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Searching for materials that efficiently 
interact with light through nonlinear 
optical (NLO) processes has been a sub-
ject of intense research for many years. 
Among various NLO processes,[1] two-
photon absorption (2PA), as a third-order 
NLO process, has been widely utilized 
in sub-bandgap photodetection[2] by con-
verting light with photon energies υ( )h  
below the bandgap (Eg) of a semicon-
ductor into electrical signals. Such non-
linear sub-bandgap photodetection is 
highly desirable for applications in optical 
communication, solar energy harvesting, 
and quantum technology.[3–6] Relying on 
the fact that the 2PA photon-to-current 
efficiency increases either with decreasing 
Eg or increasing transition dipole moment 
(μ),[7,8] most of the commercially avail-
able 2PA detectors are based on narrow-
bandgap semiconductors that operate 
in the mid-infrared (mid-IR) spectral 

region.[9,10] In addition, hyper-doped semiconductors with 
enhanced μ have been also employed for sub-bandgap detec-
tion at a temperature of 10 K.[7] However, the third-order NLO 
response of the conventional nonlinear materials is inher-
ently weak, hindering the development of efficient nonlinear 
photodetectors that can function in a room-temperature envi-
ronment. Sub-bandgap detection through NLO at shorter-
wavelengths (e.g., near-IR) has also remained challenging.

Recently, 2D hybrid organic–inorganic perovskites (HOIPs) 
have commanded major research interests due to their fasci-
nating optical and electronic properties.[11–14] An archtypical 
class of these hybrid materials is the 2D Ruddlesden−Popper-
type halide perovskite (RPP), which is constructed from alter-
nately stacked molecular sheets of organic cation and inorganic 
perovskite anion with the general formula (RNH3)2A(n−1)BnX3n+1 
(where R ≥ 4C, A = monovalent organic cation, e.g., CH3NH3

+, 
NH2CHNH2

+, B = divalent metal cation, e.g., Pb2+, Sn2+, and 
X = I−, Br−, Cl−). The electronic landscape of 2D RPPs can be 
widely tuned by controlling the nature of the cationic and ani-
onic species and/or by enlarging the thickness of the quantum 
well, i.e., increasing the number of inorganic layers (increasing 
n in the formula) within each quantum well. Practically, the 
bandgap of RPPs can be tuned over the entire near-UV/visible 
range by subtle variations in the RPP composition and stoichi-
ometry.[11] Furthermore, the optical properties of 2D RPPs are 
essentially dominated by excitonic resonances due to the strong 
quantum and dielectric confinement effects introduced by the 
organic barrier layers.[15–17]

Two-dimensional (2D) perovskites have proved to be promising semiconduc-
tors for photovoltaics, photonics, and optoelectronics. Here, a strategy is 
presented toward the realization of highly efficient, sub-bandgap photodetec-
tion by employing excitonic effects in 2D Ruddlesden–Popper-type halide 
perovskites (RPPs). On near resonance with 2D excitons, layered RPPs 
exhibit degenerate  two-photon absorption (D-2PA) coefficients as giant as 
0.2–0.64 cm MW−1. 2D RPP-based sub-bandgap photodetectors show excel-
lent detection performance in the near-infrared (NIR): a two-photon-generated 
current responsivity up to 1.2 × 104 cm2 W−2 s−1, two orders of magnitude 
greater than InAsSbP-pin photodiodes; and a dark current as low as 2 pA at 
room temperature. More intriguingly, layered-RPP detectors are highly sensi-
tive to the light polarization of incoming photons, showing a considerable ani-
sotropy in their D-2PA coefficients (β[001]/β[011] = 2.4, 70% larger than the ratios 
reported for zinc-blende semiconductors). By controlling the thickness of the 
inorganic quantum well, it is found that layered RPPs of (C4H9NH3)2(CH3NH3)
Pb2I7 can be utilized for three-photon photodetection in the NIR region.
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The strong light–matter interaction in 2D RPPs makes it 
possible to attain exceptionally high optical nonlinearity at 
subwavelength scales, opening new opportunities for ultrathin 
efficient nonlinear optical devices. Indeed, efficient  nonlinear 
processes including self-phase modulation[18] and third- 
harmonic generation[19] with large third-order NLO susceptibili-
ties enhanced by the large dipole moment associated with the 
excitonic transitions have been recently demonstrated for 2D 
perovskites. Along the same lines, the optical transition dipole 
moments involved in the RPP’s 2PA excitonic-resonant pro-
cess are expected to be large, and would result in desirable 2PA 
coefficients.[20,21] Based on a recently reported quantum theory 
on 2D excitons,[21,22] we can derive an approximation for the 
degenerate 2PA (D-2PA) coefficient (β) associated with near-
resonant 2p-excitonic states as

