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The helicity-dependent photoconductance of the edge states in three-dimensional topological insulator Bi, Tes films is
investigated. It is revealed that the helicity-dependent photoconductivity current on the left edge of the Biy Tes film shows
an opposite sign with that on the right edge. In addition, the helicity-dependent photoconductivity current increases linearly
with the applied longitudinal electric field, and it reverses the sign with the reversal of the electric field. As the thickness
of the Biy Tes film increases, the helicity-dependent photoconductivity current also increases. Theoretical analysis suggests
that the helicity-dependent photo-conductivity current may come from the intrinsic spin orbit coupling (SOC) or the SOC

introduced by the chiral impurities or defects.

Keywords: helicity-dependent photoconductance, Bi, Tes, edge states, spin orbit coupling
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1. Introduction

Three-dimensional (3D) topological insulators (TIs), as
a new quantum phase of mater, are characterized by gapless
spin-textured surface states that reside within the bulk band
gap.!!-% The electrons on the surface states of 3D TIs be-
have as Dirac fermions bearing a characteristic called spin-
momentum locking. The unique properties of topological sur-
face states make them promising in the field of spintronic de-
vices and quantum computing.!”) Among the mangy 3D TIs,
Bi,Tes is a simple model with a single Dirac cone on the sur-
face and relatively large bulk band gap (about 0.3 eV).[%]

In the past few years, there were many experimental
works studying the surface states of 3D TIs, including inves-
tigations using time-resolved angle-resolved photo-emission

spectroscopy  (ARPES),[>1%1  magnetotransport,[!1-1?!

13,14]

spin

pumping,! [15-17]

and helicity-dependent photocurrent.
However, most of the works were focus on the top and bot-
tom surface states, and very few of them investigated the edge
states of 3D TIs.['®1 As a result, lots of properties of the
edge states of 3D TIs are still unknown. Recently, helicity-
dependent photo-conductance has emerging as a powerful tool
to investigate the spin Hall effect of edge states in Bir Te,Se!!6]
and the current-induced spin polarization in Bi,Te3.!'®! In ad-
dition, the helicity-dependent photo-conductance can also be
used to investigate the intrinsic spin orbit coupling (SOC) or
the SOC introduced by the chiral impurities or defects.!'8]
By measuring the helicity-dependent photo-conductance when

the light is illuminated on the left and right edges, respectively,
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the signal of the left and right edges can be clearly identified.
This has obvious advantages compared with that of the top
and bottom surface states, since generally it is difficult to dis-
tinguish the signal of the top and bottom surface states.

In this paper, we investigate the helicity-dependent photo-
conductance of the edge states in three-dimensional topolog-
ical insulator BirTes films with different thicknesses. It is
found that the helicity-dependent photo-conductivity current
(HDPC) on the left edge of the Bi,Tes film shows an opposite
sign with that on the right edge. The HDPC on the edge of
the Bi,Tes film almost increases linearly with the external ap-
plied longitudinal electric field. With the reversal of the elec-
tric field, the sign of the HDPC also reverses. Moreover, the
HDPC on the edge of the BirTes film increases as the thick-
ness of Bip;Tes film increases. We find that the HDPC on the
edge of the BiyTes films may come from the intrinsic spin or-
bit coupling (SOC) or the SOC due to the chiral impurities or
defects by using theoretical analysis.

2. Experimental details

The Bi, Tes films with thicknesses of 5, 7, 12 and 20 quin-
tuple (QL) investigated in this work are grown on insulating
Si (111) substrates by molecular beam epitaxy (MBE). A pair
of 10 nm Ti/100 nm Au strip contacts of 2 x 0.5 mm? with
distance of 10 mm is deposited on the surface of Bi;Tes by
electron beam evaporation, as shown in Fig. 1(a). To prevent
the degradation of the sample in air, the samples are mounted
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on an optical cryostat with 1 Pa low-pressure chamber after
bonding in air.

