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Additive engineering in CH3NH3PbBr3 single
crystals for terahertz devices and tunable
high-order harmonics †

Sarvani Jowhar Khanam, a Srinivasa Rao Konda, *b Azmeera Premalatha,a
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Although organic–inorganic hybrid perovskites (OIHPs) are considered frontline candidates owing to

their intriguing optoelectronic properties, their unstable surfaces are prone to degradation, significantly

affecting device performance and hence limiting their commercialization. Additive engineering has

become the most effective strategy to improve the quality of 3D perovskite single crystals (PSCs). Herein

additive engineering employing various aliphatic, aromatic, and chiral ammonium salts results in high-

quality transparent methylammonium lead bromide (MAPbBr3) PSCs, which are demonstrated for

application in terahertz (THz) devices, besides being sources for high-order harmonics generation

(HHG). Remarkably the engineered crystal surfaces showed resistance to surface degradation compared

to pristine ones, thereby enhancing the transmission/reflection of THz pulses. Moreover, a noticeable

blue shift in harmonics (both nano second (ns) and pico second (ps) laser induced plasmas (LIPs)) was

achieved compared to pristine MAPbBr3 (MA). The current research is anticipated to open up new

sources of additive-based SCs to be used entirely for THz devices and tunable high-order harmonic

generation avenues. Exploring these inanimate materials via additive inclusion in MA SCs opens up new

avenues to achieve blue-shifted UV spectra for diverse applications in attosecond physics and nonlinear

spectroscopy, including tunable THz devices because of the easy tunability of the THz absorption

properties, i.e. their phonon modes in an OIHPSC.

1. Introduction

Perovskite materials have attracted a lot of interest in opto-
electronics research, such as photovoltaics,1–5 light-emitting
diodes (LEDs),6–10 memristors,11 lasers12,13 luminescent solar
concentrators,14 and detectors,3,15–22 owing to their promising
optoelectronic properties and practical processability.23–28

The tuneable bandgaps from 1.48 to 1.62 eV and 42.23 eV
make OIHPs alluring semiconductors suitable for photovoltaic
application and higher energy radiation detection (HERD),
respectively.20,21,29,30 Notably, surface quality is paramount to
the efficacy of numerous device applications. The surface
quality, crystallinity, and morphology of single crystals mainly

depend on PSC growth techniques,31 including solvents,32 the
concentration/composition of the precursors,33,34 annealing
temperature,31,32,34,35 and time duration for crystal growth.35

So far, various crystallization techniques have been reported,
including the inverse temperature method (ITC),36 the tem-
perature lowering method,37 and the anti-solvent vapour
assisted method (AVC).38,39 A comprehensive comparison of
PSCs and their applications has been tabulated in the electro-
nic supporting information (ESI,† Table S1). Nevertheless, PSC
performance, surface stability40,41 and hysteresis42–44 are press-
ing challenges for commercialization. The present article is
focussed on a study of the effect of additives on surface
degradation, and THz and HHG performance.

The additive engineering method is a versatile approach
to growing more stable, high-quality PSCs, which has been
explored further in the case of the synthesis of 2D and quasi-2D
perovskite materials.16,29,45–49 Fu et al. studied second harmo-
nic generation circular dichroism (SHG-CD) in one dimen-
sional (1D) [(R/S)-3-aminopiperidine]PbI4.50 On the other
hand, terahertz (THz)-wave absorption properties in a mixed
phase of 3D FAPbI3 with theoretically performed (ab initio)
calculations was demonstrated by Maeng et al.51
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Herein, the current work aimed to study the changes in THz
and HHG properties by changing the additives in 3D MA SCs
grown using the additive engineering method (ESI,† Table S1).
Therefore, we have taken different ammonium salts as addi-
tives (A) to investigate their role in preventing PSC degradation.
We used the ammonium salts of the following types – aliphatic:
choline bromide (CB), aromatic: phenylethylamine hydro-
chloride (PEA), p-xylylenediamine (PXA), and heterocyclic:
(R)3-aminopiperidine dihydrochloride (API) – as additives,
and labelled the respective crystals as MA:A (A = CB, PEA,
PXA, API). Images of the crystals obtained are presented in
Fig. 1(a)–(e). The effect of the interactions of the additives on
the morphological, optical and surface properties of 3D PSCs is
obscure and has yet to be explored for THz and high-order
harmonic generation (HHG) applications. Herein, our work is
focused on designing stable 3D MAPbBr3 (MA) PSCs using the
additive engineering method as reported elsewhere in the
literature for 2D materials16,29,45–49 and the structure–property–
performance correlations between pristine (MA) and modified
PSCs.

