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Abstract

A novel terahertz wave modulator based on CsPbBr; perovskite quantum dots heterostructure is proposed. An external
modulated 450 nm pumping laser is utilized to generate photoexcited free carriers at the CsPbBr; perovskite quantum dots
heterostructure medium. We measured an amplitude modulation of the terahertz transmission in the frequency range from
0.23 to 0.35 THz with various laser intensity irradiances. In addition, dynamic amplitude modulation at 0.27 THz carrier
wave show that the modulator provides a modulation speed of 2.5 MHz at a external pump laser irradiance of 2.0 W/cm?.
Our CsPbBr; perovskite quantum dots heterostructure can high speed modulation and can be used for terahertz modulation

in addition to photovoltaics application.

1 Introduction

Terahertz waves are considered as the electromagnetic
spectrum which frequency ranges from 0.1 to 10 THz,
lying between the microwave and infrared regions. With
the commercialization of terahertz wave sources and detec-
tors, terahertz wave attracted significant attention because
of the unique properties of terahertz radiation and has been
extensively investigated. In recent years, there have been a
growing interest in the development of the terahertz wave
technology which has explored many potential applications
in security screening, military detection, radio astronomy,
high-bit-rate free-space communication, material science,
nondestructive imaging, chemical and biological sensing,
and medical diagnosis [1-4]. These interests have high-
lighted the need for numerous functional devices and com-
ponents for controlling and manipulating terahertz waves,
many of which are still lacking. More recently, as a dis-
pensable device for information processing at terahertz
wave communication and surveillance, terahertz wave
modulator has become a hot pursuit. There have reported
various approaches for the development of terahertz wave
modulators such as mechanical chopper [5], liquid crystal
[6], two-dimensional electron gas [7], photonic crystals
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[8], semiconductor-based metamaterials [9—11], graphene
[12—14], phase transition materials [15], and organic materi-
als [16-20]. For example, Wen et al. [21] proposed all-opti-
cal graphene terahertz modulator with modulation speed of
200 kHz. Rodriguez et al. [22] designed all-electronics gra-
phene terahertz modulator with modulation speed of 4 kHz.
Unlu et al. [23] fabricated a terahertz modulator based on
MEMS with modulation speed of 20 kHz. Liu et al. [24]
measured a metamaterial/graphene terahertz modulator with
modulation speed of 40 MHz. However, most of the tera-
hertz wave modulator structures are too complex to limit
their processing and applications. It has proved challenging
to achieve high-speed modulation with a high modulation
depth across a broad bandwidth of terahertz frequencies and
is required for further research.

Recently, we note that the perovskite materials have
attracted wide attention and extensively used in optoelec-
tronic device applications including next-generation solar
cells [25, 26], light-emitting diodes (LEDs) [27, 28], lasers
[29], and photodetectors [30, 31] due to their outstanding
optoelectronic properties, such as tunable bandgap [32-34],
long carrier lifetimes, extra-long carrier transport distances,
high carrier mobilities, high light absorption coefficients,
low cost, and tunable optoelectronic characteristics [35-39].
Thus, CsPbX; quantum dots (QDs) and CsPbX; nanosheets
have been demonstrated [40—42]. Meanwhile, owing to their
unique characteristics, two-dimensional CsPbX; perovskites
with QDs structure also offer a route for efficient manipula-
tion of terahertz wave transmission due to the difference
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in their ionic nature and excellent optoelectronic properties
compared with the traditional colloidal QDs. In this paper,
we have proposed and demonstrated a high efficient tera-
hertz wave modulator using CsPbBr; perovskite quantum
dots heterostructure. The signal modulation mechanism of
the terahertz wave modulator is based on the absorption of
photo-induced carriers which can be controlled by an exter-
nal continuous wave (CW) laser. Experimental results show
that the presented terahertz wave modulator has high extinc-
tion ratio, simplicity, small size, and easy fabrication, which
make our designs promising for a wide range of application,
especially in terahertz imaging and communication systems.

2 Device design and fabrication

The terahertz modulator architecture was fabricated with
the configuration shown in Fig. 1a. The CsPbBr; perovs-
kite quantum dots deposited onto a 360 um-thick, high-
resistivity (> 1000 Q cm) Si wafer with ~ 150 nm (2 ml of
CsPbBr; precursor solution made in the first process was
added into spinning toluene (10 ml) solution under vigor-
ous stirring speed of 2000 rpm/min, and the adding rate was
0.1 ml/s.). The absorption coefficient of CsPbBr; perovskite
is 7x 10* cm™! [43]. Figure 1b depicts the cross-sectional
scanning electron microscopy (SEM) image of the device
with the scale of 10 um recorded by an electron micro-
scope (JEOL, JSM-7800F, Japan). It is observed that the
interface between CsPbBr; perovskite quantum dots. The

