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Intermediate Phase Modulation via Bifunctional Molecular
Additive for High-Performance Quasi-2D Perovskite

Photodetectors

Siliang Hu, Yi Shen, Haifan Li, Boxiang Gao, Xiaoguang Hu, Yuxuan Zhang,
Weijun Wang, Mingqi Ding, Man Luo, Xiangpeng Kong, Chun-Yuen Wong,

and Johnny C. Ho*

Quasi-2D perovskite thin films hold great promise for creating highly efficient
and stable optoelectronic devices. Regulating the intermediate phase during
crystallization is crucial for determining film quality, directly impacting device
performance. In this study, the bifunctional molecule L-carnitine is introduced
into the quasi-2D precursor solution to modulate the intermediate phase during
crystallization. The results demonstrate that the strong coordination between
L-carnitine and Pbl, effectively impedes the combination of Pbl, and dimethyl
sulfoxide (DMSO), preventing the formation of the Pbl,-DMSO intermediate
phase. This elimination of the intermediate phase mitigates the potential haz-
ards associated with DMSO escape during subsequent annealing, significantly
enhancing film quality. Furthermore, the bifunctional groups in L-carnitine
interact with the perovskite, effectively passivating film defects and enhancing
thermal and illumination stability. As a result, the L-carnitine-modified quasi-2D
perovskite photodetector exhibits outstanding performance, with a respon-
sivity of 2724 mA W~ and a detectivity of 9.10 x 10'° Jones. This research
proposes a novel strategy to regulate intermediate phases during crystallization
and passivate defects synergistically, enabling the production of high-quality
perovskite films and high-performance perovskite optoelectronic devices.

as a new generation of star semiconduc-
tor materials due to their exceptional prop-
erties, including high light absorption co-
efficients, long carrier lifetimes, and low
preparation costs.['*] However, their com-
mercialization is hindered by their sus-
ceptibility to decomposition under high
humidity, temperature, and intense light,
as they belong to a class of soft lat-
tice materials.**! To address this issue,
converting 3D perovskites into quasi-2D
structures by introducing organic cations
with excellent hydrophobicity and ther-
mal stability, such as diphenylpropylam-
monium (DPPA) and phenylethylammo-
nium (PEA), can effectively enhance mate-
rial stability.!”] Despite this improvement,
the dielectric constant mismatch between
organic and inorganic layers creates quan-
tum wells, which impede charge carrier
transport and subsequently affect device
performance.!8] Polycyclic aromatic cations,
like 1-naphthylmethylamine (NMA), often
exhibit higher dielectric constants due to
their greater polarity, effectively mitigating

1. Introduction

Metal halide perovskite materials (ABX,, where A is a monova-
lent cation, B is a divalent cation, and X is a halogen) are regarded

the quantum confinement effect and enhancing the overall de-
vice efficiency.[*1]

In addition to selecting the optimized organic cations, the fi-
nal device performance is heavily influenced by the quality of
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the fabricated quasi-2D perovskite films, which are closely tied
to the crystallization process.['!! During the solution preparation
of perovskite films, the intermediate phase formed by the coordi-
nation between perovskite precursors and solvent molecules pro-
foundly impacts the crystallization process, significantly affect-
ing the film quality.'>!*] N,N--dimethylformamide (DMF), and
dimethyl sulfoxide (DMSO) are the most commonly used sol-
vents in this method.['*] However, the weak coupling between
DMEF and precursors leads to rapid evaporation during crystal-
lization, accelerating the process and degrading film quality.[*>1¢]
In contrast, DMSO has been shown to effectively retard the
crystallization process due to its strong coupling effect, pro-
moting the formation of high-quality films.["7'8] Unfortunately,
this strong coupling also results in the formation of stable in-
termediate phases during crystallization.['>!] Most oversatura-
tion triggers, such as anti-solvents, fail to remove these residual
highly coordinated intermediate phase compounds, preventing
the formation of a pure perovskite phase after high-temperature
annealing.[?2] Moreover, the high-temperature annealing process
causes the decomposition of intermediate phases and the es-
cape of solvent molecules, leading to numerous defects in the
film."8 These defects not only reduce device performance but
also serve as pathways for ion migration, accelerating device
degradation.!'82324] Therefore, there is a critical need to develop
a simple and controllable strategy to hinder intermediate phase
formation and avoid adverse effects on film quality and device
performance.