A diode-pumped solid-state laser with a wavelength of
1064 nm and a semiconductor laser of 1342 nm are used as the
radiation source. After passing through a polarizer, a quarter-
wave plate or a photoelastic modulator (PEM) and a lens with
a focus of 200 mm, the laser irradiates on the sample with
a light spot of a radius about 150 um vertically. By using
the PEM or rotating the quarter-wave plate, the helicity of the
light can be modulated from right-handed circularly polarized
to linearly polarized, to left-handed circularly polarized, pe-
riodically. A longitudinal electric field is applied by the two
strip contacts, and the photocurrent is collected by the same
contacts with a pre-amplifier and a lock-in amplifier.

When a quarter-wave plate is used, the light spot is illumi-
nated normally at the left edge, the center, and the right edge
of the Bi, Tes film, denoted as points A, B, and C, respectively,

(a)

Polarizer

A/4 plate or PEM

as shown in Fig. 1(a). A chopper is used, and the reference fre-
quency of the lock-in amplifier comes from the chopper with
a working frequency of 229 Hz. The distance between points
A, B, C and the two contacts are the same, thus the influence
of the thermoelectric effect can be eliminated. Moreover, to
investigate the dependence of the HDPC on the light spot po-
sitions, the PEM is adopted to replace the quarter-wave plate,
and the light spot is moving from the left edge to the right edge
of the Bi;Tes film. When a PEM is adopted, the reference
frequency of the lock-in amplifier comes from the first-order
frequency of the PEM, i.e., 50 KHz. To measure the photocon-
ductivity (PC) current, a chopper with a working frequency of
229 Hz is adopted. The PC current is measured by applying a
DC bias on the two contacts, and collecting the photocurrent
in the same contacts. The PC current is amplified by a pre-
amplifier and a lock-in amplifier with the reference frequency
coming from the chopper.
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Fig. 1. (a) Schematic diagram of experimental setup of the HDPC current measurements. (b) Typical photocurrent as a function of
quarter-wave plate angle under a DC bias of —0.3 V, when the laser is normally illuminated at point C of 20-QL Bi, Tes film, as shown
in panel (a). The solid line is the fitting curve by using Eq. (1), and the red dashed line indicates the C'sin(2¢) +yo component obtained
by fitting. The blue dotted and green dotted lines are the L; sin(4¢) + yo and L, cos(4¢) + yo components, respectively.

3. Results and discussion

Figure 1(b) shows the typical photocurrent as a function
of quarter-wave plate angle ¢, when an external DC bias of
—0.3 Vis applied and the laser is normally illuminated on the
right edge of the 20-QL Bi,Tes film, i.e., point C as indicated
in Fig. 1(a). The power of the 1064 nm laser on the sample
is 45 mW. Here, ¢ is the angle between the polarization di-
rection of the incident light and the optical axis of the quarter-
wave plate. By fitting the light polarization state dependent
photocurrent to the following equation, we can determine the
HDPC current as follows: 1519201

J=Csin(2¢@)+Lysin(4¢) +Lycos(49) +yo. (1)

Here, C is the amplitude of HDPC current. L; and L, are the
amplitude of the photocurrent related to the linear photogal-
vanic effect (LPGE) or photon drag effect.*! y is the back-
ground current caused by photovoltaic effect, thermoelectric
effect or Dember effect.?*2% The solid line in Fig. 1(b) is the

fitting result by using Eq. (1). It can be seen that the experi-
mental data can be well fitted by Eq. (1). The red dashed line
is the Csin(2¢) + Jy component obtained by fitting. The dot-
ted blue and dotted green lines indicate the L; sin(4¢) +yo and
Ly cos(4¢) + yo components, respectively.