Furthermore, the HHG of these PSCs from their laser-
induced plasmas (LIPs) was studied using 800 nm and 35 fs
as the driving pulse (DP) and heating pulses (HP) of 800 nm,
200 ps and 1064 nm, 6 ns. Recently, we demonstrated the

high-order harmonics from LIPs of Ni-doped CsPbBr3 2D
nanocrystals with an average size of 20 nm using different
DPs and LIPs created by the same HP and explained how the Ni-
dopants play a crucial role in enhancing the harmonics and
their cut-off.52,53 Generally, blue shift of the harmonics could
be achieved for a particular DP with negative chirps.53–56

Interestingly, in the current scenario, the blue shift of the
harmonics is obtained thanks to the influence of the additives
on MA SCs.57–60 The experimental layouts for THz-time-domain
spectroscopy (THz-TDS) and HHG generation from LIPs of the
reported PSCs are shown in Fig. S1(a) and (b) (ESI†). A detailed
description of both setups is given in the ESI.†

2. Results and discussion
2.1. Morphology and structural properties

One significant challenge is associated with the surface sensi-
tivity of these PSCs to high levels of relative humidity (RH Z

55%) as the surface transforms and becomes disordered due to
hydration, masking its actual properties. Recent reports have
revealed from SEM images that exposure to humidity for several
days results in the surface degradation of thin films.61 However,
for PSCs, it has been found that their surface properties differ

Fig. 1 (a–e) Stuctures of additives used and photographs of the PSCs with labels at the bottom. (f) Possible model for additive coordination with unit cell
during crystal growth process in solution. (g) ITC method used for crystal growth.
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from bulk properties, including morphology, absorption coeffi-
cients, carrier mobility, photocurrent, carrier dynamics and
optical bandgap. Such effects have been marginally exploited
in PSCs with changing additives; therefore, the surface recom-
bination losses, which play a decisive role in determining the
intrinsic optoelectronic properties, must be fully understood.

While MABr is a hygroscopic salt, in ambient conditions it
absorbs moisture and is converted to MA, leaving a PbBr2

crystal surface or a vacant surface. Typically, PbBr2-rich textures
with pinholes and hydrate phases are formed. The N-based
additives interact differently with the facets and have higher
stability than their MABr counterparts. Hence, the surface
degradation of modified and pristine PSCs by the environment
has been studied using SEM measurements under exposure to
ambient air. Confocal and SEM micrographs were recorded on
the surface of fresh PSCs (Fig. S3(a)–(j), ESI†).

Furthermore, to study the change in morphology and pin-
holes after exposure to ambient conditions for three and seven
days, SEM images were collected (Fig. S4(a)–(j), ESI†). Lower
surface roughness has been observed for additive-based PSCs
compared to pristine MA; this implies that the additives act as
adequate passivating layers on the crystal surface. The chemical
reaction on the surface of the crystal is shown below in eqn (1):

(1)

The attachment energy (AE) model developed by Hartman
and Bennema helps predict how additives interact with the
surface of the growing facets and SC shape.62,63 The AE of a
facet is the energy released when layers of atoms are attached to
the growing PSC surface; this energy depends on the bonding
strength and number of bonds at a given facet. A possible
mechanism for the additive engineering method can be
explained using the model in Fig. 1(f), where the positively
charged ammonium group coordinates with Br� ions on the
growing facet surface (with electrostatic interactions). This
subsequently blocks the incoming CH3NH3

+ (methyl ammo-
nium ion) or Pb2+ and maintains the same AE all over the
growing facet (Fig. 1(f)). Herein, the strength of interaction
between the ammonium ion and the facet decides the final
quality of the crystal, which depends on the number of hydro-
gen bonds and electron density around the ammonium ion.
Previous reports concluded that heterocyclic amine could effec-
tively coordinate with a growing facet of the crystal, resulting in
lower defects and enhancing crystallinity without altering the
unit cell structure.16,64–67 In Table 1, we have demonstrated the
possible number of active groups with elements and the
number of H-bonds among all the additives. The API additive
can coordinate more effectively among all the additives owing
to it having more electron dense groups around the N atom
(+I inductive groups are present) and it can form 5 H-bonds
more effectively with less steric hindrance. Cuboid, transparent,
modified PSCs with lower roughness were obtained without any

polishing to improve the crystal surface quality (Fig. 1(a)–(e)).68,69

Interestingly, we observed enhanced optical and THz transmis-
sion properties, as will be elaborated on in the subsequent
experimental results.

Furthermore, to study the traces of hydrate phase and
chemical state behaviour on the PSC surface, XPS studies were
conducted. Interestingly, a single peak was observed in the C 1s
and N 1s core-level bonding state chemical behaviour of
MA-API SCs, indicating no new chemical state (Fig. 2a and b).
On the other hand, more intense molecular defect peaks were
seen in MA-PXA SCs. A striking shift towards higher energy was
observed in the modified PSC Pb 4f core-level spectra, as shown
in Fig. 2c, attributed to the increased binding energy and
decreased halide vacancies.70–72 Additionally, we confirmed the
difference in H-bond strength among the additives, depending
on the chemical state shift seen for the Br 3d core-level spectra
compared to the pristine crystal; this might be due to a
decrease in the electron cloud around the halide ion.

Subsequently, oxygen levels in the modified crystals were
minimal, indicating the passivating nature of the additives and
the presence of the hydrate phase on the crystal surface, which
shows the main component around 532 eV corresponding to
O–H, as discussed above.73 It should be noted that an increase
in oxygen concentration is linked with the breakdown of MABr
to CH3NH2 and HX, which destroys the perovskite structure by
deeper incorporation into PSCs, which is consistent with the
long-exposure PSC SEM images.73 Detailed XPS analysis of
these modified PSCs indicated that the additive engineering
method allows the formation of fewer molecular defects.
Among all the modified PSC surfaces, it is evident that CB,
PEA and API effectively passivated the surface and decreased
the trap density, which is consistent with the SCLC measure-
ment values.