β ε( )=
+

Γ→ K
NM

E
a

2
G 2p

2 4

2p 2p
B
4 (1)

Here, N is the density of active unit cells, M2 interprets the 
probability of forming the 1s-exciton in a 2D material, ε is 
the electric permittivity, E2p and Γ2p are the 2p-exciton energy 
and the line-width, respectively, aB is the effective Bohr radius 
of the 2D exciton, and K is a material-independent constant 
which has a value of 3  × 1010 in the units such that βG→np is 
in cm MW−1, N is in cm−3, E2p and Γ2p are in eV, and aB is in 
meters (Derivation details can be found in Supporting Infor-
mation). As suggested by Equation (1), both large values of 
NM2 and large Bohr radius (aB)[23,24] are preferable for efficient 

excitonic-resonant 2PA processes, if one selects 2D RPPs. The 
D-2PA coefficients of 2D RPPs are calculated to be on the order 
of 0.3–2.5 cm MW−1 per monolayer in the spectral range from 
0.8 to 1.6 μm. Previous studies into the NLO properties of 2D 
RPPs have mainly been carried out on polycrystalline films and 
powders.[25] The presence of grain boundaries and trap states 
in these polycrystalline samples typically downgrades the RPP 
crystal quality and hides its intrinsic NLO properties.

On the other hand, single crystals of the butylammonium 
lead halide of RPP crystals as (C4H9NH3)2(CH3NH3)n−1PbnI3n+1 
(In=1,2,3,4) have been demonstrated to possess a very low density 
of defects and/or traps within the bandgap[26] and a high internal 
quantum efficiency (≈34%) in the 0.3–0.8 μm spectrum.[26–29] 
Promisingly, the recent advances in micromechanical cleavage 
of RPP single crystals have enabled the isolation of 2D RPP 
nanosheets with superior optical properties. Furthermore, inor-
ganic quantum wells in RPP nanosheets would increase the 
effective length of light–matter nonlinear interaction, especially 
for the excitonic-resonant 2PA process. By taking advantage 
of these material properties, we have constructed two-photon 
detectors based on layered (C4H9NH3)2(CH3NH3)3Pb4I13 (In=4), 
as illustrated in Figure 1, for the detection of femtosecond laser 
pulses in the spectrum of 0.8–1.6 μm. We find that these detec-
tors show excellent detection performance: a two-photon cur-
rent (2 PC) responsivity up to 1.2  × 104 cm2 W−2 s−1, two orders 
of magnitude greater than the standard InAsSbP-pin photo-
diode;[9] and a dark current as low as 2 pA at room temperature. 
More intriguingly, our 2D-RPP-based detectors are sensitive to 
light polarization of incoming photons, showing a considerably 
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Figure 1. a) Schematic representation of sub-bandgap photodetection based on 2D Ruddlesden–Popper halide perovskites (2D-RPPs). Right: A side 
view of the molecular structure for monolayer 2D-RPPs (In=4). b) Energy level diagram for degenerate two-photon absorption (D-2PA) and subsequently, 
either nonradiative decay to 1s state or disassociation to free carriers. c) Photoluminescence (PL) for 2D-RPPs (In=1,2,3,4).
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large anisotropy in its D-2PA coefficients (β[001]/β[011] =  2.4, 
70% more than the ratios reported in literature).[30] We also 
demonstrate that layered perovskites of (C4H9NH3)2(CH3NH3)
Pb2I7 (In=2) can be utilized for three-photon detection in the 
1.3–1.6 μm range.