Figures 2(a)-2(c) show the HDPC current of the 20-QL
sample under different DC biases as a function of the quarter-
wave plate angle, i.e., Csin(2¢)) component obtained by fitting
of Eq. (1) to the experimental data, when the laser is normally
illuminated at points A, B, and C, respectively. The light spot
on the sample is Gaussian spot with a wavelength of 1064 nm
of 45 mW. It can be seen that all the HDPC currents at point
A, B, and C reverse the sign with the reversal of the DC bias.
In addition, the HDPC current at the edge, i.e., points A and
C, of the BiyTes film is much larger than that at the center of
the film, i.e., point B. The reasons for this phenomenon will be
discussed later. Figure 2(d) shows the HDPC current under a
DC bias of —0.3 V, i.e., Csin(2¢) component, as a function of
the quarter-wave plate angle, when the laser is illuminated at

087102-2



Chin. Phys. B 32, 087102 (2023)

T T T T T N T T 3 T T T T T T T
201 (a) At point A » DC bias=—0.3V - (b) At point B ® DC bias=—0.3V
e DC bias=0V e DC bias=0V
2 15r 4 DC bias=0.3V = 2r ADC bias=03V
s - et - o 2 . -
= 10 .l l. A A .I l. A A 1 = .l l. .I l.
A A A A
45 J .- -. R L .l -. A s ] 45 1k A‘ﬁ‘A .- -. ) ﬁ& .- -. i
= L] n A A u m A A = A A um n A A = =
: 0 W - e " am .
0 /‘\/\/
8 A Am mA Am m 8 m .AA AA. .AA AA
S s A n " a A= = S . N An = A
A A L] L] A A [ ] [ ]
A~ A A L} L] A A u u A —1r .l l. Au .l I. w‘ B
—10r AA AA .'q F.. AA AA ..! F.. T .I l. .l I.
v B o T
—15 L L L L L L L 92 L L L L L L L
T T T wDCblas—-03V 1sf T T T ® At point A T
ol (¢ At point C e DC bias—0V 1 (d) DC bias = —03V_ pot t B
ADC bias=0.3V ol el pomt B |
2 Py :C\ ] [ » m A At point C
L} L} L} | ]
\5 5 L L} L} L} | ] i
+ - 5 L] - Am L] L] AHA
= =t A A A A
I3} I3} Ll A Anm A A
- —
= ) W
= = A A B A A m n
8 8 A A A A
n n u u
E é —5r A“M“‘AAA n n w n |
Q_‘ Q_‘ .. .. .. ..
—10F l'-.l I-.l .
1 1 1 1 1 1 1 715 1 1 1 1 1 1 1
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360

Quarter-wave plate angle ¢ (°)

Quarter-wave plate angle ¢ (°)

Fig. 2. (a)—~(c) HDPC current of the 20-QL sample under different DC biases as a function of the quarter-wave plate angle, i.e.,
Csin(2¢) component obtained by fitting of Eq. (1) to the experimental data, when the laser is normally illuminated at points A, B,
and C, respectively. (d) HDPC current under a DC bias of —0.3 V, i.e., Csin(2¢) component, as a function of the quarter-wave plate,

when the laser is illuminated at points A, B, and C, respectively.
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Fig. 3. (a) Dependence of the HDPC current of the 20-QL Bi,y Te3 film on the light spot position under DC bias of —0.3, 0 and 0.3 V,
respectively. (b) HDPC current under 0.3 V and —0.3 V biases, obtained by deducing the HDPC current under zero bias, as a function
of light spot position. (c) Dependence of the HDPC current on the DC bias when the laser is vertically illuminated around points A

and C, respectively.

points A, B, and C, respectively. It can be seen that the HDPC
current at the left edge shows an opposite sign with that on the
right edge, due to the fact that the spin helicity of the left edge
states is opposite to that of the right edge states.

