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Due to the possibility of thinning down to atomically thick 
two-dimensional (2D) materials, the layered-structure mate-
rials with in-plane covalent bonding and weak interlayer inter-
actions (van der Waals) have attracted extensive amounts of 
research attentions.[1–5] A well-known example is graphene, the 
monolayer form of graphite, which exhibits numerous unique 
physical and chemical properties, including superior carrier 
mobility, high thermal conductivity, linear band structure, a 

Recently, due to the possibility of thinning down to the atomic thickness to 
achieve exotic properties, layered materials have attracted extensive research 
attention. In particular, PbI2, a kind of layered material, and its perovskite 
derivatives, CH3NH3PbI3 (i.e., MAPbI3), have demonstrated impressive 
photoresponsivities for efficient photodetection. Herein, the synthesis of 
large-scale, high-density, and freestanding PbI2 nanosheets is demonstrated 
by manipulating the microenvironment during physical vapor deposition. In 
contrast to conventional two-dimensional (2D) growth along the substrate 
surface, the essence here is the effective nucleation of microplanes with dif-
ferent angles relative to the in-plane direction of underlying rough-surfaced 
substrates. When configured into photodetectors, the fabricated device 
exhibits a photoresponsivity of 410 mA W−1, a detectivity of 3.1 × 1011 Jones, 
and a fast response with the rise and decay time constants of 86 and 150 ms, 
respectively, under a wavelength of 405 nm. These PbI2 nanosheets can also 
be completely converted into MAPbI3 materials via chemical vapor deposition 
with an improved photoresponsivity up to 40 A W−1. All these performance 
parameters are comparable to those of state-of-the-art layered-material-based 
photodetectors, revealing the technological potency of these freestanding 
nanosheets for next-generation high-performance optoelectronics.
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large surface-to-volume ratio, etc.[6–8] How-
ever, as graphene is a semimetal with a 
zero bandgap, its practical utilization is 
highly constrained.[9–11] This way, other 
layered-structure semiconductor nanoma-
terials with strong quantum confinement 
effects and sizable bandgaps, such as tran-
sition metal dichalcogenides (TMDs),[12] 
black phosphorus,[13] and 2D trichal-
cogenide compounds (e.g., Bi2Se3 and 
Bi2Te3),[14] are widely explored and found 
to have great potential for various techno-
logical applications.[4,5,11,15–17] In particular, 
monolayer-MoS2-based phototransistors 
have been successfully demonstrated with 
the extraordinarily high photoresponsivity 
of 880 A W−1 at a wavelength of 561 nm 
along with the negligibly low dark current 
for high-performance photodetection.[18]

Among many layered-structure mate-
rial families, layered lead-halide perov-
skites have many intriguing optoelectronic 
properties as compared to their 3D bulk 
counterparts, since their 2D quantum 
wells are uncovered and the electronic 

