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Phase Engineering for Stability of CsPbl; Nanowire

Optoelectronics

Dengji Li, Pengshan Xie, Yuxuan Zhang, You Meng, Yancong Chen, Yini Zheng,
Weijun Wang, Di Yin, Bowen Li, Zenghui Wu, Changyong Lan, SenPo Yip, Dangyuan Lei,

Fu-Rong Chen, and Johnny C. Ho*

Zinc (Zn) has arisen as a significant suppressor of vacancy formation in halide
perovskites, establishing its pivotal role in defect engineering for these
materials. Herein, the Zn-catalyzed vapor-liquid-solid (VLS) route is reported
to render black-phase CsPbl; nanowires (NWs) operationally stable at room
temperature. Based on first-principle calculations, the doped Zn?* can not
only lead to the partial crystal lattice distortion but also reduce the formation
energy (absolute value) from the black phase to the yellow phase, improving
the stability of the desired black-phase CsPbl; NWs. A series of contrast tests
further confirm the stabilization effect of the Zn-doped strategy. Besides, the
polarization-sensitive characteristics of black-phase CsPbl; NWs are revealed.
This work highlights the importance of phase stabilization engineering for
CsPbl; NWs and their potential applications in anisotropic optoelectronics.

The crystallization of halide perovskites (HPs) into 1D structures
has generated considerable research interest for their promising
prospects in studying electron transport characteristics and mul-
tifunctional nanoscale devices.[!! To date, various strategies have
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been developed to achieve in-plane
growth of 1D structures, including
epitaxy,?! capillary-bridge-manipulated

graphoepitaxy,®?] and van der Waals
epitaxy.[* Typically, the VLS growth mode, ]
which involves the initial seeding of metal-
lic catalytic nanoparticles to facilitate the
process, has realized the out-of-plane
and bottom-up synthesis route, opening
up a new pathway for the 1D perovskite
electronics and optoelectronics.

lIodine-based inorganic halide per-
ovskites (IHPs) have gained recognition
as highly suitable candidates for practical
optoelectronics, primarily due to their
narrower bandgap and broader spectrum
absorption.’! However, a significant chal-
lenge arises as the surface-to-volume ratio
increases with shrinking size, resulting in intensified surface de-
fects that eventually dominate the environmental phase stabil-
ity of CsPbl; NWs.l”) Essentially, the black phase (a, §, and )
of CsPbl; NWs tends to undergo a strong transformation to
the yellow phase (6, non-perovskite structure) at room tempera-
ture (RT).®) In previous research, diverse strategies, such as sur-
face modification and the introduction of other metal dopants,
have been utilized to achieve the stabilization of the black
phase in CsPbl; NWs.”! In general, introducing Zn dopants
has been documented as an efficient means to curb vacancy
formation within halide perovskites,'!l reducing surface defects
and impeding degradation triggered by external factors. The in-
triguing query arises as to whether this specific cation dop-
ing approach can equally impede the detrimental phase con-
version of CsPbl;, ensuring the operational phase stability of
CsPbl; NWs.

In this study, we utilized density functional theory (DFT) cal-
culations to anticipate that the Zn dopants not only suppress
the vacancy formation but also stabilize the black phase struc-
ture for CsPbl; NWs. Through the VLS routes, we successfully
designed and realized the out-of-plane growth of Zn-doped and
self-catalyzed CsPbI; NWs. The beneficial effect of Zn doping on
the CsPbI; NWs was confirmed via a series of surface character-
ization technologies. Moreover, photodetector devices utilizing
these two types of NWs were also manufactured, showcasing the
beneficial impact of Zn doping on the optoelectronic character-
istics of pure CsPbl;. Importantly, we revealed the polarization-
sensitive characteristics of stable CsPbl; NWs, illustrating the
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Figure 1. a) Schematic diagram of the spontaneous room temperature degradation of CsPbl;. b) Schematic diagram of the relationship between the
tolerance factor () and the B—X—B bond angle. The bottom image shows how tilting of [PbX4]*~ octahedra is restricted with partial Pb?* being substi-
tuted by smaller B-site cations. c) Metal—iodide bond distances for CsPbl; and partial CsZnl; in the optimized CsPbl; structure. d) The distribution of
perovskites (ABX;) containing metal centers including Pb, Ti, Sr, Sn, Cd, Cr, Mn, and Zn in relation to the Goldschmidt octahedral constraints and the
tolerance factor. The left part is calculated through ionic radius, while the other part is calculated through bond distances. e) Histograms comparing the
formation energy of phase transition (AE¢yy, , .5) in initial CsPbl; and its doped structure with substituent 4.17% of various B-site cations. f) Schematic
diagram of the improved thermal stability of orthorhombic CsPbl; by substituting partial Pb2* with Zn?*. g,h) Schematic diagram of the self-catalyzed
and Zn-catalyzed VLS NWs growth.

