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Organic-inorganic hybrid halide perovskites have ignited tremendous interest for photovoltaic applica-
tions. However, their nonlinear optical response has not been studied although many of these structures
lack the centrosymmetry and exhibit ferroelectricity. In this work, we employ our developed large-scale
parallel, first-principles simulation tool (ArchNLO) to explore second-order nonlinear optical properties of
a typical family of organic-inorganic hybrid halide perovskites, CH;NH3MX3 (M = Ge, Sn, Pb; X =ClI,
Br, I). We find that these hybrid perovskites exhibit second harmonic generation and a linear electro-
optic effect. The nonlinear optical effects are strongly influenced by the types and positions of cations
and anions, and the corresponding band gaps. In particular, the distorted cubic phase, which is essentially
triclinic, of CH3NH;3Snl; shows significant second harmonic generation and an electro-optic effect, which
are comparable with more widely used materials, such as GaAs. These second-order optical properties
of organic-inorganic hybrid halide perovskites and their low-temperature, solution-based fabrication pave
the way for achieving and implementing nonlinear optical devices with low cost.

DOL: 10.1103/PhysRevApplied.13.014052

I. INTRODUCTION

Nonlinear optical (NLO) materials play a critical role in
modern electronics and photonics by providing a means to
alter the phase, frequency, or amplitude of input electro-
magnetic waves. Such alternation can be realized through
a variety of nonlinear processes, such as the linear electro-
optic (LEO) effect, second, third, fourth and high harmonic
generation (SHG, THG, FHG and HHG), and the Kerr
effect, etc. [1]. The group of traditional NLO materials are
ternary inorganic oxides and their derivatives, for example,
lithium niobate and lithium tantalate. They have achieved
widespread success owing to their reliable performance,
low optical loss, and good stability. However, the syn-
thesis of these insoluble oxides requires high-temperature
treatment, which hinders broader applications for flexible
substrates and the integration into chip-scale nanophotonic
devices. In contrast to their inorganic counterparts, organic
NLO materials based on chromophores have been con-
sidered as a promising alternative owing to their solution
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processability, faster response, and stronger NLO activ-
ities. Unfortunately, the low intrinsic stability and high
optical loss severely limit their applications [2].

Nowadays, organic-inorganic hybrid halide perovskites
(OHPs) have attracted tremendous interest in emerg-
ing photovoltaic (PV) technologies. Extensive theoretical
exploration has been applied to studying their linear optical
responses related to PVs, including self-consistent density-
functional theory (DFT) approaches as well as quasipar-
ticle methods [3—5]. On the other hand, owing to the
asymmetry of the organic unit, ferroelectricity can be real-
ized in this family of materials naturally or by artificial
tuning [6-9]. This broken inversion symmetry also ensures
NLO properties [10], especially second harmonic genera-
tion (SHG) and linear electro-optic (LEO) effects [11—13].
Moreover, given the facts that such compounds can be
fabricated from the liquid phase [14,15] and the nearly
unlimited choices of cations and anions [16,17], OHPs
may exhibit unique advantages with regards to fabrication
costs and optimization of NLO properties.

Calculating and predicting NLO properties of OHPs
are challenging for the currently available first-principles
simulation tools [18-21]. Compared with those of linear
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optical responses, NLO calculations involve higher-order
transitions, which are intrinsically much more expensive
in simulation cost. To date, most NLO studies focus on
materials either with a small number of atoms per unit
cell or low-dimensional structures, which can reduce the
number of empty bands or the k-point samplings in the
reciprocal space. Unfortunately, OHPs contain a larger
number of atoms with relatively low symmetries. Thus,
studying their NLO properties needs fundamental coding
developments for better parallelization performance and
simulation efficiency.

In this work, we have developed a highly efficient, par-
allel code (ArchNLO) based on DFT to calculate second-
order NLO properties of materials. Using FORTRAN with
the Message Passing Interface (MPI) and parallel computa-
tions on k points, an excellent parallelization performance
can be held for up to a few thousand processors. This
development enables us to calculate large-scale systems
with low symmetries. Our first-principles calculations sys-
tematically investigate an important family of OHPs, that
is, CH;NH;MX; (M =Ge, Sn, Pb; X =1, Br, Cl). SHG
and the LEO effect are observed in these structures, and
they are strongly influenced by the types and positions of
cations and anions, and the corresponding band gaps. In
particular, CH3NH3Snl; exhibits significant SHG and the
LEO effect, which are comparable with traditional NLO
materials. We further analyze the mechanism for such large
SHG and LEO coefficients and their relationships with
electronic structures.

