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Abstract: Ge-based hybrid perovskite materials have demonstrated great potential for second harmonic generation
(SHG) due to the geometry and lone-pair induced non-centrosymmetric structures. Here, we report a new family of
hybrid 3D Ge-based bromide perovskites AGeBr3, A=CH3NH3 (MA), CH(NH2)2 (FA), Cs and FAGe0.5Sn0.5Br3,
crystallizing in polar space groups. These compounds exhibit tunable SHG responses, where MAGeBr3 shows the
strongest SHG intensity (5×potassium dihydrogen phosphate, KDP). Structural and theoretical analysis indicate the
high SHG efficiency is attributed to the displacement of Ge2+ along [111] direction and the relatively strong interactions
between lone pair electrons of Ge2+ and polar MA cations along the c-axis. This work provides new structural insights
for designing and fine-tuning the SHG properties in hybrid metal halide materials.

Introduction

Hybrid metal halide perovskites have been recognized as
high-performance photovoltaic materials and reached re-
markable power conversion efficiency over the past
decade.[1–5] Other areas of optoelectronic applications, such
as, light-emitting diodes (LEDs),[6–10] lasing[11–14] and photo-
detectors have also been extensively explored.[15–19] It is
important to explore other areas of optoelectronics for these
high performance semiconductors to realize their full
potential.[20–23]

The abundant structural diversity and favorable physical
properties[24–26] prompt hybrid metal halide perovskites as
attractive candidates in the field of nonlinear optical (NLO)
applications. Second harmonic generation (SHG) as one of
the most fundamental NLO processes, exhibits strict
symmetry dependence for nonlinear polarization of materi-
als, requiring non-centrosymmetric structures.[27,28] An im-

portant task in the field of NLO applications is to explore
the correlation between the structure of hybrid metal halide
perovskites and their NLO properties, which would facilitate
further optimization for NLO applications, including all-
optical modulation,[29,30] multiphoton microscopy,[31,32] high-
resolution optical lithography,[33] optical limiting[34–37] and
THz generation/detection.[38,39] Common metal halide per-
ovskites usually crystallize in centrosymmetric space groups,
especially the three-dimensional parent perovskites
structures.[26] It still remains a challenge to design perov-
skite-based materials that break inversion symmetry in
search for strong SHG responses.[40]

A effective strategy to obtain SHG-active materials is
through the introduction of chiral or asymmetric organic
components.[41–44] Yuan et al. fabricated non-centro-
symmetric perovskite materials with efficient SHG signal by
utilizing chiral ammonium cations.[44] Pb-based chloride
perovskites by employing 1-methylhydrazinium cation
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(CH3NH2NH2
+) has been reported to have an unusual

temperature-activated, reversible SHG response.[43] A four-
state switchable SHG behavior from (Me3NNH2)2[CdI4] was
reported, correlating with molecular dynamics of the polar
organic cations.[45]

Another perhaps more effective strategy for obtaining
non-centrosymmetric structure for metal halide perovskites
is to utilize stereochemically active lone pair metal cations
(Ge2+, Sn2+ etc.) and the interplay between ionic radius and
the tolerance factor.[46–51] Chen et al. reported a series of
hybrid metal halide (C6H5(CH2)4NH3)4MX7·H2O (M=Bi, In,
X=Br or I) with SHG responses.[46] Previously, we have
reported a series of Ge-based iodide perovskites with
excellent SHG properties.[48] The SHG intensity can also be
tuned by Br/Cl solid solutions in CsGe(BrxCl1� x)3.