optoelectronic anisotropic nature of CsPbI; NWs. Our work high-
lights the importance of impurity doping engineering for CsPbl,
NWs and their further applications in anisotropic electronics.
According to previous research,®! the metastable y phase of
CsPbl; will degrade spontaneously to the stable 6 phase at RT
(Figure 1a). Viewing from the environment, the degradation pro-
cess of halide perovskite materials generally commences due
to defects stemming from halide vacancies. These structural
imperfections display a pronounced affinity for water and oxy-
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gen molecules; even a minimal concentration of such defects
yields significant adverse effects.!'] Notably, leveraging its com-
pact ionic radius and low electronegativity, incorporating Zn
dopants has demonstrated a compelling capacity to mitigate va-
cancy formation.['!! This leads to a reduction in defect sites, con-
sequently enhancing the stability of Zn-doped perovskite struc-
tures.

In essence, one significant structural aspect that influence the
stability is the Goldschmidt's rule, r = j"‘x . Herein, R,

Rp-x
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denotes the separation between the A-site cation and the X-site
anion, whereas Rj_y signifies the spacing between the B-site
cation and the X-site anion (Figure 1b). The dimensions of the
[BX4]*~ octahedra and the cubo-octahedral voids with regard to
the A-site cation are influenced by the B-site cation. Under ideal
conditions, a 180° bond angle between B—X-B is achieved, re-
sulting in a cubic perovskite phase with a tolerance factor (r) of
1.121 However, for CsPbl;, the Cs?* ion is much smaller than the
cubo-octahedral void size, resulting in a 7 value of <1. As a result,
the [PbI]*~ octahedra undergoes rotation and tilt to minimize the
excess space around the Cs?* ion, causing the bond angle () to
be <180°.[13] But with partial Pb** being substituted by smaller
B-site cations, the dimensions of the [BX,]*~ octahedra can be
reduced, thus decreasing the void’s size and realizing the whole
structure’s relative stability.

To shed light on the octahedral rotation process, DFT cal-
culation was carried out to predict the lattice structure of the
initial y phase CsPbl; and its doped phase with partial sub-
stituents, including Cd**, Cr**, Mn?*, Sn?*, Sr?*, Ti**, and Zn**
(Figure 1d; Figure S1, Supporting Information). Typically, the
substituent [ZnI]*~ octahedra exhibits remarkable distortion in
the optimized model, greatly hindering the further tilting or ro-
tation of octahedra to achieve the stabilization of the black phase
(Figure 1b). The localized distortion within the CsPbl, lattice re-
sults in an asymmetrical differential charge density encompass-
ing Zn (Figure S2, Supporting Information). The specific geom-
etry for Pb and distorted Zn octahedra are provided in Figure 1c.
Meanwhile, the ionic radii constraints for the B** and I~ sites
to stabilize octahedral coordination were also considered for all
doped structures. More importantly, the formation energy of
phase transition (AEg,,,, , 5, defined as the energy change from
7 phase to 6 phase) was calculated and displayed in Figure le,
indicating the suppression effect of Zn substitution to the deteri-
orative phase transition compared to initial perovskites and other
doped structures. Hence, all calculated results suggest a promis-
ing prospect of the Zn doping strategy to stabilize the CsPbl,
NWs (Figure 1f).

