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Perpendicular optical reversal of the linear dichroism transition has promising applications in polarization-sensitive
optoelectronic devices. We perform a systematical study on the in-plane optical anisotropy of quasi-one-dimensional PdBr,
by using combined measurements of the angle-resolved polarized Raman spectroscopy (ARPRS) and anisotropic opti-
cal absorption spectrum. The analyses of ARPRS data validate the anisotropic Raman properties of the PdBr, flake.
And anisotropic optical absorption spectrum of PdBr; nanoflake demonstrates distinct optical linear dichroism rever-
sal. Photodetector constructed by PdBr, nanowire exhibits high responsivity of 747 A-W~! and specific detectivity of
5.8x10'2 Jones. And the photodetector demonstrates prominent polarization-sensitive photoresponsivity under 405-nm
light irradiation with large photocurrent anisotropy ratio of 1.56, which is superior to those of most of previously reported
quasi-one-dimensional counterparts. Our study offers fundamental insights into the strong optical anisotropy exhibited by
PdBr,, establishing it as a promising candidate for miniaturization and integration trends of polarization-related applica-

tions.

Keywords: linear dichroism reversal, polarization sensitivity, anisotropy, polarized photodetector

PACS: 81.05.Hd, 81.07.Gf, 85.30.De, 85.60.Gz

1. Introduction

Optical information detection has always been a primary
way for humans to perceive the external world.[!! Light is
an electromagnetic wave that consists of key elements infor-
mation like intensity, wavelength, phase, and polarization.?!
Polarized light detection technology plays an important role
in the fields of optical fiber communication, environmental
monitoring, and remote imaging.*>! In contrast to traditional
photodetectors, polarized photodetectors show the ability to
extract light polarization to provide more and clearer infor-
mation about the imaged objects (e.g., surface roughness, ge-
ometry or orientation).!8 The development of polarization-
sensitive devices is of crucial importance for meeting with
the requirements of miniaturization, compactness, and high
integration. (%101

The versatility and engineerability of low-dimensional
materials enable them to play superior roles in develop-

s.[411-13] For instance, by

ment of polarization-sensitive device
combining different types of low-dimensional materials, the
spectral response range of opto-devices can be significantly

broadened.!"*!8] And low-dimensional materials can affect
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their physical properties through surface defect states or lo-
cal fields, "1 which provide opportunities to optimize po-
larized light detectors. Nanowire-based polarized photodetec-
tors have gained significant recognition for their compact de-
vice size, exceptional conversion efficiency, adjustable light
absorption coefficient, and wide spectral range.>>=2° This is
particularly important in the context of industrial market de-
mand for device integration and miniaturization. Searching
for new polarization-sensitive low-dimensional materials has
long been a research frontier.

Low-dimensional transition metal halides (TMHs) have
received much attention due to their diverse optoelectronic

(30311 topological magneton and electromagnetic

35,36]

properties,
properties, 3234 and broad applications in spintronics.!
Palladium bromide (PdBr;), a recently reported TMH with
quasi-one-dimensional structure, has become the center of
research due to its ultrahigh current carrying capacity, !
bipolar magnetic semiconducting properties,*¥! and ultra-
sensitive photoresponse for photodetectors and field-effect

(391 Here, we present experiments systematically

transistors.
revealing in-plane optical anisotropy of PdBr», including the

angle resolved polarized Raman spectroscopy (ARPRS), and
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anisotropic optical absorption spectrum. The ARPRS data val-
idate the anisotropic phonon vibration properties and the crys-
tal structure orientation of the PdBr, flake. And the angle-
resolved absorption spectrum of the PdBr, nanoflake reveals
the in-plane anisotropic optical properties. A peculiar oc-
currence of polarization reversal is detected at 397 nm, ex-
hibiting perpendicular optical linear dichroism (LD) reversal.
High-performance polarization photodetector constructed by
PdBr; nanowire has been achieved, which exhibits responsiv-
ity of 747 A-W~!, specific detectivity of 5.8x10'? Jones and
strong polarization-sensitive photoresponsivity (photocurrent
anisotropic ratio of 1.56) under the 405-nm light irradiation,
respectively. Our study offers essential insights into the opti-
cal anisotropy exhibited by PdBr;. The remarkable anisotropic
characteristics and semiconductor nature make PdBr, a capti-
vating contender for applications involving polarization imag-
ing, which facilitates the exploration of downsizing trends
in polarization-resolved detectors and expands the potential
applications of quasi-one-dimensional materials towards the
advancement of optoelectronic devices with low-dimensional

polarization sensitivity in the future.