[52]

CsGeBr3 was recently reported to be ferroelectric with clear
SHG responses.[51] In the bromide-based system, as the ionic
radius decreases from Pb to Ge, the tolerance factor has
largely increased for AGeBr3 (A=Cs, MA and FA),
compared with the Pb- and Sn-based analogues (Figure 1).
Despite the large tolerance factors, which are 0.95, 1.09 and
1.18 for the AGeBr3 (A=Cs, MA and FA) series, fall
outside of the region of 0.8–1 for a stable perovskite
structure.[53] The Ge� Br perovskites have shown strong off-
centering and crystallize in the non-centrosymmetric space
group R3m, which enables them to be strong SHG
materials.
Here, based on the prototype compound CsGeBr3, we

synthesize four new hybrid Ge-based bromide perovskites
(MAGeBr3, FAGeBr3 and FA0.5MA0.5GeBr3,
FAGe0.56Sn0.44Br3, MA=CH3NH3, FA=CH(NH2)2) (Fig-
ure 2), crystallizing in polar space groups at room temper-
ature. With changing the A-site cation and M-site metal
alloying, the distortion of [MBr6] octahedra change remark-
ably, following the trend with band gap increasing in the
order of CsGeBr3<FAGe0.56Sn0.44Br3<MAGeBr3<
FA0.5MA0.5GeBr3<FAGeBr3. Among the compounds, only
CsGeBr3 exhibits photoluminescence (PL) emission at room
temperature. SHG measurements reveal that CsGeBr3,
MAGeBr3 and FA0.5MA0.5GeBr3 display a strong SHG
response, with MAGeBr3 exhibiting the strongest response.
We interpret these results as a direct consequence of the

structural distortion of the octahedra, which lead to a polar
arrangement of lone pair electrons on Ge2+. According to
structural analysis and theoretical calculations, the stronger

Figure 1. The generic structure and tolerance factors for different ABX3 (A=Cs, MA and FA; B=Ge, Sn, Pb; X=Br) combinations.

Figure 2. Distortion index trend and bond length of all compounds with
different organic cations or mixed metal cations at room temperature.
Color code: Cs, cyan; Ge/Sn, lime; Br, red; C, grey; N, blue. Hydrogen
atoms are omitted for clarity.
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distortion on the Ge2+ octahedra is induced by the polar
MA cations (C3v point group), which further polarizes the
octahedra along the body diagonal of the perovskite cages.
This work highlights the importance of using lone-pair active
metals and choosing the appropriate organic cations to
enhance SHG in hybrid metal halide materials.

Results and Discussion

The synthetic procedure for the new Ge-based bromide
perovskites reported here is similar to previously reported
Ge-based metal halides.[48,52,54] ABr (A=Cs or MA) or
FA(AcO) and GeO2 are dissolved in concentrated aqueous
HBr and H3PO2 (reducing agent), under heating and stirring
at �126 °C (boiling point of the azeotrope). Crystalline
solids are obtained by slow cooling at room temperature
without perturbation (see Supporting Information).
CsGeBr3, MAGeBr3, FAGeBr3 and FA0.5MA0.5GeBr3 all
crystallize in the non-centrosymmetric trigonal space group
R3m at room temperature, and they are isomorphic with the
reported AGeI3 (A=Cs, MA and FA).[48] The anionic
[GeBr3] units are triangular pyramids, with the lone pair
electrons of Ge2+ along the proper threefold rotation axis
running parallel to the crystallographic c-axis (Figures S8a
and S11). The active lone pair is located between the triplet
of bromide ions that have longer bonding distances, opposite
to the triplet of short, covalent Ge� Br bonds. The active
lone pairs along with one another pointing towards the same
direction contribute to the overall uncompensated dipole
moment of the Ge2+ octahedra along the crystallographic c-
axis.[24,25,48,49,52,54] The [GeBr6] octahedra are connected
three-dimensionally in a corner-sharing fashion with the A-
site cation sitting in the middle void. For the arrangement of
the cations in AGeBr3 (A=Cs, MA and FA), both Cs and
MA (C3v symmetry) are located on the c-axis (Figure S11).
However, for FA, only one C� N bond of it is aligned along
the c-axis and the other triple-disordered C� N bond exhibits
a C3v symmetry around the c-axis (Figure S8a). The
distortion of the [GeBr6] octahedra increases with the
increasing organic cation size (Figure 2 and Table 1), which
is accompanied by the change of bond length and angle, as
well as the displacement of Ge2+ along the [111] direction in
the unit cell (Tables S6–S9 and Figure S6).[51,55] Noted that
there are two kinds of Ge� Br bonds (short and long bond)
due to the prominent lone pair effect of Ge2+. In all
compounds, the short bonds remain virtually constant, and

