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Hybrid organic—inorganic perovskite thin films have attracted much attention in optoelectronic and information fields
because of their intriguing properties. Due to quantum confinement effects, ultrathin films in nm scale usually show special
properties. Here, we report on the growth of methylammonium lead iodide (MAPbI3) ultrathin films via co-deposition of
Pbl, and CH3NH;31 (MAI) on chemical-vapor-deposition-grown monolayer MoS, as well as the corresponding photolumi-
nescence (PL) properties at different growing stages. Atomic force microscopy and scanning electron microscopy measure-
ments reveal the MoS, tuned growth of MAPbI;3 in a Stranski—Krastanov mode. PL and Kelvin probe force microscopy
results confirm that MAPbI3/MoS, heterostructures have a type-II energy level alignment at the interface. Temperaturede-
pendent PL. measurements on layered MAPbI3 (at the initial stage) and on MAPbI;3 crystals in averaged size of 500 nm (at
the later stage) show rather different temperature dependence as well as the phase transitions from tetragonal to orthorhom-
bic at 120 and 150 K, respectively. Our findings are useful in fabricating MAPbI3/transition-metal dichalcogenide based

innovative devices for wider optoelectronic applications.
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1. Introduction

Perovskites (PVKSs) have raised much attention in semi-
conductor applications, such as solar cells, light emitting
diodes, and photodetectors, due to their exceptional optoelec-
tronic properties.['] Among them, MAPbI; is a representa-
tive one due to its simple structure, suitable bandgap for solar
absorption, and long-range balanced electron-hole transport
lengths. %71 Properties of elementary excitation of MAPbI;,
such as the values of exciton binding energy and the strength
of electron-phonon coupling, are essential for development of
high-efficiency devices. According to the temperature depen-
dence of integrated intensity of the photoluminescence (PL)
emission peak, the exciton binding energy of MAPbI; has
been extracted to be 15-60 meV,819 which is so small that
separation and migration of electrons and holes in MAPbI3
thin films (300 nm) can be facilitated. Electron—phonon cou-
pling sets a basic intrinsic limit to charge carrier mobility
in non-intrinsic scattering without impurities and has been
proved to generate homogeneous emission linewidth broad-
ening in semiconductors.!' ! Especially, it has comparable ef-
fects on temperature-induced renormalization of bandgap with
thermal expansion in MAPbI3 bulk or thin films, but en-
hanced contribution in MAPbI3 nanocrystals in size of sev-
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eral nanometers because of the strong quantum confinement
effects.[1?]

Accompanied with the miniaturization of devices, the
functional material films become thinner and thinner. MAPbI;
thin films prepared by the solution spin coating method are
usually several hundreds of nm in thickness and their proper-
ties are close to their bulk counterparts.[!3] Methylammonium
lead tribromide nanocrystals in different sizes (1.5-3 nm)
formed in metal oxide porous scaffolds show a wavelength-
tunable emission from green to blue due to the quantum

(141 Highquality MAPbI; nanosheets as

confinement effects.
thin as 1.3 nm have been fabricated by converting solution-
processed Pbl, in MAI vapor, but the preparation process
and their thicknesses are not controllable.!'>! Transition-metal
dichalcogenides (TMDCs) are good templates to realize van
der Waals epitaxial growth of MAPbI; due to the dan-

16-191 1 previous reports, thickness-

gling bond-free surfaces.!
controllable MAPDI3 ultrathin layers are successfully fabri-
cated on chemical vapor deposition (CVD)-grown or mechan-
ical exfoliation monolayer TMDCs using a two-step sequen-
tial deposition method.?*?!l However, such a method has
some shortcomings, such as the volume expansion and struc-

ture damage in MAI intercalation process. The Co-deposition
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method is superior for preparing MAPbDI; thin films with a
wide range of clean interfaces, homogeneous morphology, and
better stability.[?>-23] However, it is still of challenge to pre-
pare and investigate properties of ultrathin MAPbI; thin films
with high quality.

