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We demonstrate that the terahertz/infrared radiation induced photogalvanic effect, which is
sensitive to the surface symmetry and scattering details, can be applied to study the high frequency
conductivity of the surface states in (Bi;_,Sb,),Te; based three dimensional (3D) topological
insulators (TIs). In particular, measuring the polarization dependence of the photogalvanic current
and scanning with a micrometre sized beam spot across the sample, provides access to (i)
topographical inhomogeneities in the electronic properties of the surface states and (ii) the local
domain orientation. An important advantage of the proposed method is that it can be applied to
study TIs at room temperature and even in materials with a high electron density of bulk carriers.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4965962]

I. INTRODUCTION

Electronic, optical, and opto-electronic properties of
topological insulators (TIs) have attracted continuously grow-
ing attention yielding challenging fundamental concepts and
being of potential interest for novel applications in the fields
of spintronics and opto-electronics.'™ Hence, the fabrication
of high quality topological insulators and their characteriza-
tion yielding feedback to technologists is of particular impor-
tance. Until now, a large variety of materials was proposed
and confirmed to host topological protected surface states in
three-dimensional (3D) TI and edge channels in two-
dimensional (2D) TI. Particular examples are (Bi;_,Sb,),Te;
based 3D TI. Their fabrication, in view of good insulating
properties of the bulk at room temperature and homogeneity
of a large area growth materials, is still a challenging task.
The former problem is caused by the high density of residual
impurities serving parallel channels to the surface transport.”™
A promising way to overcome this problem serves the recent
progress in growth of 3D TI applying molecular-beam-epitaxy
(MBE) technique, see, for example, Refs. 9-12. Owing to the
progress in material growth, low temperature electron trans-
port and magneto-transport studies becomes possible provid-
ing information on average electronic properties of Dirac
fermions and carrier scattering mechanisms in 3D TIs'*>' as
well as to observe the quantum anomalous Hall effect
reported for Cr or V doped (Bi;_,Sb,),Te; based 3D TL>*?
An important issue for improvement of the material properties
is their characterization allowing insights in the material prop-
erties and providing a feedback for technologists. For that a
palette of methods has been developed and widely used. An
insight into the band structure of the surface states of 3D TIs,
especially proof for the single Dirac cone, is obtained by vari-
ous modifications of the angle resolved photoemission spec-
troscopy (ARPES),**? including spin-resolved and time-
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resolved ARPES, as well as by time-resolved two-photon pho-
toelectron (2PPE) spectroscopy,” > with which an enlighten-
ing picture of fast dynamics in carrier relaxation can be
obtained.

Further methods, providing important information con-
cerning different growth parameters, nucleation of trigonal
islands, and domain alignment of the TI film with respect to
the substrate, include scanning (STEM) and high angle annu-
lar dark field (HAADF) transmission electron micros-
copy;*®? scanning electron microscope (SEM);*’ atomic
force microscopy (AFM); 4! X-ray diffraction (XRD);** and
second harmonic generation** as well as infrared or optical
spectroscopy.‘m’45 However, both spectroscopy and transport
investigations do not allow the analysis of the local conduc-
tivity in particular, at room temperature and materials homo-
geneity on a large scale.

Here we demonstrate that the study of terahertz radiation
induced electron transport in (Bi;_,Sb,),Te; based 3D TI pro-
vides experimental access to a spatial resolved characteriza-
tion of transport properties of Dirac fermions even at room
temperature and allows one to map the domain orientation at
different locations. The suggested method combines a 2D
scanning technique with the detection of the linear photogal-
vanic effect (LPGE)46’47 recently observed in various TI
materials.**>' The photogalvanic effect can be written as
Ju = (fi?(w)E pE; + c.c., in which j, the current density, ai?}
is the second order conductivity and E is the radiation electric
field. A specific feature of it is that it can be excited in non-
centrosymmetric materials only.*”**~> The latter requirement
comes from the symmetry arguments: At spatial inversion the
vector of the electric current j changes its sign whereas the
quadratic combinations EgE, EZE, in the above equation do
not. Owing to the fact that the D3, point group symmetry of
the bulk of (Bi;_,Sb,),Tes includes spatial inversion, and the
point group symmetry of the surface states Cs, does not, the
linear photogalvanic current can only be excited in the topo-
logical surface states even in materials with a high bulk carrier
density for which, e.g., dc electron transport characterization