Fig.1 a Device schematic
diagram, b cross-sectional SEM (@)
image of the device, and ¢ trans-
mission electron microscope
(TEM) image of the CsPbBr;
perovskite quantum dots, d
optical absorption spectrum of
CsPbBr; perovskite quantum
dots

CsPbBr; Perovskite
quantum dots
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morphologies of the synthesized CsPbBr; perovskite quan-
tum dots were further confirmed by transmission electron
microscope (TEM) with the scale of 50 nm, as shown in
Fig. 1c. For characterization of CsPbBr; perovskite quantum
dots, the absorption and photoluminance are measured by
Omin A300 grating spectrometer. Figure 1d shows that puri-
fied CsPbBr; perovskite quantum dots that employed cen-
trifugation with alcohol as antisolvent exhibit highly stable
and bright luminescence. The CsPbBr; exhibits absorption
peak at 510 nm, from which the optical band energy are
determined to be 2.25 eV. Figure 2 shows the schematic
experimental configuration used for terahertz modulation
of CsPbBr; perovskite quantum dots heterostructure. In our
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Fig.2 Schematic diagram of the proposed terahertz wave modulator,
the continuous wave terahertz wave was generated using BWO and
was guided through four polymethylpentene lenses. The 450 nm con-
tinuous wave laser illuminated the surface at an oblique angle of 20°
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setup, backward-wave oscillator (BWO) is a CW terahertz
wave emission source, and a two-dimensional controlled
stage is used to control the location of the test CsPbBr; per-
ovskite quantum dots heterostructure sample. A zero-bias
Schottky diode intensity detector is employed to measure the
emitted terahertz power. A 450 nm continuous wave laser is
mounted with a beam incident angle of 20° to the normal of
the CsPbBr; perovskite quantum dots heterostructure. In our
experiment, the laser beam is expanded. The external pump
laser beam has a maximum average power of 2 W/cm? with
a spot diameter of 3 mm so that it can overlap the terahertz
beam diameter about 3 mm.

The spectral transmission of CsPbBr; perovskite quan-
tum dot heterostructure was measured by a BWO with
and without the external 450 nm pump laser excitation at
the frequency range from 0.23 to 0.35 THz, respectively.
The amplitude spectrum of the CsPbBr; perovskite quan-
tum dots/Si under various laser intensity irradiances are
depicted in Fig. 3. To investigate the modulation mecha-
nism in detail, we deduced the optical constants of the
CsPbBr; perovskite quantum dots/Si from the time—fre-
quency spectral via BWO under various laser irradiances.

0.7 = 7

Laser irradiance(W/cm?)

THz amplitude(arb.)

240 260 280 300 320 340
Frequency(GHz)

Fig.3 Spectrum of the CsPbBr; perovskite quantum dots heterostruc-
ture with various laser intensity irradiances

Figure 4 shows the refractive index and the absorption
coefficient of CsPbBr; perovskite quantum dots/Si hybrid
structure. The CsPbBr; perovskite quantum dots can form
a heterostructure with semiconductor Si due to their dif-
ference in bandgap and Fermi level. When the CsPbBr;
perovskite quantum dots/Si hybrid structure is under pump
laser illumination, the photoexcited electrons and holes
near the junction area are separated each other and drifted
into different regions under the function of built-in electric
field. Guided by previous work [44, 45], the Fermi level
of perovskite quantum dot is different from that of silicon,
and their valence band top and condition band bottom are
different. Then, p—n heterojunction (n perovskite, p type
silicon) is formed on the interface, and the internal electric
field is built due to the electron—hole drift diffusion equi-
librium. Since the photo-carrier mobility of perovskite (on
the order of 10) is a factor of ~ 100 less than that of silicon
(on the order of 10%), causing an accumulation of photo-
carriers at the CsPbBr; perovskite quantum dots/silicon
interface, subsequently, an increase in the terahertz wave
photo-induced absorption. Higher concentration of carri-
ers can be aggregated under this mechanism and finally
realize a high modulation-depth. This can be explained
by the fact that the photo-doping on CsPbBr; perovskite
quantum dots/Si hybrid structure by external pump laser
in our experiment changed the dielectric property.