The remainder of this paper is organized as follows:
In Sec. II, we introduce the atomic structures of OHPs
and our computational approaches including formulas of
linear and NLO calculations. In Sec. III, we present the
simulation performance of ArchNLO. In Sec. IV, the elec-
tronic band structures of our studied OHPs are presented.
In Sec. V, the linear optical response of OHPs is presented.
In Sec. VI, we show SHG of OHPs and discuss the details.
In Sec. VII, we present the LEO effect and discuss the
mechanism behind. In Sec. VIII, we summarize our studies
and present conclusions.

II. ATOMIC STRUCTURES AND
COMPUTATIONAL DETAILS

The first-principles calculations to obtain Kohn-Sham
wave functions and band structures are based on DFT
within the generalized gradient approximation (GGA) by
using the Perdew-Burke-Ernzerhof (PBE) functional [22],
implemented in the VIENNA 4B INITIO SIMULATION PACK-
AGE (VASP) [23,24]. The van der Waals (vdW) interac-
tion is included through the DFT-D3 method with the
Becke-Jonson damping [25,26]. The plane-wave energy
cutoff is set to be 450 eV to guarantee the convergence
of electronic and optical calculations [27,28]. We use
a hybrid functional with a fraction of «=0.45 exact

FIG. 1. (a) Prototype atomic structure of our studied
CH;3;NH;MX; (M = Ge, Sn, Pb; X =1, Br, Cl). (b) The first Bril-
louin zone of the fully relaxed OHPs structure that is slightly
distorted from the prototype cubic phase, making it essentially
a triclinic phase. The structural details can be found in Table I.
High-symmetry points are marked.

exchange with a range separation identical to the Heyd-
Scuseria-Ernzerhof (HSE06) hybrid functional [29,30] to
correct underestimated DFT band gaps. Spin-orbit cou-
pling (SOC) is also included. We use a 4 x 4 x 4 k-grid
sampling in the reciprocal space to solve the Kohn-Sham
equation.

We start from the prototype cubic phase of CH;NH3M X3
(M =Ge, Sn, Pb; X =1, Br, Cl) [31,32], which are usually
observed at room temperature, making them of application
interests. The atomic structure is illustrated in Fig. 1(a).
In a unit cell, the metal M atom sits on vertices, and the
halide X atom sits on the middle position of each edge,
forming MXs octahedra cages around the centered organic
unit CH3NH3 .

We fully relax structures until DFT- and PBE-calculated
forces are smaller than 0.01 eV//ok, and the relaxed struc-
tural parameters are summarized in Table I. Because we
do not apply any symmetry constraint during relaxation,
our cubic structure is distorted by the anisotropic CH3;NHj3
molecule that ends up along the [101] direction. Simi-
lar distortions are also observed in previous simulations
of cubic-phase CH;NH;Pbl; (¢ = 6.28 A, b = 6.38 A,

TABLE 1. Calculated lattice parameters of CH3;NH3;MX;
OHPs.

Lattice parameters
Name ad) bA) cA) a() BO) v

CH;NH;Pbls 631 623 638 900 892 90.0
CH3NH;PbBr; 592 586 6.02 90.0 889 90.0
CH3NH3;PbCl;  5.65 559 576 90.0 89.0 90.0
CH;3NH;Snl3 6.24 6.16 628 90.0 88.1 90.0
CH3NH;SnBr; 587 580 594 90.0 874 90.0
CH3NH3;SnCl;  5.62 554 571 90.0 86.6 90.0
CH;NH;Gels 6.11 598 6.02 895 855 888
CH3NH;GeBr; 580 570 579 895 835 88.6
CH3NH3GeCl; 554 544 557 90.7 824 895
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c=634A,a=91.7°, B =90.0°, y =90.0°) [33]. Bec-
ause all symmetries are broken in simulations, our relaxed
structures are essentially the triclinic phase despite the
distortions being small (around 1%—2%). The correspond-
ing first Brillouin zone (BZ) and high-symmetry points
are presented in Fig. 1(b). Our DFT-calculated struc-
tures show good agreement with previous works [4,
31,33,34]. For example, our calculated lattice parame-
ters of the CH;NH;Pbl; are a = 631 A, b =623 A,c =
6.38 A, o =90.0°, g = 89.2°, y = 90.0°, which are cl-
ose to measurements [34] (a = 6.33 A o= B=y
= 90°).