Published by AIP Publishing.
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fails. Previous studies demonstrated that the sign and the
strength of the photogalvanic effect in the surface states of 3D
TI are determined by the domain orientation and the processes
of momentum relaxation.*®"! Thus, detection of the linear
photogalvanic current, locally excited at different points on TI
film, makes it possible to map the domain arrangement, to
judge on the presence of twin domains® in the samples, to
study high frequency conductivity as well as to estimate elec-
tron scattering times of the surface carriers.

Il. METHODS

The experiments were carried out on Bi,Te; and
(Big.57Sbg 43)>Tes samples grown on silicon (111) substrates
by means of van der Waals epitaxy, where weak bonds
between substrate and the TI epilayers reduce the strength,
and therefore, the large lattice mismatch does not hinder the
growth of single crystal TI films with a high structural qual-
ity.>*=%% All samples are n-type with bulk carrier densities in
the order of n =5 x 10" cm™> and n =3 x 107 cm ™ in
Bi,Te; and (Biys7Sbg 43)-Tes, respectively. The existence of
surface states with linear dispersion and the energetic posi-
tion of the Dirac point, Epp, with respect to the Fermi energy
has been proved in all studied samples by ARPES.?**” The
energy Epp is equal to 470 meV in Bi,Te; and 450 meV in
(Bip.57Sbg.43)2Tes. The corresponding ARPES data obtained
on the samples, used for this study, are presented in Figs.
I(a) and 1(c) in Ref. 51. Additionally, XRD measurements
were performed in order to verify the single-crystallinity of
the thin films and to determine the domain orientation. The
XRD data, see Fig. 1, demonstrate the formation of two
types of trigonal domains, being mirror-symmetric to each
other and show, however, that the majority of the domains
have the same orientation*®>® with wedge heights (altitudes)
and bases being aligned along the crystallographic axes of Si
substrate xo || [112] and yq || [110], respectively. Figures 1(a)
and 1(b) show that the ratio between the dominant domain
and the suppressed one is in the order of 3.5 (Bi,Te;) and 2.1
((Big.57Sbg 43),Tes). Using the XRD results, we prepared
rectangle shaped samples with edges cut along x; and y,. To
enable electrical measurements two pairs of ohmic contacts
have been prepared in the middle of the 4 x 7 mm” sample’s
edges, so that the terahertz radiation induced dc current j is
probed along the crystallographic axes. Further information
on the surface domains have been obtained by high-
resolution STEM and AFM, demonstrating that trigonal
islands with quintuple layers (QLs) step heights of about

(b)  (BipsyTegq3)Tes
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FIG. 1. X-ray diffraction data of studied Bi,Te; (a) and (Bips57Sb.43)>Tes
(b) samples.
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1 nm nucleate on the surface and follow the orientation of
the domains.**- Images obtained by scanning electron
microscopy (SEM) show the presence of islands with a peak
to valley roughness of 25% of the nominal thickness.

To excite photocurrents we applied radiation of pulsed
line-tunable mid-infrared Q-switched and transversely excited
atmospheric CO, lasers,”’™** as well as an optically pumped
molecular terahertz (THz) laser.5®® With the CO, lasers we
examined photocurrents in the frequency range between
f=28 and 32.6 THz (photon energies hw from 114 to
135meV) and with the THz laser in the frequency range
between 0.6 and 3.9 THz (7icw from 2.5 to 16 meV). The lasers
provided pulse durations in the order of 100ns and peak
power ranging from 1 to 10kW. The radiation power was
controlled by mercury-cadmium-telluride and photon drag
detectors.”” The polarization plane orientation of linearly
polarized light is described by an azimuth angle «. To mea-
sure the photocurrent as a function of angle o we rotated a
/./2 plate or a linear polarizer placed behind a Fresnel /4
rhomb.”®”" The radiation was focused on the samples with
spot size diameters for the THz laser of 2 mm and for the CO,
lasers in the range of 0.5 mm down to several tens of ym. The
radiation profile was measured applying a pyroelectrical cam-
era,’>" confirming an almost Gaussian form of the beams.
To carry out spatially resolved measurements the beam was
scanned across the sample. The highest spatial resolution used
here to study the distribution of the photocurrents magnitude
across the sample was obtained applying mid-infrared lasers,
which were focused on a spot of about 30 um. The photocurrent,
excited in unbiased samples at room temperature, was recorded
with a 1 GHz storage oscilloscope. The experimental setup is
sketched in the inset in Fig. 2. The samples were illuminated at
normal incidence with front and back illumination, with corre-
sponding angle of incidence § =0 and 180°, respectively.