range from 2.49–2.54 Å for the AGeBr3 family. While the
long bonds increase as the organic cation size increases,
ranging from 3.13–3.50 Å. The Ge� Br� Ge angles also
decrease as the degree of distortion increases, ranging from
166.0–171.3° (Table S7). Moreover, these changes in bond
length and angle are more dramatic than that of AGeI3
(Table S8).[48] We further synthesize the solid solution of Ge
and Sn based on the most distorted compound FAGeBr3.
With an experimental molar ratio of 1 :1 (Ge: Sn), the
obtained metal alloyed compound FAGe0.5Sn0.5Br3 was
characterized by single-crystal X-ray diffraction and the
formula was refined to be FAGe0.56Sn0.44Br3. Unlike the
parent Ge2+ compound FAGe0.56Sn0.44Br3 crystallizes in the
orthorhombic space group Cmc21 at room temperature,
without changing the salient features of the structure.
Following the incorporation of Sn and due to lowering of
the symmetry, two Ge/Sn� Br short bonds at 2.5821(25) and
one short bond at 2.5909(34) Å are present, with the lone
pair located on the opposite side between the three longer
bonds with bond lengths of 3.3958(29) (two bonds) and
3.3915(37) Å (one bond). The corresponding Ge/Sn� Br� Ge/
Sn bond angles are in the range of 170.1–175.6° (Tables S6
and S7). Compared with FAGeBr3, the incorporation of Sn
brings the bond length and angle closer to CsGeBr3, and the
distortion of the [Ge/SnBr6] octahedra decreases accord-
ingly. As depicted in Figures 2, S6 and Table 1, the
distortion index of FAGe0.56Sn0.44Br3 is between CsGeBr3
and MAGeBr3.
To investigate whether the compounds undergo the

typical perovskite phase transitions, low-temperature single
crystal data were collected. The single-crystal data of
MAGeBr3 FA0.5MA0.5GeBr3, and FAGe0.5Sn0.5Br3 have not
been obtained due to poor diffraction quality at low-temper-
ature. For CsGeBr3, the unit cell volume shrinks with
decreasing temperature, and no space group change was
observed. However, FAGeBr3 shows clear phase transition
behavior, and its space group changes to Cm at low
temperatures. For FAGeBr3, the arrangement of anionic
[GeBr3] units in the lattice changes, one Ge� Br band is
parallel to the c-axis and the other two Ge� Br bonds are the
mirror image of each other (mirror plane: [010] plane) and
locate on [001] plane. Meanwhile, the FA cation becomes
ordered and lays parallel to [010] plane (Figure S8b).
Thermogravimetric analysis suggests that all compounds are
stable up to approximately 500 K under nitrogen atmos-
phere (Figures 3 and S4). Such phase transition behavior in
this system should arise from the disorder/order of the

Table 1: Space group, bond length distortion (D) and bond angle variance (σ2) for all compounds.