In this work, we systematically investigate the growth
behaviors of MAPbI3 films via co-deposition of Pbl, and
MAI on CVD-grown monolayer MoS, as well as the cor-
responding photoluminescence properties and emission be-
haviors at different growing stages using atomic force mi-
croscopy (AFM), scanning electron microscopy (SEM), PL,
and Kelvin probe force microscopy (KPFM) measurements.
Temperature-dependent PL. measurements reveal thickness-
dependent trends of emission photon energy in MAPbI3/MoS;
heterostructures from 300 K to 80 K.

2. Experimental methods

Monolayer MoS, was prepared by the conventional CVD
method with two temperature zone systems on the c-sapphire
substrate. S (aladdin 99.999%) and MoOs (aladdin 99.99%)
powders were used as precursors, as well as nitrogen (Ny) car-
ries the reactants as an inert gas.[*%2”] A previously reported
co-deposition method was adopted to fabricate MAPbI3 ul-
trathin films on c-sapphire substrates partially covered with
monolayer MoS; in a high-vacuum system with base pressure
better than 5.0x107> Pa.[?>?8] There are two temperature-
controlled K-cells at the bottom of the system, loaded with
the precursor materials of Pbl, (aldrich, 984+%) and MAI
(polymer, 99.5%), respectively. The deposition temperatures
of Pbl, and MAI are 573 K and 415 K, respectively, and
the deposition rates of the precursor at 6 A/min for Pbl, and
15 A/min for MAI are monitored by quartz crystal microbal-
ance. The deposition times are 2 min, 4 min, and 6 min.
The corresponding samples with a nominal thickness ~ 2 nm,
4 nm, and 8 nm are named as samples L, II, and IIl, respectively.

AFM measurements were carried out in a tapping mode
(Agilent 5500, USA).[?’! SEM was obtained with an MIRA3
LMH (TESCAN Chech) field emission scanning electron mi-
croscope. PL spectra were collected in a confocal Raman mi-
croscope system (Renishaw inVia Qontor, UK) using a 532 nm
laser and 1800 lines/mm grating, where a sample stage (THMS
600) with the temperature varying from 78 K to 873 K is
equipped.3%311 All spectra were taken at laser power density
1 mW/um? for 1 s and were fitted by Gaussian and Lorentzian
mixed deconvolution. X-ray diffraction (XRD) patterns were
measured by a PANalytical Empyren system with Cu K, radi-
ation (A = 0.154 nm). KPFM images were recorded using an
NTEGRA spectra system (NT-MDT, Russia).

3. Results and discussion

Figure 1(a) shows a typical AFM image of a triangular
CVD-grown MoS, flake, whose thickness is ~ 0.9 nm, as

