass structure and
exposed all CsBr inside the structure, leading to its concurrent dissolution in the
concentrated HCI.

To further understand the quasi-circular grain induced the growth of the ring-like
structures, we first investigated their formation process. The CsPb,Brs deposited by
thermal evaporation shows uniform and full coverage film with small grain size (Figure
4 and Figure 1 step D). These small grains will fuse into large grains aiming to reduce
the surface energy under continuous heating (400 °C, step @)). According to the
Ostwald ripening mechanism, these small grains will continuously grow until they
disappear. These enlarged grains would serve as templates to create the ring-like
structures. In brief, the dimension of these enlarged grains will determine the final
diameter of the ring-like structures. In parallel, the continuous increase of the annealing
temperature accelerates the decomposition of these perovskite grains. It is well known
that the deposition of perovskites usually starts from the grain boundaries.?!:3+ 5 This
decomposition process can be explained as follows:3!:#

CsPb,Brs; — CsPbBr;+PbBr, !
CsPbBr; — CsBr+PbBr, !



To clearly observe this growth procedure, one of the representative grains was
chosen as object of research. During this air annealing process, the PbBr, will rapidly
transform into liquid state and vaporize due to the low melting temperature of PbBr,
(357 °C)% It is worth noting that the gaseous state of PbBr, will be substantially
oxidized to PbO (PbBr, +% O,—~ PbO +Br,).”” More importantly, the oxidized PbO is
prone to react with SiO, to construct silicate glass at a high temperature. The product
of silicate glass will serve as an outline to impede the grain growth. As the annealing
temperature increases to 700 °C, the inner grain will start to decompose (Figure 1-step
@-®). The CsBr has a high melting point around 660 °C ' Prolong the annealing time
at 700 °C to 20 min and 40 min leads to the gradual disappearance of inner grains
because of the volatilization of CsBr and PbBr, (Figure 1-step ®). After one-hour
annealing, the ring-like structure is obtained (700 °C/60 min, Figure 1-step ©).
Benefiting from this quasi-circular grain induced growth, high yield of the ring-like
structures as well as the joint ring-like structures were obtained (Figure S17).

As a comparison, the same annealing process was conducted under nitrogen
environment. It is found that the isolated structures are of poor quality (Figure S18).
This can be attributed to the absence of oxygen that makes volatile PbBr, difficult to
transform to PbO, which impedes the reaction between PbO and SiO, layer to form the
Pb-silicate rings. Additionally, pure PbBr, film was made by depositing 700 nm
thickness of PbBr, on the SiO,/Si substrates via vapor deposition method. The same
annealing procedure was performed in the ambient environment. In this case, the final
products on the substrates are the large grains instead of well distribution ring-like
structures (Figure S19). Based on above analysis, these large grains would be PbO or
PbBr, covered with thicker layer of PbO, which makes them difficult to evaporate
because of the high melting point of PbO (889 °C).5® To identify this hypothesis, EDS
mapping were performed to investigate the component of these large grains. As seen in
Figures S20-S21, large amounts of lead within the large grains in the EDS line scan
indicates the major component is PbO. In addition, the same procedures were conducted

in air by using FTO and Si substrates. It is worth to note that no rings are observed on
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the FTO substrate (Figures S22), and the rings grown on the Si substrate are porous
(Figures S23, more detail can be found in Supporting information). These experiments
further corroborate the mechanism proposed on ring-like structure growth.

In conclusion, we have prepared the lead silicate glass ring-like structure on
S10,/Si substrates by using the inorganic lead halide perovskite CsPb,Brs film as a
precursor. The approximate round grain structure of CsPb,Brs and the oxidation of
PbBr, from the decomposition of CsPb,Brs at high temperature annealing allow the
chemical reaction with Si0O, to form the Pb-silicate glass based ring-like structures. The
as-prepared ring-like structures on Si surface showed the signature of Cs, Br, Pb, Si,
and O based on the XPS measurement results, which further confirms the composition
of Pb-silicate glass based rings on the SiO,/Si substrates. This finding offers a
breakthrough for nanoring structures in mass production and is expected to pave an

avenue for halide perovskite materials.
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See the supplementary material for more details on experimental procedures and other

information.
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FIG. 1. (a) Schematic illustration of formation of ring-like structures and (b) the

formation of ring-like structures.
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FIG. 2. (a) Low and (b) high magnification scanning electron microscope (SEM)

images of the ring-like structures; (c, d) Atomic force microscopy (AFM) morphology

images of the single ring-like structure.
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FIG. 3. XPS narrow scans of as-formed (upper panel), DI-H,O washed (middle panel),
HCl-leached (lower panel) ring-like structures on SiO,/Si substrates in the region of (a)

O s, (b) Pb 4f and (c) Si 2p.
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FIG. 4. SEM images of the conversion process of the CsPb,Brs precursor film to the

ring-like structures under different conditions.
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