coupling among layers may be altered.[19–23] In this regard, PbI2 
is a typical layered-structure crystal with the I–Pb–I repeating 
units stacking along the c-axis and the van der Waals interlayer 
interaction,[24] which is often investigated and utilized as the 
precursor for the synthesis of CH3NH3PbI3 (MAPbI3) hybrid 
organic–inorganic 2D perovskite.[25–28] Until now, while most of 
the work is concentrated on their 2D morphologies with grain 
size on the order of tens of micrometers lying horizontally on 
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the substrate,[25–28] there are limited reports focusing on the 
large-scale synthesis and potential applications of freestanding 
PbI2 and MAPbI3 nanostructures.[29,30] In general, PbI2 nano-
plates or nanosheets can be synthesized by the solution 
method, where the charge state of the basic growth unit can be 
manipulated by suitable mineralizers to facilitate the 2D ani-
sotropic growth of the crystals.[27,28,30] Also, various PbI2 nano-
structures, including nanowires, nanosheets, and atomically 
thin monolayers, can as well be realized by conventional phys-
ical vapor deposition (PVD) performed in a horizontal vacuum 
tube furnace.[31–33] Specifically, Liu et al. developed a combined 
solution/vapor-phase scheme to first obtain PbI2 nanosheets by 
hot casting and then convert them into 2D MAPbI3 nanocrys-
tals as thin as a single unit cell down to 1.3 nm via chemical 
vapor deposition.[27] When configured into photodetectors, 
these 2D perovskites exhibit impressive photoelectric proper-
ties, displaying a photoresponsivity of 22 A W−1 with a voltage 
bias of 1 V under a 405 nm laser.[27] Combined with the com-
plex device geometry and/or the hybrid mate-
rial structure, the record-high performance 
of these 2D-MAPbI3-based photodetectors 
can be further obtained.[34–36] Nevertheless, 
a majority of these studies was performed 
with the growth of small-scale PbI2 or 
MAPbI3 nanostructures heavily relying on 
the underlying substrates. To date, it is still 
a challenging task to achieve high-quality 
lead-halides as well as their 2D perovskites 
with a high growth yield in large-scale for the 
deployment of these materials in practical 
devices.

Here, we demonstrate the large-scale 
synthesis of freestanding PbI2 and MAPbI3 
nanosheets on Si substrates with rough-
ened surface via controlled growth kinetics 
in the PVD process. In contrast to the 2D 
growth on smooth substrates, the effect of 
process pressure and substrate surface can 
be manipulated to enable the formation of 
lead-halide nanosheets with high growth 
yield and excellent crystallinity. Notably, 
without adopting any sophisticated device 
and/or materials structures, the fabricated 
PbI2 nanosheet can be configured into 
simple photoconductors, exhibiting impres-
sive photosensing properties with a good 
responsivity of 410 mA W−1 at a wavelength 
of 405 nm, an excellent stability and an effi-
cient time response (i.e., rise and decay time 
constants of 86 and 150 ms, respectively). 
When chemically transformed into MAPbI3 
materials, the photoresponsivity of these 
nanosheets is further improved to 40 A W−1, 
which can be attributed to their intrinsically 
larger absorption coefficient as compared to 
PbI2. All these results confirm evidently the 
technological potency of these highly crystal-
line freestanding nanosheets for high-per-
formance photodetection.

As shown in the scanning electron microscopy (SEM) 
images in Figure 1a,b, during physical vapor deposition, when 
the process pressure is controlled to 4.5 Torr, high density of 
nanosheets can be readily obtained on the rough-surfaced 
substrate. It is obvious that these nanosheets are grown in a 
freestanding manner without relying on the underlying sub-
strate, which is in a distinct contrast to the growth of 2D mate-
rials on smooth substrates.[33,37,38] Typically, these nanosheets 
have a flat and smooth surface morphology and a dimension 
of several tens of micrometers with a thickness in the range 
of 80–200 nm (Figure S1, Supporting Information). Also, the 
transmission electron microscopy (TEM) image shown in 
Figure 1c depicts the consistent results with the SEM char-
acterization. Explicitly, the selected area electron diffraction 
(SAED) pattern displays the characteristic hexagonal symmetry 
of diffraction spots with the zone axis of [001], suggesting that 
the nanosheets are grown in the a–b plane with an excellent 
crystallinity. In order to verify the chemical composition and 
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Figure 1. Characterization of as-synthesized PbI2 nanosheets. a) Scanning electron microscopy 
(SEM) image. b) Zoom-in SEM image for the inspection of surface morphology. c) Trans-
mission electron microscopy (TEM) image. The inset shows the corresponding selected area 
electron diffraction (SAED) pattern. d) X-ray diffraction (XRD) spectrum. e) Raman spectrum 
excited by a 532 nm laser. f) Tauc plot.
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structural quality of these nanosheets, corresponding X-ray dif-
fraction (XRD) spectrum was collected as shown in Figure 1d, 
where all the diffraction peaks can be clearly assigned to the 
hexagonal PbI2 structure (JCPDS: 73-1752) without any other 
impurity phases, indicating the nanosheets being pure PbI2 
crystals. Raman spectroscopy and UV–vis absorption measure-
ment were also performed on the PbI2 nanosheets (Figure 1e,f). 
Three dominant Raman peaks are clearly observed at the loca-
tion of 95, 160, and 205 cm−1, corresponding to the A1g, 2Eg, 
and 4Eu of Raman modes of PbI2, accordingly.[39] The Tauc plot 
reveals that the nanosheets have a direct bandgap of 2.36 eV. All 
these findings are in perfect agreement with the structure and 
properties of high-quality PbI2 nanosheets and single crystals 
in the literature.[29,32] Because of the freestanding configuration, 
these high-density PbI2 nanosheets can be beneficial as excel-
lent channel materials for 2D devices.

