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Abstract— In this work, we demonstrate the fabrication
of GaAs photodetector with grating perovskite (G-PVK) for
a broadband enhanced ultraviolet (UV)-near-infrared (NIR)
photodetection. The device shows a peak photoresponse
under 530-nm illumination, presenting a responsivity of
0.3 A/W, a specific detectivity of 2.24 × 1010 Jones, and
0.6/0.56 ms for rise/fall time, respectively. Compared to the
device without PVK, the dark current was suppressedby two
orders of magnitude and the photoresponse was enhanced
up to 215%. This should be ascribed to the effective spatial
separation of the vertical build-in electric field between
GaAs and G-PVK and the enhanced light trapping arising
from the diffraction grating. The well-aligned grating also
shows a high sensitivity to the polarized light, giving rise to
a peak-to-valley ratio Imax/Imin of about 2.14. This suggests
the potential application of the device in the polarization-
sensitive imaging system.

Index Terms— Diffraction grating, photodetector, polar-
ization imaging.

I. INTRODUCTION

GaAs, a representative of III–V compounds with a direct
bandgap of 1.42 eV, has attracted great attention in field

of photodetection due to its merits, including high electron
mobility, high saturated drift velocity, and wide absorption
spectrum from ultraviolet (UV) to near infrared (NIR) [1], [2].
A great variety of photodetectors, including p-n junction
diodes [3], phototransistors [4], and photoconductive detec-
tors [5], have been developed. Among them, photoconductive
detectors exhibit the prominent production simplicity as well
as high gain and high responsivity arising from the trapping
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effect [6]. Inevitably, however, they suffer from a large dark
current and a slow response speed, which may impede their
application in the field of fast imaging such as real-time
trajectory tracking and security monitoring.

Different strategies have been developed to improve the
properties of planar photoconductive detectors.

1) Suppressing the Dark Current: A vertical heterojunction
can effectively manipulate the dark current of a photocon-
ductive detector. For example, by introducing a p-GaN cap,
the two-dimensional electron gas at the AlGaN/GaN heteroin-
terface can be effectively depleted and the dark current was
suppressed to 29 pA/mm [7]. Meanwhile, due to the spatial
separation of electrons and holes, the carrier recombination
activity is significantly reduced, leading to a higher gain and
responsivity [8].

2) Accelerating the Separation of Photogenerated
Electron–Hole Pairs (EHPs): For a metal Schottky contact,
the EHPs generated within the depletion region will be
rapidly separated by the build-in electric field. Therefore,
metal–semiconductor–metal (MSM) photodetectors present
a high speed than the planar photoconductive detectors [9].
Furthermore, to overcome the uniform electric field within
the planar GaAs MSM detectors, Marago et al. [10] adopted
recessed electrodes. A shortened distance for photocarriers
to reach the electrodes reduced the long falling tail in the
temporal response, giving a response time of 0.9 ps without
any expense of the responsivity.

3) Enhancing Light Absorption: Constructing optical struc-
ture to enhance light absorption provides an effective way
to improve the utilization rate of incident light in optoelec-
tronic devices [11]–[13]. Wang et al. [14] proved that the
average reflectivity of pure GaAs wafer could be reduced from
35% to 2.3% by etching submicrometer GaAs cone arrays.
Optical structured perovskite, including nanogratings [15],
resonators [16], and photonic crystals [17], have also been
widely used due to their ease processibility. For example,
inspired by the microstructure on butterfly wings, Li et al. [18]
fabricated a 1-D nanograting bonded porous 2-D photonic
crystal perovskite photodetector (G-PC-PD). The coupling
effect of grating diffraction and the PC stopband rendered
a responsivity up to 12.6 A/W, which was 6–7 times that
of its planar counterpart. Recently, Ruddlesden–Popper (RP)
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layered perovskites with alternately stacked inorganic per-
ovskites (wells) and bulky organic spacers (barriers) stand out.
The hydrophobic bulky organic cations provide an outstanding
moisture stability, while the inorganic perovskites function
well as the in-plane charge conductive channels [19], [20].

Here, we propose the GaAs photodetector with grating
PEA2MA3Pb4I13 perovskite (G-PVK) for broadband photode-
tection, which exhibits significantly enhanced photoresponse
during the broadband wavelength region (365–970 nm) com-
pared to GaAs photodetectors without G-PVK. The device
presents a responsivity of 0.3 A/W, a specific detectivity of
2.24 × 1010 Jones, and a fast response speed (0.6 and 0.56 ms
for rise and fall time, respectively). What is more, it shows
a high sensitivity to the polarized light, giving a peak-to-
valley ratio Imax/Imin of about 2.14. This suggests the potential
application of the device in the polarization-sensitive imaging
system.