Figure 3(a) shows the HDPC current as a function of the
light spot positions under a DC bias of —0.3 V,0 Vand 0.3V,
respectively, when the laser is moved from the right edge to
the left edge of the 20-QL Bi,Tes film. The dashed lines indi-
cate the positions of edge around point A or C. We adopt PEM
to replace the quarter-wave plate for this light spot position
dependent HDPC measurement. It can be clearly seen that the
HDPC current at the edge is much larger than that not on the
edge even when the DC bias is zero. By subtracting the HDPC
current under zero bias, we can obtain the DC bias dependent
HDPC current, as shown in Fig. 3(b). It can be seen that now

the HDPC current at the edge under the positive bias shows al-
most the same amplitude with that under negative bias, and the
directions of the HDPC current for the positive and negative
biases are opposite. Figure 3(c) shows the dependence of the
HDPC current around points A and C on the external applied
DC bias, respectively. The solid lines are linear fitting results.
It can be seen that the HDPC current at the edge increases al-
most linearly with DC bias. One may note that the HDPC cur-
rent measured by using PEM shown in Fig. 3 is larger than that
measured by using quarter-wave plate shown in Fig. 2. This
is because the light spot position adopted in Fig. 2 may not be
the same as that adopted in Fig. 3, since the HDPC currents
shown in Figs. 2 and 3 are measured in different measurement
systems. Moreover, one can see from Fig. 2 that the HDPC
current at point B also increases with DC bias, and it also re-
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verses the current direction with the reversal of the DC bias.
However, this trend cannot be so obvious in Fig. 3, due to the
fact that the HDPC measurement system with a PEM will have
larger noise than that with a quarter-wave plate. Since we are
mainly focus on the HDPC current on the edge, we still use the
PEM in the following experiments, considering that by using
PEM, the HDPC current can be measured more quickly and
conveniently.

Figures 4(a) and 4(b) show the mapping of the HPDC cur-

Inppc (nA/W)

777.8
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194.4

0.000

y (mm)

—194.4
—388.9
—583.3
—777.8
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rent as a function of light spot positions under a DC bias of
0.3 V and —0.3 V, respectively. Here, x = 0 and y = O are set
at the midpoints of the short and long sides of the sample, re-
spectively. It can be seen that, as the light spot moves around
y = £0.5 mm, the HDPC current around the edge does not
show obvious change, suggesting that the thermoelectric ef-
fect has little influence on the HDPC current within this range

of position change.

_ IHDPC (I’IA/W)
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Fig. 4. Mapping of the HPDC current as a function of light spot positions under a DC bias of (a) 0.3 V and (b) —0.3 V, respectively.
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Fig. 5. (a)—(c) Dependence of the HDPC current on the light spot positions under a DC bias of +0.3 V for the Bi; Tes film of 3, 5, and
12 QL excited by 1064 nm laser, respectively. (d) Dependence of the HDPC current and the photoconductivity current (Ipc) around
points A and C, respectively, on the thickness of the BiTes film under a DC bias of 0.3 V excited by 1064 nm laser. (e¢) Dependence
of the HDPC current normalized by the photoconductivity current on the thickness of the BiyTes film under a DC bias of 0.3 V. The

dotted lines are guides for eyes.

Figures 5(a), 5(b), and 5(c) show the dependence of the
HDPC current on the light spot positions under a DC bias of
4 0.3 V for the Bi;Tes film of 3, 5, and 12 QL excited by
1064 nm laser, respectively. Here, the HDPC current shown
in Figs. 5(a)-5(c) has subtracted the HDPC current under zero
bias. It can be seen that the HDPC currents observed in the

Bi;Tes film of 3, 5, and 12 QL show similar characteristics
with that observed in the 20-QL sample. Figure 5(d) shows the
dependence of the HDPC current at the edge around points A
and C on the thickness of the the Bi;Tes film under a DC bias
of 0.3 V. It can be seen that the HDPC current at the edge in-
creases with the increasing thickness of the Biy Tes film. Now,
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we discuss the reason for this phenomenon. The HDPC cur-
rent can be expressed as Iyppc = eEANSuU. AN =
which is proportional to the strength of the SOC of the edge
states. Here, ny (or n)) is the density of the photo-generated
spin-up (or spin down) carriers; e is the elementary charge; E
is the applied electric field; S is the cross sectional area of the
current; and U is the mobility of the photo-
With the increase of the film thickness, the width of the current
channel increases. As a result, the cross sectional area of the

current S will increase, which may lead to

HDPC current. However, the SOC strength may also change
with the film thickness, which will also influence the HDPC
current. To discuss this effect, we should first eliminate the in-