Inspired by the above analysis and calculations, initial CsPbl,
and Zn-doped NWs design follow a VLS route based on chemical
vapor deposition (CVD). Figure 1g,h depict schematic diagrams
of the VLS growth process. The detailed NW growth process can
be found in the Methods section, and a schematic diagram of
the growth system is provided in Figure S3 (Supporting Infor-
mation). Notably, the self-catalyzed VLS growth involves the for-
mation of Pb seeds driven by surface energy induced by surface
roughness, while the Zn nanocatalysts are synthesized through
a drop-coating process. The dark field optical image of the sub-
strate full of Zn nanoparticles is provided in Figure S4 (Support-
ing Information).

To verify the growth morphology and mechanism of the ob-
tained NWs, the samples synthesized from these two routes were
observed through a scanning electron microscope (SEM). As
shown in Figure S5 (Supporting Information), the designed per-
ovskite NWs from both routes were grown vertically (i.e., out of
plane) on the substrate. Furthermore, as depicted in Figure S6
(Supporting Information), distinctive flower-like and spherical
catalytic seeds can be observed in the tip region of each indi-
vidual NW from the Zn-doped and self-catalyzed routes, respec-
tively. Furthermore, the elemental distribution of the fabricated
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nanowire samples was examined through energy-dispersive X-
ray spectroscopy (EDS) mapping (Figure 2a,b), revealing that the
flower-like catalyst apex of the Zn-doped NW is primarily con-
sisting of Zn. In contrast, the spherical catalytic seed of the self-
catalyzed NW consists predominantly of Pb. Meanwhile, Cs, Pb,
and I exhibit uniform distribution in the NW body for both sam-
ples. This result is expected as the melting temperatures of both
the Zn-Pb alloying (183-245 °C) and pure lead (327.5 °C) are rel-
atively low,'*] enabling the formation of liquid metal seeds to-
gether with a highly effective supersaturation mechanism occur-
ring at the catalyst apex. On the other hand, the result reveals the
limited solubility of the Cs and I at equilibrium in the liquid Zn
and Pb during the growth of NWs. Hence, the NWs from these
two routes have been verified as VLS growth. Composition quan-
tification of the Zn-doped NWs was carried out along the axial
axis of the NW (Figure 2c), confirming the uniform dispersion of
Cs, Pb, and I elements within the NW body with a compositional
ratio of 1:1:3, aligning with the stoichiometric ratio of CsPbl;.

Next, to verify the crystal phase of these two obtained per-
ovskite NWs, X-ray diffraction (XRD) was first carried out. As
shown in Figure 2d, the main peaks of both NWs agree with
the orthorhombic CsPbl, (Pnma (62), a = 8.856 A, b = 8.576 A,
c = 12.472 A).] The theta shift of peaks caused by Zn dopants
was also noticed, indicating a smaller crystalline structure than
the pristine CsPbl,. Moreover, as depicted in scanning transmis-
sion electron microscopy (STEM) images (Figure S5, Support-
ing Information), the Zn-catalyzed CsPbl; NWs demonstrate sig-
nificantly improved morphology compared to the self-catalyzed
NWs, which exhibit irregular distortion and partial breakage in
certain sections of their structure. The experimental results di-
rectly demonstrate the optimized effect of Zn-doping engineer-
ing on the environmental stability of CsPbl; NWs. Meanwhile,
the acquired high-resolution TEM (HRTEM) image in Figure S7a
(Supporting Information) confirms the orthorhombic phase of
CsPbl; (Pnma (62)), which is further supported by the selected
area electron diffraction (SAED) pattern shown in Figure S7b
(Supporting Information), where the NW body’s pattern corre-
sponds to the (001) plane of the orthorhombic phase. These find-
ings align well with the XRD results depicted in Figure 2d. Im-
portantly, the orthorhombic perovskite structure of Zn-catalyzed
CsPbl; NWs remains stable at room temperature, mainly due to
the combined effect of substituted Zn?* to Pb?* and the larger
I~ ionic radius compared to other halide ions.['® Besides, the
SAED pattern also reveals that the Zn-seeded CsPbl; NWs tend
to grow along the [100] direction, aligning with prior experimen-
tal and computational investigations. This preference for growth
along the (100) planes of CsPbI; NWs can be due to their reduced
surface free energy compared to other crystallographic planes,
which drives directed crystal growth.'”] In summary, the analy-
sis of the structure and elements confirms that the acquired NW
samples were CsPbI; orthorhombic phase grown following the
VLS mechanism.