2. Experiment

Needle-like single crystals of PdBr, were synthesized
through the physical vapor transport (PVT) method. An evacu-
ated quartz tube was utilized to contain 200 mg of PdBr, pow-
der (with purity of 99.99%, purchased from Alfa Aesar) under
vacuum condition (< 10~* Torr, 1 Torr=1.33322x10? Pa).
The tube was positioned within a horizontal double-zone tube
furnace, with the source and growth zones being heated to
973 K and 673 K, respectively. The tube was kept at these
temperatures for 7 days and then cooled down naturally.

A Rigaku-TTR3 x-ray diffractometer with Cu Ko radi-
ation was used for single crystal x-ray diffraction measure-
ments. The angle-resolved polarized Raman spectroscopy
measurements were conducted using a Horiba Jobin Yvon
confocal Raman spectrometer (LabRam800HR). The polar-
ized absorption spectra of the nanoflake sample was collected
using a micro-zone absorption spectrometer (MStarter ABS,
Metatest Co. Ltd.). The two-terminal devices were fabricated
by transferring the PdBr; channel material to the pre-prepared
electrodes using polydimethylsiloxane (PDMS) as the carrier.
Figure S1 shows the optical microscope image of the mechan-
ically exfoliated PdBr, nanoflakes and nanowires on a PDMS
substrate. The ease of stripping PdBr, into nanowires could be
due to its quasi-one-dimensional chain structure. The electri-

cal and optoelectronic measurements were carried out using a

home-made multi measurement system equipped with a Keith-
ley 2636B source meter and a four-probe station. The 405-nm
polarized laser was obtained through a Glan Taylor prism and
a half wave plate. The power of the incident laser was cali-
brated by a power meter (PM100D, Thorlabs), and the laser
spot diameter of 5 mm was sufficient to uniformly cover the

entire device channel area.

3. Results and discussion

Figure 1(a) displays the schematic structure of PdBr,
with different view directions. PdBr; belongs to the mono-
clinic crystal structure with the space group P2;/c (No. 14,
a=659 A, b=396 A, c=2522 A, and a, y = 90°,
B =92.6°). In this structure, weak van der Waals interac-
tions bundle together one-dimensional (1D) chains that solely
possess covalent bonds along chain direction. Single crys-
tal x-ray diffraction patterns of the obtained grown samples
showed sharp diffraction peaks (Fig. 1(b)) that matched well
with the standard PDF card (PDF#76-1621) of PdBr; crys-
tal, indicating the high crystallinity. The length of the ob-
tained PdBr, single crystals could be longer than 1 cm, as
shown in the inset of Fig. 1(b). To comprehensively investi-
gate the electronic properties of monoclinic PdBr,, we calcu-
lated the band structure of bulk PdBr;. The results are shown
in Fig. 1(c). First-principles calculations are executed using
the density functional theory (DFT) framework, employing
projector augmented wave (PAW) potentials as implemented
in the Vienna ab initio simulation package (VASP). For the
structural relaxation part of the DFT calculations, we utilize
the generalized gradient approximation (GGA) as formulated
by Perdew, Burke, and Ernzerhof (PBE),!*#! ensuring accurate
modeling and analysis of the structural properties. The calcu-
lated bandgap is about 1.24 eV, which is close to our prior ex-
periment results bandgap for bulk PdBr,. We also present the
total and partial density of states (DOS) for PdBr; in Fig. S2.
Analysis of the projected DOS reveals that both the conduc-
tion and valence bands could be attributed to the contributions
from both Pd and Br atoms. Scanning electron microscope im-
age, energy dispersive spectroscopy elemental measurement
results, and mapping plot are shown in Figs. 1(d) and 1(e),
respectively. The Pd:Br atomic ratio as 33.46:66.54 of a typi-
cal flake sample indicates the stoichiometric ratio of 1:2. Fig-
ure 1(f) shows the non-polarized Raman spectrum of PdBr;.
Three phonon vibration peaks at 120 cm~!-240 cm ™! (namely
Pi, P,, and P) is observed, which is in good agreement with
previous investigations of Raman information on bulk PdBr;

sample. 373
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Fig. 1. (a) Atomic structure of PdBr; crystal with different views. (b) X-ray diffraction pattern of the PdBr; single crystal. The inset is optical
graph of PdBr, with red lattice scale bar of 1 mm. (c) Band structure of the bulk PdBr, calculated with the PBE functional. (d) Scanning
electron microscope image of a representative PdBr, flake with energy dispersive spectroscopy (EDS) mapping of the palladium and bromine
elements. (e) EDS results reveal the stoichiometric ratio of PdBr;. (f) Non-polarized Raman spectrum of a representative PdBr; flake.