A. Calculation of optical properties

The linear optical dielectric function and NLO suscepti-
bility are calculated based on the linear response formalism
within the independent-particle approximation (IPA) [35—
38]. The formulas are adapted from Ref. [35] with slight
modifications [39]. Owing to the large unit cell of OHPs,
the GW method [40], an established ab initio approach for
obtaining reliable quasiparticle band gaps, is formidable
for our current simulation capability. Thus, we employ
the hybrid functional and the scissor approximations to
correct DFT band gaps [21,35,39,41], which have been
widely used in previous works [4,27,33]. More sophis-
ticated approaches, such as the “layer-by-layer” analysis
[42], will be implemented in the future for improving the
calculation of optical responses.

Excitonic effects are not included in this work, owing
to the extremely high computational expense, especially
for OHPs with a large number of electrons per unit cell.
Moreover, electron-hole interactions are usually more sig-
nificant in reduced-dimensional structures or large-gap
insulators [43]. For example, in bulk GaAs, we find that
the independent-particle picture with a corrected band gap
can capture the main features of its SHG spectrum, such as
peak positions and the low-frequency amplitude (see Sec. [
of the Supplementary Material [44]).

The linear susceptibility is given by [35]

7, (k)
o i’l"l l
%f O (K) — @

X (—w; ) =
in which n, m are bands indices, and f,,,, is the difference of
Fermi-Dirac distributions between two states. The momen-
tum matrix element, pg- = (Kj |p.|ki ), is the transition
between two states i and j at the k point, and the position
matrix element is defined by ¥4, (k) = [pg, (k) /imwy,] if
n#m orQifn=m.

The SHG susceptibility is calculated by [35,36]
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in which the first term yx; bc( 2w; w, w) is from the inter-
band transitions at the same crystal momentum k (the
subscript II indicates the second-order optical response);
the second term n“b"( 2w; w, ) is the intraband contri-
bution from the modulation of the linear susceptibility
owing to intraband motions of electrons; the third term
o (—2w; w, w) is the modification contribution, repre-
senting the modification by the polarization energy associ-
ated with interband motions. The detailed expressions are
given in the following [35,36].
The interband term is
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Finally, the modification term is
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The LEO coefficient 7. (w) is connected to the LEO sus-
ceptibility X;ZZ(—w, w,0) at the zero frequency limit as
[21,35]

_ 2 @,
rabc(w) - _4(0) lim Xabc(_w’ w, 0)
2 lim m x D (20w, ), (6)
74(0) w0 9be
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where 7%(0) equals the geometric mean dielectric constant
£(0) = [6+(0)&y,(0)&, (0)] 13, Within the low-frequency
range below the band gap, X;ZZ(—%), w,w) and n(w) are
nearly constant, so that the LEO coefficient r,.(w) =
rabc(o) [21:45]

We must emphasize that, to obtain converged NLO
properties, the k-point sampling needs to be much denser
than that in self-consistent DFT band-structure calcula-
tions. For our OHPs, a k-point sampling of 32 x 32 x 32
with all symmetries broken and a total of 120 electronic
bands (50 valence bands and 70 conduction bands) are
included to guarantee the convergence of NLO calcu-
lations (see the details in Sec. II of the Supplementary
Material [44]).

II1. ARCHNLO PERFORMANCE

A. Parallelism and scalability

The ArchNLO package can accept the outputs from
VASP, which include the momentum matrix elements,
Kohn-Sham eigenvalues, and electronic occupation num-
bers. Then it separates data by k points and implements
parallel reading and computes in each node based on
FORTRAN MPI. Our parallelization straightforwardly dis-
tributes k points to each computing node independently,
making large-scale calculations scalable. Beyond paral-
lelization, we have substantially optimized the input/output
(I/O) communication by using the stream [/O to speed
up the reading and writing processes. This optimization
reduces the time of I/O processes by several orders of
magnitude for large systems.