To validate our strategy, we designed and fabricated bottom-
contact RPP-based phototransistors, as schematized in Figure 1a. 
High-quality, homologous single crystals of (C4H9NH3)2PbI4 (In=1), 
(C4H9NH3)2(CH3NH3)Pb2I7 (In=2), (C4H9NH3)2(CH3NH3)2Pb3I10 
(In=3), and (C4H9NH3)2(CH3NH3)3Pb4I13 (In=4) were synthesized 
by a temperature-programmed crystallization method.[19,26] 
Furthermore, the phase purity of the as-grown large-sized 
RPP (In=1,2,3,4) crystals was confirmed to be single phase by 
X-ray diffraction (XRD) as reported in the previous work.[26] 
Their optical characterizations are shown in Figure S1 in 
the Supporting Information. The centimeter-sized RPP 
single crystals were then exfoliated to yield thin flakes 
(nanosheets) and transferred onto prepatterned substrates. 
Fabrication specifics can be found in the Experimental Sec-
tion. In our RPP-based phototransistors, graphene elec-
trodes were applied to achieve low Schottky barriers as 
previously reported.[31,32] Under the illumination of laser 
pulses in the near-infrared region, np-excitons (n = 2, 3, …)  

are  created through the D-2PA process. Intrinsically,  
the np-excitons (or electron–hole pairs) can either decay to the 
lowest excitonic states (1s-exciton)[33] or dissociate to form free 
charge carriers at room temperature,[34] as shown in Figure 1b. 
The former leads to 2PA-excited photoluminescence (2PPL), 
see Figure 1c, while the latter generates sub-bandgap photo-
currents under a bias voltage.

To demonstrate the large optical nonlinearities of 2D 
RPPs, we carried out 2PPL measurements with a con-
focal microscope, see details in the Experimental Sec-
tion. Thin flakes of 2D-RPP crystals (In=1,2,3,4) were pre-
pared on quartz substrates and encapsulated with protective 
layers of hexagonal boron nitride (h-BN), see Figure S2a–d  
in the Supporting Information. The h-BN encapsulation pro-
vides excellent protection from environmental factors such as 
photooxidation[35] and humidity.[36] Using 1030 nm (≈1.2 eV) 
femtosecond laser pulses with 1 MHz repetition rate as an exci-
tation source, these thin flakes showed 2PPL with spectral peaks 
at 525, 587, 618, and 653 nm, respectively, see Figure 2. These 
2PPL peaks correspond to the lowest excitonic energy levels 
for each RPP (In=1,2,3,4) and are consistent with those excited 
by 1PA, as shown in Figure S1 in the Supporting  Information. 
As an example, Figure 2b shows a square  dependence of 2PPL 
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Figure 2. a) 2PPL spectra for a 155 nm thick flake of 2D-RPP (In=4). b) 2PPL versus laser intensity on the log–log scale for the 155 nm thick flake. Inset: 
Thickness dependence of 2PPL for flakes of 2D-RPP (In=4). c) 2PPL spectra measured on the 316 nm thick (In=1), 582 nm thick (In=2), 154 nm thick 
(In=3), 155 nm thick (In=4), and 0.5 mm thick bulk CdS. The 2PPL peaks are normalized by their thickness. d) Experimentally measured (colored dots) 
and theoretically calculated (colored curves) D-2PA spectra. The vertical bars indicate approximated D-2PA coefficients using Equation (1). The laser 
intensity is defined here as the maximum intensity of the laser pulses after considering the surface’s Fresnel loss.
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on the laser intensity, satisfying the energy-conservation law in 
D-2PA. The experimental results also demonstrated that the 
interaction length can be scaled up to at least 250 nm, see inset 
in Figure 2b. It was expected as the excited volume is propor-
tional to the thickness (≈L · πω0

2 ). To obtain the D-2PA coef-
ficient of our thin RPP crystals, the 2PPL signal from a bulky 
CdS crystal (5  ×  5  ×  0.5 mm3) was used under the same setup 
as a reference.

The D-2PA coefficients of the 2D-RPP crystals can be deter-
mined by Equation (2)

ηβ πω
ηβ πω
( )

( )( )
( )

∝
⋅ ⋅

⋅ ⋅
L

Zo

Signal of 2PPL RPP

Signal of 2PPL CdS 2
RPP 0

2

CdS 0
2

 (2)

Here, Zo =  12 μm is the Rayleigh length; η is the quantum 
efficiency of 2PPL, which is estimated to be 26%[11] and 10%[37] 
for 2D-RPP and CdS crystals, respectively; and ω0 = 2 μm is the 
spot radius of the focused laser beam. Because the CdS crystal 
thickness is much greater than the Rayleigh length, its effective 
volume of 2PPL is estimated to be ≈2Zo · πω0