The symmetry of chemical bond vibration and crystal ori-
entation can be determined using ARPRS measurement. [40:41]
During the measurement, the analyzer is adjusted to align par-
allel and perpendicular to the laser polarization direction, re-
spectively. The incident laser (532 nm) is polarization light
and fixed horizontally, with the scattered light polarization
vector aligned either parallel (XX) or perpendicular (XY) to
that of the incident laser using a polarization analyzer. The
ARPRS experiment is performed by incrementally rotating
the sample at an interval of 30°. Figures 2(a) and 2(b) give
the three-dimensional (3D) contour color mapping and two-
dimensional (2D) projection of polarized Raman intensity
with the rotation angles ranging from 0° to 360° in XX and
XY configurations, respectively. The intensity of the Raman
peaks exhibits visibly discrepancy changes depending on the
polarization angle 6. The bulk PdBr, crystal exhibits mono-

clinic symmetry with a Cy;, point group, featuring 18 phonon
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modes (3Ag + 6A, + 3B, + 6B,) at the Gamma point. Among
them, six phonon modes are Raman active (3A; + 3Bg). In
our scheme, only A, modes (P;: 163 cm~ !, P: 185 cm™L,
P3: 203 cm™!) are observable in ARPRS due to the polariza-
tion selection rules of XX and XY configurations. The formula
based on group theory and Raman tensors is utilized to fit the
Raman intensity function with polarization angle[34?]

I(Agl) = [‘ICOSZG+bSin26+2dsin0cose]27 (1)
I(AgaL) o< [d (00329 —Sin2 6) +(b_a) COSBSinB]Z, (2)

Here, a, b, and d are the tensor constants for specific Raman
mode. 6 is the polarization angle. Figures 2(c)-2(e) display
the polar plots for the Raman peak intensity at (c) 163 cm™!,
(d) 185 cm™!, and (e) 203 cm~! as the function of polar-
ization angles, respectively. The fitting curves in polar co-
ordinates using Egs. (1) and (2) agree well with the experi-
mental data. The phonon modes, which vary with the polar-

ization angles, provide insights into the anisotropic structure
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and enable one to determine the lattice orientation of PdBr;
flake. The polar plot shows that the anisotropy variation pe-
riod of the Py peak is 180°, while the period of P, and P; peaks
is 90°. The ARPRS results reveal that the PdBr; flakes ex-
hibit an in-plane anisotropic structure, which motivates fur-
ther exploration into their in-plane anisotropic absorbance and
polarization-dependent photoresponse performances.

We subsequently examine the absorption of polarized
light by PdBr, when exposed to a laser beam with polarization
angle ranging from 0 to 180° in an interval of 45°. The results
are depicted in Fig. 3(a). The angle of polarization is deter-
mined by the disparity between the orientation of light polar-
ization vector and the a axis of the PdBr, crystal, as shown in
the inset of Fig. 3(a). It is found that the PdBr, flake exhibits
strong polarization-angle dependence of optical absorption in-
tensities in a broad spectral range from 200 nm to 1000 nm.
Interestingly, a clear occurrence of the optical reversal phe-
nomenon can be observed. For example, the absorption grad-
ually increases at 755 nm and gradually decreases at 350 nm
within the range of 45° to 135°. The laser power remains con-
sistent throughout our measurement, and the observed varia-
tion in absorption intensity indicates the occurrence of the LD
transition of PdBr,. The LD ratio, defined as the ratio in ab-
sorption intensity parallel, and perpendicular to a-axis direc-

Max

Intensity (arb. units)

00 © XX (d)
1000 ¢ P,-185 cm—L

500

r180

500

Intensity (arb. units)
Intensity (arb. units)