We conducted powder XRD to determine whether additives
were incorporated deeper into the lattice crystal lattice. Inter-
estingly, no additional peak was observed relating to additives
(Fig. 3(a)). Instead, increased peak intensities and a slight shift
in the diffraction peaks to lower angles in the modified PSCs
were observed (from 15.6211 to 14.6881 for the API-MA crystal)
with increased peak intensity. This might be attributed to non-
preferential crystal growth in all directions with higher
crystallinity.74 The peaks at 2y = 15.621, 30.771, 46.621 corre-
spond to the Miller indices of (100), (200), and (300) of the MA
PSC, matching previously reported data.38,75–78 Notably, the
negative strain values in the case of MA-API SCs indicate lower
ionic vacancies and compositional uniformity (Fig. S2(b), ESI†).69–72

Table 1 The possible active groups and H-bonds in the additives

Additive
Number of active
groups (elements)

Possible number
of H-bonds

CB 2a (31 N, O) 3
PEA 1a (11 N) 3
PXA 2 (11 N) 6
API 2a (21 N, 11 N) 5

a Primary (11), secondary (21) and tertiary (31) amines.
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The single-crystal X-ray diffraction (SC-XRD) data for MA and
modified PSCs were also collected at 25 1C. Subsequently, data

processing and indexing were automated within CrysAlis Pro
software, and these results converge to a cubic cell for MA SCs

Fig. 2 (a–d) XPS data of C 1s, N 1s, Pb 4f and Br 3d core-level spectra with molecular level defect and chemical state behaviour in MAPbBr3 SCs with
changing additives (labels are shown on the right-hand side, following the same order (a–d)). (e) XPS survey spectra.

Fig. 3 (a) XRD patterns of typical MAPbBr3 SCs grown by the additive-based ITC technique. (b–f) TEM images of pristine and modified PSCs.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
9 

Ju
ne

 2
02

3.
 D

ow
nl

oa
de

d 
by

 C
ha

ng
ch

un
 I

ns
tit

ut
e 

of
 O

pt
ic

s,
 F

in
e 

M
ec

ha
ni

cs
 a

nd
 P

hy
si

cs
, C

A
S 

on
 4

/1
7/

20
24

 8
:4

6:
25

 A
M

. 
View Article Online

https://doi.org/10.1039/d2tc05138a


This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. C, 2023, 11, 9937–9951 |  9941

refined in the cubic space group Pm%3m similar to that reported
by Baikie et al.79 However, no change in unit-cell was observed
by changing the additives, which may be indicative that the
additives act as a passivating layer on a surface without
disturbing the unit-cell structure (Table S3, ESI†).

Subsequently, higher-resolution transmission electron
microscopy (HR-TEM) of the PSCs was performed to study the
changes in the SAED pattern with different additives (Fig. 3(b)–(f)).
The HR-TEM image of MA provides lattice fringes at B0.522 nm,
related to the (200) planes of the cubic structure, close to the
calculated value from powder XRD using the Bragg diffraction
equation. The SAED result for pure SCs agrees with the reported
data.80–82 The TEM images of pristine and modified PSCs were
collected from various spots on the grid (as the samples were
very sensitive to incoming electrons).

2.2. Optical properties

Steady-state absorption spectra of the crystals were collected
from the diffuse reflectance mode (DR). A slight change in the
bandgap (Eg) of MA, MA-CB, MA-PEA, MA-PXA, and MA-API
was observed at 2.178, 2.174, 2.176, 2.176, and 2.182 eV,
respectively. (Fig. 4(a)). However, a decrease in halide vacancies
and incorporation of Cl might be attributed to a change in the
bandgap of the modified crystals. In this work, the bandgap
values for MA SCs are similar to those in earlier work reported
in the literature.28,32 In most of the literature, perovskite optical
stability was studied under atmospheric conditions with time
duration of light exposure, at a particular temperature or by
changing the temperature.83,84 Herein, we have measured
perovskite stability in the ambient atmospheric conditions
(RH 76%, normal room light illumination) at different time
intervals at 60 1C. (Fig. S5(a)–(e), ESI†). Subsequently, we
carried out TGA measurements to check the thermal stability
of the SCs. All the above evidence shows that MA-API is quite
significantly stable and API acts as a more effective passivating
layer on the surface (Fig. S6(a)–(b), ESI†).

The photoluminescence spectra (PL) were recorded using
405, 488 and 800 lasers. Interestingly, a shift in the peaks
towards a high wavelength (from 520 nm to 579 nm for MA)
was observed. Single photon absorption (1PA) (at 488 nm and
405 nm) and two-photon absorption (2PA) (at 800 nm) were
used to photoexcite the surface and bulk PSCs to record the
photoemission spectra.74 The appropriate explanation for a
shift in PL peak position with 2PA in comparison to 1PA could
be due to the following factors: (a) the reabsorption of bulk
emission by the thick PSC on route to the detector resulting in
the absorption of the high-energy region of the emission
spectrum, which is minimal;85,86 (b) the band shift from the
bulk to the surface.87 A blue shift in steady-state PL spectra for
modified crystals in the case of 1PA indicates fewer ionic
vacancies (causing trap states), as discussed for the XPS data.
The PL values for pristine PSC agree well with those of reported
crystals grown by ITC and AVC methods (Fig. 4(b)).32,88–90

