RESEARCH ARTICLE

'.) Check for updates

ADVANCED
OPTICAL
MATERIALS

www.advopticalmat.de

Optical Chirality Detection Using a Topological Insulator

Transistor

Shouyuan Huang and Xianfan Xu*

Optical chirality is an effective means in screening molecules and their enan-
tiomers in bioengineering, and recently has garnered attention as an imple-
mentation of qubits in quantum information processing. The conventional
detection of circularly polarized light (CPL) is based on phase retardation
and polarization separation using multiple optical components. An intrinsic
solid-state chirality detection device would be favorable for easier integration
and implementation. Optical spin injection to the spin-momentum-locked
topological surface states of topological insulators (Tls) by circularly polar-
ized light leads to a directional DC photocurrent and hence possible circular
polarization detection. However, this DC photocurrent is also accompanied
by other photo-responses. Here, a photodetection strategy using a Tl transistor
which senses CPL without the use of any additional components is demon-
strated, it achieves a uniform response over the entire device with a
sensitivity =5.6%. The Stokes parameters can also be extracted by arithmetic
operation of photocurrents obtained with different bias and gate for a
complete characterization of a polarized light beam. Therefore, this method
enables chirality detection and Stokes parameter analysis using a single

of CPL can serve as a molecule-screening
tool. In fact, it is widely used in drug
screening to discern effective medical
target products from ineffective or even
toxic enantiomers.”l The emerging appli-
cations in quantum communication and
computing,?4 circular dichroism spec-
troscopy, and polarimetric imagingl® also
demand optical chirality detection. How-
ever, conventional solutions for optical
chirality detection require multiple optical
elements including phase retarders,
quarter waveplate (QWP), polarizing
beam splitters, and rotating optomechan-
ical components. This is due to the lack
of intrinsic chiral response in common
semiconductors such as silicon and III-V
semiconductors from which photodetec-
tors are made, thus, miniaturization of
optical chirality detection devices is chal-
lenging. One direction of seeking chirality

device. The proposed miniaturized intrinsic chirality detectors facilitate
polarimetry sensing in applications from circular dichroism spectroscopy

to biomedical diagnosis.

1. Introduction

Circular polarization of light describes the rotation of the direc-
tion of the electrical field vector as the light wave propagates. In
nature, the handedness or chirality, clockwise or counter-clock-
wise of the E-field rotation, originates from light interactions
with particular materials, especially organic molecules with
chiral structures, and provides information in addition to the
intensity and wavelength of light. In the vision systems of, for
example, stomapods, circularly polarized light (CPL) is resolved
to enhance contrast, recognize substances, and convey bioinfor-
mation.!! The optical absorptions in chiral molecules are dif-
ferent for left/right-handed CPL, thus the chirality detection
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detecting devices is using intrinsically
chiral materials including chiral dyes and
liquid crystals. The first organic-semicon-
ductor transistor for chirality detection
utilized chiral helicenel® and hybrid perov-
skite devices were explored by combining
the chiral-sensitive absorbing organic material and inorganic
compound to enhance the optoelectronic performance.”®! The
invention of metamaterials or metasurfaces, that is, fabrication
of sub-diffraction-limited nanostructures, enabled chiral optical
properties beyond those offered by naturally existing materials.
Metamaterials with helical nanostructures, for example, spirals
that lack mirror symmetry, exhibit chirality-dependent absorp-
tion/transmission, and have been shown to achieve direct
chirality detection.>¥ Alternatively, metamaterials and metas-
urfaces also demonstrated the capability of manipulating polari-
zation states,!® and could function as ultracompact optical
elements including linear/circular polarizers,!l waveplates/
phase-retarders,['®l and polarizing beam splitters.!"”) Fabricating
these optical elements on top of conventional photodetectors
can resolve the optical chiralityl®®'% or extract the full Stokes
parameters.[2%