shown in the profile along the red line, indicating a mono-

1321 Upon 2 nm MAPbI; deposition (sample 1),

layer MoS,.
dispersed bright protrusions with a height up to 8 nm appeared
on the bare c-sapphire surface, as shown in Fig. 1(b). On
the contrary, the MoS, flake appears as atomically smooth as
the pristine one except for some features on its edges. The
corresponding line profile displays that the thickness in the
triangular MoS; region is almost doubled (~ 1.6 nm), and
the dim features have an additional height of ~ 0.8 nm, in-
dicating that a monolayer MAPbI3 is grown on MoS,, and
new nuclei start at the edges. Upon 4-nm MAPbI; deposi-
tion (sample II), the bright protrusions on c-sapphire (region
B) became denser and higher (~ 30 nm) as shown in Fig. 1(c),
indicating a nucleation-limited growth. The triangular MoS;
region (region A) has no apparent change except that its thick-
ness increases to 4 nm. We speculate that at the beginning,
MAPDI; grows in a Frank—-van der Merwe mode on MoS;
and in a Volmer—Weber mode on c-sapphire. Different growth
behaviors of MAPbI3 on two substrates may be attributed to
their different hydrophilicity and lower nucleation energy on
MoS,.[16-33] Therefore, MoS, is a good template to realize
van der Waals epitaxial growth of MAPbI3; due to the dan-
gling bondfree surface. Upon 8-nm MAPbI3 deposition (sam-
ple 1), although the triangular shape of MoS; is still observ-
able, the entire surface is covered by clusters (up to 60 nm
high) as shown in Fig. 1(d), indicating that the growth mode
of MAPbI3 on MoS; changes to the Stranski—Krastanov (S-K)
mode. It reveals the limited influence of MoS; on the growth
of MAPbI;. The SEM image in Fig. 1(e) shows the grainy
features in more details than the AFM image due to no tip ef-
fect. The averaged grain size of MAPbI3 on MoS; (~ 500 nm)
is larger than that on the c-sapphire substrate (~ 200 nm) be-
cause the dangling-bond-free surface of MoS, could motivate
the migration of atoms precursor molecules (MAI and Pbl,)
and promote the growth of MAPbI3 grains, which is in agree-
ment with the previous reports.!!%!”l The corresponding XRD
pattern in Fig. 1(e) shows the peaks at 14.2°, 28.3°, and 33.1°,
assigned to the (110), (220), and (310) planes of crystalline
MAPbI; in the tetragonal phase, respectively.**! The grain
dimension in the perpendicular direction is estimated to be
~ 33 nm according to the Scherrer equation. No Pbl; re-
lated peaks can be detected, confirming the high quality of the
prepared sample. Figure 1(f) schematically demonstrates the
growth modes of MAPbI3 on MoS,. The x-ray photoelectron
spectra (XPS) full spectra of samples are shown in Fig. S1 in
the supporting information, where Pb, I, N, and C elements
are detected. In the future, atomically resolved methods like
high resolution transmission electron microscopy (HRTEM)
and scanning tunneling microscopy (STM) can be used to in-
vestigate the detailed structure or the quality of MAPbI3/MoS,
heterostructures.
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Fig. 1. Typical AFM images of CVD-grown MoS; on c-sapphire (a), and co-deposited MAPbI3 ultrathin films in various nominal thicknesses [(b) 2 nm,
(c) 4 nm, (d) 8 nm)] on top, named as sample I, II, and III. The corresponding scan profiles are given. (e) Representative SEM image of 8-nm-thick
MAPbDI3 (sample-II). The corresponding XRD pattern is inserted. (f) Schematic illustration of different growth modes of MAPbI3 on c-sapphire with

and without MoS;.
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Fig. 2. Characterizations of MAPbI3/MoS; heterostructure (sample II): (a) PL spectra collected from CVD-grown MoS;, MAPbI;3 on c-sapphire
with and without MoS; regions, (b) PL mapping of a CVD-grown MoS, flake, (c¢) PL mapping and (d) KPFM image of the MAPbI3/MoS,
heterostructure. Scale bar: 5 um. (e) Schematic illustration of the type-II energy level alignment of MAPbI3/MoS, heterostructure.

PL measurements were performed to investigate the opti-
cal properties of sample II, as shown in Fig. 2(a). The peak
The PL
spectrum of CVD-grown MoS, exhibits three peaks (fitted) at
1.76 eV, 1.84 eV, and 1.99 eV, corresponding to the free exci-
ton of c-sapphire substrate (blue plot), exciton A and exciton

intensities were normalized by the bottom panel.