Compound Temperature [K] Space group D [Å] σ2 [°]

CsGeBr3 298 R3m 0.10455 21.3167
CsGeBr3 100 R3m 0.09452 18.2440
MAGeBr3 298 R3m 0.14120 24.6935
FAGeBr3 298 R3m 0.16677 77.2124
FAGeBr3 100 Cm 0.15392 73.9935
FA0.5MA0.5GeBr3 298 R3m 0.15206 36.9292
FAGe0.5Sn0.5Br3 298 Cmc21 0.13536 29.6146
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organic cations at high/low temperature according to struc-
tural analysis. In addition, it should be mentioned that the
phase transition behavior will likely to change the structural
polarity (R3m (polar)!Cm (polar) for FAGeBr3). The
temperature-dependent phase transitions enable these hy-
brid compounds to possibly become stimuli-responsive
switchable SHG materials.[43,45,56–64]

The optical absorption spectra of these Ge-based
bromide perovskite materials are shown in Figure 4a, where
the band gaps ranging from 2.42 eV (CsGeBr3), 2.91 eV
(MAGeBr3) to 3.13 eV (FAGeBr3). It is consistent with the
gradual color change of these compouds (yellow!pale
yellow!colorless) (see Figure 4a top). The measured optical
band gaps appear in good agreement with the fundamental
gaps predicted for CsGeBr3 (2.25 eV), MAGeBr3 (2.98 eV)
and FAGeBr3 (3.43 eV) by hybrid functional DFT calcu-
lations (Figure S6 and Table S13). These materials all show
sharp absorption edges, with no clear excitonic features.[48]

For CsGeBr3, MAGeBr3 and FAGeBr3, the increasing trend
of the band gap are similar to previously reported iodide
analogues.[48] The band gap evolution is also consistent with
the bond length distortion (D) (Table 1), where larger
distortion clearly leads to a larger band gap.

Due to the mixed cations FA and MA, it seems quite
reasonable that the band gap of FA0.5MA0.5GeBr3 is between
MAGeBr3 and FAGeBr3. Then, we evaluate the relationship
between the band gap and the structure below. As depicted
in Figure S6, for AGeBr3 (A=Cs, MA and FA), it shows
clear rules that the increasing band gap is positively
correlated with long bond length and is accompanied by the
decreasing Ge� Br� Ge angle. Thus, we attribute such an
increasing tendency of the band gap to the decrease of
orbital overlap of [GeBr6] units, and the larger the organic
cation size, the less the orbital overlap in this system.
FAGe0.56Sn0.44Br3 should be treated differently in the analy-
sis of the band gap. Due to the band gap energy of Sn-based
3D halide perovskites are generally lower than that of Ge-
based 3D halide perovskites,[65,66] thus it’s understandable
that band gap energy of FAGe0.56Sn0.44Br3 is the lowest in
the organic-inorganic hybrid system reported here.
Steady-state PL measurements were performed at room

temperature under a He-Cd laser excitation (325 nm). As
shown in Figure 4b, only CsGeBr3 exhibits a broad emission
band around 588 nm (2.11 eV), which is directly related to
the minimum band gap energy of CsGeBr3 in this system.
Meanwhile, Lü et al. reveal a general relationship that the
best PL performance can be obtained by tuning the degree
of off-centering distortion towards 0.2 in halide
perovskites.[67] Therefore, it is taken for granted that only
CsGeBr3, which has the smallest Doff-center value here

Figure 3. Thermogravimetric analysis (TGA) for CsGeBr3 (a), MA-
GeBr3 (b) and FAGeBr3 (c).

Figure 4. a) Optical absorption spectra of all compounds. Top: pictures
of all crystalline compounds (the order of arrangement: CsGeBr3,
FAGe0.56Sn0.44Br3, MAGeBr3, FA0.5MA0.5GeBr3, FAGeBr3); b) Normalized
PL emission spectrum (excited at 325 nm) at room temperature for
CsGeBr3, CsSnBr3 and CsPbBr3.
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(Table S9) exhibits PL performance. Compared with the
narrow PL spectra of CsPbBr3 (523 nm)

[68] and CsSnBr3
(676 nm),[65] CsGeBr3 has a large full width at half maximum
(FWHM) of 144 nm, compared with CsPbBr3 (18 nm),
CsSnBr3 (47 nm) and covers a wider emission range, such
wide PL peak is common in Ge-based halides.[69–71] The
origin of the broad emission may be attributed to the
presence of self-trapped excitons caused by transient struc-
tural defect states according to the reported literature.[72,73]