Topological insulators (TIs) are a new phase of quantum
materials with topological surface states (TSS) on the sur-
face.?1?2l Tetradymites are known as one of the best room-
temperature thermoelectric materials for decades!?*2¢l and also
have been applied in optoelectronics,/?’-2) and later proven to be
3D TIs.3%33 The spin texture of the TSS electrons is locked to
their momentum, so that the spin polarization can be induced
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by a current (electron motion with certain momenta),**3¢ and

conversely, spin injection to the TSS can lead to a measurable
current.’”] The quantum picture is that photons of CPL with
the spin angular momentum of £ 1h can interact with (flip) the
electrons with spin $% during a selective excitation according
to angular momentum conservation. The optical injection of
spin polarization of TSS results in a circularly-polarized-light-
controlled photocurrent which is phenomenologically called
circular photogalvanic effect (CPGE) and is naturally a candi-
date for chirality detection. However, CPGE is accompanied
by additional photocurrents originated from other mecha-
nisms.’~* The combined optoelectronic effects can be seen
when using a QWP at an angle o to convert a certain portion of
linear polarized light to CPL, and the circular polarization has a
sin2«a dependence. The output with various QWP angles o can
be viewed as simulating a light beam with different circular and
linear components, expressed as:

J=D+Csin20+L,sin40+L, cos4a 1)

In Equation (1), the C term is the desired circular
photoresponse for chirality detection. L; and L, are linear
photoresponses and may be attributed to linear photogal-
vanic effect (LPGE) or photon drag effect due to lack of inver-
sion symmetry at its surface states.*>* Both C and L terms
are highly dependent on the intrinsic chemical potential,?**!
which is sensitive to the surface condition.** The polari-
zation insensitive D term can originate from photothermo-
electric (PTE) and photovoltaic effect,?”384950 and are highly
dependent on the location on the TI surface where the light
interacts with it. These additional photoresponses make it
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difficult to use spin-momentum locked TSS as reliable optical
chirality detectors.

In this work, we report realization of intrinsic optical chi-
rality detectors using thin-film topological insulator Bi,Te,Se
transistors. We found that photoconductance is sensitive to
CPL when proper back-gating is applied and is independent
of linear polarization regardless of the chemical potential.
Moreover, the circular photoconductance is nearly uniform
throughout the device. In addition, the Bi,Te,Se phototransistor
can be tuned into the linear polarization detection mode and
the Stokes parameters can be extracted. The implementation
of single-device, intrinsic optical chirality detection with min-
imum requirements for microfabrication will make it ready for
multiple fields of applications.

2. Results and Discussion

The TI phototransistor is fabricated from exfoliated Bi,Te,Se
thin films. All the optical experiments are performed using
a 633-nm He-Ne laser at room temperature. The schematics
in Figure 1a shows the light beam with controlled polariza-
tion states obliquely incident on the phototransistor at certain
source-drain bias voltage Vy, and back-gate voltage V. The
detailed fabrication procedure and experimental method/condi-
tions can be found in Experimental Section.

We first show in Figure 1b the measured photocurrent
versus QWP angle ¢ of an 11-nm Bi,Te,Se thin-film transistor
under unbiased and ungated condition (Vg =0V, Vg =0V, the
curve with red open circles). The photocurrent responds to both
circular and linear polarized light as seen in the finite values of
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Figure 1. Photocurrent in Bi,Te,Se thin film. a) Schematics of experimental setup; b) photocurrent under V4, = 0 and 10 mV versus polarization (QWP
angle) of an 11-nm thick Bi,Te,Se device under Vs = 0 V; c) photocurrent mapping of an 11-nm thick Bi,Te,Se device; and d) schematics of the band
structure of Bi,Te,Se and the photocurrents resulting from a different mechanism.
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the fitted C (circular response) and L; and L, (linear response)
terms in the inset of Figure 1b, similar to the results reported in
literature¥% and our previous work."!! This result is obtained
by focusing the light at the center of the device, which is deter-
mined from photocurrent mapping shown in Figure 1c. The
geometry of the contacts for the device is marked by dashed
lines. The photocurrent in Figure 1c is largely from the photo-
thermoelectric effect. In principle, chirality detection can be
realized by comparing the photocurrent with the anticipated
circular polarization response to the polarization-insensitive
baseline, for example, photocurrent less than the baseline indi-
cating a net right circular polarization (RCP) component in
the light beam and greater than the baseline indicating a net
left circular polarization (LCP) component as illustrated in
Figure 1d. Although the results of photocurrent versus QWP
angle in Figure 1b show a clear optical chirality dependence,
however, the distortion from an ideal sin2¢ trend due to the
additional linear polarization response prevents it from accurate