In this work, we introduce a simple and effective method to
impede intermediate phase formation during crystallization, en-
abling the preparation of high-quality perovskite films. We in-
corporate the natural bifunctional molecule L-carnitine into the
quasi-2D perovskite (NMA),(MA),Pb,I,; precursor solution us-
ing DMSO as the solvent. During the crystallization process, the
Pbl,-DMSO intermediate phase is eliminated due to the stronger
coordination ability between L-carnitine and Pbl,, which pre-
vents the binding between Pbl, and DMSO. This approach also
mitigates defect formation caused by DMSO escape during sub-
sequent high-temperature annealing, thus remarkably enhanc-
ing the film quality. Moreover, L-carnitine’s bifunctional groups
interact simultaneously with the X-site of the perovskite, re-
sulting in improved thermal and illumination stability of the
modified films. As a result, the performance of the L-carnitine-
modified photodetector is significantly enhanced, achieving re-
sponsivity and detectivity values of up to 2724 mA W~ and
9.10 x 10 Jones, respectively. Our work provides a novel strat-
egy for modulating quasi-2D perovskite intermediate phases to
achieve high-quality perovskite films, thereby enhancing the per-
formance of perovskite photodetectors.

2. Results and Discussion

2.1. Characterization of L-Carnitine-Modified Perovskite Films

The schematic diagram for preparing quasi-2D perovskite films
based on NMA spacer cation (n = 4) is illustrated in Figure 1a.
All the films were prepared on glass substrates via a one-step
spin-coating method (refer to the Supporting Information for
detailed preparation procedures). L-carnitine was added to the
precursor solution at concentrations of 0, 0.03, 0.05, 0.08, and

Adv. Funct. Mater. 2024, 2412965

2412965 (2 of 9)

www.afm-journal.de

0.1 mol L1, with the resulting films recorded as control, 0.03,
0.05, 0.08, and 0.1, respectively. Subject to solubility limitations,
the solution became turbid at the L-carnitine concentration of
0.15 mol L', as depicted in Figure S1 (Supporting Informa-
tion). To investigate compositional differences among the dif-
ferent films, X-ray diffraction (XRD) was conducted (Figure 1b).
The results show that all the films exhibit diffraction peaks ~15°
and 29°, corresponding to the (111) and (202) crystal planes of
the quasi-2D perovskite films, respectively.’] However, the con-
trol sample displays more complex diffraction peaks, including a
distinct peak ~10.5°, indicative of the Pbl,-DMSO intermediate
phase.[?] As the concentration of L-carnitine increases, the inten-
sity of this peak diminishes and ultimately disappears at an ad-
dition of 0.1 mol L~1. A comparable phenomenon was observed
in the UV-vis absorption result. As shown in Figure 1c, all the
films exhibit absorption peaks corresponding ton =1, 2, 3, and
3D phases, designating the mixed-phase nature of the quasi-2D
perovskite films. Notably, the control and 0.03 films (made with
the L-carnitine concentration of 0.03 mol L™!) also exhibit new
absorption peaks 380 nm, corresponding to the Pbl,-DMSO
intermediate phase.l””] Furthermore, the 0.05 sample displayed
the identical absorption edge as the 0.03 and control samples
(llustrated by the yellow dotted lines), thereby indicating the
presence of the PbI,-DMSO intermediate phase in the 0.05
sample.”®] As the L-carnitine concentration increases, the peak
mentioned above disappears. The XRD and UV-vis absorption
results indicate that L-carnitine addition impedes the formation
of the Pbl,-DMSO intermediate phase, resulting in a purer film
composition.