In order understand the growth kinetics of these free-
standing PbI2 nanosheets, the effect of substrate surface mor-
phology and process conditions are thoroughly investigated 
here. At first, Si substrates with the atomically flat surface are 
utilized to synthesize PbI2 nanostructures in the PVD process. 
As shown in Figure 2a, large nanosheets lying flat on the sub-
strate are attained instead of the freestanding nanostructures. 
It is noted that the modulation of other process parameters, 
such as the carrier gas flow rate, growth process and so on, only 
changes the dimension and thickness of nanosheets obtained, 
but does not modify their 2D morphology growing along the 
substrate surface (data shown later). However, after the surface 
irregularity has been deliberately introduced onto the Si sub-
strate (roughened surfaces), the growth of PbI2 nanostructures, 
especially their morphologies, becomes extremely sensitive 
to the growth pressure. When relatively low process pressure 
of 0.6 Torr is used, the highly dense and close-packed self-
supporting nanosheet structure is achieved for the evolution 
of high-density freestanding PbI2 nanosheets as illustrated in 
Figure 2b. With further increase in the pressure (e.g., 4.5 Torr), 
the density and dimension of nanosheets continued to decrease 
to yield a standalone nanosheet morphology (Figure 1a). When 
the process pressure was increased to above a certain threshold 
value (e.g., 200 Torr), the low-density PbI2 nanowires can be 
produced on the substrate surface as given in Figure 2c. The 
existence of catalytic nanoparticle is also clearly observed at the 
tip region of the nanowire, which reveals that the nanowire 
grows via the vapor–liquid–solid (VLS) or vapor–solid–solid 
mechanism there (Figure 2c inset). Evidently, the growth mor-
phology of these PbI2 nanostructures can be effectively modu-
lated by varying the substrate roughness as well as the process 
pressure taken place in the PVD system.

To shed light on the growth mechanisms of different PbI2 
nanostructures obtained under varied process conditions, an 
understanding of the crystal structure of 2D layered PbI2 mate-
rials would be helpful. As demonstrated in Figure 3a inset, 
PbI2 has a layered structure with the in-plane a–b lattice plane 
and the layers are stacked along the c-axis. Usually, the crystal 
plane with the highest atomic packing density would have the 
lowest amount of dangling bonds, and hence the lowest sur-
face energy. In this case, the highest packing plane of PbI2 
is (001), which has the lowest surface energy.[33] At the same 
time, during the crystal growth, nucleation would preferentially 