Because of the non-centrosymmetric nature of these
compounds, polycrystalline powder SHG measurements
under 1064 nm laser irradiation were performed at room
temperature, with potassium dihydrogen phosphate (KDP)
used as the reference. It shows that CsGeBr3, MAGeBr3 and
FA0.5MA0.5GeBr3 are highly SHG active (Figure 5a), with
MAGeBr3 having the strongest SHG signal. To the best of
our knowledge, among many SHG-active crystalline 3D
halide perovskites (Table S10), the SHG intensity of
MAGeBr3 has the best SHG property with 5.3 times that of
KDP compared with some lead-based perovskites (e.g. the
SHG intensity of MhyPbBr3 is 0.18 times than that of
KDP[74]). However, the SHG intensity of these compounds

does not decrease with increasing band gap as previously
reported,[75,76] which may be related to the orientation of the
A-site cation. This will be discussed in greater detail in the
subsequent theoretical calculations section. In addition, the
particle size dependent measurements show that the SHG
intensity of MAGeBr3 increases with increasing particle
size[77] (phase-matchable) and the SHG intensity of CsGeBr3
and FA0.5MA0.5GeBr3 fluctuates with increasing particle size
(non-phase-matchable). FAGeBr3 shows the lowest SHG
response here, but alloying it with MA significantly increases
the SHG intensity (Figure 5). It is worth mentioning that
FAGe0.56Sn0.44Br3 is easily oxidized and sensitive to humidity,
so we are unable to obtain reliable SHG results. Although
there are many studies on the size-dependent SHG of
CsGeBr3,

[52,55] our results show a similar trend with our
previously reported AGeI3 (A=Cs, MA, FA).[48] We further
calculate the computed χ(2) from the structures. The χ(2)

(0.28 pmV� 1) for KDP obtained in our hybrid density
functional theory (DFT) calculations appear in reasonable
agreement with the measured value (0.38 pmV� 1).[78] The
overall trend within the series is very similar to the iodide
analogues.[48] In line with previous experimental data, DFT
predicts the χ(2)xyy (CsGeI3)>χ(2)xyy (CsGeBr3) as shown in
Table S14. Furthermore, as suggested by the diffraction
experiments, the initial computed model of MAGeBr3 for
χ(2) assumed the C of the MA cation pointing towards the
Br- (I-) species. Notwithstanding the complexity in describ-
ing the positional disorder of FAGeBr3, the computed χ(2)

values are lower than both MAGeBr3 and CsGeBr3, and in
line with the experimental trend of Figure 5.
CsGeBr3, MAGeBr3 and FAGeBr3 were chosen as

representative compounds to discuss the relationship be-
tween A-site cations with respect to the electronic structure.
As shown in Figure 6, all calculated compounds have direct
(fundamental) band gaps, and calculated to be 2.24 eV for
CsGeBr3 2.98 eV for MAGeBr3 and 3.43 eV for FAGeBr3,
respectively. The predicted band gaps are in good agreement
with the experimental observations. For all the compounds,
both valence band maximum (VBM) and conduction band
minimum (CBM) are located at the A point, where the
VBM consists of the non-bonding states of Ge 4p orbitals
and CBM consists of the antibonding states of Ge 4s and Br
4p orbitals. It appears that the A-site cations still affect the
density of states distribution of Ge 4s, Ge 4p and Br 4p
orbitals by affecting the distortion of crystal structures. As a
result, the relative position of the CBM is shifted to higher
energies by replacing the larger A-site cation.[79] FAGeBr3
exhibits slightly flatter band dispersion compared with
CsGeBr3 and MAGeBr3, which is indicative of poorer
charge carrier mobilities. To elucidate this aspect, we have
computed the average electron (me) and hole effective (mh)
masses along the high symmetry directions, which are listed
in Table S15. These values suggest that all calculated
compounds have good semiconducting properties along the
high symmetry directions.
ELF analysis for these three compounds is also con-

ducted to visualize the interatomic interactions. As shown in
Figures 7, S8a and S11, it displays strong interatomic
interactions along the shorter Ge� Br bonds, and compara-