II. EXPERIMENTS

A. Device Fabrication

For the fabrication of the polarization-sensitive GaAs-based
photodetector, the precleaned n-type GaAs substrate (resistiv-
ity: 8 × 10−4 −9 × 10−3 �·cm) was treated by oxygen plasma
for 10 min to obtain a hydrophilic surface and G-PVK was
fabricated according to the previously reported nanochannel-
confined growth strategy [21]. In a typical process for prepar-
ing the well-aligned G-PVK, 0.25-mmol PEAI, 0.375-mmol
MAI, and 0.5-mmol PbI2 were dissolved in 1-mL mixed sol-
vent of N-dimethylformamide (DMF, >99.9%) and dimethyl
sulfoxide (DMSO, >99.9%) (volume ratio of 4:1). Trace
PbCl2 (5 mol%) was added to facilitate the vertical orientation
of PEA2MA3Pb4I13 perovskite film [22]. The solution was
magnetically stirred at 70 ◦C for 12 h to obtain the perovskite
(PEA2MA3Pb4I13) precursor solution. The 10-μL precursor
solution was dropped onto the hydrophilic GaAs substrate
to form a thin precursor film, followed by imprinting of a
piece of PDMS template, which was obtained by utilizing
a commercially available DVD-R as the master template.
The substrate with the PDMS template was then placed in
a vacuum drying oven and kept at 55 ◦C for 9 h with the
chamber pressure set to be 0.03 MPa. The PDMS template was
peeled off after the solvent was completely evaporated, leaving
the well-aligned G-PVK on the substrate. The substrate with
G-PVK was annealed at 90 ◦C for 15 min. to obtain a better
crystallinity. A pair of Au electrodes (50 nm) was deposited
onto the substrate by electron beam evaporation through a
lab-built shadow mask, showing the channel length 1500 μm,
channel width 100 μm, and the direction parallel to G-PVK.
A control GaAs device without G-PVK was also fabricated
for comparison.

B. Device Characterization

Photoelectronic characterization of the device was carried
out on a semiconductor characterization system (Keithley
4200-SCS). The laser diodes with different wavelengths
(Thorlabs, 365–970 nm) were used as light sources and the
power intensities were carefully calibrated using a power

Fig. 1. (a) Schematic of GaAs photodetector with G-PVK. (b) AFM image
(top panel) and the height profile (bottom panel) of the G-PVK. (c) I − V
curves of GaAs photodetectors with and without G-PVK-PD in the dark.
(d) Working mechanism of GaAs photodetector with G-PVK in the dark.

meter (Thorlabs GmbH., PM 100D) before measurement.
The transient photoresponse was characterized in a lab-built
system, in which a signal generator (Tektronix, TDS2022B)
was employed to connect the laser diode to produce pulsed
light of varied frequencies, and an oscilloscope (Tektronix,
TDS2012B) was used to record the electrical signal. For
the polarization-sensitive detection, a polarizer was placed
between the light source and the detector. A polarized light
with different polarization angle with respect to the longitu-
dinal orientation of the G-PVK was generated by continually
rotating the polarizer.

III. RESULTS AND DISCUSSION

The schematic of GaAs photodetector with G-PVK is pre-
sented in Fig. 1(a). AFM image [Fig. 1(b)] reveals that the
gratings display a uniform structure, with the typical width,
height, and period of about 360, 85, and 750 nm, respectively.
Current–voltage (I − V ) curves of the devices in the dark are
measured and plotted in Fig. 1(c). Notably, the dark current of
the device with G-PVK is about two orders of magnitude lower
than that of the control device. This could be understood by the
working mechanism of the device shown in Fig. 1(d). When
n-type GaAs is in contact with p-type G-PVK, electrons would
diffuse from GaAs to PVK and holes would diffuse from
PVK to GaAs until their Fermi levels are aligned at the same
energy level. What is more, the electron carrier concentration
of GaAs [23] is much higher than that of PVK [24], [25],
which facilitates the effective diffusion of electrons from GaAs
to PVK. A built-in electric field (a depletion region) with the
direction from GaAs to PVK would then be produced at the
interface. Therefore, the majority (electrons) in the superficial
GaAs underneath G-PVK would be depleted, resulting in a
high-resistance channel on the surface and leading to a lower
dark current in the device.