lll. EXPERIMENTAL RESULTS AND DISCUSSION

Photocurrents are observed in the whole frequency range
from 0.6 to 32.6 THz. The signal follows the temporal struc-
ture of the laser pulse intensity and scales linearly with the
radiation intensity. It exhibits a characteristic dependence
upon the rotation of the ac electric field orientation as Jy,
= —A(f) cos 2o and Jy, (o) = A(f) sin20.. This behaviour is
shown exemplarily in Fig. 2 for the photocurrent excited in
the Bi,Te; sample measured in yp-direction and excited by
radiation with f=28 THz. Cooling the sample from 296 to
42K increases the magnitude of the photocurrent, but the
polarization dependence is retained. Varying the ac-electric
field frequency we obtained that the parameter A(f), which
determines that the photocurrent magnitude strongly increases
as the frequency decreases. The inset in Fig. 2 shows that A(f)
closely follows the law A o 1/f? in the whole range of stud-
ied frequencies. The photocurrents demonstrating such behav-
iour can be caused either by the linear photogalvanic or by the
photon drag effect, as it was observed early in BiTe; and
(Big.57Sbg43)oTe; in  the low frequency range.48’51
Experiments applying back and front illumination allow us to
judge on the mechanism dominating the current formation in
the studied samples. Indeed, while the LPGE being
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FIG. 2. Dependences of the photocurrent normalized by the radiation inten-
sity Jy, /I on the azimuth angle o in a Bi,Te; sample, illuminated at front
and back at 28 THz. Solid line shows fit after Eq. (1). Arrows on the top
indicate electric field orientation for several angles o. Insets show experi-
mental setup and frequency dependence of the photocurrent magnitude Ay,
measured in the frequency range f=0.6-32.6 THz. The line shows fit after
Egs. (1) and (2) demonstrating that in the studied frequency range the photo-
current amplitude varies as A oc f 2.

determined by the in-plane orientation of the radiation electric
field*® only remains unchanged for both geometries, the trans-
verse photon drag effect, being additionally proportional to
the photon momentum ¢., must invert the sign of the photo-
current since g, — —gq. is changing from front to back illumi-
nation. For all studied frequencies and samples we observed
that the data for both geometries almost coincide, see Fig. 2
for f=28 THz in the Bi,Te; sample, confirming that the
observed photocurrent is caused by the linear photogalvanic
effect. A specific feature of the photogalvanic effect, whose
prerequisite is the lack of an inversion centre, is that, in our
centrosymmetric 3D TI materials it is excited in the non-
centrosymmetric surface states only. For all frequencies used,
the photon energies Ziw are substantially smaller than the
Fermi energy Ef, which is introduced as the energy difference
between Epp and the highest occupied state, as confirmed by
ARPES measurements.”’ Consequently, the photocurrent is
caused by the Drude-like free carrier absorption. The trigonal
symmetry of 2D surface carriers (the point group of the sur-
face is Cs,) makes the elastic scattering asymmetric. For the
surface states that the scatterers can be considered as ran-
domly distributed but identically oriented wedges lying in the
QL-planes. The preferential orientation of wedges is sup-
ported by the X-rays data shown above, see Fig. 1 and Refs.
48 and 74 for details. Application of linearly polarized THz
radiation causes an alignment of carrier momenta: the total
flow of electrons driven back and forth by the ac electric field
E(¢) increases. The corresponding stationary correction to the
electron distribution function is proportional to the square of
the ac electric field magnitude. Due to asymmetric scattering
by wedges, the excess of the flux of Dirac fermions moving
back and forth along the external ac-electric field results in a
dc photogalvanic current; for details see Refs. 48 and 51. The
direction and magnitude of the photocurrent depends on the
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orientation of the wedges with respect to the xo— and the yp—
directions, the in-plane orientation of the ac electric field vec-
tor, as well as on details of carrier scattering. For arbitrary ori-
entation of domains in respect to the xq/yo directions in which
the photocurrent is measured and elastic scattering by
Coulomb impurities’> the photogalvanic current, see supple-
mentary material of Ref. 48, is given by