In parallel computations, scalability is a vital criterion
to evaluate the simulation performance. It is a measure of
a parallel system’s capacity to increase speed in proportion
to the number of processors [46]. An example of the wall-
clock running time of a SHG calculation on bulk GaAs
illustrates the scalability of the ArchNLO package. In Fig.
2(a), we plot the wall-clock time, the split time, and run-
ning time versus the number of nodes. The total wall-clock
time equals the sum of the split time, which is the time
for splitting the input data into groups of k points, and the
running time, which is the calculation time on each sep-
arated group of k& points for nonlinear susceptibilities. As
shown in Fig. 2(a), the wall-clock time versus the number
of nodes is nearly linear in the log scale, indicating that the
ArchNLO package is in a nearly perfect scalability.

B. Singularity problem

It is known that there are a few special terms in Egs.
(1)Y+5), where the cancellation of energies in the denomi-
nator will lead to singularities [35,37,47,48]. These singu-
larities occur under two conditions. The first is from the
resonance term, w,,, ~ w or 2w, and this divergence can
be avoided by adding a small positive damping factor 7,

(a) (b)
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S 400 € =10
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3 300
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3200
100
0
i L L L B VA R X %3 4 6 8 10
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FIG. 2. (a) Running time (in the log, scale) of SHG calcu-

lations using ArchNLO under different numbers of nodes, in
which #ota1 = #run + fplic- The benchmark calculations are based
on cubic GaAs with a total of 40 bands and an 8§ x 8 x 8 =512
(nonreduced) k-point sampling. (b) Calculated SHG susceptibil-
ity with different energy tolerances (in units of eV?) for cubic
GaAs.

making it  + in. Here 7 is related to the bandwidth of
Lorentzian resonance peaks. In our calculations for OHPs,
we choose n = 0.035 e¢V. The second is from the case
Wy — wu & 0 at some special k£ points. According to Ref.
[37,47,48], such special k points are rare, and their con-
tributions can be safely discarded. In our calculation, we
set an energy tolerance ey to decide which term to be
discarded. The unit of e, is eV? for linear optical calcu-
lations and eV* for second-order optical calculations. An
appropriate choice of ey is important to obtain smooth
and converged SHG spectra. For example, in Fig. 2(b), the
choice of e, = 10~! discards too many terms and loses
a few important features of the SHG spectrum of bulk
GaAs. On the other hand, the choice of e;o; = 1072° keeps
too many singularities. Here e, = 10~ is an appropriate
choice of GaAs, showing a converged and smooth spec-
trum. For our calculation of OHPs, we choose e, = 1078
after testing different tolerance values.

IV. ELECTRONIC BAND STRUCTURES

Because all CH3;NH3;MX; structures share the same
crystalline structure, their electronic band structures are
essentially similar. We plot two representatives, that is,
CH3;NH;Pbl; and CH3NH;Snl3, in Fig. 3. The band gaps
have been corrected by the scissor approximation based
on HSE calculations. CH;NH3;MX5 exhibit a direct gap
at the R point, which is at the corner of the first BZ
as shown in Fig. 1(b). This result agrees with previous
calculations [33].

There are a few important features in these band struc-
tures. First, SOC plays an important role to affect band
gaps. In Fig. 3, we can observe that SOC significantly
reduces band gaps by a few hundred millielectronvolts.
Second, the electronic states around the band edges are
mostly from the inorganic components of OHPs [27,33].
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FIG. 3. Band structures without SOC (left panels), with SOC

(middle panel), and projected density of states (PDOS) with SOC
(right panels) of CH3NH;Pbl; and CH3;NH;Snl;. The band gap
is corrected by HSE calculations. The top valence band is set to
be 0 eV, and PDOS is in an arbitrary unit.

The projected density of states (PDOS) in Fig. 3 shows
that the bottom of the conduction band mainly originates
from M atoms, whereas the top of the valence band is from
halide atoms X as well as M atoms. These band-edge states
almost do not hybridize with the CH3NHj; part. Therefore,
the organic molecules mainly affect the crystal structure
by breaking the inversion symmetry, rather than directly
influencing optical responses around band edges.