Fig. 2(a) plots the I − V curves of the GaAs photodetector
with G-PVK upon illumination with different wavelengths.
Clearly, the photodetector shows prominent photoresponse to
incident light with broadband wavelengths (365–970 nm),
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Fig. 2. (a) I − V curves of the GaAs photodetector with G-PVK upon
illumination with varied wavelengths (light intensity: 2.5 mW/cm2) at 1-V
bias. (b) Time-dependent photoresponse of the device with and without
G-PVK. (c) Schematic of the diffraction in the structure. (d) Energy band
diagram of the device under light illumination.

giving a peak photoresponse at 530 nm. This is well consistent
with the reported absorption edge of PEA2MA3Pb4I13 [26],
suggesting the high absorption of the G-PVK in the device.
Nonlinear curves reveal the existence of Schottky barrier
between GaAs and the metal electrodes. Although the current
upon illumination is still lower than that of the control device,
the ON/OFF ratio Ilight/Idark (Ilight and Idark denote the current
upon illumination and in the dark, respectively) increases from
about 1.2 to 45 [Fig. 2(b)]. What is more, the photocurrent
(Iph = Ilight − Idark) of GaAs with G-PVK was higher than
that of the control device over the broad wavelength range. For
530-nm illumination, the enhancement reached about 115%.
This is reasonable since, for the incident visible light, the
first-order diffraction exists in the diffraction grating with a
period of 750 nm [27]. As shown in Fig. 2(c), when diffraction
occurred, diffraction light could be reflected and diffracted
multiple times within the structure, leading to an enhanced
light trapping and light harvesting efficiency. On the other
hand, the vertical built-in electric field between GaAs and PVK
also contributes to the enhanced photocurrent. As illustrated
in the band diagram shown in Fig. 2(d), when the device was
illuminated by incident light with photon energy higher than
the bandgap of PVK (1.93 eV), the photogenerated carriers
were generated in both GaAs and PVK layer. Those within
or near the depletion region could be spatially separated by
the built-in electric field. The holes would be swept into PVK
and trapped there, while the electrons would be swept into the
GaAs channel. The recombination of photogenerated electrons
and holes would be greatly suppressed due to the spatial sep-
aration, leading to a higher photocurrent [28], [29]. When the
photon energy was higher than the bandgap of GaAs (1.43 eV)
but lower than that of PVK, absorption occurred mostly in the
GaAs layer. The photocurrent decreased slightly. However, the
vertical built-in electric field still worked, giving rise to an
enhanced photocurrent than the control GaAs photodetector.

Fig. 3. FEM simulations of photon energy loss in (a) GaAs, (b) GaAs with
PVK film, and (c) GaAs with G-PVK upon 530- and 730-nm illumination,
respectively.

To gain physical insight into the effect of G-PVK on the
enhanced photoresponse, a finite-element method (FEM) was
employed to simulate absorption of the incident light in GaAs
with and without G-PVK. The structure parameters of the
device were obtained from the AFM image shown in Fig. 1(b).
The incident light was set as a plane wave along the z-axis
and the spatial mesh grids were set as physical field control
grid. Periodic boundary conditions on both sides were added
to simulate an infinite number of grating cells. Fig. 3 presents
the simulated loss of photon energy (Qh) in GaAs, GaAs with
PVK thin film, and GaAs with G-PVK upon 530-nm (left) and
730-nm (right) illumination. It could be clearly observed that
enhanced energy loss exists at the diffraction grating center of
the device with G-PVK [Fig. 3(c)]. The energy loss under the
diffraction grating increased with increasing the wavelengths.
This could be ascribed to the synergetic effect of absorption
and diffraction. Stronger absorption under 530-nm incident
light led to weaker diffraction, while for 730-nm incident
light (the photon energy higher than the bandgap of GaAs
but lower than that of PVK), the absorption in the PVK
layer was pretty low. The diffraction was greatly enhanced,
giving rise to an enhanced absorption in the GaAs layer at the
diffraction grating center. Therefore, a broadband enhancement
of absorption was achieved.

The photoresponse of the GaAs photodetector with G-PVK
depends strongly on the incident light intensity. Fig. 4(a)
presents the I − V curves of the device upon 530-nm illu-
mination with varied light intensities. The current increased
gradually from 12 to 1063 nA with the incident light intensity
(P) increased from 4.98 μW/cm2 to 8.9 mW/cm2. This could
be ascribed to the increased photogenerated carriers at a higher
intensity. Photocurrent as a function of light density was fitted
by the power law Iph ∝ Pθ , showing the exponent θ of
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Fig. 4. (a) I−V curves of GaAs photodetector with G-PVK upon 530-nm
illumination with varied light intensities. (b) Photocurrent as a function
of light intensity at 1-V bias. (c) Responsivity as a function of the light
intensity. (d) Noise spectral density based on the fast Fourier transform
of the dark current. (e) Relative balance (Vmax − Vmin)/Vmax versus
switching frequency of incident light. (f) Single magnified photoresponse
for determining the rise/fall time.