Jry = —c0s(20 — 3®g)evo(a(w)/Ex) 1, E|Eo |,

Jyo = +sin(20 — 3®)ev(a(w)/Er)t,E|Eo|>, (1)
where e is the electron charge, v, is the Fermi velocity, @ is
angle between x, and one of the mirror reflection plane of
wedges, a(w) is the high-frequency conductivity given by
the Drude expression

?Eptyy

N Anh? [1 + (wrtr)2]

alw

) 2

where 71, is the transport scattering time and \Eo|2 is
the squared magnitude of the ac electric field. The asymmetry
of the scattering probability is given by E = ‘c,,.zp,
< 2cos ¢, cos 2(pp,Wl(,f<;,>(p,) where W;‘; is the asymmetric
probability for carrier to have the momentum p (p’) and the
polar angle ¢, (¢,) before (after) a scattering event. For
@ =0 the above expression describes the photocurrent excited
in the directions parallel and perpendicular to one of the mirror
reflection planes of the Cs, point group. Equations (1) and (2)
show that the frequency dependence of the photocurrent is
determined by that of the high-frequency conductivity, a(w).
The fact that the amplitude of the photocurrent scales as w2,
see inset in Fig. 2, reveals that w1, exceeds unity for all
applied frequencies. Therefore, the room temperature electron
scattering times of the surface carriers 7, in our samples is at
least larger than 0.2 ps. Taking into account the value of the
Fermi energy measured by ARPES,”! we estimate the lowest
limit of the surface electrons mobility’® p &~ 1.5 x 10° cm?/V
s and 0.97 x 10> cm*V s at T=296K for Bi,Te; and
(Big.57Sbg 43)>,Te; samples, respectively. Furthermore, in the
limit of w7, > 1 both, scattering time and Fermi energy can-
cel in the formulas for jy, and jy,, see Egs. (1) and (2), and we
derive the amplitude of the photocurrent normalized by the
radiation power as A = e3vy=/ 4nh*«?. Using A from the inset
in Fig. 2 and the Fermi velocity vy = 5.1 x 10° m/s for Bi,Te;
and 3.8 x 10° m/s for (Big s7Sby3),Te; we obtain the asym-
metric probability of a carrier scattering. Note that Fermi
velocities in both samples are determined from the ARPES
data presented in Ref. 51 and give the following values of the
asymmetry of the scattering probability: Z = 4.3 x 1073 for
Bi,Te; and E = 1.4 x 1073 for (Big.57Sbg43),Tes. Moreover,
using Eq. (1) one can analyse the domain orientation and con-
clude on the possible presence of twisted surface domains.
Figure 3(a) shows the polarization dependence of the photocur-
rent excited in the Bi,Tes sample for three different beam spot
positions along the y,-direction. Figure 3(b) presents the results
of a scan along the same line. The data obtained with a half
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FIG. 3. (a) Dependences of the photocurrent normalized on the radiation
intensity Jy, /I on the azimuth angle o measured in a Bi,Te; sample for three
different laser spot positions, see inset. Solid lines show fit after Eq. (1) and
arrows on the top indicate electric field orientation for several angles a. (b)
Colour-coded photocurrent strength as a function of the angle o obtained by
scanning across the sample parallel to yy-axis with the step of 500 um.