Figure 5. a) SHG intensity of CsGeBr3, MAGeBr3, FAGeBr3,
FA0.5MA0.5GeBr3 and KDP under particle size range (224–355 μm) at
room temperature. b) SHG intensity of CsGeBr3, MAGeBr3, FAGeBr3,
FA0.5MA0.5GeBr3 and KDP with different particle sizes at room temper-
ature.
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tively weaker interatomic interactions along the longer
Ge� Br bonds. At the same time, it is also observed that the
4s2 lone pair is located on the opposite side of the short

Ge� Br bonds, and has non-negligible interactions with A-
site cations. In comparison, the interactions between MA
cations and 4s2 lone pair is the strongest, which stems from
the polar nature of the MA and results in the largest SHG
response reported here (see Figure S11).[80,81] Such strong
interactions can also be more intuitively reflected in the
structural analysis, it is obvious that the distance between
Ge2+ and MA is the shortest (5.2218 Å for CsGeBr3,
4.6305 Å for MAGeBr3 and 5.0590 Å for FAGeBr3). Addi-
tionally, the SHG response is directly related to the polarity
of the crystal, which can be evaluated by the local dipole
moment of each polar group (organic cation and [GeBr6]
unit) and its geometric arrangement.[82,83] As we know, the
dipole moment for MA (about 2.3 D) is higher than FA
(about 0.2 D) and Cs (non-polar),[84,85] which could poten-
tially explain the overall better performance of MAGeBr3.

Figure 6. Calculated band structures of CsGeBr3 (a), MAGeBr3 (b) and FAGeBr3 (c); Calculated projected densities of states of CsGeBr3 (d),
MAGeBr3 (e) and FAGeBr3 (f). VMB and CBM indicate the valence band maxima and conduction band minima giving, and their difference is the
fundamental band gap. Both band structures and density of states were obtained from hybrid functional density functional calculations (PBE0-D3).

Figure 7. Sliced-plane of electron localization functions (ELF) diagrams
for CsGeBr3 (a), MAGeBr3 (b) and FAGeBr3 (c) along the [1� 10] plane,
and CsGeBr3 (d), MAGeBr3 (e) and FAGeBr3 (f) along the [110] plane.
The labels of the atoms are provided in the diagrams.
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Conclusion

We have successfully synthesized and characterized a series
of SHG-active hybrid bromide perovskite materials utilizing
Ge2+ for its sterically active lone pair and strong off-
centering originating from the smaller ionic radius compared
with Sn2+ and Pb2+. The introduction of hybrid organic
cations (MA and FA), metal cations (Ge and Sn) and
alloying both at A- and B-site, respectively, highly diversify
the structure, optical, electronic and non-linear optical
properties of these materials. Among the four new com-
pounds reported here, MAGeBr3 exhibits the largest SHG
response due to the proper orientation of the polar cation
MA along with the direction of the lone pair (twice as large
than that of CsGeBr3). Moreover, these hybrid organic-
inorganic compounds have potential temperature-dependent
phase transition behaviors, demonstrating that these com-
pounds could serve as excellent candidates for next gen-
eration switchable SHG materials. Our work showcases the
importance of structural tunability from hybrid organic
cations in combination with the proper choice of metal
cation in developing efficient hybrid NLO materials.
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Hybrid Germanium Bromide Perovskites
with Tunable Second Harmonic Generation

A new family of non-centrosymmetric
hybrid Ge-based bromide perovskites
are reported, showing second harmonic
generation (SHG) responses. The larg-
est SHG signal from CH3NH3GeBr3 is
likely due to the perferable alignment of
the polar cation with the lone pair
electrons of Ge2+ along the [111] direc-
tion.
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