B of MoS; (red plot), respectively. The better distribution and
uniformity of MoS; can be reflected by the PL. mapping of
exciton A, as shown in Fig. 2(b). For sample II, two represen-
tative PL spectra from regions A and B are shown in Fig. 2(a).
Besides the original emission peaks of MoS, and sapphire, an
additional emission peak centered at 1.68 eV with a full width
at half maximum (FWHM) of 0.11 eV can be observed, which
belongs to the MAPDI3 (green plot). It is worth noting that the

emission peak intensity of MoS; is higher than that of sapphire
without MAPbI3, while they are almost equal after deposition
of MAPbI3, revealing the quenching of MoS; emission peak
intensity. Moreover, the PL intensity of MAPbI3 on MoS, (re-
gion A) is quenched by a factor of 3 times compared to that on
c-sapphire (region B). As shown in Fig. 2(c), the PL intensity
mapping at 1.68 eV was measured. It was observed that the
PL intensity in region A was significantly lower than that in
region B, indicating the PL quenching of MAPbIz on MoS,.
For sample III, the PL emission peak of MAPbI;3 is located
at 1.64 eV and there is no MoS; signal anymore because of
strong luminescence properties of thicker MAPbI3, as shown
in Fig. S2(a). The clear redshift of the emission peak can be
ascribed to the thickness-dependent quantum confinement ef-
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fect of MAPbI; layer.?”) Moreover, the intensity of emission
peak is still quenched in the heterostructure.

To further investigate the surface charge distribution in
heterostructures, KPFM measurements were carried out. The
contact potential difference (CPD) is defined as the work func-
tion difference between the sample surface and the cantilever
tip. As shown in Fig. 2(d), the CPD difference between
MAPbDI3/MoS, and pure MAPbI; regions is determined to be
about 250 mV, which indicates that the work function of pure
MAPDI; is 250 meV smaller than that of MAPbI3/MoS,. It
reveals the formation of electric dipoles pointing out of the
plane in the MAPbI3/MoS, heterostructure region, due to the
interfacial electron transfer from MAPDbI; into MoS,, result-
ing in separation of holes and electrons distributions on two
sides.[18-3%-36] Taking the PL quenching at the heterostructure
interface into consideration, we can get a conclusion that a
representative type-II band alignment of MAPbI3/MoS; het-
erostructure is formed as shown in Fig. 2(e), which is in
agreement with the previous reports.[!721:37-38] Taking the
transport gaps of MAPbI; and monolayer MoS; as 1.65 eV
and 2.11 eV, ®! respectively, both conduction band minimum
(CBM) and valence band maximum (VBM) levels of MAPbI;
are higher than those of MoS,.***!] For sample III, the CPD
difference is ~ 20 mV [see Fig. S2(b)], which may be at-
tributed to the different morphologies of the heterostructures.
The work function of MAPbI3 changes as the surface becomes
rougher. Profiting from the effective interfacial charge carrier
separation in ultrathin type-Il MAPbI3/MoS, heterostructure,
they are excellent candidates for designing high-performance
photodetector devices.

To better understand the thickness-dependent photophys-
ical properties of MAPbI3/MoS,, temperature-dependent PL.
measurements from 300 K to 80 K are carried out. Fig-
ure 3(a) shows the temperature evolutions of PL spectra of
sample III. There is a dominant and symmetric emission peak
located at around 1.64 eV (peak I), belonging to the tetragonal-
I phase (I4/mcm group) MAPbI3.”] Below 150 K, a new
emission peak appears at 1.69 eV (peak II), arising from the
orthorhombic phase MAPbI3. These emission peaks of tetrag-
onal and orthorhombic phase are ascribed to the free exciton
recombination.*!] The atomic models of tetragonal and or-
thorhombic phases are shown in the insets of Fig. 3(a).[4?]
In order to understand the evolution of fitting emission peak,
PL spectra at six representative temperatures are shown in
Fig. S3.
emerging emission component occurs at the low-energy side
centered at 1.56 eV (peak Il), which can be attributed to the
trap-mediated exciton radiative recombination. 3! Figure 3(b)