www.advopticalmat.de

quantification of the circular polarization component. As
illustrated in Figure 1d, in the cases with larger L;, L, terms
(here we sketched the case of L; ~ C), the photoresponses
between =60° < o < =120° are mostly due to linear polariza-
tion, and the LCP/RCP can even be incorrectly determined (the
dashed section of the black curve flips the polarity to the oppo-
site side of the baseline).

The important finding of this work is that the photoresponse
from circular polarization can be unambiguously separated from
linear polarization by obtaining the differential photocurrent at
different bias voltages, that is, by subtracting the photocurrent
under 0 V from that under 10 mV bias voltage in Figure 1b.
The differential photocurrent shown in Figure 2a can be well-
fitted using only two terms, the circular photoresponse Csin2e¢
and the polarization-insensitive D term. Hence, the differen-
tial photocurrent is sensitive solely to the circular polarization
but not to the linear polarization. We attribute amplification/
suppression of circular polarization-dependent photocurrent
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Figure 2. Polarization dependent photoconductance in an 11-nm thickness BTS device. a) Differential photocurrent versus polarization (QWP angle) of
the 11-nm thick Bi,Te,Se device obtained with 0 and 10 mV bias. b) Photoconductance versus polarization (QWP angle), obtained by photo I-V sweep,
with an incident laser power =0.5 mW, Vg = 12 V; and c) scaled photocurrent versus bias voltage under RCP, LCP incidence. d) Photoconductance
and device resistance versus gate voltage under an incident power =0.5 mW,; e) photoconductance components (Gp, Gc, Gy, and G,) versus incident
power, measured at Vg = —12 V; and f) mapping of the photoconductance contrast between LCP and RCP incidences.
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under bias to the combined effect of the current-induced spin
imbalance in the spin-polarized TSS channel and the optical
selection of the spin-momentum locked TSS. The measurable
helical differential photocurrent is enabled by the long spin-
relaxation time of TSS electrons generated by circular polarized
light. It has been found that optically injected spin polarization
persists for over 10 ps, covering the entire energy relaxation pro-
cess.’!l The spin lifetime covers numerous momentum relaxa-
tions of electrons in the bias voltage drift current hence the
spin-selectively generated TSS carriers persistently contribute
to the conduction due to spin-momentum locking. The differ-
ential photocurrent under circularly polarized excitation can
thus be understood as a spin-dependent photoconductance due
to photogenerated carriers with persisting spin polarization, in
addition to the helical current at zero bias. On the other hand,
the linear polarization-dependent photocurrent is not amplified
by the bias because of its instantaneous nature of the LPGE
(Note S1, Supporting Information), which is not affected by a
DC voltage/current. The ultrafast shift current or accumula-
tion of electron momenta that leads to LPGE relaxes in a much
shorter timescale (<100 fs)®2-4 and thus only contributes to
the photocurrent but not photoconduction. We found that the
differential photocurrent solely depends on circular polariza-
tion for all the devices studied with thicknesses of the devices
ranging from =10-70 nm (results of other devices are presented
in Note S2, Supporting Information).

In Figure 2b, we show the photoconductance obtained at the
bias of Vg, =10 mV (V= —12 V) against QWP angles, which
can be fitted using G = Gp + G¢sin2¢. The maximum and min-
imum values obtained at RCP (at or=45°) and LCP (at or=135°)
are marked by blue and red vertical arrows. To improve the
accuracy of the photoconductance measurement, especially the
circular photoconductance G¢ that is related to circular polari-
zation detection, the photocurrent is measured at different bias
voltages in -V sweeps. In Figure 2c, we show the photocurrent
Iy ph from circular polarization (by subtracting the unpolarized
component and the value at zero bias) versus Vg, together with
their linear fit for obtaining G (the dashed line). The I4 ,,—Vqs
curve shows a good linear fit for G¢. The averaged uncertainty
of the photoconductance or the deviation from the fitting of
the slope is =5.6%. Using this slope or the photoconductance
as a measure for polarization can thus greatly improve the
sensitivity compared with merely the differential photocurrent
obtained at one Vg in Figure 2a,b.

