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Cesium lead-halide (CsPbX3; X ¼ Cl, Br, I) perovskite microstructure arrays have become the basis for laser

array applications, due to their outstanding spectral coherence, low threshold, and wideband tunability.

Furthermore, the common fabrication methods for these arrays have the limitation to achieve both

tailored design and high resolution simultaneously. Herein, we report a high-precision, template-

assisted, wet etching (TAWE) method for the preparation of perovskite microstructure arrays. This

method possesses the advantages of flexible design, controllable size, and ultrahigh accuracy (the

resolution can reach 1 mm or higher). A 20 � 20 inverted pyramid array with a diameter of 3 mm and

a period of 4 mm was fabricated using this method. CsPbBr3 perovskite quantum dots fabricated by

means of hot injection were filled into the inverted pyramid array via spin-coating and pumped using

a laser with a wavelength of 400 nm. The lasing characteristics of the array were then measured and

analyzed; the threshold was measured to be 37.6 mJ cm�2, and the full width at half maximum of the

amplified spontaneous emission spectrum was found to be about 4.7 nm. These results demonstrate

that perovskite microstructure arrays prepared via this method have potential applications in laser arrays.
1 Introduction

All-inorganic cesium lead-halide (CsPbX3; X ¼ Cl, Br, I) perov-
skites are deemed to be ideal materials for the optical gain
medium in optoelectronic devices, because of their superior
optical properties such as high photoluminescence quantum
yields (PLQYs),1,2 narrow emission line width,3 wide emission
spectra tunability,4 and low material cost.5 These properties
make them a prime candidate for use in the eld of solar cells,6

white light-emitting diodes,7 displays,8 photodetectors and
lasers in particular.9,10 The lasing behaviors of perovskites are
strongly dependent on the quality of the crystal and the physical
structure. Since the discovery of amplied spontaneous emis-
sion (ASE) and laser emission in perovskite lms, numerous
laser devices with high quality factors (Q-factors), low thresh-
olds and optimum dimensions have been demonstrated for
perovskite-based microstructural materials, including nano-
wires,11,12 microplates,13–15 cube-corner pyramids16 and hexag-
onal platelets.17,18 It is unavoidable that modern photoelectric
devices will become integrated and arrayed, beneting and
expanding their practical applications. This makes the fabri-
cation of perovskite microstructure arrays signicant.
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tion (ESI) available. See DOI:
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There are many ways to fabricate a perovskite microstructure
array. The most common methods are the template method,
direct writing and the vapor phase method. The template
method provides a facile, highly efficient and rened prepara-
tion strategy. Mass production is also possible using the
template method, but it is insufficient in the exibility of design
and alignment, meaning that this method cannot fully meet the
requirements for developing perovskite array devices.19

Although the direct writing method shows superiority in its
exibility of design, low cost and efficient mass production, the
resolution of the existing direct writing method is still relatively
low.20 As for the vapor phase method, crystal defects are few, but
it generally possesses disadvantages such as high temperature,
poor controllability and expensive equipment.21 Therefore, it is
Fig. 1 A comparison between anisotropic and isotropic wet etching.
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Fig. 2 A diagram illustrating the TAWE method.
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urgent to develop new preparation methods for perovskite
microstructure arrays.

In this paper, we propose a template-assisted wet etching
(TAWE) method for the preparation of perovskite microstruc-
ture arrays. This method possesses the superior advantages of
exible design, controllable size and high precision (the reso-
lution can reach 1 mm or higher).22 Since the laser array prop-
erties are closely related to the size and shape of the
microstructure, this method could provide a convenient way to
optimize the laser characteristics through changing the design
parameters of the microstructure arbitrarily. A 20 � 20 inverted
pyramid structure array was fabricated using this method to
verify its feasibility. CsPbBr3 perovskite quantum dots fabri-
cated via hot injection were lled into the inverted pyramid
array by spin-coating and pumped using a laser with
Fig. 3 (a) The CsPbBr3 perovskite QD solution. (b) Light emission.

This journal is © The Royal Society of Chemistry 2020
a wavelength of 400 nm. The lasing characteristics were
measured and analyzed; the threshold was found to be 37.6 mJ
cm�2, and the full width at half maximum (FWHM) of the
amplied spontaneous emission spectrum was about 4.7 nm.
The experimental results demonstrate that the microstructure
array prepared using this method has potential applications as
a laser array.23,24

2 Experimental principles and
microstructure preparation
2.1 Anisotropic wet etching

A comparison of anisotropic and isotropic etching is depicted in
Fig. 1. Isotropic wet etching proceeds at the same speed for each
crystal orientation during the etching process, while for
RSC Adv., 2020, 10, 38220–38226 | 38221
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anisotropic wet etching, the speed is higher for certain crystal
orientations. Anisotropic wet etching is the foundation of the
TAWE method to prepare perovskite microstructure arrays.