Taking into account an arbitrary number of multiple
reflections Fabry—Perot within the sample, the transmis-
sion coefficient of the substrate and CsPbBr; combined is
given by

( ) FP

T A - 2 knd 2 X-1 s
(@) = FPZ_O (exp( jn(@kod) = (n(w) ))

)

@) o (=j(n(w) — Dkyd), ky is the free space

n(w)+1
wave number, X — 1=1+n(w) + 6(w)Z,, and Z, is the free
space impedance. Since the CsPbBr; layer is much less than
the terahertz wavelength, CsPbBr; must be considered as a

where A =
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Fig.5 Modulated terahertz
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boundary condition with a surface conductivity o(w) as fol-
lows [46]

4 - n(w)

@)= T@ @+ D

exp (—j(n(w) - l)kod) -1- n(a))] /ZO.
2

When Fabry—Perot resonance takes an integer value, then
Eq. (2) must be solved numerically in terms of the surface
conductivity. As shown in Fig. 4, one sees that the real part
of the refractive index of the CsPbBr; perovskite quantum
dots/Si hybrid structure increases a little as the laser irradi-
ance increases (see Fig. 4a), but the absorption coefficient
of the CsPbBr; perovskite quantum dots/Si hybrid structure
sharply increases from 0.08 to 0.24 um~! at the frequency
range from 0.23 to 0.35 THz, causing the corresponding
high terahertz modulation. According to the Drude model,
the frequency dependent complex dielectric constant in
CsPbBr; perovskite quantum dots/Szi hybrid structure is

@, 2

where

. 20N do _ ¢ _
given byé(w) = e, + = = £, — SO

w(w+il)’

€., 1s the contribution of the dielectric and the parameter
indices e and h refer to electrons and holes, respectively.
I'.,=1/7, is the damping rate with 7, the average collision
time. The plasma angular frequency @, is defined by
a)zp(e,h)=Ne/80me,h, where N is the carrier density, e is the
electronic charge, ¢ is the free-space permittivity, and m,,
is the effective carrier mass. The damping rate I, is
obtained from the mobility by I',;, = e/(m;/u.,,). Without
laser irradiance, the carrier density in CsPbBr; perovskite
quantum dots/Si interface is very low, and the dielectric con-
stant of CsPbBr; perovskite quantum dots/Si hybrid struc-
ture is real number and equals to &,,. When the CsPbBr;
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perovskite quantum dots/Si is optically excited, a large num-
ber of free carriers are generated and then high free carrier
concentrations are accumulated at the interface between
silicon and quantum dots. That is to say, when the numerical
value of a)zp(e,h) is larger than that of @” + @I, the real part
of the dielectric constant in CsPbBr; perovskite quantum
dots/Si interface becomes negative. At this time, the imagi-
nary part of the dielectric constant in CsPbBr; perovskite
quantum dots/Si hybrid structure can not be ignored. Since
the imaginary part of the dielectric constant is correspond-
ing to the absorption coefficient, the transmission terahertz
wave is attenuated.

3 Experimental results

Here, we used the measurement set-up (see Fig. 2) for
dynamic modulation characteristics test of the proposed
device. The system consists of a Microtech Instruments
BWO continuous wave terahertz source with a central out-
put in the 270 GHz, and a 230-400 GHz zero-bias Schottky
diode intensity detector. The average output power of the
terahertz source is 10 mW. In this measurement, a square-
wave voltage was used to drive the 450 nm CW diode laser
to produce pump beam with the power alternating between
zero and 2 W/cm?. The modulator sample is placed in front
of an open-ended BWO waveguide, and the transmitted sig-
nals are measured with a Schottky diode intensity detector.
Figure 5 shows the detected modulation speed voltage signal
of the presented terahertz wave modulator for different mod-
ulation frequencies at room temperature of 25 °C (The tera-
hertz wave frequency is set to be 0.27 THz). From Fig. Sa,
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¢, one sees that the transmission amplitude of terahertz wave
decreases with the increase of modulation frequency. The
detected energy spectra (Tektronix Signal, Spectrum, and
Modulation Analyzers) are plotted in Fig. 5b, d for differ-
ent modulation frequencies. As illustrated in Fig. 5b, the
power of the modulation signal peak is — 109 dBm, which
is larger than that of the noise power of the absorption peaks
about 10 dBm. At 2.5 MHz, the device still has a response
to the photoexcitation with signal peak power of —103 dBm
but the signal larger than noise level (— 132 dBm). Further-
more, as the CsPbBr; perovskite quantum dots absorption
spectrum is broadband in nature and only silicon material is
involved, our proposed modulator scheme may have prac-
tical applications in the terahertz wave integrated circuit
fields.

4 Summary

We demonstrated the design, fabrication, and characteriza-
tion of a terahertz wave modulator based on CsPbBr; perovs-
kite quantum dots heterostructure. We measured the modu-
lation of the terahertz transmission in the frequency range
from 0.23 to 0.35 THz. The optical properties in terahertz
band of the CsPbBr; perovskite quantum dots heterostruc-
ture are extracted via BWO system. By an external 450 nm
laser pump irradiance of 2.0 W/cm?, dynamic experiments
at 0.27 THz evidence that CsPbBr; perovskite quantum dots
heterostructure provides a modulation speed of 2.5 MHz
and the modulation depth of 45.5%. The major advantage
of this device is its high modulation efficiency, high speed,
low-cost, easy integration and stability, which assure that
this device can be a good candidate for future a practical
terahertz wave communication system.
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