Table II summarizes the band gaps of our studied OHP
structures, and they are close to measurements. For exam-
ple, the calculated band gap of CH3NH;3PbI; is 1.64 eV,
which agrees with the measured value of 1.61 eV [49].
Table II also reveals that there is a monotonic correlation
between the band gap and halide X atoms: the band gap
increases from I to Br to Cl. Finally, it is worth mention-
ing that the above band-gap agreements between theory
and measurements are not exactly ab initio results, because
they depend on the choice of the fraction of exchange in
the hybrid functional, which is 0.45 in our calculations.
Moreover, many extrinsic factors, such as octahedral tilt-
ing, substantially affect the measured band gaps as well.
On the other hand, because we use the same hybrid func-
tional for all OHPs, the evolution trend of band gaps shall
be reliable.

V. LINEAR OPTICAL RESPONSE

The linear optical response of our studied CH;NH; M.X;
perovskites is presented in Fig. 4. We focus on the optical

TABLE II. HSE and DFT (in parentheses) band gaps of
CH3;NH;MX; OHPs.

Band gap (eV) 1 Br Cl

Pb 1.64 (0.72) 2.24 (1.06) 2.85(1.49)
Sn 1.01 (0.40) 1.48 (0.60) 2.10(1.02)
Ge 1.66 (0.89) 2.63(1.43) 3.46 (2.01)

absorption spectrum, which is the imaginary part of the
linear dielectric function. By varying M and X elements,
the optical absorption spectra can cover a wide spectrum
from the near-infrared (NIR) frequency to the ultraviolet
(UV) frequency. This is consistent with the corresponding
changes of band gaps listed in Table II. Moreover, follow-
ing the trend of the halogen element changed from I, Br, to
Cl, the intensity of the optical absorbance peaks is reduced.
This is because the linear optical absorption is inversely
proportional to the transition energy (band gap) accord-
ing to Eq. (1). Finally, the anisotropy of optical absorption
is enhanced when replacing the M atom from Pb, Sn, to
Ge, because of the stronger anisotropic structure shown in
Table 1.

VI. SHG

Our relaxation releases all symmetries of CH3;NH3;M.X;
perovskites. Therefore, all elements of the SHG tensor are
expected to be nonzero. As an example, we present the
absolute value of the elements of the SHG susceptibility

10 CHsNH3Pbls CH3NH3PbBr3 CH3NH3PbCl3
—11 —11 —11
8 —22 —22 —22
/—33 —33 —33
6
4
2t )
0 -
10 CH3NHs3Snl3 CH3NH3SnBr3 CH3NH3SI’]C|3
—11 —11 —11
8 ey 22 —22 —22
-6 o) —33 —33 —33
] \
“Yoq
2
0
10 CH3NHsGels CH3NH3GeBr3 CH3NH3GeCI3
11 —11 —11
8 22 22 22
—33 —33 —33
6
4 ‘
2 y
00 123456 0123456 0123456

w (eV)

FIG. 4. Diagonal components 11, 22, and 33 of the imaginary
linear dielectric function (dimensionless) of CH3;NH;MXj;. The
subscripts, 1, 2, and 3, denote the Cartesian coordinates x, y,
and z.
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FIG. 5. Absolute value of the SHG tensor (XﬁZ) of

CH3NH;Snl3. The subscripts, 1, 2, and 3, of the susceptibil-
ity denote the Cartesian coordinates x, y, and z. Panels (a)Hc)
are grouped based on the rank of the magnitude of the zero-
frequency value. The spatially averaged value of all components
is plotted in (d).

tensor of CH3;NH3Snl; in Fig. 5. The subscripts 1, 2, and
3 denote the Cartesian coordinates x, y, and z. Because
there are so many nonzero components, we group them

by the magnitude of their zero-frequency values: X3(?1’

X@, x](f)l, X1(§)3’ and X3(§)2 are plotted in Fig. 5(a) as a

group with the largest values; Xﬁ;, ng Xl(%, Xz(%’ and

Xz(% are plotted in Fig. 5(b) as a group with the second
largest values; the rest of the components are small and
are plotted in Fig. 5(c). The spatially averaged absolute
value of SHG components is plotted in Fig. 5(d). We use
a unit cell with a specific polarization direction of the
organic unit in our calculations. However, in fabricated
materials, because of the finite temperature effect and dif-
ferent domains, the spatially averaged components may
better reflect the realistic conditions and are close to mea-
surements. Our further analysis show that, although the
structural distortions and symmetry breaking are induced
by the anisotropic organic molecule, SHG and correspond-
ing optical transitions are mainly from transitions between
electronic states of distorted cage MX 5 structures [50] (see
the details of the discussion of anisotropic structural effects
on SHG in Sec. III of the Supplementary Material [44]).
Figure 6 shows that the averaged absolute values of
components for CH;NH3;MX3. Meanwhile, component-
resolved results are shown in Fig. S5 (see the details in
Sec. IV of the Supplementary Material [44]), where we