occur in this low energy surface plane of (001); therefore, the 
nuclei with layered crystal planes (i.e., a–b planes) are predomi-
nantly initiated parallel to the underlying substrate surface. As 
the nucleation progresses, the new coming PbI2 species and/
or their constituents would get adsorbed on the PbI2 nuclei as 
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Figure 2. Various PbI2 nanostructures obtained at different process con-
ditions. a) Large nanosheets lying flat on a smooth Si surface with the pro-
cess pressure of 4.5 Torr. b) High density of freestanding nanosheets on a 
roughened Si surface with the process pressure of 0.6 Torr. c) Low-density 
of nanowire on a roughened Si surface with the process pressure of 
200 Torr. The inset shows the corresponding high-magnification image 
depicting the nanowire morphology obtained.
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well as on the substrate surface and then be migrated to the 
growth sites. Due to the weak van der Waals interaction in the 
out-of-plane direction with adsorbed species and strong cova-
lent interaction with adsorbed species in the lateral direction, 
the growth sites of layered PbI2 are always located at the edges 
as illustrated in Figure 3a, similar to other types of layered 
materials.[38] If the substrate surface is smooth, the PbI2 nuclei 
would then be expanded in the in-plane direction and grown 
into a large sheet-like structure. In fact, the phenomenon is 
more obvious when the atomically smooth mica substrate is 
employed, in which no dangling bonds exist at the surface so 
that the PbI2 nanosheets are observed to grow via the typical 
epitaxial 2D material growth along the substrate surface there 
(Figure S2a,c, Supporting Information).[26] On the other hand, 
if a rough substrate is utilized in the growth, since there are a 
lot of microplanes with different angles relative to the in-plane 
direction of the substrate as shown in Figure 3b, the expansion 
or further growth of the nuclei would occur in limited direc-
tions and result in the freestanding PbI2 nanosheets. More 
importantly, when the process or deposition pressure is low, 
the evaporation of PbI2 source becomes fast, leading to the 
fast feeding of PbI2 species at the deposition location and thus 
inducing an increased out-of-plane growth for the formation of 

high-density close-packed nanosheets. Further increase in the 
pressure would slow down the feeding of the precursor so that 
the density and dimension of synthesized nanosheets decrease 
accordingly (Figure 3c). When the deposition pressure becomes 
extremely high, the evaporated PbI2 would mostly disassociate 
into elemental or molecular Pb and I species. As I has a rel-
atively low boiling point of 185.2 °C,[40] it cannot form liquid 
droplets at the growth temperature. Pb has a higher boiling 
point of 1749 °C, but a low melting point of 327.4 °C;[40] there-
fore, it is possible for Pb species to aggregate into Pb liquid 
droplets during the growth. This way, the Pb droplets can func-
tion as the catalytic tips absorbing PbI2 species or their constit-
uents. The PbI2 nanowires can then be grown after the catalytic 
supersaturation of PbI2 in the Pb liquid droplets via VLS mech-
anism. In the cooling process of the growth, the Pb liquid drop-
lets can also react with the I species, forming PbI2 nanoparti-
cles at the tip region of the PbI2 nanowires as demonstrated in 
Figure 3d. In any case, the rough substrate surface is essential 
for the growth of PbI2 nanowires as it can provide a microenvi-
ronment with an absence of I species due to their volatility and 
their slow feeding, which is beneficial for the formation of Pb 
droplets. If the smooth substrate is used instead, no nanowires 
can be found (Figure S2b,c, Supporting Information). All these 
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Figure 3. Schematic illustration of the growth kinetics and mechanisms of various PbI2 nanostructures obtained with different substrate and process 
conditions. a) Growth behavior of 2D nanosheets lying flat onto the smooth Si substrate. Inset shows the atomic model of PbI2, depicting its layered 
structure and repeating I–Pb–I unit cells stacked along the c-axis. b) Formation of highly dense and close-packed self-supporting nanosheets taken 
place on the rough-surfaced substrate with the relatively low process pressure. c) Formation of less dense and freestanding nanosheets taken place on 
the rough-surfaced substrate with the increased process pressure. d) Growth of nanowires resulted on the rough-surfaced substrate with the highest 
process pressure.
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findings suggest and further confirm the importance of various 
microenvironment required for the formation of different PbI2 
nanostructures, including flat lying, freestanding nanosheets 
and nanowires.