Modified PSCs showed a slight change in optical properties,
as confirmed from steady-state PL. Transient evolution of the
electron–hole population after impulsive photoexcitation can

be calculated from time-resolved photoluminescence (TRPL)
measurements (Fig. 4(c)). Subsequently, the decay curves of the
excited carrier in the modified PSCs were fitted using a tri-
exponential decay model to quantify the carrier dynamics, and

Fig. 4 (a) UV-visible spectra, (b) photoluminescence spectra with 1PA and
2PA photoexcitation and (c) average lifetime of MAPbBr3 SCs with various
additives.
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the fitted parameters are summarized in Table 2. The relatively
faster decay components (t1 and t2) are attributed to charge
carrier trapping defect states, while the slower decay compo-
nents (t2) are assigned to bimolecular radiative recombination
in the bulk crystals. In proportion to the fast decay component
(t1), a slower trapping time constant (2.88 ns for MA-PEA and
3.79 ns for M-API) is observed, compared to that of the pristine
PSCs (2.48 ns), which is indicative of a reduced density of
defects. Furthermore, the t3 value increased from 857.37 ns
(pristine) to 949.01 ns (MA-API), suggesting that the additives
lengthen the charge carrier lifetimes within the bulk crystal.
As a result, the average PL lifetime was significantly enhanced
from 2.48 ns to 6.25 ns (MA-API) (Fig. 4(c)).91,92 To reveal the
difference in electronic properties with additives in-gap deep
electronic trap states were measured using the current–voltage
(I–V) response of the PSCs in the space-charge limited current
(SCLC) regime for all PSCs(Fig. S7(a)–(e), ESI†). The SCLC

values obtained for MA and MA-API SCs are shown in
Fig. 5(a) and (b). At low voltages, the I–V response was ohmic
(i.e. linear), as confirmed by the fit to I E V (n =1). At
intermediate voltages, the current exhibited a rapid nonlinear
rise. This signalled the transition to the trap-filled limit
(TFL)—a regime in which the injected carriers filled all the
available trap states and were linearly proportional to the
density of trap states (Ztrap). Correspondingly, we found remark-
ably low Ztraps for modified PSCs (MA-API Ztraps = 4.79 �
1010 cm�3), which together with the extremely clean absorption
and PL profiles point to a nearly defect-free electronic structure.
The lower defect density might be the origin of the reduced
charge carrier trapping. The VTFL obtained for all the samples
(Fig. S7(a)–(e), ESI†) with Ztrap parameters are summarized in
Table 2. This result suggests a more significant trap-induced
recombination rate in the MA SCss, which have a much higher
trap density than the MA-API SCs, which can be explained using
a model (Fig. 5(c) and (d)).92 A focused explanation of the
change in photodetection properties with additives was given
in our recently published work.93,94

2.3. THz spectroscopy

THz spectroscopy has been well explored in various scientific
research fields.95–100 The transmission and reflection of the
reported PSCs were studied using THz-TDS, a well-known
method to ascertain a material’s response in the far-infrared
(IR) to near microwave region (the THz region).

Table 2 Comparative study of PSC fitted parameters for the TRPL decay
profiles, VTFL and Ztraps

PSCs t1 (ns) t2 (ns) t3 (ns) t (ns) VTFL (V) Ztraps (�1010 cm�3)

MA 2.48 80.11 857.37 2.48 1.67 5.24
MA-CB 2.47 101.08 864.96 2.14 1.64 5.16
MA-PEA 2.88 87.58 684.78 2.89 1.61 5.07
MA-PXA 2.41 81.35 765.30 2.41 2.96 9.28
MA-API 3.79 116.1121 949.014 6.25 1.53 4.79

RA = relative amplitude.

Fig. 5 (a and b) Current–voltage traces with VTFL. The linear fitting is denoted with the green markers showing different regimes (at 300 K). (c and d)
Electronic band structure model in pristine and modified PSCs represents decreasing surface defects by adding additives schematically.
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We measured the transmittance, reflectance, and absorp-
tion coefficients of the PSCs (at a position of normal incidence
to the THz pulses, referred to as T@01). From the THz
temporal profiles (electric field), one can obtain the real and
imaginary refractive indices (n,k) and absorption coefficients
using eqn (2)–(5) provided below. The complex FFT transmis-
sion data of the sample is compared to that of the reference
given by

cS

cref

¼ r oð Þe�ifðoÞ (2)

where cs and cref are the complex FFT of the sample (single
crystals) and reference THz pulse, f(o) is the phase difference
(phaseamp–phaseref), and r(o) is the ratio of the peak ampli-
tudes of the single-crystal and reference pulses (transmit-
tance). The real part of the refractive index (nS) and the
imaginary part of the refractive index (kS) can be written in
terms of f(o) and r(o) as follows:101,102

nS oð Þ ¼ 1þ co

od
f oð Þ (3)

kS oð Þ ¼ co

od
ln

4nS oð Þ
r oð Þ nS oð Þ þ 1ð Þ2

 !
(4)

where co is the speed of light and d is the single-crystal
thickness. From the imaginary part of the refractive index,
one can determine the absorption coefficient a (cm�1) as

a oð Þ ¼ 2

d
ln

4nS oð Þ
r oð Þ nS oð Þ þ 1ð Þ2

(5)