Functional groups such as amino, hydroxyl, and carboxyl
groups in the additives have been widely demonstrated to fa-
cilitate defect passivation in perovskite films, enhancing film
quality.['??°] Given its bifunctional nature, L-carnitine has the po-
tential to passivate film defects effectively. Consequently, we pro-
ceeded to undertake a series of tests, including steady-state pho-
toluminescence (PL), time-resolved photoluminescence (TRPL),
and space-charge-limited current (SCLC), on the prepared
perovskite films to evaluate the impact of L-carnitine on defect
passivation. Spontaneous radiative recombination of trap states
usually leads to redshift emission due to its low energy.2%31]
Figure 1d illustrates the PL spectra of the perovskite films, where
the emission peaks of the fluorescence spectra become continu-
ously larger together with a blue shift with increasing L-carnitine
content, indicating that non-radiative recombination is effec-
tively suppressed. Also, the TRPL results (Figure le) reveal that
the carrier lifetime of the perovskite film increases from 24.83 ns
(control) to 64.82 ns (0.03), 67.94 ns (0.05), 107.25 ns (0.08), and
120.87 ns (0.1) (the fitting data are presented in Table S1, Sup-
porting Information). The prolonged carrier lifetime suggests a
lower defect state density in the films. Furthermore, the results
of the SCLC measurements are illustrated in Figure 1f, which
can clearly distinguish the trap-filling area. At the outset of the
trap-filling region, the trap-filling limit voltage (Vi) can be
read, which is proportional to the defect state density of the film
by N, = % where N, is the defect density, ¢, is the vacuum
permittivity, €, is the relative dielectric constant, e is the electron
charge, and L is the length of the channel.'3] The Vy; of the con-
trol sample is 5.36 V, while that of the other samples decreases
to 3.23 V (0.03), 2.72 V (0.05), 0.67 V (0.08), and 0.46 V (0.1),
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Figure 1. a) Schematic of the manufacturing process of the perovskite films. b) XRD patterns, c) absorption spectra, d) PL spectra, and e) TRPL spectra
of the perovskite films made with different L-carnitine contents. f) I-V curves based on the SCLC test of the devices prepared from perovskite films with
different L-carnitine contents. g) SEM images of the perovskite films with different L-carnitine contents.

respectively, inferring the reduced trap density in the perovskite
films. These findings demonstrate that the L-carnitine molecule
exerts an excellent passivation effect on the perovskite films,
markedly enhancing their quality. To further investigate the
changes in film quality, the micromorphology of the films was
then characterized by scanning electron microscopy (SEM). As
one can see in Figure 1g and Figure S2 (Supporting Information),
the control film exhibits numerous conspicuous pinhole-like
defects, accompanied by a notable deficiency in film coverage.
Increasing the L-carnitine content decreases the number of
defects gradually, and the film coverage improves. The defects
nearly disappear after increasing the L-carnitine content above
0.08 mol L', resulting in dense and continuous films. These
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observations are consistent with prior results, indicating that
L-carnitine addition significantly enhances the perovskite film

quality.

2.2. Mechanism for Enhancing the Quality of Perovskite Films

Previous studies have identified that the Pbl,-DMSO intermedi-
ate phase decomposes into Pbl, and releases DMSO when an-
nealed at 80 °C.[%%] Furthermore, the escape of DMSO from the
films results in defect formation. Therefore, we hypothesize that
the improvement in film quality also stems from the elimination
of the PbL,-DMSO intermediate phase. To investigate the effect
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Figure 2. a) SEM images of the Pbl, precursor films before and after annealing. b) SEM images of the Pbl, /L-carnitine precursor films before and after
annealing. c¢) FT-IR spectra of the Pbl,, Pbl,/L-carnitine, and L-carnitine powder. XPS spectra of Pb 4f for control and L-carnitine-modified perovskite
films d), | 3d for the control and L-carnitine-modified perovskite films e). Electrostatic potential surfaces for the DMSO molecule f) and L-carnitine
molecule g). Schematic diagrams of the interactions of the Pbl, molecule with the DMSO molecule h) and the L-carnitine molecule i), respectively, and

their corresponding binding energies.