As the temperature decreases to 100 K, a new-

shows the photon energy evolution of the fitted three emis-
sion peaks of MAPbI3 with temperature according to the ex-

perimental spectra. Peak I has a redshift from 1.64 eV to

1.59 eV in the temperature range from 300 K to 150 K. This
trend is consistent with the previous report on pure MAPbI;.[°!
The phase transition from tetragonal to orthorhombic for such
MAPDI3/MoS; starts to take place at 150 K, which is higher
than that for pure MAPbI; (~ 120 K), close to that of bulk.!'?]
From 150 K to 100 K, peak I (tetragonal) displays a slight
blueshift while peak II (orthorhombic) keeps the trend of red-
shift. According to the integrated intensity of the fitted three
emission peaks, the relative percentage evolution as a func-
tion of temperature is shown in Fig. 3(c). As the temperature
decreases, the ratio of the tetragonal phase goes down con-
tinuously while that of orthorhombic increases. It is worth
noting that the ratio of trapped exciton peak keeps growing at
low temperatures, attributed to the smaller binding energy of
trapped excitons and surface state transitions. 4!
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(@) oK | 510 (b)
o U g
- - S Peak-I1
= 2 1.65
- - - g ‘jn.#“
()
5 1.60 h Peak-I
3
7/ 1 2
.‘? J\\;\ A 155 Peak-II1
E - 1 1 1 1 1
E 100 150 200 250 300
k= Temperature (K)
g o
- X 100} (c) gUuEE-E—n-
Tetragonal-I ° .o
—— N2 l| £/
—— N g 6of
e g 60 n
AN\ H b "
o 40T -\-‘
] o
- B Jin
] B "mgmy
300 K | | = o 'na
1.4 1.6 1.8 2.0 & %0 190 160

Photon energy (eV) Temperature (K)

Fig. 3. Optical transition properties of sample IIl in the temperature range
of 300-80 K. (a) Temperature-dependent PL spectra. (b) Experimental data
and fitting curve of photon energy as a function of temperature. Red: tetrag-
onal phase. Blue: orthorhombic phase. Purple: the defect peak. (c) Relative
percentage of three peaks in MAPbI3/MoS; heterostructure.

For MAPbI3 on MoS; in sample II (region A), the evo-
lution of PL spectra as a function of temperature looks rather
different, as shown in Fig. 4(a). The intensity of the main
peak located at 1.68 eV (peak IV) increases as the tempera-
ture decreases from 300 K to 120 K. It results from the en-
hanced optical matrix elements on account of the reinforced
Coulomb attraction, and is a representative behavior of free-
exciton radiative recombination.*!1 Although the PL signal of
MoS; is weak, a blueshift of photon energy is still observable,
consistent with the trend of traditional semiconductors./**! See
Fig. S4 for more details. No trapped exciton peak can be de-
tected, suggesting less defect density in sample II.

Figure 4(b) displays the evolution of the extracted photon
energy as a function of temperature. There is a turning point at
260 K for peak IV (red plot). Its photon energy exhibits a lin-
ear redshift from room temperature to 260 K, then a non-linear
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blue-shift from 26 K to 120 K. It is obviously different from
that of sample Il and previous results.["'22!] Below 120 K,
a new peak appears at 1.72 eV (peak V, blue plot), which
belongs to the orthorhombic phase MAPbI;.
about the peak fitting are shown in Fig. S5. For comparison,