Apart from understanding the growth kinetics and mecha-
nisms, since multilayer PbI2 is a direct bandgap semiconductor, 
it is interesting to assess the optoelectronic properties of our PbI2 
nanosheets. In this case, photodetectors made of freestanding 
PbI2 nanosheet is fabricated and electrically characterized under 
illumination (Figure 4b inset). The close-to-linear relation of the 
current versus the bias voltage (I–V) in the dark (Figure 4a inset) 
qualitatively suggests the existence of only a relatively small 
potential barrier between the nanosheet and the electrodes, 
which is beneficial for the collection of photogenerated carriers. 
Note that this rather effective electrical contact is important for 
the subsequent device performance assessment. The structure 
is then illuminated with a 405 nm source with different inten-
sity. As shown in Figure 4a, when the illumination intensity is 
increased, the device output current increases accordingly. This 
enhanced output current has a typical linear relationship with 
the bias voltage, indicating that a large bias voltage can induce a 
large photocurrent (defined as the difference of current with and 
without the light illumination). In order to better understand 
the photosensing behavior of the PbI2 nanosheet photodetector, 
the dependence of its photocurrent on different light intensities 
is measured and depicted in Figure 4b. The measured data can 
be well fitted by Equation (1): 

I Ap = Φβ  (1)

where Ip is the photocurrent, A and β are the fitting para-
meters, and Φ is the light intensity. The parameter of β is 
determined as 0.7 from the fitting of the measured data, 
revealing the sublinear relationship between the photocurrent 
and light intensity, which is often observed in layered-material-
based photoconductors[18,37,41,42] due to the complex processes 
of electron–hole generation, trapping, and recombination in 
the semiconductors.[18,43,44] Regardless, two important figure 
of merits, responsivity (R) and detectivity (D*), are always 
employed to evaluate the characteristics of photodetectors, 
which are defined as: 

R
I

S
p=

Φ
 (2)

D R
S

eI2
*

d

= ⋅  (3)

where S is the active area of the photodetector, e is the absolute 
value of the charge of an electron, and Id is the dark current. 
As can be seen, D* is proportional to R and hence, D* has the 
same variation trend with R. As demonstrated in Figure 4b, R 
is observed to be a decreasing function of the light intensity due 
to the sublinear relation between photocurrent and light inten-
sity according to Equation (1) and (2), all these would lead to 
the relation of R ∝ Φβ−1 or R ∝ Φ−0.3. The maximum R and cor-
responding D* are found to be 410 mA V−1 and 3.1 × 1011 Jones  
across the entire measured range.
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Figure 4. Photoresponse of PbI2 nanosheet photodetectors. a) I–V curves without and with the light illumination. Inset: I–V curve in the dark state. 
b) Photocurrent and responsivity as a function of incident light intensity. Inset gives the SEM image of the device. c) The device output current as a 
function of time under the chopped light illumination. The light intensity is 4.66 mW cm−2. d) A high-resolution part of (c) to show the rise time and 
decay time constants. The bias voltage for (b)–(d) is 5 V.
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The repeatability and response speed are another two essen-
tial parameters for the performance assessment of photo-
detectors. The repeatability can be appraised by measuring 
the photocurrent as a function of time (i.e., I–t curves) under 
chopped illumination in Figure 4c. It is obvious that the device 
on- and off-state can be effectively modulated by the chopped 
illumination with a good repeatability and a decent on/off cur-
rent ratio of 42. A high-resolution I–t curve is then utilized 
to study the response speed of the photodetector. Usually, the 
time needed for the current to increase from 10% to 90% of 
the peak value and vice versa are defined as the rise time and 
decay time constants, respectively. Based on the measurement 
presented in Figure 4d, the rise and decay time constants can 
be identified as 86 and 150 ms, accordingly. The sharp rise 
followed by the slow rise is often observed in photodetectors 
based on nanomaterials, in which this switching nature can 
be attributed to the traps and defect states in the bulk or on 
the material surface.[45–47] In specific, the photogenerated car-
riers would first fill the traps and then the photocurrent would 
reach the maximum after all traps are occupied, which brings a 
deferral in getting the steady photocurrent.[45] For comparison, 
the freestanding PbI2 nanowires are also configured into the 
similar photodetector structures and characterized accordingly 
(Figure S3, Supporting Information). The photoresponsivity 
of PbI2 nanowire detectors is found to be lot smaller than that 
of PbI2 nanosheet photodetectors, which can be attributed to 
the anisotropic light absorption and polarization-sensitive 
photo detection of 1D nanowire materials. Regardless, all these 
obtained performance indicators of nanosheet detectors are 
highly comparable or even better than those of state-of-the-art 
PbI2 and other layered nanostructured materials as reported in 
the recent literature (Table 1),[30,31,48] illustrating the impressive 
performance and promising prospect of our freestanding PbI2 
nanosheets for the highly efficient photodetection.