CH3NHsPbls CH3NHsPbBr3 CH3NH3PbCls

150

100

ul
o o

N

CH3NH3SnBr3

CHsNH3Snl3 CH3NH3SI’]C|3

: M
0

CH3NH3Ge|3 CH3NH3GeBr3

CH3NH3GeCI3

>0 /\«,M
% 2 4 60 2 4 60 2 4 6
w (eV)

FIG. 6. Spatially averaged absolute values of the SHG suscep-
tlblhty of CH}NH3MX3
focus on the group of Xﬁ)p Xg)z, Xg)p XS;, and Xg;,
which have the most significant SHG response within
the infrared frequency range. With the same M atom,
the absolute value of SHG susceptibility |x a(lz)il decreases
along the trend of replacing the halide element from I
to Cl. This is consistent with the trend of the increasing
band gap because the SHG amplitude is inversely pro-
portional to the square of transition energies, as shown
in Egs. (3)~5). For instance, CH;NH;Snl3, which owns
the smallest band gap, has the largest SHG susceptibility:
its | X1(§)2| and | Xg;l can reach about 500 pm/V at around
0.6 eV, and those along other directions, such as |X1(3 ,
| Xﬁ)l , and | X3(§)2 , also have broad peaks with amplitudes
above 300 pm/V (see the details in Sec. IV of the Supple-
mentary Material [44]). These values are comparable with
those of the widely used SHG materials, such as GaAs [51]
and emerging two-dimensional transition-metal dichalco-
genides [21]. Moreover, as shown in Fig. S5, the largest
SHG tenors are the aaa or abb components, indicating
significant SHG for two incident photons along the same
direction. This is beneficial for device implementations.
To analyze the spectra of SHG susceptibilities, it is help-
ful to compare them with the linear dielectric function.
Take the (111) component of the SHG susceptibility as
an example, which is plotted in Fig. 7(a). Meanwhile, the
x-direction component of the linear (imaginary) dielec-
tric function, &,”(w), is plotted as a red curve in Fig.
7(b). Three differences can be observed. First, because of
the second-order nature of SHG, the low-energy edge of
SHG spectra is about half of that of the linear absorption
spectra. Second, the peak positions are different between
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CH3NH3Pb|3 CH3NH3PbBr3 CH3NHsSnl3

(a)
500

CHsNH3SnBr3 FIG. 7. (a) Absolute values of(l)(l(f)1 )]

of the SHG tensor of CH3;NH;PbI;,
i CH;NH;PbBr;, CH;3;NH;Snl;, and
! CH3NH3SnBr3, and (b) the correspond-
1
1

I ing imaginary part of the dielectric
ﬂkﬁ

1

1

1—111

function (dimensionless), &!(w), and
the double-resonant function, &!(2w).
The two vertical dashed lines mark the

region for double resonance.

—&y(w)
—&y(2w)

[V Sy —

Energy (eV)

SHG and linear optical spectra. This is because of their
different transition paths. Third, the amplitude of SHG
spectra decreases faster with increasing energy than that
of the linear response. This is because the SHG ampli-
tude is inversely proportional to the square of the transition
energy whereas that of the linear optical absorption is
inversely proportional to the transition energy, according
to Egs. (1)H(5).

On the other hand, Fig. 7 reveals that there are strong
correlations between SHG and the linear optical absorp-
tion. Following previous work [21], we replot the linear
optical absorption with the double frequency, &,” 2w), in
Fig. 7(b) (blue curves). This is an approximation to con-
sider only two-photon processes with identical energy,
which reflects the double-photon resonance. Interestingly,
as shown in Fig. 7, within the frequency range confined
by two vertical dashed lines, these two spectra agree very
well. This indicates that the main features (peaks) of SHG
spectra, especially below the band gap (£;), are dominated
by double-resonance processes.