To investigate the impact of Zn impurity doping on the inher-
ent properties of perovskites, we conducted photoluminescence
(PL) measurements and analysis on samples of self-catalyzed
and Zn-seeded CsPbl; NWs. As depicted in Figure 2e, the self-
catalyzed CsPbl; NW exhibited a complete emission with full
width at half-maximum (FWHM) of 31 nm, centered at 702 nm
(~1.766 eV), while the emission peak of Zn-seeded samples
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Figure 2. Materials characterization of the two types of CsPbl; NWs. a,b) EDS mapping of the Zn-catalyzed and self-catalyzed CsPbl; NWs. c) EDS
line scan of the Zn-doped CsPbl; NWs. d) XRD spectra comparison of the Zn-catalyzed and self-catalyzed NWs. e) PL spectra of the two types of NWs.

f—i) XPS spectra of the two types of CsPbl; NWs.

displayed a ~6 nm blue shift. Previous theoretical studies have
indicated that the CsPbl, lattice contracts due to the substitu-
tion of smaller Zn** cations for Pb?*, also consistent with the
observed theta shift in the XRD pattern of Zn-seeded NWs.['8] At
the same time, the calculated bandgaps of Zn-doped perovskites
(Figure 3e) have demonstrated a broadening, which can be at-
tributed to a decrease in the volume of unit cell or/and an in-
crease in electronegativity (EN) of the component species.!*]
Meanwhile, the absorption and temperature-dependence PL of
perovskite NW samples, both with and without Zn dopants, were
measured to investigate the influence of Zn dopants. The results,
as illustrated in Figure S8a,b (Supporting Information), further
highlight the observed blue shift in the Zn-doped NWs, confirm-
ing the effect of Zn doping. The Zn-doped samples also exhibit
superior thermal stability compared to the intrinsic perovskite
samples. Notably, the intrinsic perovskite samples experience a
PL intensity reduction of over 50% as the environmental tem-
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perature reaches 200 °C, whereas the Zn-doped samples demon-
strate relative resilience under similar conditions.

To investigate the chemical states of Zn?* within the NWs,
these two NWs samples were investigated using X-ray photo-
electron spectroscopy (XPS). Figure 2f displays XPS peaks for
Cs, Pb, and I in both types of NWs. Notably, additional peaks
were observed in the high-resolution XPS spectra of Zn 2p as
shown in Figure 2g, appearing at 1021.2 and 1043 eV in the Zn-
catalyzed CsPbl; NW sample, corresponding to the Zn 2p sig-
nals originating from Zn?*. This observation indicates the incor-
poration of Zn?* ions into the structure of CsPbl; NWs during
the VLS growth process. To explore the impact of Zn on CsPbl,
NWs further, we analyzed the high-resolution XPS spectra for Pb
4f and I 3d signals. In Figure 2h, the Pb 4f spectra of the self-
catalyzed sample exhibited characteristic peaks corresponding to
Pb** 4f; , and Pb** 4f;), at 138.3 and 143.2 eV, respectively. In
contrast, those peaks of the Zn-catalyzed sample shifted to lower
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Figure 3. a,b) PL mapping (inset are the optical images) and c) TRPL curves of the two types of CsPbl; NWSs. d—f) Calculated band of the initial y,

Zn-doped y, and initial 6 phase of the CsPbl;.

energy levels. A similar shift was also observed in the I 3d spec-
tra. The ~0.2 eV decrease in the Pb?* 4f and I 3d spectra of the
Zn-catalyzed sample is attributed to the presence of Zn, demon-
strating the incorporation of Zn?* ions into the CsPbl, perovskite
lattice. Furthermore, Zn?* exhibits a more substantial chemical
interaction with I~ compared to Pb**, potentially resulting in a
partial weakening of the interaction between outer and core elec-
trons in adjacent Pb?* and I~ ions.[2%)