Fig. 6(a) shows the THz electric field of the reference THz
pulse (upper panel) and transmission (T@01) from the five
PSCs (bottom panel). The major THz pulse lies in the 2 to 3 ps
range, and the PSCs show variations in the dip positions
compared to the main reference pulse of around 2.4 ps.
The THz transmission/reflection from the PSCs is measured
by rotating them to 451 (referred to as T, R@451) at normal
incidence, and the obtained transmission/reflection THz elec-
tric field is shown in Fig. 6(b) and (c), respectively. To measure
the transmittance/reflectance, ns, ks, and a, the amplitude and
phase of the reference pulse and transmitted/reflected THz
from the PSCs are important parameters. Therefore, we con-
verted the THz electric field into a frequency domain using Fast
Fourier Transform (FFT). In addition to amplitude and phase,
we have shown the frequency in dB for three measurements,
i.e. T@01, T@451 and R@451 in Fig. S8(a)–(c) (ESI†), respectively.
The ratios of amplitudes of reference and samples for three
measurements are shown in Fig. 6(d)–(e). Whether in amplitude

Fig. 6 (a–c) THz electric field (temporal profile) and (d–f) measured transmittance (T) T@01 and T@451 and reflectance (R) R@451, respectively.
The legend shown in (b) is applicable to all panels: red solid line, green double line, blue thick–thin lines, wine thin–thick lines, and magenta triple lines
correspond to MA,MA-CB, MA-PEA, MA-PXA, and MA-API SCs, respectively.
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(Fig. S8(a), ESI†) or frequency spectra in dB (Fig. S8(c), ESI†), or
the transmittance/reflectance (Fig. 4(d)–(e)), the modified PSCs
showed enhancement in THz transmission/reflection compared
to pristine MA. Meanwhile, it is observed that this increment is
not only connected to overall THz pulses; the modified SCs have
a massive impact on the bandwidth (full width at half maximum
(FWHM) for the transmitted and reflected THz pulse from PSCs)
and variations in the central frequencies of the THz pulses. In
this regard, we have fitted the THz amplitude data shown in Fig.
S8(d) (ESI†) with Lorentz fits to obtain the central frequency and
FWHM of the THz pulses (Fig. 7(a)). Here, it can be seen that the
tendency of the central frequency and FWHM is to increase from
MA to MA-API PSCs. These results indicate that the transmit-
tance and reflectance are increased for modified SCs and follow

the order MA o MA-CB o MA-PEA o MA-PXA o MA-API.
Therefore, it is reasonable to establish that the minimum crystal
defects with good surface quality enhanced the optical and
structural properties in the modified SCs. Furthermore, this
can be reflected in the measured real and imaginary refractive
indices shown in Fig. 7(b). It is found that the ns values are
higher than the ks values (where ks is related to the amount
of absorption), which indicates that the samples possess an
ordinary refractive index and show a small amount of absorption
(the ks values are non-zero). If the ks value is 0, the material is
non-absorbing. However, for the studied PSCs, the crystals show
considerable absorption because the ks values are non-zero
(Fig. 7(b), bottom panel). Subsequently, we measured the absorp-
tion coefficient (a) using the experimental THz-TDS data at
T@01 using eqn (5), as shown in (Fig. 7(c), left-hand Y-axis)
and compared the phonon vibrations of the reported PSCs101,102

with theoretical IR absorption spectra of cubic MAPbBr3, as
earlier reported by Maeng et al.72 and shown in (Fig. 7(c),
right-hand Y-axis). The experimentally calculated absorption
peak values of MA approximately match the theoretically pre-
dicted values.72 However, in the case of the modified PSCs, the
amount of absorption is decreased, with a slight difference in
the peak positions.

In OIHPs, the organic unit undergoes molecular vibrations,
leading to lattice vibrations due to a weak interaction between
the organic and inorganic parts. Maeng et al.72 demonstrated
that molecular defects do not influence the three major phonon
modes originating from the transverse vibration (0.8 THz) or
longitudinal optical vibrations (1.4 THz) of the Pb–Br–Pb bonds
and the optical Br vibration (2.0 THz). However, in the present
case, the modified PSCs showed slight variations in the optical
and vibrational frequencies due to changes in their interplanar
distances. The powder XRD measurements in the present study
revealed that the interplanar distance increased slightly for
the modified SCs. Therefore, this might be a reason for the
decrease in optical/vibrational absorption in the modified SCs
compared to MA; the results are shown in Fig. 7(c). Interest-
ingly, MA-API shows more negligible THz absorption, with peak
positions at 0.48, 0.96, and 1.56 THz. At 1.56 THz, the other
crystals do not show any peak positions. The THz peak ampli-
tude curve for MA-API (magenta triple curve) is almost identical
to the reference pulse (solid black line), having lower values, as
shown in Fig. S8(a) (ESI†). Similarly, the absorption coefficients
decreased for SCs grown in CB, PEA, and PXA additives. Overall,
the THz measurements indicate that the modified SCs possess
higher transmission and reflection than pristine MA, which
offers advantages to utilizing these PSCs for THz devices.