CH3NH5Pbls CH3NH3Snl3
E;/2 E, E;j/2 _ E,

of 9 —— total ol | G
—— inter

I — intra

©o
o
o

— total
— inter
— intra

o
o
o

w
o
o

Imaginary part of 2 (pm/V)
o

11 11

w (eV)

FIG. 8. Imaginary part of the SHG susceptibility x{7) (total)
and contributions from the interband (inter) and intraband (intra)
terms of CH;NH;3Pbl; and CH;NH;3Snl;. Half band gap E./2
and band gap E, are marked with vertical black dot lines,
respectively.

More specifically, we try to understand the large SHG
susceptibility in CH3NH;3Snl;. For comparative purposes,
we choose CH3;NH;Pbl; and CH3NH3Snl; and plot their
imaginary parts (blue curve) of the SHG susceptibili-
ties in Fig. 8. Meanwhile, the interband and intraband
contributions [35,36,38] are also plotted. The modulation
contribution is much smaller and not listed here.

In Fig. 8, the typical imaginary SHG spectra (black
curve) of both CH3NH;Pbl; and CH3NH;3Snl; have two
significant wave packages (I and II) with opposite phases,
which are divided approximately by the band gap. We
first focus on peak I, which is below the band gap. For
the frequency range between Eg/2 and E,, the signs of
interband and intraband contributions are opposite to each
other, resulting in a partial cancellation. Importantly, the
intraband contribution (blue curve) of CH3NH;Snl; are
significantly larger than its interband contribution (red
curve), resulting in a higher peak I.

We next focus on the higher-energy peak II, which is
above the band gap (E,). The interband and intraband
contributions of CH3NH;3Pbl; still partially cancel each
other. However, those of CH3;NH;Snl; aggregate in both
negative amplitudes for the frequency range between 1.5
and 2 eV, making its overall peak II higher than that of
CH;NH;3PbI;. As a result, for both peak I and II regions,
the SHG susceptibility of CH3NH;Snlj; is larger than that
of CH3NH3 PbI3 .

It is worth mentioning that there is a mathematical
reason for the opposite signs of interband and intraband
contributions with the frequency range between £,/2 and
E,. As explained in Fig. 7, the double-resonance processes
dominate the SHG within this frequency range. We can
focus on those 2w items in the denominator of Egs. (3)
and (4). Moreover, the first 2w term (with A,,,) in Eq. (4)
is smaller than the second (without A,,,) because A, is
usually a small number [52]. Thus, we mainly compare
the last term in Egs. (3) and (4). Most parts of these two
terms have the same sign, but the term in Eq. (4) has a
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(2) ) (2 (2)

TA?LE III.  Dielectric constants (&,(0), ,(0), and & (0)), zero-frequency SHG susceptibility (| x;7; (O, [ X220, 1 X33O, 1 X571 (0)],
|X3(2;(0)|’|Xa(\2/grage(0)| ), and LEO coefficients, (7111, 7122, 7133, 7311, 7322, Taverage ) 0f CH3NH3MX3 OHPs.

M Pb Sn Ge

X I Br Cl I Br Cl I Br Cl
£¢(0) 59 4.5 4.0 7.2 5.2 4.4 5.9 4.1 3.7
£,(0) 5.8 4.4 3.9 7.6 5.4 4.6 6.8 4.4 3.9
£.(0) 5.6 42 3.7 7.3 5.1 4.2 6.4 4.1 3.7
X3 (0)] (pm/V) 72 0.9 1.9 90.7 245 5.5 45.0 3.7 3.1
1x20)] (pm/V) 6.8 3.0 0.3 90.9 17.7 1.3 9.1 4.4 3.0
X2 (0)] (pm/V) 2.0 0.9 0.3 85.0 17.8 3.1 18.5 1.6 23
X1 0)] (pm/V) 6.1 0.6 1.9 101.2 19.5 0.9 14.2 2.8 2.7
X2 (0)] (pm/V) 0.1 0.4 1.7 80.9 273 11.9 8.3 6.4 3.1
X2 age O] (pPm/V) 4.0 1.6 1.3 27.7 6.6 1.9 9.3 2.6 1.7
r111(0) (pm/V) 0.4 0.1 0.2 3.3 1.8 0.6 2.2 0.4 0.4
122(0) (pm/V) 0.4 0.3 0.0 33 1.3 0.1 0.5 0.5 0.4
r133(0) (pm/V) 0.1 0.1 0.0 3.1 1.3 0.3 0.9 0.2 0.3
311(0) (pm/V) 0.4 0.1 0.3 3.7 1.4 0.1 0.7 0.3 0.4
322(0) (pm/V) 0.0 0.0 0.2 3.0 2.0 12 0.4 0.7 0.5
Faverage (0) (pm/V) 0.2 0.2 0.2 1.0 0.5 0.2 0.5 0.3 0.2

negative front sign, making their overall signs opposite
to each other. In fact, these characters have been widely
observed in NLO spectra of many other solids [41,53,54].