2.2 The TAWE method

Fig. 2 illustrates the typical process of the TAWEmethod, which
includes three main steps: (1) preparation of template using
electron beam lithography technology; (2) etching of the
template via isotropic wet etching and coating with a silver lm
through thermal evaporation; (3) fabrication of CsPbBr3 inor-
ganic perovskite quantum dots via hot injection and lling
them into the inverted pyramid array through spin-coating (see
details in ESI, Fig. S1†).

2.3 Preparation of CsPbBr3 quantum dots

There are many ways to fabricate the CsPbBr3 quantum dots
(QDs), including hot injection,25,26 ion exchange27 and chemical
Fig. 4 SEM images of the inverted pyramid arrays: (a) integral; (b), (c), an

38222 | RSC Adv., 2020, 10, 38220–38226
vapor deposition.28 In this paper, the perovskite QDs were
synthesized by the hot injection method, which is widely used.
It mainly consists of two steps: (1) synthesis of a cesium oleate
precursor; (2) heating and dissolving lead bromide in organic
solvent, and then injecting the cesium oleate precursor into the
lead bromide solution under a nitrogen atmosphere. The
perovskite QDs solution was obtained aer cooling and
dispersing (see details in the ESI†). Fig. 3a shows a picture of the
synthesized CsPbBr3 perovskite QDs solution, which presented
a yellow color, and uniformly dispersed QDs. Fig. 3b shows light
emission aer spinning the QDs on a glass substrate and illu-
minating with ultraviolet light. The CsPbBr3 perovskite QDs
present good emission properties.

3 Structural characterization

Fig. 4 presents a scanning electron microscope (SEM) image of
the inverted pyramidmicrostructure array. Fig. 4a is the integral
d (d) partial SEM images of SA, SB, and SC.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Atomic force microscope images of the inverted pyramid array: (a) top view; (b) three-dimensional view.
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view of the inverted pyramid microstructure array with a size of
20 � 20 (80 mm � 80 mm). This image demonstrates that every
inverted pyramid is complete and distributed uniformly. Fig. 4b
(sample SA) shows a partial view of the inverted pyramids with
a diameter of 3 mm and a period of 4 mm. For comparison,
inverted pyramid arrays with pyramid diameters of 2 mm and 3
mm, and corresponding periods of 4 mm and 5 mm, respectively,
are shown in Fig. 4c (sample SB) and d (sample SC). These
Fig. 6 Transmission electron microscope images of CsPbBr3 perovskite
of the inverted pyramid array filled with perovskite.

This journal is © The Royal Society of Chemistry 2020
results demonstrate the feasibility of the TAWE method in
accurately fabricating microstructure array templates with
different sizes and periods. The resolution can reach 1 mm or
higher, depending on the precision of the electron beam
lithography technology. Since the lasing properties of the laser
array are closely related to the physical structure, the TAWE
method could provide a convenient way to optimize the laser
characteristics through arbitrarily changing the design
QDs at (a) low and (b) high resolution. (c) An optical microscope image

RSC Adv., 2020, 10, 38220–38226 | 38223
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Fig. 8 A schematic diagram of the experimental light path.
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parameters of the microstructure. Therefore, we compared the
differences in the ASE threshold between SA, SB and SC. The
results show that the larger sized inverted pyramid template has
a lower ASE threshold, which veries the signicance of the
architecture to the lasing properties (see ESI, Table S1†).

In the measurement of laser characteristics, the perovskite
QDs were lled into the inverted pyramid array to act as a gain
medium, while the inverted pyramid microstructure played the
role of a cavity.24,25 A silver lm with a thickness of 250 nm was
deposited on the structure to reduce cavity dispersion, radiation
loss and threshold loss. However, considering that the silver
lm could easily fall off the silicon wafer, a chromium lm with
a thickness of 10 nm was deposited as an adhesion layer. In
order to ensure the quality of the silver lm, it was necessary to
heat to 150 �C during evaporation. Fig. 5 shows an atomic force
microscope (AFM) image of the fabricated inverted pyramid
array. Fig. 5a is the top view of the sample, and Fig. 5b is the
three-dimensional view of the sample, with a depth of 2.4 mm.