(ny —ny),

generated carriers.

the increase of the

can be expressed as Ipc = eENSU, with N =
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fluence of the change of channel width on the HDPC current,
which can be achieved by normalizing the HDPC current by
the common photoconductivity (PC) current. The PC current
(I’lT + ni). Thus,
by normalizing the HDPC current with the PC current, we
have Iyppc /Ipc = AN /N, which is proportional to the strength
of the SOC. Figure 5(e) shows the dependence of the HDPC
current normalized by the PC current at the edge around points
A and C, respectively, on the thickness of the Bi,Tes film un-
der a DC bias of 0.3 V. The dotted lines are guide for eyes. One
can see that the normalized HDPC current almost increases
with the film thickness, which is due to the increase of the
SOC with the film thickness.

Ipc (p]\/\/\/)

TIuppc/Ipc (1073)

Fig. 6. (a)-(c) Dependence of the HDPC current on the light spot positions under a DC bias of +0.3 V for the Bi;Tes film of 3, 5,
and 7 QL excited by 1342 nm laser, respectively. (d) Dependence of the HDPC current and the PC current around points A and C,
respectively, on the thickness of the BipTes film under a DC bias of 0.3 V excited by 1342 nm laser. (¢) HDPC current under a DC
bias of 0 V and the HDPC current normalized by the PC current under a DC bias of 0.3 V, around points A and C, as a function of the

film thickness excited by 1342 nm laser.

Figures 6(a)-6(c) show the HDPC current as a function

of light spot positions under a DC bias of

1342 nm light with a power of 5 mW for the Bi,Tes film of

3, 5, and 7 QL, respectively. Figure 6(d)

dence of the HDPC current on the thickness of the Bi;Tes
film, which indicates that the HDPC current around the edge
increases with the thickness of the Bi,Tes film. Figure 6(d)
also shows the dependence of the PC current under a DC bias

40.3 V excited by

depicts the depen-
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of 0.3 V around points A and C excited by 1342 nm light with
a power of 5 mW. By normalizing the HDPC current with the
PC current, we find that the normalized HDPC current excited
by 1342 nm also increases with the film thickness, as shown in
Fig. 6(e). This phenomenon further confirms that the increase
of the HDPC current with the film thickness is due to the in-
crease of the SOC of the edge states with the film thickness. It
can be seen that the HDPC current excited by 1342 nm light
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shows the same characteristics with that excited by 1064 nm
light. Therefore, it can be concluded that the HDPC current
around the edge does not come from the substrate and it indeed
comes from the edge of the Bi;Te; films, since Si substrates
can not absorb 1342 nm light and will not generate photocur-
rent. One may note that the intensity of the HDPC current
excited by 1342 nm is about two orders smaller than that ex-
cited by 1064 nm light. This can be attributed to the fact that
the transition probability excited by 1342 nm is much smaller
than that excited by 1064 nm. Here we do not present the
HDPC current of the 12-QL and 20-QL Bi,Te; samples ex-
cited by 1342 nm, because these two samples are broken after
the measurement of the HDPC current excited by 1064 nm.
Theoretically, the HDPC current can be expressed as (18]

Inppc = [NPA/(Ahc)| (77" — 177 )euE
+ [kinPA/(ARC)| (T7F + 177 )epE®. (2)

Here, P is the power of the incident laser, and A is the wave-
length of the laser, A is the area of the laser spot illuminated
on the sample, & is Plank’s constant, c is the speed of light, k is
a constant, 7 is the optical absorption of the material without
applying electric field, p indicates the mobility of the photo-
generated carriers, E is the electric field due to the applied DC
bias, e = 1.6 x 107! C, t°% (or 1°7) is the lifetime of the
photo-generated spin polarized carriers excited by left-handed
circularly polarized light ¢ (or right-handed circularly polar-
ized light 67).