of the Pbl,-DMSO intermediate on the quality of the films, the
micromorphology of pure Pbl, films and PbI, /L-carnitine films
was characterized before and after annealing, respectively. Before
annealing, the pure PbI, film exhibits a continuous morphology.
However, numerous pinholes are observed in the film after an-
nealing, as illustrated in Figures 2a and S3 (Supporting Informa-
tion). In contrast, the PbI, /L-carnitine film maintains good cover-
age before and after annealing (Figure 2b; Figure S4, Supporting
Information). To investigate the reasons for the observed differ-
ences in film morphology, XRD and UV-vis absorption tests were
employed to examine the compositional changes in pure Pbl,
and Pbl, /L-carnitine films before and after annealing. The XRD
results for pure Pbl, films are shown in Figure S5 (Supporting In-
formation), from which it can be seen that before annealing, the
pure Pbl, film exhibits weak diffraction peaks for Pbl, and ob-
vious diffraction peaks for the Pbl,-DMSO intermediate phase.
However, following annealing, the intensity of the Pbl,-DMSO
intermediate phase peaks significantly decreased, while the PbI,
peaks became more pronounced, indicating that a significant
amount of DMSO escapes and converts the Pbl,-DMSO inter-
mediate phase to Pbl,. Conversely, the diffraction peaks of Pbl,
are the only ones observed for the PbI, /L-carnitine film both be-
fore and after annealing (Figure S6, Supporting Information). As
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illustrated in Figure S7 (Supporting Information), the UV-vis
absorption test yielded comparable results. The pure PbI, film
still exhibits the absorption peak of the Pbl,-DMSO intermediate
phase, which is absent in the presence of L-carnitine. The SEM,
XRD, and UV-vis characterization results prove that L-carnitine
addition can enhance the quality of the perovskite films by im-
peding the formation of the PbI,-DMSO intermediate phase.

To shed light on the mechanism by which the Pbl,-DMSO
intermediate phase is eliminated under the assistance of L-
carnitine, we conducted further investigation to ascertain the
interaction among L-carnitine, Pbl,, and DMSO. The Fourier
Transform Infrared (FT-IR) spectra of Pbl,, Pbl, /L-carnitine, L-
carnitine powder, and DMSO are presented in Figure 2c and
Figure S8 (Supporting Information). A distinct feature of the
stretching vibration peak at 1042 cm™! is observed for the DMSO
sample, which correlates with the functional group of S=O, fol-
lowing the dissolution of PbI, in DMSO and the preparation
of the resulting powder, the characteristic S=O absorption peak
exhibited a redshift to 1019 cm™, indicating that DMSO coor-
dinates with Pbl, and forms Pbl,-DMSO,[?%! thus substantiat-
ing the existence of the Pbl,-DMSO intermediate phase within
the sample. When L-carnitine is added, the S=O bond stretch-

ing vibration peaks undergo a further redshift to 1015 cm™,
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Figure 3. Schematic diagram of the effect of adding L-carnitine on the intermediate phase during perovskite crystallization and subsequent film growth.

accompanied by a notable reduction in the intensity of the vi-
bration peaks. This suggests the existence of an interaction be-
tween L-carnitine and DMSO, which has resulted in the effec-
tive elimination of the PbIl,-DMSO intermediate phase. These
findings are consistent with previous XRD and UV-vis absorp-
tion results. In addition, the feature of the stretching vibration
peaks associated with the C—N and C=O0 is observed in both
Pbl,/L-carnitine and L-carnitine samples. Following the addi-
tion of L-carnitine, the stretching vibration peaks of C—N and
C=0 exhibit a redshift from 1482 to 1469 cm™' and 1578 to
1540 cm™!, respectively. The apparent blueshift of these peaks
can be attributed to the averaging of electron densities due to
interactions between L-carnitine and Pbl,, in which C=0 coor-
dinates with Pb** and the quaternary ammonium group inter-
acts with I~ through hydrogen bonding.?233] The X-ray Photo-
electron Spectroscopy (XPS) experiments further confirmed the
interactions between L-carnitine and Pbl,. The Pb 4f peaks for
both control and L-carnitine-modified perovskite films are de-
picted in Figure 2d, where it can be observed that both films ex-
hibit a doublet peak, which corresponds to Pb** 4f;), and 4f; ,,
respectively. The peak signals for the control film are located
at 138.30 and 143.14 eV, respectively. Upon the addition of L-
carnitine, the peaks are all shifted to a lower binding energy, with
peaks observed at 138.15 and 143.01 eV. A similar trend is ob-
served in the shift of the I 3d signals (Figure 2e), where the peaks
of the I” 3d,,, and 3d;, signals move to 630.62 and 619.13 eV,
respectively, from 630.78 and 619.32 eV, following the addition
of L-carnitine. The above results suggest the chemical environ-
ment around the Pb and I atoms changed after L-carnitine ad-
dition, caused by the interaction among L-carnitine and the Pb,
I atoms, which is consistent with the results of the FT-IR anal-
ysis. The FT-IR and XPS results showed that Pbl, preferentially
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binds to L-carnitine, which in turn impedes the binding of Pbl,
and DMSO.