160

1000

a XY-1
—Fit curve

270

270

tion, is plotted in Fig. 3(b). By referring to the optical image in
measurement, we choose the absorption intensities along 45°
and 135° configurations, i.e., parallel and perpendicular to the
a-axis direction, to investigate the LD of PdBr, nanoflakes.
Comparisons of two kinds of dichroism ratio modes (red line,
-135°/-45°) and (green line, o-45° / ¢-135°) are extracted
from the absorption spectra in Fig. 3(a). The intersection oc-
curs at a wavelength of 397 nm, referring as the reversal point.
It should be noted that similar optical reversal phenomenon
has also been reported in other low-dimensional materials such
as PdSe,, 3 SiP,[*4 Ni,Pd;Seg,*! etc. In Fig. 3(c), the ab-
sorption intensities at different angles are compared before and
after the reversal point, specifically under 350-nm and 75-nm
wavelengths, which observes an approximately 90° distinct re-
versal. Figure 3(d) displays the polarized light absorption in-
tensity of PdBr; crystal across a range of polarization angles
from 0° to 360°. Notably, there is a clear reversal in polar-
ized light absorption between the 350 nm and 755 nm wave-
length ranges. The dichroic ratios at 350 nm and 755 nm are
1.02 and 1.78, respectively, as shown in the inset of Fig. 3(e).
Above all, the PdBr; nanoflake demonstrates a significant lin-
ear dichroism effect and an intriguing optical reversal phe-
nomenon, which could be employed for polarization-sensitive

photodetection.
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Fig. 2. Panels (a) and (b) are the 3D colormap surface plots of angle-resolved Raman spectrum with the 2D projection plot under (a) XX and (b) XY polar-
izations configurations, respectively. (c)—(e) Polar plots under the X X-parallel configuration (red dot symbolizes experiment results and red line represents
fitted curve) and the XY-perpendicular configuration (blue triangle symbolizes experiment results and blue line represents fitted curve) with fitting to the

angle-dependent Raman intensities of (c) Py, (d) P», (e) P; modes of PdBr;.
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Fig. 3. (a) Polarized absorption spectra of PdBr, within the wavelength ranges of 200 nm—1000 nm collected under polarization angles from 0°
to 180°. (b) The linear dichroic ratios extracted from panel (a). (c) The variation of absorption intensity with angle at two different wavelengths
(350 nm and 755 nm), exhibiting perpendicular optical reversal. (d) Evolution of absorbances with angle in the polar coordinate at 350 nm and
755 nm, respectively. The corresponding absorption ratio is labeled in the bottom corner.

In order to explore the optoelectronic characteristics of
PdBr; nanowire, we build a two-terminal device using an in-
dividual PdBr; nanowire on an SiO,/Si substrate (300 nm in
depth). The scheme is illustrated in Fig. 4(a). Figure 4(b)
shows the dark field optical microscopy (OM) image of the
And the inset of Fig. 4(b) is the
According to pre-

PdBr, nanowire device.
bright OM image of the same device.
vious report,1*! similar device exhibits prominent photore-
sponse under 405-nm light irradiation. Thus, we primarily
study the optoelectrical performances of the photodetector un-
der 405-nm light irradiation. As shown in Fig. 4(c), there
is a small Schottky barrier between the electrode and PdBr;
channel material. We also present the I3s—Vys responses us-
ing linear coordinates in Fig. S3. The observed asymmetry
in the I4—Vys curves can be attributed to barriers or inher-
ent asymmetries in charge transport. And the photoresponse
of PdBr; nanowire device increases with the increase of Vg
under the illumination of different power density. The pho-
tocurrent (Ipn = Jjght — ldark) increases gradually with increas-
ing of the illuminated power density. The low power density of
0.002 mW-mm~2 produces a photocurrent of 1.1 nA at a bias
voltage of 3 V, which is about an order of magnitude larger
than that under dark condition. Figure 4(d) plots the relation-

ship of I, with the illuminated power densities (P) at the bias
voltage of 3 V. A sublinear photoresponse is observed, and it
can be fitted using the power law relation I, =< P%. Generally,
the power exponent ¢ is close to 1, demonstrating the pho-
toconduction mechanism of the photodetector. The presence
of a value smaller than 1 may be attributed to the intricate
dynamics of carrier generation, trapping, and recombination
processes. In the present case, the small value of o = 0.14
suggests that the dominant factor influencing the photocurrent
generation in PdBr; nanowire photodetector is the photogating
effect.

We proceed to calculate the responsivity (R) and detectiv-
ity (D*) of the device at 405-nm wavelength using the equa-

tions

R= Ph/(PA)7
D* = RA'?/ (2ely)'?,

3
“

where Iy, P, A, e, and lgyk are the photocurrent, power den-
sity, effective area of the device (~0.73 umZ), electron charge,
and the device current under dark, respectively. The calculated
R and D* as the functions of power density are presented in
Fig. 4(e). It is found that the responsivity R and detectivity
D* can reach 747 A-W~! and 5.8x10'? Jones at Vg =3 V
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and P = 0.002 mW-mm~2, respectively. Figure 4(f) shows
the photoresponse speed of the photodetector, where the rise
time (Tyise) and decay time (Tgecay) are defined as the duration
time for the photocurrent to increase from 10% to 90% and
decrease from 90% to 10%, respectively. The time-resolved
photoresponses with 10 cycles observed under periodic illu-
mination at 405-nm wavelength are displayed in Fig. S4. The
obtained Tyse and Tgecay are 0.13 s and 5.19 s, respectively.
The longer decay time comparing to the rise time is attributed
to the existence of electron-hole trapping states, which pre-