To achieve a more in-depth exploration of the impact of Zn
doping on CsPbl; NWs, we employed confocal photolumines-
cence (PL) mapping on both types of NWs (Figure 3a,b). The
Zn-doped CsPbl; NWs exhibited complete and uniform PL sig-
nals across their entire bodies, while the self-catalyzed sample
showed partial darkening and fragmenting PL mappings un-
der the same measurement conditions. Time-resolved photolu-
minescence (TRPL) measurements were performed on the two
types of CsPbl; NWs. Notably, they exhibited distinct TRPL de-
cay characteristics. The Zn-seeded NW demonstrates a single-
exponential fitting curve (v = 248.7 ns), while the self-catalyzed
NW exhibits a double-exponential TRPL decay characteristic
=X,A;7,2/EA;r; = 36.5 ns). The simpler PL decay and in-

(Tavemge ifhb
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creased PL lifetime observed in the Zn-catalyzed NW indicate the
suppression of nonradiative recombination, indicating a lower
defect density surface compared to the self-catalyzed NW.[2!] The
presence of trapping states induced by defects in the nonradia-
tive recombination process captures photogenerated carriers and
reduces their diffusion length, leading to inferior optoelectronic
performance.!??] Therefore, the superior surface condition of Zn-
catalyzed CsPbI; NWs holds the potential for good performance
and high-speed optoelectronics.

Following that, the optoelectronic properties of the two types
of CsPbl; NWs were investigated by configuring them into
photodetector (PD) devices (detailed procedures compiled in
Figure S9 and Method section, Supporting Information).2]
The specific schematic diagram and SEM image are provided in
Figure 4a,b. In the current-voltage (I-V) curves (Figure 4c) and
current versus time (I-t) curves (Figure 4d), the Zn-seeded CsPbl,
NW PDs exhibit ultra-low dark currents (I,,,) of 0.1 pA at2V
bias. At the same time, the self-catalyzed NW devices have dark
currents (I;,,) that increased over 10 times. However, under a
2mW cm™ illumination of 450 nm laser, the photocurrent (I;;,)
of Zn-catalyzed CsPbl; NW devices increases by over 10* times to
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Figure 4. Device performance characterization. a,b) Schematic diagram and SEM image of the single NW PD device. c) I-V curve and d) I-t curve
comparison of the two types of NW PD devices. e) |-t curve of the Zn-doped PD device under different power density illumination. f) I-P curve, g) SCLC
curve, h) response and recovery times curve comparison of the two types of NW PD devices. i) Polarization dependence of the current intensity at the

bias of 2 V and light intensity of 2 mW cm~2.

5.7 + 0.4 nA, much higher than the self-catalyzed PD devices,
at ~#10 times. Moreover, the photoresponse (Figure 4e) was in-
vestigated at various power densities (spanning from 0.02 to
6 mW cm™?), demonstrating a positive correlation between pho-
tocurrent and power density as more carriers are generated with
an increasing photon flux. All the photocurrent data for the two
types of PDs were extracted and compiled in Figure 4f, fitting
perfectly to the power law equation of I,,xP*. The coefficient «
values of Zn-doped and self-catalyzed NW PDs are calculated to
be 0.67 and 0.95, respectively, indicating an ideal trap-free char-
acteristic of Zn-doped NWs.[24]