2.
Figure 2d shows that the experimentally measured D-2PA 

coefficients are in good agreement with our theoretical-model 
(see the Supporting Information for more details). The exci-
tonic-resonant D-2PA coefficients calculated by Equation (1) 
and shown as vertical bars in Figure 2d are also close to the 
experimental data, revealing that the dominant optical transi-
tions are from 1s-excitons to 2p-excitons. For comparison, the 
D-2PA coefficients of our single-crystalline 2D-RPPs, especially 
the higher homologues (C4H9NH3)2(CH3NH3)3Pb4I13 (In=4), are 
much higher than previously reported values for polycrystalline 
(powder) or bulk perovskites[25,38] and nondegenerate (ND) 2PA 
in traditional semiconductors, e.g., GaN, GaAs, and ZnSe,[3] 
refer to Table S2 in the Supporting Information for comparison 
with other nonlinear materials. As suggested by Equation (1), 
if the operating temperature is cooled down to 77 K where the 
linewidth (Γ2p) would decrease, and hence, the D-2PA coefficient 
would increase further by at least one order of magnitude.[22]

We selected 2D-RPPs (In=4 and In=2) for sub-bandgap pho-
todetection measurements because their theoretically calcu-
lated D-2PA coefficients exhibit the maximal or minimal peak 
values, respectively. Figure 3a,b shows the optical images of 
our 2D-RPP (In=4 and In=2) devices. A femtosecond laser system 
with the pulse duration of ≈150 fs (full-width at half maximum, 
FWHM) and a repetition rate of 1 kHz was used, see the details 
in the Experimental Section. In optimizing the performance of 
phototransistor devices, 2D-RPP-based phototransistors were 
first positioned at the laser beam focal plane, and thereafter the 
laser beam was adjusted laterally (along either x- or y-axis in the 
focal plane), see the laser spot in Figure 3a, where a maximum 
signal in the photocurrent was observed. The photocurrent 
was measured directly with a low-noise source-meter (Keithley, 
2636B)—no sophisticated means of detection (e.g., mode-
locking or transimpedance amplifier) was required.

Upon the pulsed laser illumination, our bottom-contacted, 
2D-RPP-based phototransistors became conductive due to 
photoexcited carriers, see the Ion/Ioff ratio in Figure 3c. With a 
back-gate voltage (Vg) of 0 V and a drain–source voltage (Vds) 
of 1 V, our 2D-RPP In=4 devices exhibit an extremely high sen-
sitivity at room temperature where the noise current is ≈2 pA 

and a corresponding noise equivalent energy of 0.4 nJ is 
inferred, see Figure 3c,d. The quadratic dynamic range (QDR) 
of effective pulse energy is measured to be from 0.4 to 3.5 nJ 
at a wavelength of 1200 nm, see Figure S4 in the Supporting 
Information.

As shown in Figure 3d, with an illumination wavelength of 
600 nm (≈2.06 eV > E1s =  1.90 eV) on the 2D-RPP (In=4) device, 
the one-photon-generated current (1 PC) predominates in the 
photocurrent generation, resulting in a fit-line slope of 1.0. The 
1 PC responsivity of 0.3 mA W−1 can be derived from a divi-
sion of the photocurrent by the average laser power (that is, the 
product of laser pulse energy and repetition rate). As the laser 
wavelength is tuned from 800 to 1600 nm (hv/E2p = 0.4–0.8), 
the fit-line slopes are ≈2, an evidence for 2 PC processes. By 
analyzing the response in this region, we can extract the 2 PC 

responsivity as: γ τ= ⋅
I

e

A

P
T( )2PC

PC

2 ,[9] where IPC is the generated 

photocurrent, P is the average laser power, and A = 18 × 5 μm2 
is the active area of the photodetection, T is the repetition rate of 
the laser pulse, τ is the pulse duration. As shown in Figure 3f, 
the measured 2 PC responsivity is in the range of (0.2 – 1.2) 
× 104 cm2 W−2 s−1. The maximum γ2PC is achieved at 1200 nm 
(≈1.03 eV), that is nearly the half of E2p = 2.003 eV, consistent 
with the near-resonant of D-2PA coefficients calculated in 
Figure 2d. By normalizing the data of the flake thickness, each 
In=4 single layer is found to possess a D-2PA coefficient as large 
as 2.5 cm MW−1.