More importantly, to further understand why L-carnitine binds
more readily to PbI,, we conducted theoretical calculations to cor-
roborate the interaction among Pbl,, DMSO, and L-carnitine.
First, the electrostatic potentials (ESP) of the DMSO and L-
carnitine molecules were simulated to assess their ability to co-
ordinate with Pb**. The ESP surfaces show the charge distribu-
tions of the two molecules in 3D (Figures 2f,g), thus enabling
the visualization of the different charged regions. The blue col-
oration (negative potential) is observed when the atom is nega-
tively charged near the outer edge. Previous studies have demon-
strated that the region exhibiting a negative potential is opti-
mal for coordination with positively charged Pb**. Moreover, the
study has also shown that, in general, the lower the ESP in this
region, the better the coordination capability.** The figure illus-
trates that both the S=0O in the DMSO molecule and the C=0O
in the L-carnitine molecule exhibit significant negative poten-
tial regions. However, a comparison of the electrostatic potential
around the C=0 in the L-carnitine molecule (—3.28 eV) with that
of the S=0 in the DMSO molecule (—2.12 eV) reveals a smaller
value for the former, indicating that the L-carnitine molecule ex-
hibits much stronger coordination with Pb?*. Then, we calcu-
lated the binding energies between PbI, and DMSO, as well as
Pbl, and L-carnitine, separately, as shown in Figures 2h,i. The
binding energy of Pbl,-L-carnitine is —1.51 eV, which is signifi-
cantly larger than that of PbI,-DMSO (—0.57 eV), suggesting that
the product formed by the combination of Pbl, and L-carnitine
is more stable. This result again indicates the PbI, molecules are
more inclined to bind with L-carnitine than DMSO.

Based on the above analyses, a schematic diagram, illus-
trated in Figure 3, has been constructed to elucidate the
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Figure 4. a) Schematic of the perovskite photodetector structure. 1-V curves of the photodetector device without b) and with 0.1 mol L™! L-carnitine
addition c). d) Time-dependent on-off switching characteristics of the perovskite devices prepared from perovskite films with different L-carnitine con-
tents. Dependence of e) photocurrent, f) responsivity, g) detectivity, and h) EQE on the light intensity of the perovskite devices prepared from perovskite
films with different L-carnitine contents. i) High-resolution current versus time curve for the L-carnitine-modified perovskite photodetector.

regulation mechanism of the intermediate phase by the L-
carnitine molecule during the crystallization of perovskite films.
Without L-carnitine molecules, the DMSO molecule coordinates
with Pb?* through S=O—Pb bonding, forming the Pbl,-DMSO
intermediate phase, which is stable and challenging to remove
during spin coating, resulting in its residual presence in the
film. During the subsequent high-temperature annealing pro-
cess, part of the DMSO molecule escapes, forming pinhole de-
fects that damage the film quality. Following the addition of the L-
carnitine molecule, the combination of the DMSO molecule and
Pb?* is impeded due to the stronger coordination ability of the
former with Pb?*. As a result, the DMSO molecule is effectively
eliminated before annealing. Concurrently, the quaternary amine
groups in the L-carnitine molecule interact with I, thereby en-
hancing the structural stability of the perovskite. As a result, the
L-carnitine’s bifunctional groups interact with the perovskite, im-
peding the intermediate phase formation and passivating the de-
fects, ultimately forming a high-quality perovskite film.
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2.3. Performance and Stability of the Perovskite Photodetectors

To demonstrate the improvement in the photoelectric perfor-
mance of L-carnitine-modified perovskite films, we fabricated the
control, 0.03, 0.05. 0.08 and 0.1 film samples into photodetectors
with the structure of glass/quasi-2D perovskite/Au (Figure 4a).
Figure S9 (Supporting Information) illustrates the XRD patterns
of the various films observed at angles below 10°. It is evident
that all the films exhibit distinct diffraction peaks, which can be
attributed to (0k0) diffraction peaks. This suggests that a propor-
tion of the layered corner-sharing [Pbl]*~ sheets exhibit growth
parallel to the substrate.l*>3¢] This horizontal growth orientation
facilitates charge transport in the horizontal devices that were
prepared. The photoelectric properties of these devices were char-
acterized using a 450 nm laser as the light source. Figures 4b,c
and Figure S10 (Supporting Information) display the I-V charac-
teristic curves under varying light intensities. The control sample
only exhibits an on/off ratio of ~10. This on/off ratio increased
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Table 1. Summary of various figures of merits of 2D perovskite photodetectors.