0.83 [Fig. 4(b)]. This suggests a lower recombination loss in
the device [30]. Furthermore, responsivity (R) and specific
detectivity (D∗) of the device were calculated according to
the equations [31], [32]

R = Iph/(P · S) (1)

NEP = i 2
n

1/2
/R (2)

D∗ = (S� f )1/2/NEP (3)

where S, NEP, i 2
n

1/2
, and � f denote the effective illumination

area of the device, noise equivalent power, the root-mean-
square value of noise current, and the bandwidth, respectively.
As plotted in Fig. 4(c), R decreased with the increase of light
intensity and reached 0.3 A/W at a low light intensity of
4.98 μW/cm2, which is comparable to that of the commercial
GaAs photodetector [33]. The noise spectral density at 1-Hz
bandwidth was deduced to be 5.2 × 10−13 A/Hz1/2 from the
fast Fourier transform (FFT) of the dark current [Fig. 4(d)].
Therefore, the highest D∗ was calculated to be 2.24 × 1010

Jones, which is much larger than that of the control device
without G-PVK (1.19 × 109 Jones). The −3-dB bandwidth
of the device (the frequency at which the photoresponse
dropped to 70.7% of the highest value) was estimated to be
around 487 Hz from the frequency-dependent relative balance
(Vmax − Vmin)/Vmax shown in Fig. 4(e), which enables the
device to monitor the optical signal over a wide switching
frequency range. The rise time and fall time at a switching
frequency of 500 Hz were estimated to be approximately

Fig. 5. (a) Schematic demonstration of polarization-sensitive pho-
todetection. (b) Dependence of photocurrent on the polarization angle
(0◦–180◦). The 2-D current contrast map upon polarized illumination with
the polarization angle of (c) 0◦ and (d) 90◦.

0.6 and 0.56 ms from a single amplification period [red in
Fig. 4(f)], which is faster than that of the control device
[blue in Fig. 4(f)] and even comparable to the response time
(0.5/0.35 ms for rise/fall time, respectively) of graphene/GaAs
heterojunction photodetector [34].

It is also found that our photodetector with G-PVK was
sensitive to polarized light [Fig. 5(a)]. As we could observe
from Fig. 5(b), the photocurrent presents a strong depen-
dence on the polarization angle. The maximum and mini-
mum photocurrents emerged with the polarization angle of
0◦/180◦ (the polarization direction parallel to the gratings) and
90◦ (the polarization direction perpendicular to the gratings),
giving the peak-to-valley ratio Imax/Imin of 2.14, which was
comparable to that of well-crystallized inorganic perovskite
nanowires such as CsPbBr3 nanowires (2.6) [35] and β-CsPbI3

nanowires (2.68) [36]. The high polarization sensitivity of the
device also endows its application in the field of polarization
imaging [37]. For the single-pixel imaging, a hollow “N”
pattern was laid between the polarizer and the device attached
to a platform. The platform was driven by a stepper motor
to move progressively along the x- and y-axes with a step
length of 1.5 mm. The polarized light penetrating the hollow
pattern was projected onto the device, and the photocurrent of
each pixel was recorded and then integrated into a 24 × 24
two-dimensional contrast map. Clearly, the shape of the “N”
pattern could be clearly identified with a suitable spatial
resolution for the polarized light with a polarization angle
of 0◦ [Fig. 5(c)]. When the polarization angle increased to
90◦, the pattern can hardly be identified. This suggests that
GaAs photodetector with well-aligned G-PVK had a potential
application for polarization-sensitive imaging.

IV. CONCLUSION

In summary, GaAs photodetector with G-PVK has been
fabricated through imprinting by a PDMS template obtained
from a commercially available DVD-R master template. Due
to the effective spatial separation of carriers by the vertical
build-in electric field between GaAs and G-PVK, the dark
current of the device was suppressed by two orders of magni-
tude when compared to the control GaAs photodetector. The
photoresponse over the broad range was enhanced up to 215%
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by the trapping effect arising from the diffraction grating,
showing a responsivity of 0.3 A/W, a specific detectivity of
2.24 × 1010 Jones, and 0.6/0.56 ms for rise/fall time under
530-nm illumination, respectively. The device also presents a
high sensitivity to the polarized light with a peak-to-valley
ratio Imax/Imin of about 2.14, revealing the potential applica-
tion of GaAs photodetector with well-aligned G-PVK in the
polarization-sensitive imaging system.
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