2.4. Application of PSCs toward the generation of high-order
harmonics generation

Currently, gases are frequently used as sources of HHG
media.103–105 A study of HHG experiments utilizing gases is
rather limited because there are just a few different types of
element in the gaseous state in nature. Hence, several researchers
focused on demonstrating HHG from various solid and liquid
elements.106,107 The laser intensity utilized in the experiments is

Fig. 7 (a) The measured FWHM and central frequency of the reference
THz pulse, transmitted and reflected THz pulses from the SCs. (b) The
measured real refractive index (ns) and imaginary refractive index (ks) and
(c) left-hand Y-axis; absorption coefficents (a) of single crystals at trans-
mittance T@01. (c) Right-hand Y-axis: theoretical IR absorption spectra of
cubic MAPbBr3 SCs (data is adapted from ref. 72).
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constrained because of the damage threshold to the solid. The
photon energy resulting from this method is not particularly
high. Recently, strong mid-infrared laser pulses demonstrated
HHG from MAPbX3 (X = I, Br, Cl) thin films.106,107 The near IR
wavelength 800 nm is the current work-driving pulse, which
possesses stronger energy than mid-infrared pulses. Therefore,
there might be a chance of strong ablation leading to damage
to the bulk PSCs. If we choose a DP laser energy below the
damage threshold of PSCs due to the illumination of strong
photoluminescence, the DP, along with the harmonics (if
generated), will not transmit from almost 1 mm thick SCs.
Therefore, in the present experiment, we pay attention to the
method of LIPs [produced by 800 nm (200 ps) and 1064 nm
(5ns) wavelengths] to generate harmonics from five bulk PSCs
for the first time. Additionally, substantial resonance enhance-
ment can be used to increase harmonic conversion efficiency by
utilizing the HHG from LIPs of various metals.108,109 The
impacts of additives (CB, PEA, PXA, and API) on MA SCs were
analyzed by measuring HHG spectra in terms of harmonic
intensity, cut-off, and spectral shift. Initially, we describe the

stability of crystals, then the harmonic-cut-off and spectral shift
in the following sub-sections.

2.4.1. Using harmonic intensity to describe the stability of
PSCs. In the case of ps LIPs, a 2D color map of the harmonic
spectra of PSCs for different DP intensities in the 1.5 to
9 � 1014 W cm�2 range (at a fixed ps HP intensity of 1.77 �
1010 W cm�2) is shown in Fig. 8(a) and that for variation in ps
HP intensities between 0.6 and 2.25 � 1010 W cm�2 at fixed
IDP =6 � 1014 W cm�2 is presented in Fig. 8(b), and the
corresponding maximum harmonic signals for the studied
PSCs are shown in Fig. 9(a) and (b), respectively. With the
increase in DP intensity, the modified SCs show a higher
harmonic signal than pristine MA. The additives PEA, PXA,
and API required a minimum of 3.0 � 1014 W cm�2 to obtain
the harmonic spectra, whereas MA and MA-CB show the
harmonic spectra even at 1.5 � 1014 W cm�2. From Fig. 8(b)
or Fig. 9(b), it can be observed that for MA SCs and MA-API,
harmonic emission is obtained within the range of 0.6 to
2.25 � 1010 W cm�2, whereas for MA-PEA, MA-CB, and
MA-PEX, the harmonic emission was initiated at 1.05, 1.18

Fig. 8 2D colour map of harmonics spectra for different (a, c) driving pulse intensities (IDP) for ps LIPs, at ps heating pulse intensity (Ips,HP) =
1.77 � 1010 W cm�2) and ns LIPs (Ins,HP = 7 � 1010 W cm�2), respectively, (b) at fs driving pulse intensity (IDP) = 6.0 � 1014 W cm�2 w.r.t. ps heating pulse
intensity (Ips,HP). (d) The delay dependence between ns HP and fs DP.
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and 1.77 � 1010 W cm�2, respectively. This confirms that
adding additives to MA increased the stability of the PSCs,
which required a high intensity of ps pulses to create the
plasma plumes. The maximum harmonic signal for additives
PEA and API is slightly higher than for MA, whereas for CB and
PEX, the intensity of the harmonic signal is less than that
for MA.

Likewise, for the ps LIPs harmonic spectra from SCs
(Fig. 8(a) and (b)), the harmonic emission from the modified
crystals at a fixed ns HP intensity of 7 � 1010 W cm�2 compared
with pristine crystals for different IDP is shown in Fig. 8(c), and
the delay dependence in harmonic spectra between ns HP and
fs DP is shown in Fig. 8(d). The maximum harmonic signals
obtained from these Fig. 8(c) and (d) HHG spectra are shown in

Fig. 9(c) and (d). In the case of ns LIPs, the intensities of the
harmonics among the PSCs are very close to each other with
respect to the increase in IDP (at 6.0 � 1014 W cm�2 MA-PEX
shows the highest intensity among them all). However, the
advantages of ns HPs could be useful for measuring delay-
dependent harmonic spectra. The additive-based PSCs
increased the emission of harmonics at longer delays, as shown
in Fig. 9(d). The cut-off delays were achieved at 1400, 1500,
1700, 1600, and 1700 ns for MA, MA-CB, MA-PEA, MA-PEX, and
MA-API, respectively. Within these delay ranges, MA shows the
first and second maxima of harmonics achieved at delays of
300 and 600 ns, respectively. At the same time, the maxima
move for the modified PSCs. For MA-CB, MA-PEA, MA-PEX, and
MA-API, the first maxima were presented at 400, 500, 600, and