The back-gate voltage also affects photodetection. The opti-
mized condition for circular polarization detection is obtained
by maximizing G¢ versus back-gate voltages, which is found to
be =—12 V as shown in Figure 2d. Two-terminal resistances of
the device R versus V; are also plotted in Figure 2d, illustrating
the chemical potential in the 11-nm film is effectively tuned by
the back-gate (the depletion layer thickness at this back gate
voltage is =30 nm*). The peak of the resistance corresponds
to the approximate location of the charge-neutral point (CNP),
where the optimized condition for circular polarization detec-
tion is also located. The reason is that the chemical potential
near CNP provides a minimum Coulomb blockade during
the spin-selective excitation. As the chemical potential moves
towards the bulk bands, the increased rate of scattering out of
TSS also contributes to the drop of the circular photoresponse.

Adv. Optical Mater. 2021, 2002210

2002210 (4 of 7)

www.advopticalmat.de

In addition, the CNP is away from the trivial bands so PTE
and LPGE effects are reduced. Therefore, the circular photore-
sponse is maximized near CNP. Photoconductance is further
investigated with increased incident intensity. Figure 2e shows
no sign of saturation till the maximum available power. The
photoresponsivity of the (total) light intensity and CPL inten-
sity are extracted to be 1.66 and 0.21 mA W1, respectively. We
notice photoresponsivities of chirality detectors as high as 7971
and 280 mA W18 can be achieved using chiral perovskite. In
this work, we conservatively applied a 30 mV bias voltage to
avoid degradation and ensure repeatability throughout all the
tests (otherwise the intrinsic chemical potential may shift and
the optimized gate voltages would vary), comparing with the 20
and 0.5 V used in literature. Hence when more effective pas-
sivation is available, a larger bias voltage can be applied and the
photoresponsivity is expected to improve. On the other hand,
the increased dark current, though demodulated using the lock-
in technique, determines noise-equivalent power and results
in an upper bound of the sensitivity (currently, the noise level
under largest bias is =400 pA).

The results shown above are obtained at the center of the
device where the thermoelectric effect is minimum. However,
photoconductance of circular polarization G is nearly uniform
with a variation less than 5% across the entire device as shown
in Figure 2f. Here, the photoconductance Gicp and Ggcp are
acquired for both LCP and RCP incidences, obtained from the
differential photocurrents under 0 and 30 mV bias voltage, and
the differences of the two, G, = [G((x = %)—G((x = 37”)]/2,
are mapped over the entire device. The photocurrent gener-
ated from PTE that has a large spatial variation is only weakly
dependent on the bias voltage and is therefore canceled. This
is because the PTE photocurrent depends on the temperature
rise caused by laser heating but little on the bias. This indicates
that circular photoconductance of TI transistors can be used to
measure CPL with random shapes of the light beam and does
not require focusing of the light beam to a certain location.

Figure 2 provides the basis for characterizing the chi-
rality of a light beam. To use a device for measurements, the
polarization-insensitive photoconductance Gp and the chirality-
sensitive photoconductance G¢ can be obtained to produce a
power-dependent calibration chart (Figure 2e), which can be
converted to the photoconductance per unit irradiation power.
Gp and G are then used to produce a photo-output charac-
teristic graph similar to Figure 2c for a given incident power.
When using the device for polarization measurement, Taph
versus Vy, are measured which result in a line between the LCP
(red) and RCP (blue) lines in Figure 2c. The irradiation is par-
tially LCP (RCP) if the measured line has a positive (negative)
slope. The sin2¢ behavior of circular polarization-dependent
photoconductance (Figure 2b) indicates that the measured slope
is proportional to the percentage of circular polarization. The
degree of chirality, that is, the percentage of circular component
Pc = Pcpi/Protal Of an elliptical polarized light beam can then be
quantified using the ratio of the measured and calibrated slope.
The aforementioned uncertainty of photoconductance (the
slope of the curve) of 5.6% indicates that the chirality of a light
beam with a circular polarization component larger than 5.6%
can be discerned. Hence, this uncertainty can be defined as the