More details

temperature-dependent PL. measurements were carried out on
region B in sample II (black plot). The evolution of the main
peak’s photon energy coincides with that in region A except
for that in the range from 300 K to 260 K (peak VI). It is well-
known that the photon energy evolution as a function of tem-
perature in either single crystalline bulk or thin films*>! keeps
a linear redshift in the stable tetragonal phase and a second-
order phase transition from tetragonal to orthorhombic occurs
at low temperature.[*®) Moreover, MAPbI; nanocrystals with
a size less than 8 nm have no apparent phase transition even
at a temperature as low as 80 K.l Although MAPbI3 on
sapphire in sample Il is nanocrystals, their sizes are signifi-
cantly larger, close to those in the thin-film phase. The dif-
ferent photon energy evolutions in sample I may show a spe-
cial crystal/electronic-structure relationship. A similar trend
to that of MAPbI3; on MoS, is observed in MA,FA_,Pbls
films accompanied by a different phase transition,*! where a
turning point in the photon energy evolution is attributed to the
occurrence of a second-order transition from cubic to tetrag-
onal phase. Here, MAPbI; was co-deposited on the mono-
layer MoS; and growing in van der Waals epitaxy, forming a
clean and molecular sharp interface. We propose that MAPbI;
in cubic phase may be formed at room temperature on MoS;
and a second-order phase transition from cubic to another dif-
ferent tetragonal phase occurs at 260 K, called tetragonal-1II.
Below 120 K, a transition from tetragonal-II to the orthorhom-
bic phase starts to take place. For MAPbI3 on sapphire, one
phase transition from tetragonal-II to orthorhombic starts to
take place at 100 K. The atomic mode of tetragonal-II phase
belonging to the I4cm space group is shown in the inset of
Fig. 4(a),l*”) where the disordered organic cations may ro-
tate in increments along the c-axis and affect the tilting of the
corner-shared Pblg octahedron. Moreover, the tilting increases
with the temperature decreasing. It gives rise to an opposite
effect to the electron-phonon coupling induced gap renormal-
ization, leading to the non-monotonic change of the photon
energy. 48]

Figure 4(c) shows the evolution of the extracted FWHM
of peak IV with temperature. The broadening behaviors can be
described by the one-oscillator model of the electron—phonon

interaction:[*’]

Top

I'(T)=Iy+oT .
(I=Io+ Jrexp(hwop/l(BT)—l

Here, I is the inhomogeneous broadening contribution de-
pending on the crystal quality, which is a constant and does not

change with temperature; ¢ and I, are the exciton-acoustic
phonon interaction and the exciton-optical phonon contribu-
tion to the FWHM broadening; %@, is the efficient optical-
phonon energy, corresponding to the torsion mode of the or-
ganic cations.*-% Due to the main emission peak belonging
to the free-exciton recombination, ¢ = 0 is reasonable for ig-
noring the acoustic-phonon contribution. In the best fitting, the
parameters are Iy = 30.0 £2.3 meV, I, = 144.7 7.5 meV,
and iy, = 25.1 5.0 meV, in agreement with the previous
report.?!l Molecularly thin film of MAPbI3 prepared by co-
deposition on monolayer MoS, has better crystalline and novel
exciton behavior, which could be beneficial for getting atomi-
cally clean interfaces and investigating related properties.
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Fig. 4. Optical transition properties of sample II in the temperature
range of 300-80 K. (a) Temperature-dependent PL spectra. Inset: atomic
model of tetragonal-Il phase. (b) Experimental data of photon energy of
MAPbI3/MoS; (red: tetragonal phase, blue: orthorhombic phase) and pure
MAPbI; (black). (c) Experimental data (black) and fitting curve (blue) of
FWHM of tetragonal phase as a function of temperature on MAPbI3/MoS,
heterostructure.

4. Conclusion

In summary, while MAPbI; grows in a Volmer—Weber
mode on sapphire, it can appear in a Stranski—Krastanov mode
on single layer MoS,, which gives an opportunity to prepare
molecularly thin MAPbI3/MoS; heterojunction. Such hetero-
junctions have a type-II energy level alignment and are good
candidates for optoelectronic devices. Temperature-dependent
PL measurements reveal that such molecularly thin MAPbI3
has a different emission property compared with thin films of
either nanocrystals or bigger grains. The second-order phase
transitions are observed at 120 K and 150 K. Our research cre-
ates more potential to fabricate molecularly thin heterostruc-
tures and provides a platform to study novel applications.
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