As mentioned earlier, PbI2 is often employed as the precursor 
to synthesize MAPbI3, which has been demonstrated to exhibit 
many astonishing optoelectronic properties.[26,49,50] In this 
work, we also revealed that the as-prepared PbI2 nanosheets can 
be converted into MAPbI3 nanosheets by the chemical vapor 
deposition (CVD) method.[26,51] As shown in the SEM images  

in Figure 5a, after the conversion, the freestanding nanosheet 
morphology is retained except for the roughening surface. It 
is noted that the MAPbI3 nanosheets become slightly thicker 
than the ones of PbI2 (Figure S4, Supporting Information), 
which is anticipated to be caused by the insertion of organic 
species into the PbI2 crystal lattice. The dark contrast of the 
corresponding TEM image (Figure 5b) as well indicates that 
the nanosheet is relatively thick, being consistent to the SEM 
results. XRD performed on these MAPbI3 nanosheets confirms 
the complete conversion of PbI2 into MAPbI3 as illustrated 
in Figure 5c.[52,53] However, based on the Raman spectrum of 
MAPbI3 collected in Figure S5 in the Supporting Information, 
it seems that the MAPbI3 nanosheets partially degraded due to 
the instability of MAPbI3 materials in ambient.[54,55] Although 
the MAPbI3 nanosheets are partially degraded, they still exhibit 
an impressively strong photoluminescence (PL) with the emis-
sion peak located at 1.58 eV, which is in perfect agreement 
with the bandgap of 1.54 eV determined from the Tauc plot 
as depicted in Figure 5d. Because of this direct bandgap with 
the extraordinarily high optical absorption, it is interesting 
to assess the optoelectronic properties, especially the photo-
sensing performance, of synthesized MAPbI3 nanosheets. 
Photodetectors based on MAPbI3 nanosheet were fabricated 
(Figure 5f inset) and their performance was measured. It is 
obvious that the effective on/off switching can be achieved in 
the I–t curve under chopped illumination (Figure 5e). The on/
off current ratio is found to be 400, which is much larger than 
that of PbI2 nanosheets. The rise and decay time constants 
can also be determined from Figure 5f, which is 1.4 s and 
90 ms, respectively. Importantly, the responsively under a light 
intensity of 1.27 mW cm−2 is measured to be 40 A W−1, much 
larger than that of PbI2 under the same light intensity (about 
0.07 A W−1). This enhanced photoresponsivity can be partly 
attributed to their larger optical absorption coefficient[56] as 
well as their increased sheet thickness of MAPbI3 nanosheets 
as compared with those of PbI2 nanosheets, which lead to the 
enhanced light absorption (see Figure S6, Supporting Informa-
tion). Also, the intrinsic properties of MAPbI3, such as high 
electrical mobility,[57] long range balanced electron and hole 
lengths,[58,59] may also lead to the enhanced photoresponsivity. 
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Table 1. Comparison of various figure of merits of different representative layered-material-based photodetectors.