© 2021 Wiley-VCH GmbH
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chiral sensitivity for characterizing the performance of chirality
detection. For comparison, metamaterial-based chirality detec-
tors and circular polarization filters are often characterized by
the circular polarization extinction ratio (CPER, the ratio of the
transmissivity of one chirality to the other), and the inverse of
CPER, 1/CPER also indicates the percentage of circular polari-
zation above which the chirality can be discerned. Therefore, we
can compare our uncertainty with 1/CPER. The reported meta-
material-based detection has reached a CPER = 35, that is, chiral
sensitivity =3%.20] However, our device, using intrinsic physical
properties of T1, requires much less efforts in fabrication.

We also observed that circular photoconductance does not
increase with the thickness of devices (Note S2, Supporting
Information), further confirming the TSS origin, which is dif-
ferent from the (in-plane) bulk spin Hall effect mechanism of
photoconductance on the edges as reported in Ref. [55]. The
difference in the dominating mechanism is mainly due to the
dimensions in the spin-selection direction versus the spin-Hall
current direction. The spin potentiometry measurements on
the top surface of Bi,Te,Se thin films/3**3%l also revealed the TSS
contribution is much greater than that of bulk spin Hall effect.
Because the origin of the circular photoconductance is the TSS
with gapless Dirac dispersion, the chirality detection can also
operate under lower energy excitation and even in mid-infrared
(MIR) which can be used to directly measure the chiral thermal
radiation from special texture or materials.>*! An example of
MIR chirality detection is presented in Note S3, Supporting
Information.

Figure 2d shows the circular photoconductance varies greatly
with back gate, from a peak value at Vo, = ~12 V to near zero
when Vg = 20 V, due to the chemical potential moving from
CNP to the conduction band edge. On the other hand, the polar-
ization insensitive component of photoconductance (Gp) varies
only slightly in a wide range of back-gate voltage from —20 V
< Vg < 20 V. As discussed previously, the chemical potential
resides in the bulk bandgap in this range of back-gate voltage.
The photoconductance depends on the generated carrier den-
sity, which is determined by the product of optical absorbance
and relaxation time. When the chemical potential resides in the
bulk bandgap, the absorbance (optical transition rate) is propor-
tional to the TSS density of states (DOS), while the relaxation
time in TSS is inversely proportional to the DOS, resulting in
a constant photoconductance. The constant photoconductance
from non-polarized light and varied photoconductance from
polarized light provides a simplified approach in the measure-
ment. When measuring a light beam with unknown intensity,
we can first measure the (total) G at a large positive bias, for
example, Vi = 20 V, which reflects the total irradiation inten-
sity. This G is then subtracted from the total G measured under
Vs = =12 V to obtain the circular component. This substitution
of Gp (at Vg = —12 V) with G at Vg = 20 V enables measure-
ment of chirality without the knowledge of the irradiation inten-
sity, but at a cost of introducing a slightly larger uncertainty in
obtaining G¢ and a chiral sensitivity of =10%. We found this
strategy is applicable for devices with a thickness below 15 nm.
Thicker devices are more challenging because the back-gate
does not effectively tune the chemical potential throughout the
thickness of the device.*!! Details are shown in Note S2, Sup-
porting Information.
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Lastly, we discuss using the same TI device for full polarim-
etry imaging so as to resolve the complete polarization states.
The plane wave polarization state is characterized by a set of
independent Stokes parameters, namely S,=E, E;+E,E,
representing the total intensity, S, =E, E,—E,E, and
S, = E, E,+E,E; characterizing the linear polarization, and
S; = i(E,E, —E,E,) quantifying the degree of circular polari-
zation.’8] We already showed in the photoconductance meas-
urement that the total intensity (I, Equation (2)) of the light
beam, the intensity (or percentage) of the circular component
(Equation (3)), and the chirality can be obtained. When the light
is elliptically polarized (a combination of linear and circular
polarized light with a degree of polarization p = 1, Equation (4)),
the only remaining parameter is the orientation of linear polari-
zation (y, Equation (5)), since the amplitude of the linear polar-
ization can be obtained from the difference between the total
and circular polarization components.