Transmission electron microscopy (TEM) images of the
CsPbBr3 QDs are shown in Fig. 6a and b, revealing QDs with an
average size of 10 nm. We also measured the sample using an
optical microscope to conrm whether the QDs were completely
Fig. 7 (a) Photoluminescence and absorbance spectra of the CsPbBr3 QD
of the PL spectrum of CsPbBr3 QDs solution. (d) PL decay of the CsPbB

38224 | RSC Adv., 2020, 10, 38220–38226
lled into the inverted pyramid structure. As shown in Fig. 6c,
almost all inverted pyramid structures are uniformly lled with
perovskite QDs. The perovskite QDs at the edge of the structure
were removed by tape, and a more compact CsPbBr3 perovskite
s solution. (b) The XRD pattern of the CsPbBr3 film. (c) Time resolution
r3 QDs solution.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 The optical path in the inverted pyramid.
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lm could be obtained by cycling spin-coating and drying
several times.
4 Optical characteristics

The absorption and photoluminescence (PL) spectra of the
CsPbBr3 perovskite QDs solution are depicted in Fig. 7a. The PL
spectrum displays an obvious peak at 529 nm, which is the
emission peak of the perovskite QDs, and the FWHM of the
spectrum is about 20 nm. X-ray diffraction (XRD) of the CsPbBr3
perovskite lm (prepared through spin-coating the QDs solu-
tion on a glass base) was recorded and is shown in Fig. 7b. The
strong intensity of the diffraction peaks indicates the good
crystallinity of the lm. Most of the peaks are in agreement with
standard (rhombic) CsPbBr3 (PDF#18-0364). We also measured
the emission lifetime using a streak camera (c5680-04/M,
Hamamatsu). Fig. 7c shows the PL lifetime of the CsPbBr3
QDs solution. The PL lifetime of the CsPbBr3 QDs solution is
3.62 ns and 34.85 ns, which is tted by a double-exponential
Fig. 10 (a) Photoluminescence spectra of the inverted pyramid perovsk

This journal is © The Royal Society of Chemistry 2020
function. The PL decay of the CsPbBr3 QDs solution is also
depicted in Fig. 7d.

A schematic diagram for the ASE measurement is illustrated
in Fig. 8. The excitation source used for this work was a Ti:sap-
phire oscillator/amplier. The latter produced �120 fs dura-
tion, 800 nm wavelength laser output with a repetition rate of 1
kHz. The output divergence angle aer collimation was around
0.65 mrad. By using a beta barium borate (BBO) crystal, the
output wavelength was converted to 400 nm. The pump beam
was focused by a lens on the sample, while the ASE signal was
collected by the spectrograph.

The reected light path inside the inverted pyramid struc-
ture is shown in Fig. 9. The conned light travels along the blue-
line path of a–b–c–d (a, d in plane ABCD, b in plane OBC, c in
plane OAD), emitted from point d on plane ABCD and ampli-
ed, which can eventually be detected by the spectrometer.
Emission is also possible through a different path or other
reections in the inverted pyramid structure, leading to
a multimode.

The laser characteristics of the inverted pyramid perovskite
microstructure array were measured using the experimental
light path depicted in Fig. 8. The intensity of the laser light
incident on the sample changed slowly by adjusting the atten-
uator, and the spectrum of the sample was recorded, as shown
in Fig. 10a. Its photoluminescence (PL) intensity versus the
pump intensity is shown in Fig. 10b. The sample under low
pump power presented a broad spontaneous emission (SE).
With increasing pump density, a peak at 536 nm emerged and
quickly became dominant. Meanwhile, the FWHM of the
emission spectrum narrowed sharply, which signied the
transition from SE into an ASE regime.29–31 Thus, the threshold
is 37.6 J cm�2, and the FWHM is about 4.7 nm, revealing that
the inverted pyramid perovskite microstructure array presents
good laser characteristics.32 A better PL stability could be ob-
tained when the inverted pyramid perovskite array was stored
under vacuum or N2 atmosphere, instead of being exposed to
air. The luminescence stability and photostability were also
measured (see ESI, Fig. S2†).
ite array. (b) Photoluminescence intensity versus pump intensity.