VIIL. LEO EFFECT

The dielectric constants, zero-frequency SHG suscep-
tibilities, the low-frequency LEO coefficients are sum-
marized in Table III. Among our studied structures,
CH;NH3Snl; exhibits a large zero-frequency SHG com-
ponent of Xﬁ)l, around 101 pm/V, which greatly enhances
its LEO coefficient. Using Eq. (6), the LEO coefficient
r311 of CH3NH3Snl; is found to be 3.7 pm/V, as shown
in Table III. This is comparable with those of GaAs [55]
and CdTe [56].

To further illustrate the relation between the band gap,
overall SHG spectrum, and the zero-frequency value of
the SHG susceptibility that is directly related to the LEO
coefficients, we construct a schematic picture in Fig. 9 con-
sisting of pairs of positive-negative Gaussian peaks with
two peak values (£, E,) and two linewidths (012, 022) to
mimic the peaks I and II in Fig. 8. The real part of the
spectra is calculated through the Kramers-Kronig relation
[21,35,36]. First, we focus on the effect of the band gap. In
Fig. 9(a), we see that, from the orange curve to the green
curve, which have the same linewidth o, the two peaks
of the imaginary spectrum move to higher energy because
of a larger band gap of the green curve. Correspondingly,
the zero-frequency value of the green curve of the real-
part spectrum in Fig. 9(b) decreases. This indicates that a
smaller band gap contributes to a larger LEO effect.

Comparing the blue and orange curves, we see that, in
Fig. 9(a), the lower-energy positive peak of the blue curve

is significantly larger than its the higher-energy negative
peak. This stronger lower-energy peak leads to a larger
zero-frequency value of the real-part spectrum of the blue
curve in Fig. 9(b).

This explains why CH3;NH;Snl; has a larger zero-
frequency value of the SHG susceptibility. As shown in
Fig. 8, the energies of peaks I and II of CH;NH;Snl; are
lower owing to its smaller band gap. Moreover, peaks [ and
II of CH3NH;3;Snl; are about the same scale, whereas for
CH3;NH;PDI; the negative peak II is stronger and broader

2 73[(a) A --- E1=301=0.1, £,=50,=03
c /'Y === E1=30,=0.2, F,=50,=0.3
] 5 O Y
. . [ --- E;=501=0.2, E;=70,=0.3
2 y N
o I:’// N } <4 ‘\\
= 25 SN SN
= 7 w / e
© % . \
S 0.0 X S -
% N

£ N N
= =25 - -

5.0

Real (arb. units)

Energy (arb. units)

FIG.9. (a)Imaginary part of the SHG susceptibility with a pair
of positive-negative Gaussian peaks and (b) real part of the SHG
susceptibility obtained by the Kramers-Kronig relation. The SHG
susceptibility is in an arbitrary unit.
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than its positive peak I. Combining these two factors, the
zero-frequency value of the SHG susceptibility as well as
the LEO coefficient of CH;NH;Snl;5 are larger than those
of CH3NH3PbI3.

VIII. CONCLUSION

In summary, we investigate the structural and electronic
properties of CH3;NH3MX; (M = Ge, Sn, Pb; X =halide)
OHPs. Linear and second-order NLO properties, such as
SHG and LEO effects, are explored by the ArchNLO pack-
age, which proves good parallelism and scalability on such
large systems. Owing to the lack of inversion symme-
try, our studied OHPs exhibit SHG responses and LEO
effect. In particular, we find large SHG susceptibilities as
well as LEO effects for CH3NH;3Snl3, which have appli-
cation potentials in second-order NLO devices and LEO
modulators. We further reveal that the large SHG sus-
ceptibilities and LEO coefficients of CH3NH;3Snl; are a
result of its small band gap as well as large intraband
double resonance contributions. This work may stimu-
late further experimental and theoretical investigations to
achieve NLO responses in OHPs, which can be fabricated
by low-cost solution-based approaches.
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