The first term on the right-hand side of Eq. (2) strands for
the difference between the photoconductivity current induced
by left- and right-handed circularly polarized light beams
caused by the SOC due to the chiral impurities or defects, since
the chiral impurities or defects will lead to T°" # 7°~. The
second term in Eq. (2) represents the helicity dependent pho-
toconductivity current due to the spin polarization induced by
electric field or due to the spin Hall conductance effect.['®! In
our experiments, we mainly observe the HDPC current that
shows a linear dependence on external electric field, suggest-
ing that the HDPC is mainly due to the chiral impurities or
defects at the edges. We do not observe the HDPC current that
is proportional to E2, which may be because this effect is weak
and the resulting photocurrent is so small that it submerges in
the noise.

Actually, the intrinsic SOC of the edge states can also lead
to the HDPC current, which can be understood in the follow-
ing way. Firstly, since the left and right edge states have oppo-
site spin helicities, as shown in Fig. 7(a), under the excitation
of circularly polarized light, optical transitions of SS1—SS2
and CB1—SS2 will occur, leading to unbalanced distributions
of photo-generated carriers in k space, as shown in Fig. 7(b).
Here, SS1 and SS2 indicate the first and second surface states,
respectively. CB1 denotes the first conduction band. Due to

the opposite spin helicities of the left and right edge states, un-
der zero bias, the left and right edge states will generate pho-
tocurrent flowing in opposite directions. This phenomenon has
been clearly observed in our experiments, which is shown in
Figs. 2 and 6(e). Under a DC bias, this HDPC current will be
amplified by the electric field, and it reverses the sign with the
reversal of the electric field.

Left edge

Right edge
E
ICB2

(a) (b)

Incident

/ light

! ‘3D TIs q;

Fig. 7. (a) Schematic drawing of the spin direction of the electrons on
the left and right edges as well as that on the top and bottom surfaces of
3D TIs. (b) Schematic illustration of the optical transitions excited by
circularly polarized light for the electrons on the left and right edges, re-
spectively. The solid and dashed vertical lines indicate the transitions of
electrons from the first surface states (SS1) to the second surface states
(SS2), and from the first conduction band (CB1) to the SS2, respec-
tively.

SS2

It is worth mentioning that the electrons on the edge states
have spin directions that are parallel or antiparallel to the in-
cident direction of the circularly polarized light. Thus, ac-
cording to the optical transition selection rule of point group
C3,,1?%! to which the surface states of 3D TIs belong, these
electrons will absorb the light and jump to higher energy lev-
els, and thus generate photocurrent. However, for the top and
bottom surface states, most of the electrons have spin direc-
tions that are perpendicular to the incident direction of the
light, and they will not absorb the light according to the opti-
cal selection rules. The observed photocurrent when the light
is incident at point B mainly comes from the spin polarized
carriers with an out-of-plane spin due to the hexagonal warp-
ing effect of BiyTes.[?*! Since this effect is weak, the observed
HDPC current at point B is smaller than that observed at the
edges.

4. Conclusion

In summary, we have investigated the helicity-dependent
photoconductivity current of the edge states in three-
dimensional topological insulator BiyTes films of different
thicknesses excited by 1064 nm and 1342 nm laser. It is found
that the HDPC current on the left edge of the BiyTe; film
shows an opposite sign with that on the right edge, and the
HDPC current reverses its direction with the reversal of the
longitudinal electric field. The HDPC current around the edge
increases almost linearly with the increasing longitudinal elec-
tric field, and it also increases with the thickness of the Bi;Tej
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films, which is due to the increases of the SOC of the edge
states with the film thickness. The HDPC current excited by
1342 nm shows the same characteristics as those excited by
1064 nm light, but the intensity of the HDPC current excited
by 1342 nm is about two orders smaller than that excited by
1064 nm light, which may be attributed to much smaller tran-
sition probability when excited by 1342 nm. By theoretical
analysis, we find that the HDPC current observed in this work
may come from the intrinsic SOC or the SOC introduced by
the chiral impurities or defects. This work provides a method
of using HDPC to investigate the edge states in 3D TIs.
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