For comparison with a (3D perovskite) CH3NH3PbBr3-based 
two-photon detector (γ2PC estimated at ≈ 4.6  × 103 cm2 W−2 s−1 
at 800 nm),[38] our maximum value of γ2PC is one order of 
magnitude larger. Furthermore, the maximal γ2PC-value is 
also significantly larger than those of a commercial InAsSbP–
pin  photodiode (≈580 cm2 W−2 s−1 at 8 μm), a commercial 
InAsSbP–photoresistor (≈69 cm2 W−2 s−1 at 8 μm),[10] and 
a GaN-based, ND-2PA detector (γ2PC =  0.45 cm2 W−2 s−1 at 
390 nm ).[3] Interestingly, our 2D-RPP (In=4) detector responds 
better than the previously reported monolayer MoS2 detector[21] 
(see Table 1), despite that its D-2PA coefficient is less than that 
of monolayer MoS2 as shown in Table S2 in the Supporting 
Information. This better performance can be attributed to the 
thickness independent direct bandgaps of 2D RPPs that lead 
to efficient excitonic-resonant D-2PA in 15 layers, while MoS2 
shows direct bandgap only at the monolayer level. However, 
limited by the near-infrared photon energy, the 2D RPP flake 
thickness, and the excitonic linewidth at room temperature, the 
performance of our 2D-RPP In=4 detector in terms of the 2 PC 
responsivity is not superior to two-photon detector based on 
silicon hydrogenic donors.[7]

More interestingly, a distinct polarization dependence of 
2 PC manifests itself in Figure 4 which plots the oscillation of 
2 PC with periodicity of θ = 90° as the incident laser’s polariza-
tion vector is rotated. In our experimental geometry, θ is the 
angle between the polarization vector and the [001] crystallo-
graphic axis direction when laser pulses propagate in the per-
pendicular direction to the quantum well. We find that 2 PC 
reaches the maximum value when the polarization vector is 
parallel to the [001] direction. As the polarization direction 
changes from the [001] direction to the [011] direction, the 
2 PC decreases systematically. Accordingly, the minimum value 

Adv. Mater. 2019, 1904155



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1904155 (5 of 8)

www.advmat.dewww.advancedsciencenews.com

of 2 PC is obtained when polarization vector is parallel to the 
[011] direction. The ratio of the maximum to minimum 2 PC is 
I2PC,[001]/I2PC,[011] = 2.4.

As reported in ref. [26], the crystal of 2D-RPP (In=4) adopts 
orthorhombic centered structure at room temperature. The 
polarization-resolved 2 PC can be modeled[39] by y = A{1 + 2 

[σ1sin4(θ + ϕ) − σ2sin2(θ + ϕ)]} with anisotropy parameters  
σ1 = 1.18 and σ2 = 1.01, see the red curves in Figure 4. Here, 
A is a constant that directly proportional to the third-order 
nonlinear susceptibility χ(3) and ϕ is the angular offset. In the 
tetragonal space group, the intrinsic in-plane permutation sym-
metry results in three independent χ(3) tensor elements,χxxxx

(3) ,χxyyx ,(3)  

Adv. Mater. 2019, 1904155

Figure 3. a,b) Optical images of the 2D-RPP (In=4 and In=2) device, respectively. Both In=4 and In=2 devices are encapsulated with few-layer h-BN (in 
green or in blue) for highly stable performance. The circular region in white illustrates the laser spot, where a maximum signal in the photocurrent was 
observed. c) Photoswitching behavior under alternating ON and OFF laser pulses for the 2D-RPP (In=4) device. d,e) Photocurrent versus effective laser 
pulse energy on the log–log scale for the 2D-RPP (In=4 and In=2) device, respectively. f) 2 PC spectral responsivity (in red) of the 2D-RPP (In=4 and In=2) 
devices and 3 PC spectral responsivity (in blue) of the 2D-RPP (In=2) device.
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and χxxyy
(3) ,[39,40] giving rise to the anisotropy in the 2 PC. Explic-

itly, Pb+ and I− atoms in RPP crystals are connected by covalent 
bonds and form the tetragon lattice in plane. The orbitals of 
D-2PA generating np-excitons also follow the same orientation 
and thus result in the dichroism configurations for D-2PA as: 
β
β σ

=
−

[001]

[011]

1

1 /21

 and β
β σ

=
−

[010]

[011]