Perovskites Bias [V] On/off ratio R [mA W] D* [Jones] Rise/decay time Refs.
[ms]

(iBA), ((MAg4FAg6)0.9Cs0.1)3Pbslhs 1.5 720 400 41.68 x 1012 43/22 141
(iBA), (MA),_1Pb, 15, 1.5 400 117 N/A 16/15 142]
(C4HgNH;), (MA),PbsBry, 5 2.5%10% N/A 33.6x 10'° 0.15/0.57 [43]
(CsH17NH;), (MA)Pb, 1, 9.5 1% 10 3.87 42.92 x 100 0.0015/0.0017 [44]
(PEA),Pbl, 5 10.8 5.4 41.07 x 10" N/A 145]
(R)-a(PEA),Pbl, 3 124 600 53,06 x 10" 22/34 146]
(C4HgNH3), (MA), 4 1 1x 104 N/A 4101-10" 0.002/0.004 147]
an|3n+'|

(CeHs (CH,);NH;);5Pb, 1, 5 N/A N/A 41.2x10'° 0.85/0.78 143]
[(R)-BMPA],MAPb, |, 10 N/A 1100 £2.3 x 10" 3.5/4.9 149]
DMPDAPbI, 1.5 3.3 x 10 893 2.4 % 10" 0.446/0.420 130]
(BA), (MA),,_1Pb, 15, 2 N/A <30 35 x 10° 10/10 151
(NMA), (MA);Pby 45 1 1% 10 2724 89,10 x 10'° 0.448/0.460 This work

Note: Different formula for calculating detectivity (D*): I pr= RS2/ (2ely,) /2, where e is the electronic charge, S is the effective area of the photodetector, R is the responsivity
and I, is the dark current; )D¥ = D* = S12NEP, where S is the effective area of the photodetector, NEP is the noise equivalent power which can be calculated by the

formula of NEP = 1, /R (1, is the current noise spectral density).

steadily with the addition of L-carnitine, reaching ~10° when
0.1 mol L! of L-carnitine was supplied. The observed increase
in the on/off ratio is attributed to enhanced film quality, which,
on the one hand, raises photocurrent under light source excita-
tion. On the other hand, the removal of pinhole-like defects effec-
tively lowers the dark current.*”] Figure 4d presents the dynamic
photoresponse measured at a light intensity of 130 mW cm™
and a bias voltage of 1 V. The current-time (I-t) results demon-

strate that the photoswitching characteristics of all the perovskite
photodetectors are stable and reversible. Besides, the photocur-
rent of the 0.1 sample is 16 times higher than that of the control
sample, which can be attributed to the film’s purer phase com-
position and fewer defects. Figure 4e shows the photocurrent at
different light intensities, revealing a linear increase with rising
light intensity. Additionally, responsivity (R), detectivity (D”), and
external quantum efficiency (EQE) are also crucial parameters

Figure 5. XRD patterns of the perovskite films without a) and with L-carnitine addition b) under 80 °C heating. Inset is the optical image of the films.
c) Dependence of the photocurrent on the operation time of the photodetector device without and with L-carnitine addition.
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for evaluating the photodetector’s light detection capability.
These parameters are calculated using the following equations:
R=1Ip/®S, D*=S'?/NEP, EQE = hcR/el, where Ipis the pho-
tocurrent (Ip = Ly, _ Ij,a), @ is the light intensity, S is the pho-
todetector’s active area, e is the electronic charge, 14, is the dark
current of the photodetector, NEP is the noise equivalent power
which can be calculated by the formula of NEP =1 /R (I, is the
current noise spectral density shown in Figure S11, Supporting
Information), h is Planck’s constant, c is the velocity of light, and
4 is the wavelength of the laser. Figure 4f illustrates the device
responsivity as a function of the irradiating light intensity. The
modified devices exhibit higher responsivity at all light intensi-
ties, with the device of the 0.1 sample exhibiting an R-value of
2724 mA W' at a light intensity of 0.00962 mW cm~2, which is
much larger than that of the control sample device (126 mA W1).
Similarly, the modified sample devices demonstrate superior D*
and EQE performance. As shown in Figures 4g,h, at a light in-
tensity of 0.00962 mW cm~2, the D* and EQE for the 0.1 sam-
ple device are 9.10 x 10'° Jones and 835%, respectively, while the
control sample device’s D* and EQE are only 3.45 X 10® Jones and
39%, respectively. The enhanced device performance of the modi-
fied samples is due to the improved quality and purer phase com-
position of the perovskite film, which facilitates the generation
and transport of photogenerated carriers. As evidenced by the
changes in carrier mobility, by fitting the third segment (Child’
region) of the SCLC curve (Figure S12, Supporting Information)
with the formula of ] = 9ee,uV?/8L* where | is the current den-
sity, € is the relative dielectric constant (¢ = 25),138 ¢, is the vac-
uum permittivity, and L is the length between two electrodes. The
carrier mobility (u) of the control and L-carnitine-modified films
was found to be #1.92 x 1072 and ~1.23 X 107! cm?V~!s71, re-
spectively. Moreover, the response time of the optimal device was
characterized, as shown in Figure 4i, with rise and decay times
(defined as current rising from 10 to 90% and falling from 90
to 10% of peak value) of 448 and 460 s, respectively. These re-
sults demonstrate that the performance of photodetector devices
prepared with L-carnitine is significantly enhanced compared to
those without it. Table 1 summarizes the performance of 2D per-
ovskite photodetector devices comprising various components,
which reveals that our devices prepared in this study exhibit ex-
cellent performance compared to other devices.