Fig. 9 The maximum harmonic signal obtained (from data shown in Fig. 8(a–d)) for (a) at fixed ps heating pulse intensity (Ips,HP) = 1.77 � 1010 W cm�2 for
changes in driving pulse intensity (IDP), (b) at fixed IDP = 6.0 � 1014 W cm�2 with variation in Ips,HP. In the case of ns LIPs (at Ins, HP = 7 � 1010 W cm�2)
(c) w.r.t. IDP, (d) the delay dependence between ns HP and fs DP, respectively. (e) Harmonic cut-off in the case of ps LIPs with changes in IDP. (f) The cut-
off of time duration until harmonic emission (left-hand Y-axis), and the delay cut-off (right-hand Y-axis) for the studied single crystals.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
9 

Ju
ne

 2
02

3.
 D

ow
nl

oa
de

d 
by

 C
ha

ng
ch

un
 I

ns
tit

ut
e 

of
 O

pt
ic

s,
 F

in
e 

M
ec

ha
ni

cs
 a

nd
 P

hy
si

cs
, C

A
S 

on
 4

/1
7/

20
24

 8
:4

6:
25

 A
M

. 
View Article Online

https://doi.org/10.1039/d2tc05138a


This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. C, 2023, 11, 9937–9951 |  9947

700 ns, and the second maxima were obtained at 700, 900, 1000
and 1100 ns, respectively. Subsequently, in the case of MA-PEX,
an additional maximum is presented at 300 ns; for MA-API, the
maxima are located at 200 ns and 500 ns. The periodicity of the
maximum harmonic signals indicates that the PSCs possess
not only single component atoms or ions but small- to large-
sized clusters produced by ns HP which travel at different
velocities.

Overall, studies recording HHG spectra in the case of ps HP
intensity variations and ns HP with delay dependence revealed
that the modified SCs show higher stability than pristine MA.
The stability of the SCs was also confirmed by ablating them
with ns HP at a fixed position on the sample surface and
collecting the HHG spectra within the exposure time (Fig. S9,
ESI†). The harmonic spectra shown in Fig. S9(a) (ESI†) indicate
that ablation of pristine MA continuously produced plasma
plumes for 2.66 mins (frame rate 100 ns, saving five frames in
1 s using CCD). However, as shown in Fig. S9(b)–(e) (ESI†),
MA-CB, MA-PEA, MA-PEX, and MA-API have some gaps in the
presented harmonic spectra and extend the stability of the
signal up to 3.10, 3.31, 3.19, and 3.46 mins, respectively. The
gaps in the harmonic spectra for additive-based crystals
revealed that plasma formation requires more ablating laser
pulses. The cut-off of the time duration up to harmonic emis-
sion vs the studied SCs (Fig. 9) showed that the time duration

increased from MA to MA-API. This is direct evidence that
modified SCs show longer stability than pristine MA with
exposure to ns HP.

2.4.2. Harmonics cut-off. The maximum cut-off achieved
for ns LIPs is close to 21 to 23H. As shown in Fig. 9(c), the cut-
off of MA and MA-CB at IDP = 1.5 � 1010 W cm�2 was 19H;
this cut-off increased to 23H with an increase in IDP. Similarly,
MA-PEA, MA-PXA, and MA-API show almost 21H–23H [due to
the appearance of plasma lines for these PSCs, 23H could not
be seen in the HHG spectra of Fig. 8(c) panels 3 to 5 (from top to
bottom)]. The HHG spectra for ns LIPs are only one order
smaller than those for ps LIPs (25H). Earlier, we showed that in
the case of Ni-doped CsPbBr3, perovskite nanocrystals in the
case of ps LIPs produce 27H and ns LIPs produce 21H using
800 nm DP.52 In the present case for ps LIPs, the cut-off for five
PSCs with respect to changes in IDP is shown in Fig. 9(e). MA
possesses a minimum cut-off at 15H and a maximum at 27H,
and the modified MA SCs possess a higher cut-off at a lower IDP.
This indicates that the presence of additive plasma compo-
nents might lead to an increase in overall density. As a result, a
higher cut-off and highly intense harmonics are achieved for
the modified SCs. The overall tendency of the harmonic cut-off,
as shown in Fig. 9(e), is to increase with further growth in IDP,
because it is well known that energy cut-off is linearly propor-
tional to the input-driving pulse intensity (as per the energy

Fig. 10 HHG spectra 9H to 15H for (a) ns LIPs (b) ps LIPs at a driving pulse intensity of 6� 1014 W cm�2. For MA-API (c) plasma plumes obtained from
ns HP, and (d) plasma plumes obtained from ps HP. (e) The normalized PL spectra at a pump wavelength of 800 nm.
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cut-off formulae Ecut-off = Ip + 3.17Up, where Ip is the ionization
potential, and Up = 9.33 � 10�14 I (W cm�2) l2 (mm)).110