millimetre sized laser spot yield information on the average
domain orientation. At all positions we obtained the same
phase angle ® =0, which is well in agreement with the XRD
data, see Fig. 1(a). The magnitude of the photocurrent along
this line, as long as contacts or the sample edges are not illumi-
nated,”’ varies by about 60%. In the second sample (data not
shown) we also detected a phase angle ® =0, being in agree-
ment with the XRD data shown in Fig. 1(b), and similar varia-
tion of the photocurrent magnitude from one point to another.
As in these measurements the photocurrent is averaged over
the large laser spot size, it is not sensitive to small deviations,
which could be caused by defects in the material or ad-atoms
on the surface. They also do not reflect possible local misalign-
ments/disorientations of the domains and the presence of the
twin domains. Information on the topography of the domain
orientation and electron transport properties can, however, be
obtained by focusing the radiation into a smaller spot size.
Figure 4 presents corresponding two dimensional scans mea-
sured in Bi,Te; (a) and (Bigs7Sbg43),Tes (b) samples with a
beam spot of about 30 um. Although the amplitude of the pho-
tocurrent deviates much stronger from point to point than that
measured with a larger beam spot, the LPGE signal is still
observed at all beam positions. In both samples and for all
laser spot positions neither arbitrary values of the phase angle
® nor switching to opposite domain orientation (for ® = 180°
photocurrent should change its sign) have been detected-the
phase angle ® remains zero. However, for a few laser spot
positions we registered vanishingly small photocurrent signals,
these points are indicated in Fig. 4 by white circles. These
almost zero photocurrents, indicate the presence of twisted
domains for which the currents generated by mirror-symmetric
domains cancel each other (j®=0 = —;j®=180")_Further analysis
of the photocurrent magnitude distributions obtained on
Bi,Te; and (Bi;_,Sb,),Te; samples reveals that the latter one

J. Appl. Phys. 120, 165301 (2016)
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FIG. 4. Colour-coded photocurrent amplitude A, as a function of coordi-
nate, obtained for f=28 THz and beam spot of about 30 um by a two-
dimensional scan in two samples (a) Bi;Te; and (b) (Big 57Sbg 43).Tes. The
scans are obtained in a rough scan mode with steps of 250 um. Areas with
vanishingly small photocurrent signals are indicated by white circles. Panel
(c) shows the fine scan image obtained with steps of 100 um. All data are
obtained at room temperature.

shows more inhomogeneous transport properties than the for-
mer one. This observation agrees well with the fact known for
technologists, that pure Bi,Te; is usually growing smooth
compared to Sb,Te; ones. By adding antimony to the binary
BiTe; and growing (Bi;_,Sb,),Te;, the sample surface
becomes more rough. To examine the most homogeneous part
with the highest signals in the Bi,Te; sample indicated by rect-
angle in Fig. 4(a) we used a fine step mode with the scan step
of 100 um. Results, shown on the right hand side of panel (a),
indicate that the room temperature surface transport can be
almost homogeneous even within a very large area of
3.5 x L.Omm>

IV. CONCLUSION

To summarize, our study shows that the linear photogal-
vanic effect provides an efficient tool to study details of the
sample homogeneity and the surface transport in 3D TIs. A
particular advantage of the method is that it can be applied in
a wide temperature range, including room temperature being
of importance for technology as well as in samples with a
high bulk carrier density caused by residual impurities, i.e.,
under the conditions which almost exclude conventional
transport methods. Moreover, as demonstrated here for
(Bi;_,Sb,)Tes-based materials, it can also be applied to other
3D TL
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">Note that for quasi-elastic scattering by phonons we obtain the expression
which differs from the equation above by a constant factor of order of
unity only.

7®Due to the fact that in the applied frequency range the condition wyt >> 1
is satisfied we are limited here to the statement that the room temperature
mobility of the surface states is at least higher that 1000cm2/V s.
However, photogalvanic experiments in a spectral range substantially
extended to lower frequencies, e.g., applying Gunn diode or backward
wave oscillator, would allow the measuring of the electron mobility. In
this regime, the LPGE photocurrent magnitude A « o(w) will change its
behaviour from A (a)r,,.)72 to the frequency independent one: a func-
tion allowing to obtain 7, with rather high accuracy.

""In case the contacts or edges are illuminated, the signal becomes polariza-
tion independent and increases by three orders of magnitude compared to
photogalvanic effect in middle part of the sample. The assignment of this
signal which can be caused by, e.g., p—n junctions or thermal effects in
inhomogeneous area close to contacts is out of scope of this paper.
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