RSC Adv., 2020, 10, 38220–38226 | 38225
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5 Conclusions

In conclusion, we reported a high-precision, template-assisted,
wet etching (TAWE) method for the preparation of perovskite
microstructure arrays. This method shows obvious superior
advantages in relation to design, size controllability, and
precision. A 20 � 20 inverted pyramid array with a diameter of 3
mm and a period of 4 mm was obtained using this method. The
laser characteristics of the structure were tested and analyzed,
and the threshold was found to be 37.6 mJ cm�2, and the FHWM
was 4.7 nm. The results demonstrate that the microstructure
array prepared using this method has potential applications in
laser arrays.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The work was nancially supported by the National Natural
Science Foundation of China (11874107).

References

1 X. Y. Zhang, H. Lin, H. Huang, C. Reckmeier, Y. Zhang,
C. H. Choy and L. R. Andrey, Nano Lett., 2016, 16, 1415–1420.

2 W. Song, Y. C. Yang, X. J. Kang, L. Wang, L. J. Huang and
D. C. Pan, Chem. Commun., 2016, 52, 7265–7268.

3 H. R. Wang, X. Y. Zhang, Q. Q. Wu, F. Cao, D. W. Yang,
Y. Q. Shang, Z. J. Ning, W. Zhang, W. T. Zheng, Y. F. Yan,
S. V. Kershaw, L. J. Zhang, A. L. Rogach and X. Y. Yang,
Nat. Commun., 2019, 10, 665.

4 P. Ramasamy, D. H. Lim, B. Kim, S. H. Lee, M. S. Lee and
J. S. Lee, Chem. Commun., 2016, 52, 2067–2070.

5 J. Z. Song, T. Fang, J. H. Li, L. M. Xu, F. J. Zhang, B. M. Han,
Q. S. Shan and H. B. Zeng, Adv. Mater., 2018, 30, 1805409.

6 H. Wang, Y. Wu, M. Ma, S. Dong, Q. Li, G. Du, H. Zhang and
Q. Y. Xu, ACS Appl. Energy Mater., 2019, 2, 2305–2312.

7 Z. H. Wu, J. Wei, Y. N. Sun, J. Wu, Y. F. Hou, P. Wang,
N. P. Wang and Z. F. Zhao, J. Mater. Sci., 2019, 54, 6917–6929.

8 Y. S. Tan, Y. T. Zou, L. Z. Wu, Q. Huang, D. Yang, M. Chen,
M. Y. Ban, C. Wu, T. Wu, S. Bai, T. Song, Q. Zhang and
B. Q. Sun, ACS Appl. Mater. Interfaces, 2018, 10, 3784–3792.

9 L. F. Lv, Y. B. Xu, H. H. Fang, W. J. Luo, F. J. Xu, L. M. Liu,
B. W. Wang, X. F. Zhang, D. Yang, W. D. Hu and
A. G. Dong, Nanoscale, 2016, 8, 13589–13596.

10 Y. Wang, X. M. Li, J. Z. Song, L. Xiao, H. B. Zeng and
H. D. Sun, Adv. Mater., 2015, 27, 7101–7108.

11 H. Zhu, Y. Fu and F. Meng, Nat. Mater., 2015, 14, 636–642.
12 H. H. Zhang, Y. S. Wu, Q. Liao, Z. Y. Zhang, Y. P. Liu,

Q. G. Gao, P. Liu, M. L. Li, J. N. Yao and H. B. Fu, Angew.
Chem., 2018, 130(26), 7874–7878.
38226 | RSC Adv., 2020, 10, 38220–38226
13 J. G. Feng, X. X. Yan, Y. F. Zhang, X. D. Wang, Y. C. Wu, B. Su,
H. B. Fu and L. Jiang, Adv. Mater., 2016, 28, 3732–3741.

14 Z. H. Duan, Y. Wang, G. Li, S. Wang, N. B. Li, S. Liu,
S. M. Xiao and Q. H. Song, Laser Photonics Rev., 2018, 12,
1700234.

15 X. X. He, P. Liu, H. H Zhang, Q. Liao, J. N. Yao and H. B. Fu,
Adv. Mater., 2017, 29, 1604510.

16 Y. Mi, Z. X. Liu, Q. Y. Shang, X. X. Niu, J. Shi, S. Zhang,
J. Chen, W. N. Du, Z. Y. Wu and R. Wang, Small, 2018, 14,
1703136.