Furthermore, the poor stability of perovskite films is also a ma-
jor obstacle limiting their further commercialization. Therefore,
we evaluated the thermal and illumination stability of the control
and the L-carnitine-modified samples. As shown in Figures 5a,b,
which depict the XRD patterns of the two samples after contin-
uous heating at 80 °C. Figure 5a shows that after 24 h of con-
tinuous heating, the diffraction peaks of the Pbl,-DMSO inter-
mediate phase disappear from the control samples’ XRD pat-
terns. Instead, the diffraction peaks of Pbl, reemerge, and its
intensity increases as the heating time is extended. This result
is consistent with the previous discussion of the decomposition
of the Pbl,-DMSO intermediate phase into Pbl, at high tem-
peratures. Conversely, following 48 h of continuous heating, the
L-carnitine-modified perovskite film shows outstanding thermal
stability, with no Pbl, peaks observed (Figure 5b). Afterward, the
I-t curves of the two devices were observed in an air environ-
ment for 6000 s, as indicated by Figure 5¢, with a light inten-
sity of 130 mW cm™2 and a bias voltage of 1.5 V. The photocur-
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rent of the control sample device drops rapidly as the illumina-
tion time is extended. After 6000 s of illumination, the photocur-
rent is only ~#10% of its initial value. In contrast, the L-carnitine-
modified device retains ~80% of its initial photocurrent, indicat-
ing exceptional illumination stability. Also, an increase in perfor-
mance has been observed with the passage of time during the
test phase, which can be due to concomitant effects such as light
or field-induced ion movement with the associated structural re-
arrangement, light-induced trap formation, or interfacial charge
accumulation.?*#01 This evidence suggests that the L-carnitine-
modified device has superior thermal and illumination stability
compared to the control device due to tighter structural bond-
ing facilitated by the interaction of the bifunctional groups of L-
carnitine. Overall, the purer composition, lower defect density,
and tighter structural bonding all contribute to improved device
performance and stability.

3. Conclusion

In summary, we have introduced a novel additive molecule, L-
carnitine, to modulate the intermediate phase during the crystal-
lization of perovskite films, resulting in the fabrication of high-
quality perovskite films and high-performance perovskite pho-
todetector devices. The strong coordination between the C=0
bond in L-carnitine and Pb** effectively impedes the coordi-
nation of DMSO with Pb?*, thereby eliminating the residual
PbL,-DMSO intermediate phase in the film. Moreover, the bi-
functional groups in L-carnitine effectively passivate defects,
leading to films with low defect state density, pure phase com-
position, dense morphology, and excellent thermal and illumi-
nation stability. When configured into photodetectors, these L-
carnitine-modified films exhibit impressive performance, with
a high responsivity of 2724 mA W~! and a detectivity of 9.10 X
10 Jones. This work provides an effective strategy for modulat-
ing intermediate phases during perovskite crystallization, offer-
ing a novel approach to preparing high-quality perovskite films
and enhancing the performance of perovskite optoelectronic
devices.
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