I=5, )
pe = 5:/S, (3)
p=NSi+Si+8i/S, =1 )
tan (2y) = S, /S, 5)

The LPGE is used here to characterize the linearly polarized
light. To obtain the optimized condition for linear polarization
measurement, gate-dependent photocurrents are obtained and
are shown in Figure 3a. At a large positive gating, Vg =30V,
the helicity-controlled photocurrent is completely turned off
and thus it is an ideal condition for linear polarization detec-
tion. This is because the chemical potential is tuned to the
warping region at the conduction band edge where the spin
texture is not strictly locked to momentum.*! Also, the elec-
trons are easily scattered to spin-degenerated states.14%l The
trivial states due to the band-bending on the surface are fur-
ther filled with the increase of the back-gate voltage. The LPGE
current also turns up with the gate voltage. Thus the observed
enhancement of LPGE may be explained by the increased free
carrier density (Note S1, Supporting Information). The photo-
current resulting from linear polarization incidence is plotted
versus the angle of the QWP « or half the polarization angle y
in Figure 3b and shows a clear linear polarization dependence
that can be expressed as a function of | = 35.5cos(4c + 0.167) =
35.5cos(2y + 0.167) nA. An angle of 0.167 exists in the fitted
function because photoresponse from linearly polarized light
is related to the lattice orientation as discussed in Notes S1
and S2, Supporting Information, and the a-axis of the lattice is
not intentionally aligned with the channel during fabrication.
This angle can be easily calibrated with measurements shown
in Figure 3b. The measured current is then used for deter-
mining the polarization angle y, which can be plugged into
Equations (2)—(5) to find the Stokes parameters Sy_;.

3. Conclusion

This work demonstrated a single TI transistor device for optical
chirality detection. By setting the phototransistor in different
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Figure 3. Linear polarization photocurrent response in an 11-nm thickness BTS device. a) Photocurrent components versus gate voltage under an
incident power =0.5 mW,; and b) photocurrent versus polarization (QWP angle) in the radial coordinate, measured at the device center, with an incident

laser power =0.5 mW and back gate voltage V,, =30 V.

operating modes with combinations of bias and gate voltages,
the circular and linear photoresponses can be switched on or
off. The direct measurements of photocurrent that depends on
circular polarization only and is spatially uniform will enable
chiral photodetectors with a miniature device. The full Stokes
parameters are extracted by incorporating the measured linear-
polarization sensitive photocurrent on the same device. There-
fore, the TI phototransistor shown in this work is an effective
way for chirality and polarimetry detection, and can be used in
a wide spectrum of applications from polarimetric imaging to
biomedical molecules screening.

4. Experimental Section

Device Fabrication: The Tl thin films were exfoliated using Nitto
dicing tapes from Bi,Te,Se bulk crystals grown by Bridgeman method,
and then transferred onto a 50-nm SiO,/Si substrate. A 0.7-nm Al layer
was evaporated (then naturally oxidized into Al,O; when exposed to air)
to protect the sample surface. The contact was patterned by e-beam
lithography, dipped in buffered oxide etcher to remove the Al,O3, and
deposited by evaporation Cr/Au of 5/50 nm.

Photocurrent Measurements: The 633-nm He-Ne laser beam was
focused by an off-axis mirror (spot size =5 um) and incident to the
sample at 45° and modulated by a mechanical chopper at 822 Hz. The
photocurrent was first amplified/filtered by a current-preamplifier then
measured by a lock-in amplifier at the chopping frequency. The bias
voltage was supplied by the current-preamplifier and the gate voltage
(across the source contact and doped-Si gate) was supplied by a DC
source-meter grounded at the same potential as the amplifiers. The
mapping was realized by synchronizing the current measurement with
a piezoelectric nano-positioner. All measurements were performed at
room temperature.

Supporting Information

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