1

1 /22

. Here, β ω
ε

χ=
n c

Im xxxx[001]
3

2
[ ]

0 0
2 2

(3)  is 

the D-2PA coefficient along the [001] direction, which is shown 
in Figure 2d. Compared to zinc-blende semiconductors, the 
effective D-2PA anisotropy of 2D-RPP (In=4) is 70% greater.[30]

Interestingly, the 2D-RPP (In=2) devices can perform either 
as a two-photon or a three-photon detectors depending on the 
laser wavelength. In the spectral range of 800–1250 nm, the 
photocurrent is predominated by D-2PA with fit-line slopes 
in the range of 1.8–2. The 2 PC responsivity is maximized at 
1100 nm, with γ2PC ≈ 150 cm2 W−2 s−1. This value is one order 
of magnitude less than In=4 counterparts which can be under-
stood from the difference in their D-2PA coefficients, as shown 
in Figure 2d. On the other hand, the three-photon-absorption-
generated photocurrents (3 PC) become predominant, as the 
laser wavelength is increased from 1300 to 1600 nm. The fit-
slopes in the range of 2.7–2.9, see two examples in Figure 3e, 

confirm that 3 PC predominates. The values of 3 PC respon-

sivity are calculated by γ τ= ⋅
I

e

A

P
T( )3PC

pc

3
2 and shown by the blue 

symbols in Figure 3f. It is anticipated because of E1s/3 < hν < 

E1s/2 and E1s 2.11 eV for 2D-RPP (In=2). The results suggest that 
3PC-based In=2 devices are efficient photodetectors in the spec-
tral window of fiber-optical communications, indicating their 
potential use in telecommunications.

In summary, we have demonstrated that single-crystalline 
2D RPP nanosheets exhibit extremely large D-2PA coefficients 
in the near-IR. The nonlinear response is enhanced near the 
two-photon resonances of the excitonic states, and the results 
are well consistent with the quantum perturbation theory on 2D 
excitons. We realize efficient polarization-resolved sub-bandgap 
photodetection at room temperature by utilizing 2D-RPP two-
photon detectors. The 2D-RPP (In=4) two-photon detector is 
found to have a very low noise equivalent energy, a giant 2 PC 
responsivity, and a significantly large anisotropic response. 
The 2D-RPP (In=2) detector also performs as a predominated 
three-photon detector in the spectral range of 1300–1600 nm. 
The highly anisotropic sub-bandgap photodetection observed 
in 2D-RPPs not only opens avenues for future explorations of 
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Figure 4. a,b) Measured photocurrent under linearly polarized illumination at λ = 1200 nm as a function of the half-wave-plate angle for the 2D-RPP 
(In=4) device. The red lines are fitted curves.

Table 1. Performance of sub-bandgap photodetection at room temperature.

Semiconductor Area (thickness) Spectral range [nm] R.R. (FWHM)a) 2 PC responsivity 
(γ2pc) [cm2 W−2 s−1]

Dark current QDRb) [nJ] Reference

(C4H9NH3)2(CH3NH3)3 

Pb4I13, (In=4)
18 × 5 μm2 (80–90 nm) 800–1600 1 kHz (150 fs) (0.2–1.2) × 104 2 pA 0.4–3.5 This work

CH3NH3PbBr3 4.9 × 3.3 mm2 (3 mm) 800 76 MHz (100 fs) 4.6 × 103 N. A. N.A. [36]

MoS2 8 × 4 μm2 (0.65 nm) 800–1100 1 kHz (150 fs) (3–9) × 102 2 pA 10–80 [21]

GaN (ND-2PA) 0.25 mm2 (5 μm) 390 (signal) + 5600 (gate) 1 kHz (150 fs) 0.45 3.6 pA N. A. [3]

GaN (ND-2PA) 0.25 mm2 (5 μm) 5600 (signal) + 390 (gate) 1 kHz (150 fs) 0.048 3.6 pA N. A. [3]

InAsSbP 2 × 2 mm2 (N.A.) 8000 10 Hz (10 ns) 69 1.5 nA (1–20) × 103 [10]

InAsSbP-pin π × 0.152 mm2 (N.A.) 8000 10 Hz (10 ns) 580 4 nA (1–20) × 103 [10]

Phosphorus atoms  

in Si
0.5 × 0.5 cm2 (0.05 cm) (6–7) × 104  

(or 4.25–4.88 THz)

25 MHz (100 ps) 3 × 109@10 K N. A. (0.05–2) × 103 [7]

a)R.R. (FWHM): Repetition rate (full-width at half maximum of laser pulses); b)QDR: Quadratic dynamic range.
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nonlinear optics in this class of hybrid quantum materials but 
also suggests its potential use in nonlinear photonic and opto-
electronic applications.