(a)

vent the recombination of charge carriers. The presence of
trapping states within the material could enhance the photo-
conductivity of the device. This behavior also confirms that
the optoelectronic mechanism in the PdBr; photodetector de-
vice is the photogating effect. We present the wavelength-
dependent responsivity of a PdBr, photodetector covering a
range of wavelengths from 405 nm to 940 nm in Fig. S5. It can
be found that the responsivity at 405 nm wavelength is remark-
ably larger than that in other wavelengths, which is attributed
to the bandgap and absorption characteristics of PdBr,.

e Dark ¢ 0.002
° 0.02 0.04

N 0.12 0.2
%, Unit: mW-mm—2 8% e

Vas (V)
G
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Fig. 4. (a) Scheme illustration of the PdBr, nanowire photodetector. (b) Dark field optical microscopy (OM) image of a PdBr, nanowire device. The inset
is the corresponding bright-field OM image. The scalebar is 10 pm. (c) I4s—Vys responses of the photodetector under dark and 405-nm laser illumination at
different power densities. (d) The correlation between the power density and the resulting photocurrent responses, which are extracted under a bias voltage
of 3 V from panel (c). (e) Responsivity (R) and specific detectivity (D*) of the PdBr, photodetector at different power densities. (f) Typical temporal
photoresponses of the PdBr, nanowire photodetector under 0.2-mW-mm ™2 illumination.

In view of the intrinsic structural anisotropy of PdBr,
we conduct the study on the anisotropic photoresponses of
PdBr; nanowire photodetector by measuring the polarization-
dependent photodetection. Figure 5(a) shows the scheme of
the polarized photodetection, where a Glan—Taylor prism and
a half-wave plate are utilized to generate linearly polarized
light. By switching the on and off state of the laser (405 nm)
and synchronously adjusting the polarization angle (6) of the
polarized light from 0° to 360° at a step of 20°, the dynamic
photoresponses of the PdBr, nanowire device are continuously
monitored. The photodetector exhibits a periodic photore-
sponse with a period of 180°. The lowest and highest pho-
tocurrents are observed when the light is aligned to be parallel
and perpendicular to the g-axis direction of PdBr, nanowire,
respectively. The function Iy = Iha cos?(8) + Lo sin?(0)

provides a good fit for the photocurrent values with respect
to polarization angle 6. A high photocurrent anisotropy ratio
(Iph—max /Iph_min) of 1.56 has been achieved. The polar dia-
gram in Fig. 5(c) displays the normalized photocurrent distri-
bution. The results indicate a high polarization sensitive pho-
todetector based on PdBr; nanowire. Figure 5(d) summarizes
the wavelength range and the anisotropic ratio of previously
reported polarization sensitive photodetectors built of various
nanowire and nanobelt materials.*>-361 Tt is found that the
PdBr; nanowire photodetector exhibits the optimal anisotropic
optoelectronic performance at the near-ultraviolet (405 nm) re-
gion. The remarkable polarization-sensitive performance of
the PdBr, nanowire photodetector holds great promise for de-
signing multifunctional optoelectronic devices and facilitating

their integration and miniaturization.
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Fig. 5. (a) Schematic diagram of PdBr, nanowire polarization photodetector. (b) The photoresponses of the photodetector device under on and
off switching. The polarization angle is rotated from 0° to 360° at a step of 20°. (c) Polar diagram illustrating the photocurrent response at
different angles when exposed under a 405-nm light. (d) Comparisons of the photocurrent anisotropic ratio and photoresponse range with other

typical 2D and 1D materials.

4. Conclusion

In conclusion, optical reversal of linear dichroism has
been established in PdBr;, a quasi-one-dimensional material
with in-plane anisotropic structure. The PdBr, nanowire pho-
todetector exhibits high performance with a responsivity of
746 A-W~! and a detectivity of 5.8 x10'? Jones, respectively.
Moreover, the photodetector demonstrates polarization sensi-
tivity with large photocurrent anisotropy ratio of 1.56. This
work demonstrates that PdBr, can be applied to realize high-
performance polarized photodetectors, broadening the appli-
cation in high sensitivity and polarization-resolved photode-
tection and imaging applications.
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