17 Q. Zhang, S. T. Ha, X. F. Liu, T. C. Sum and Q. H. Xiong, Nano
Lett., 2014, 14, 5995–6001.

18 X. F. Liu, L. Niu, C. Y. Wu, C. X. Cong, H. Wang, Q. S. Zeng,
H. Y. He, Q. D. Fu, W. Fu and T. Yu, Adv. Sci., 2016, 3,
1600137.

19 Y. Liu, J. G. Feng, B. Zhang, Y. C. Wu, Y. Chen and L. Jiang,
Small, 2018, 14, 1701861.

20 J. Huang, M. Lee, A. Lucero, L. X. Cheng and J. Kim, J. Phys.
Chem. C, 2014, 118, 23306–23312.

21 Y. Gao, L. Zhao, O. Y. Shang, Y. G. Zhong, Z. Liu, J. Chen,
Z. P. Zhang, J. Shi, W. N. Du and Y. F. Zhang, Adv. Mater.,
2018, 30, 1801805.

22 T. Deng, J. Chen, C. N. Wu and Z. W. Liu, ECS J. Solid State
Sci. Technol., 2013, 2, 419–422.

23 A. Zhizhchenko, S. Syubaev, A. Berestennikov, A. V. Yulin,
A. Porrev, A. Pushkarev, A. Shishkin, K. Golokhvast,
A. A. Bogdanov and A. A. Zakhidov, ACS Nano, 2019, 13,
4140–4147.

24 Z. H. Duan, Y. J. Wang, G. Li, S. Wang, N. B. Yi, S. Liu,
S. M. Xiao and Q. H. Song, Laser Photonics Rev., 2018, 12,
1700234.

25 P. David, Y. T. Dong, Q. Tian and H. S. Dong, Chem. Mater.,
2018, 30, 2939–2944.

26 M. Yarema, O. Yarema, W. M. M. Lin, S. Volk, N. Yazdani,
D. Bozyigit and V. Wood, Chem. Mater., 2017, 29, 796–803.

27 H. Wu, S. Lin, R. N. Wang, X. You and Y. W. Chi, Nanoscale,
2019, 11, 5557–5563.

28 C. E. Reilly, C. Lund C, S. Nakamura, U. K. Mishra,
S. P. Benbaas and S. Keller, Appl. Phys. Lett., 2019, 114,
241103.

29 S. T. Malak, E. Lafalce, J. Jung, C. H. Lin, M. J. Smith,
Y. J. Yoon, Z. Q. Lin, Z. V. Vardeny and V. V. Tsukruk, J.
Mater. Chem. C, 2016, 4, 10069–10081.

30 C. H. Lin, E. Lafalce, J. Jung, M. J. Smith, S. T. Malak, S. Aryal,
Y. J. Yoon, Y. X. Zhai, Z. Q. Lin and Z. V. Vardeny, ACS
Photonics, 2016, 3, 647–658.

31 B. Guzelturk, Y. Kelestemur and M. Olutas, ACS Nano, 2014,
8, 6599–6605.

32 C. Y. Huang, Z. Chen, C. Y. Mao, K. L. Corp, Y. C. Yao,
Y. J. Lee, C. W. Schlenker, A. K. Y. Jen and L. Y. Lin, ACS
Photonics, 2017, 4(9), 2281–2289.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra07228a

	A high-precision, template-assisted, anisotropic wet etching method for fabricating perovskite microstructure arraysElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07228a
	A high-precision, template-assisted, anisotropic wet etching method for fabricating perovskite microstructure arraysElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07228a
	A high-precision, template-assisted, anisotropic wet etching method for fabricating perovskite microstructure arraysElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07228a
	A high-precision, template-assisted, anisotropic wet etching method for fabricating perovskite microstructure arraysElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07228a
	A high-precision, template-assisted, anisotropic wet etching method for fabricating perovskite microstructure arraysElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07228a
	A high-precision, template-assisted, anisotropic wet etching method for fabricating perovskite microstructure arraysElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07228a

	A high-precision, template-assisted, anisotropic wet etching method for fabricating perovskite microstructure arraysElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07228a
	A high-precision, template-assisted, anisotropic wet etching method for fabricating perovskite microstructure arraysElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07228a
	A high-precision, template-assisted, anisotropic wet etching method for fabricating perovskite microstructure arraysElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07228a
	A high-precision, template-assisted, anisotropic wet etching method for fabricating perovskite microstructure arraysElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07228a
	A high-precision, template-assisted, anisotropic wet etching method for fabricating perovskite microstructure arraysElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra07228a