Experimental Section
Device Fabrication: Field effect transistor (FET) devices on 285 nm 

SiO2/Si substrates were fabricated by standard electron beam 
lithography (EBL), thermal evaporation, and liftoff. The graphene 
patterns were first defined using EBL with a polymethylmethacrylate 
positive resist as an etch mask. Metal electrodes were then 
deposited through thermal evaporation of Cr (3 nm)/Au (5 nm) and 
a subsequent liftoff step was employed to wash away the resist. For 
the 2PPL measurements, the 2D-RPP crystals were mechanically 
exfoliated onto clean quartz substrates using the Scotch-tape 
method. For the optoelectronic measurements, the bulk RPP 
crystals were first exfoliated on polydimethylsiloxane and uniform 
perovskite flakes were then selected and transferred onto the 
prepatterned FET electrodes using a transfer stage. The exfoliation 
and transfer processes were carried out in an argon-filled glove box. 
The transferred RPP flakes were covered with a thin layer of h-BN 
before taking out of the glove box for optical and optoelectronic 
characterizations. Atomic force microscopy (AFM) was used to 
measure RPP-flake thickness.

Linear- and Nonlinear-Optical Characterizations: One-photon-excited 
photoluminescence (1PPL) measurements were performed using a 
confocal microscope with 473 nm (for 2D-RPP In=1) and 532 nm (for 
2D-RPP In=2,3,4) laser excitation wavelengths. The laser beam was focused 
on the samples using a 100× objective lens, and the photoluminescence 
(PL) signals were collected at a backscattering angle with the same 
objective lens. The PL emission was routed via a bundled optical fiber 
to a monochromator (Acton, Spectra Pro 2300i) coupled to a charge-
coupled device (CCD) (Princeton Instruments, Pixis 400B).

For the two-photon-excited PL (2PPL) measurements, a confocal 
microscope combined with a laser system (Light Conversion Ltd, 
pulse duration of 110 fs, excitation wavelength of 1030 nm, and 
repetition rate of 1 MHz) was used. The laser beam was reflected by a 
short-pass dichroic mirror (Di02-R635-Semrock−25 × 36) and focused 
onto the sample (≈2 μm spot size) with an objective lens (Nikon Plan 
Fluor 20×/0.50, working distance (WD) 2.1 mm). The average power 
of the laser pulses was measured with an optical power meter (Optical 
Power Meter 1917-R, Newport). The 2PPL emission was collected in 
a back-scattering configuration via the same objective and detected 
by a spectrometer (Model Ocean Optics QEpro). For polarization-
dependent 2PPL measurements, the orientation of the linear polarized 
laser pulses was varied by a half-wave plate. Positioning the laser spot 
on an RPP flake was achieved using an imaging system consisting 
of a white light source (Spectra Products, Xenon Light Source, ASB-
XE-175) coupled to a CCD (Model TOUPCAM-UCMOS03100KPA). To 
obtain the D-2PA coefficients of the 2D-RPPs, the 2PPL signal from a 
CdS crystal was measured under the same conditions and setup as a 
reference.

Sub-Bandgap Photodetection Measurements: A Ti:sapphire 
femtosecond laser system (Coherent Inc., Libra, 150 fs, 800 nm,  
1 kHz) was used as a pump of an optical parametric generator/amplifier 
(Coherent Inc., TOPAS-C) for the generation of near-infrared laser pulses 
(800–1600 nm with a step of 50 nm). The 2D-RPP device was loaded into 
a vacuum chamber (air pressure <10−3 Torr), in order to mitigate noise 
from ionized moleculars drifting on the top of, or through the h-BN 
layer. The laser pulses were focused onto the device channel through 
a window using a lens. The photocurrent was measured by a source-
meter (KEITHLEY 2636B), when the 2D-RPP device was positioned at 
the focal plane of the laser pulses, where a maximal photocurrent was 
observed. In the polarization-dependent 2 PC measurements, the same 
half-wave plate was used to vary the orientation of the linearly polarized 
laser pulses.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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