Material Light Bias Dark current Responsivity Detectivity Rise time Decay time Reference

PbI2 nanosheet 405 nm 5 V 5.1 pA 410 mA W−1 3.1 × 1011 Jones 86 ms 150 ms This work

PbI2 nanoplate 450 nm 1.9 V 10 fA 0.1 mA W−1 – 55 µs 110 µs [30]

PbI2 nanowire 450 nm 3 V 1.8 pA 100 mA W−1 – 0.79 s 0.91 s [31]

PbI2 nanoplate 450 nm 5 V 10 pA 147.6 A W−1 2.56 × 1011 Jones 18 ms 23 ms [29]

PbI2 single crystal 440 nm 15 V 1.38 nA 11.3 A W−1 – – 354 µs [32]

GaTe nanosheet 473 nm 5 V 0.38 nA 30 mA W−1 – 54 ms 54 ms [60]

Multilayer WS2 514 nm 5 V – 92 µA W−1 – 5.3 ms 5.3 ms [61]

Bi2S3 nanosheet 632.8 nm 0.5 V 0.2 µA 4.4 A W−1 2.1 × 1011 Jones 10 µs 350 µs [62]

Monolayer MoSe2 532 nm 10 V 0.18 nA 13 mA W−1 – 60 ms 60 ms [63]

Monolayer MoS2 561 nm 8 V (gate bias of −70 V) 2 pA 880 A W−1 – 4 s 9 s [18]

TiS3 nanoribbon 640 nm 1 V (gate bias of −40 V) – 2910 A W−1 – 4 ms 9 ms [64]

Few-layer ReS2 532 nm 4 V (gate bias of −50 V) – 88 600 A W−1 – 1–100 s 1–100 s [65]
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All these results indicate clearly the excellent photoelectric 
properties of our freestanding MAPbI3 nanosheets for high-
performance photodetector applications. More detailed studies 
aiming at establishing appropriate passivation schemes to fur-
ther enhance the stability of MAPbI3 nanosheets are underway.

In conclusion, large-scale synthesis of various PbI2 nano-
structures, including nanosheets, nanowires, etc., is success-
fully demonstrated with the manipulation of different substrate 
surface morphology and growth pressure employed in the PVD 
process. Specifically, utilizing intentionally roughened Si sub-
strate surfaces with the optimal process pressure, highly crys-
talline, high-density and freestanding PbI2 nanosheets can be 
readily obtained. When configured into photodetectors, these 
nanosheets exhibit an impressive responsivity of 410 mA W−1, 
and a fast response with the rise and decay time constants of 86 
and 150 ms, respectively, under an illumination wavelength of 
405 nm. Furthermore, these PbI2 nanosheets can be completely 

converted into MAPbI3 nanosheets, which 
display a much improved photoresponsivity 
when fabricated into photodetectors. All these 
performance parameters are comparable 
or even superior to the ones fabricated with 
state-of-the-art layered materials, highlighting 
the technological potency of our freestanding 
PbI2 and MAPbI3 nanosheets for various 
practical utilization in optoelectronics.