To evaluate the optoelectronic performance of the two types
of NW-based PDs, the two most important figure-of-merit pa-
rameters, responsivity (R) and detectivity (D*), were calculated.
Here, R is described by the equation R = I,,,/PS, where I, (I, =
Ligns = Lian), P, and S are the photocurrent, power density, and ef-
fective illumination area, respectively. Under the illumination of
0.02 mW cm~2, the highest R-value for Zn-seeded CsPbl; NWs is
1935 + 55 A W~!(Figure S10a, Supporting Information), which
is larger than the self-catalyzed CsPbI; NW value of 98 + 18 A
W' under the same conditions. The other parameter, D, is de-
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scribed as D" = R(S Af)!/?/i,. Here, Af represents the electri-
cal bandwidth, and i, represents the noise current. According to
Figure S10c (Supporting Information), the noise current spec-
trum is primarily characterized by 1/f noise when biased at 2 V.
Moreover, there is a noticeable noise enhancement from 1.53 fA
Hz''/2 of Zn-catalyzed PDs to 98.44 fA Hz /2 of the self-catalyzed
device at 1 Hz, which can be attributed to the stabilization of Zn
impurity dopants to suppress the phase transition degradation
process. The highest D* (Figure S10b, Supporting Information)
of Zn-catalyzed PDs is calculated as 5.97 x 10" cm Hz!/2W-!
(Jones), higher than the self-catalyzed device of 4.58 X 10 Jones
and outperforming most reported 1D perovskite devices (Figure
S10d and Table S1, Supporting Information). Furthermore, a
fast response is also important for a practical PD. In essence,
the response time is mainly dominated by photogenerated car-
riers’ separation, transport, and collection efficiency.!®®! To ac-
quire the high-precision photoresponse, a current amplifier and
digital oscilloscope were connected to the device to record the
high-speed signals achieved by a 800 Hz chopper.[*] As depicted
in Figure 4f, the Zn-catalyzed CsPbl; NW exhibits an impres-
sively fast photoresponse of 208 ps, surpassing the self-catalyzed
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CsPbl; NW with 325 ps, as well as most of the reported 1D
perovskite (Table S1 and Figure S10e, Supporting Information).
The significantly higher performance of Zn-catalyzed NWs can
be attributed to superior material quality, meanwhile preventing
the degradation transmission from the black phase to the yellow
phase.

Moreover, a detailed analysis of the space-charge-limited cur-
rent (SCLC) results (Figure 4h) was conducted to evaluate the sur-
face condition of NWs further. Drawing on the previous research
work,[?’] the trap-filled limit voltage (V) is primarily influenced
by the trap density (n,) as,

en,I?

=1 1
TFL 2ee, 1)

where L, ¢ (assumed as 6.3)[28] and ¢, are the channel length,
the relative dielectric constant of CsPbl; and the vacuum per-
mittivity, respectively. The trap density, n,, of Zn-doped CsPDbI,
was computed as 4.04 X 10" cm~3, which is lower than that of
self-catalyzed samples (1.73 x 10" cm™3), signifying an improved
electron transport pathway in Zn-catalyzed CsPbI;. Therefore, it
was demonstrated that the effectiveness of the Zn doping strat-
egy in stabilizing the CsPbl; NWs and reducing the trap density,
ultimately optimizing the corresponding optoelectronic perfor-
mance.

Moreover, the polarized photoelectric behavior of the Zn-
doped device was investigated further to reveal the underlying
optical anisotropy of Zn-doped CsPbl; NWs. The polarization-
dependent photoresponse measurements were performed by po-
sitioning a 1/2 polarizer before the 450 nm laser as the polariza-
tion photosource. Figure 4i and Figure S10f (Supporting Infor-
mation) illustrate the corresponding polarization photoresponse
at a bias of 2 V and light intensity of 2 mW cm~2, demonstrating
varying photocurrent intensities with the laser polarization an-
gle from 0° to 360°. The photocurrent enhances to a maximum
at 45° and 225° polarization angles and reduces to the minimum
values at 135° and 315°. Therefore, the photoresponse anisotropy
ratio, €, of the Zn-doped CsPbl; can be calculated through
e = (Lae = Luin)/ (Lnax + Luin) as 0.68,[2°) indicating the great po-
tential of the Zn-doped CsPbI, NWs for the polarization-sensitive
optoelectronic devices.

In this work, the VLS growth of single-crystal CsPbl, NWs
was achieved through self-catalyzed and Zn-catalyzed routes.
DFT calculations and a series of characterization technologies
revealed the optimization effect of Zn impurity doping on
the degradation of CsPbI;NWs. The single CsPbl; NW was
configured into PDs, exhibiting remarkable optoelectronic per-
formances, achieving a remarkable responsivity of 1935 A W1,
~10° on/off current ratio, a detectivity of 5.97 x 10'* Jones, and
a fast response time of 206 us. Importantly, the Zn-catalyzed per-
ovskite nanowires exhibit apparent photoresponse anisotropy,
promising for fundamental investigations and practical
applications.
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