2.4.3. Spectral shift of harmonics. The intensity of ps HP
variation and ns & fs delay-dependence studies does not
influence the harmonic spectra in terms of their spectral shift.
Because we have utilized the same IDP for these measurements,
the variation in Ips and delay between ns and fs pulses leads to
changes in the density of plasma components, which impacts
the intensity of harmonics. However, a small clear blue shift in
the harmonics is visible with respect to the variation in IDP

shown in Fig. 10(a) and (c) for ps and ns LIPs.
Generally, the blue shift of the harmonics could be achieved

by changing the chirp of the driving laser pulses. The HHG
spectra from the same material with variation in the DP
intensity may not impose a shift in harmonics. However, in
these modified PSCs, probably due to the presence of additive
components leading to the variation in bandgap and crystal-
linity changes, it leads to interaction with the lower spectral
components of DP 800 nm. This blue shift is more prominent
in the case of ps LIPs than ns LIPs, as shown in Fig. 10(a) and (b).
Fig. 10(a) and (b) show the 9H (88.88 nm), 11H (72.72 nm) to
13H (61.53 nm), 15H (53.33 nm) HHG spectra for ns LIPs
and ps LIPs at a driving pulse intensity of 6 � 1014 W cm�2,
respectively. The shift of harmonics towards shorter wave-
lengths (blue shift) is more prominent for additive-based SCs.
Fig. 10(c) and (d) show the plasma plumes formed by the
ablation of MA-API SCs with ns and ps pulses. A similar pattern
was achieved for all other PSCs. It is observed that with
the ablation of ns pulses, only the plasma plumes expanded
from the surface of PSCs. In the case of ps pulses, the PSCs
themselves illuminate the green emission along with plasma
plume expansion. In the case of ns pulses, with 1064 nm used
as an ablating laser pulse, and for ps pulses, the excitation
wavelength is 800 nm; due to the nonlinear absorption of
800 nm, there is PL emission. Therefore, it is assumed that
the plasma components (atoms, ions, and nanoparticles) of
PSCs may interact with the blue spectral components of 800 nm
and decrease their harmonic wavelengths. Fig. 10(e) depicts the
normalized PL spectra of PSCs measured at 800 nm, 35 fs, and
1 kHz pulses with an average power of 100 mW. This blue shift
order of PSCs matches the HHG case and the order followed is
MA-API 4 MA-PEA 4 MA-CB 4 MA-PXA 4 MA.

The presence of plasma components (atoms, ions, nano-
particles, and clusters) could be identified by an ICCD spectro-
meter. Meanwhile, It is well known that HHG is a three-step
model:111 (i) ionization by an intense laser field, (ii) acceleration
in the laser field, and (iii) recombination with the parent ion
leading to the generation of high-energy photons. The emission of
high-order harmonics (high-energy photons corresponding to
the driving laser field) is widely subject to the plasma components
of PSCs. The emitted harmonics are a superposition of the
individual contributions of each plasma component. The ioniza-
tion potential (Ip) of the plasma components could influence the
intensity and cut-off of the harmonics. The molecular formulae
and the first and second ionization potentials of the five reported
five PSCs are shown in Table S4 (ESI†). The MA and modified

PSCs have C, H, N, Pb, Br, O, and Cl chemical components.
Among them, Pb has the lowest first ionization potential,
i.e. 7.41 eV, by shortening the chemical components in ascending
order according to their first ionization potential as Pb o C o Br
o Cl o H o O o N. Interestingly, the Pb, Br and N weight
percentages increase, and the C quantity decreases more than in
MA (Fig. S2(a), ESI†). MA-CB has additional O, and MA-PEA,
MA-PXA, and MA-API have additional Cl quantities compared to
pristine MA. Therefore, it is expected that the modified PSC will
contain a higher number of chemical components. Due to this,
the plasma density (containing atoms and singly charged ions)
will be higher in the case of these modified PSCs ablated by ns HP
and ps HP. Therefore, the intensity of the harmonics, the cut-off
(ps LIPs), and the spectral shift are higher for modified PSCs than
for the pristine MA PSC. These parameters are significantly more
affected in ps LIPs than in ns LIPs. Experimentally, we cannot
directly differentiate or estimate the contributions of different
plasma components. This is because we could not flexibly control
the relative concentrations of the distinct charge states of ions
that are always present in plasma. However, as mentioned above,
we might estimate their contributions by assuming that the
overall HHG yield is proportionate to the plasma density.

3. Conclusions

Understanding the surface properties of PSCs, including their
crystallinity, surface qualities, and stability, is essential to
improving the transmission of these crystals. Here, we directly
visualized the surface transformation of a pristine PSC using
spectroscopy and microscopy techniques. The results based on
THz time-domain spectroscopy revealed that additive-engineered
SCs could be prominent for applications in the THz regime. Out
of all the additives used, the transmission/reflection of the THz
pulse, higher intensity of the HHG signal and stability of the
MAPbBr3:API SC were improved in comparison to the pristine
crystal because of effective passivation of the heterocyclic moiety
(piperidine) with fewer molecular defects. Interestingly, a blue
shift is also observed in the case of the HHG spectra of additive-
based MAPbBr3 SCs with DP 800 nm. HHG studies based on ps
and ns LIPs found that additives such as CB, PEA, PXA and API
increase the stability of SCs and are good emitters of HHG. Several
pieces of evidence from our experimental results indicate that
modified PSC surfaces with fewer defects have enhanced trans-
mittance and structural properties compared to pristine MA.
These findings open a new avenue for THz devices and tunable
HHG applications using additive-based PSCs.
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33 K. Schötz, A. M. Askar, W. Peng, D. Seeberger, T. P. Gujar,
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