Experimental Section
Synthesis of PbI2 Nanosheets: In this study, the 

PbI2 nanostructures were synthesized by physical 
vapor deposition. In detail, the solid powder of PbI2 
(50 mg and 99% purity) was used as the source 
material, which was loaded in a quartz boat. Then, 
the quartz boat was inserted into the center of a 
quartz tube that was mounted into a horizontal tube 
furnace. At the same time, prime-grade Si pieces 
(boron doped, 0.001–0.005 Ω cm resistivity) with 
both smooth and rough surfaces were utilized as 
the growth substrates. The smooth Si was employed 
directly as received from the vendor after it was 
thorough cleaned with deionized water, acetone, 
and ethanol for 5 min each under ultrasonication 
sequentially and blow-dry with nitrogen. The rough 
Si was prepared by a gentle polishing with 1000 
mesh sand paper for 5 min, followed by the same 
thorough cleaning procedures and blow-dry with 
nitrogen. During the growth, the substrate was 
placed in the downstream side of the quartz tube, 
which was 13 cm away from the source powder, 
and the entire system was pumped down to a base 
pressure of 1.2 mTorr and maintained for 30 min. 
Next, the high-purity Ar gas (99.999%) was injected 
into the system with controlled flow rate (e.g.,  
50 sccm) to generate different process pressure 
(e.g., 4.5 Torr). After that, the furnace was heated 
to 400 °C in 12 min for the growth of PbI2 
nanostructures, and then it was cooled down to 
room temperature naturally with the gas flow 
maintained. Eventually, a layer of the orange yellow 
product could be collected on the substrate.

Synthesis of MAPbI3 Nanosheets: For the 
conversion of PbI2 into MAPbI3 materials, the 

source powder of methylammonium iodide (CH3NH3 I, 50 mg, 98% 
purity) was loaded in a ceramic boat and placed into the center of a 
quartz tube. The substrate with as-grown PbI2 nanosheets was then 
positioned in the downstream side of the quartz tube, which was again 
13 cm away from the source powder, and the quartz tube was mounted 
on a horizontal tube furnace. High-purity Ar gas (99.999%) was utilized 
as the carrier gas while its flow rate was kept at 100 sccm. During the 
material conversion, the process pressure was maintained at 50 Torr. 
The furnace was then heated to 130 °C in 12 min and kept at that 
temperature for the duration of 5 h. After that, the orange yellow product 
would turn into black color on the substrate.

Material Characterization: XRD (D2 Phaser, Bruker) was used to 
evaluate the crystallinity and crystal structure of the products. The 
morphologies of the products were then studied by SEM (G2 Pro, 
PhenomWorld) and TEM (CM20, Philips). The crystallinity of the 
products was as well verified by SAED attached in TEM. Raman and 
PL spectra were measured by a Raman spectrometer (SR-5001-A-R, 
Andor) with a 532 nm laser. Corresponding reflectance spectra (r) were 
also measured using UV–vis spectrometer (Lambda 750, PerkinElmer), 
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Figure 5. Characterization and optoelectronic properties of as-synthesized MAPbI3 nanosheets. 
a) XRD spectrum. b) High-resolution SEM image. c) TEM image. d) Tauc plot and photolumi-
nescence spectrum (excited by a 532 nm laser). e) The device output current as a function of 
time under chopped light illumination. The light intensity is 1.27 mW cm−2 and the bias voltage 
is 5 V. f) A high-resolution part of (e) to show the rise time and decay time constants. The inset 
shows an SEM image of the device.
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which were converted to absorbance spectra (α = −Bln(r), where B is a 
film thickness related coefficient).

Nanosheet Device Fabrication and Electrical Characterization: For 
the device fabrication, the nanosheets were first transferred onto the 
degenerately doped p-type Si substrates with a 270 nm thick thermally 
grown gate oxide layer using a physical dry transfer technique. Nickel 
grid was next used as the shadow mask and attached onto the substrate. 
Ti (5 nm) and Au (100 nm) thin films were deposited via thermal 
evaporation as the electrical contact electrode. The devices were baked 
at 100 °C for 10 min to aim for effective electrical contact between the 
sheet and the electrodes. The electrical performance of the fabricated 
device was then characterized with a standard electrical probe station 
and an Agilent 4155C semiconductor analyzer (Agilent Technologies, 
California, USA). A 405 nm laser diode was used as light source for the 
photodetection measurement, while the power of the incident irradiation 
was measured using a power meter (PM400, Thorlabs). An attenuator 
was also employed to tune the irradiation power that was illuminated 
on the device.
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