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The dimensional crossover of quantum transport
properties in few-layered Bi,Sez thin films

Liang Yang,? Zhenhua Wang, £ *2® Mingze Li,*® Xuan P. A. GaoS and Zhidong Zhang®

Topological insulator bismuth selenide (Bi,Ses) thin films with a thickness of 6.0 quintuple layers (QL) to 23
QL are deposited using pulsed laser deposition (PLD). The arithmetical mean deviation of the roughness (R,)
of these films is less than 0.5 nm, and the root square mean deviation of the roughness (Rg) of these films is
less than 0.6 nm. Two-dimensional localization and weak antilocalization are observed in the Bi>Ses thin
films approaching 6.0 nm, and the origin of weak localization should be a 2D electron gas resulting from
the split bulk state. Localization introduced by electron—electron interaction (EEI) is revealed by the
temperature dependence of the conductivity. The enhanced contribution of three-dimensional EEI and
electron—phonon interaction in the electron dephasing process is found by increasing the thickness.
Considering the advantage of stoichiometric transfer in PLD, it is believed that the high quality Bi,Ses
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Introduction

Topological insulators (TI) are materials with an insulating bulk
state (BS) and conducting surface state (SS) which originates
from the strong spin-orbit coupling (SOC), and the topological
SS is protected by time reversal symmetry (TRS) or lattice
symmetries."”® The surface band has a linear dispersion rela-
tionship near the Dirac point at the high symmetry point.” Such
a SS hosts a massless two dimensional electron gas (2DEG). The
most commonly studied three-dimensional (3D) TI with a single
Dirac cone and protected by TRS are bismuth telluride (Bi,Te;),
antimony telluride (Sb,Te;) and bismuth selenide (Bi,Se;).*’
The primitive cell of these crystals has five atom layers of A1-
B1-A2-B1’-A1’ [where A represents selenium (Se) or telluride
(Te), and B represents bismuth (Bi) or antimony (Sb)] stacked
along the ¢ axis, defined as one quintuple layer (QL).* Below
a critical thickness for the TIs, the SS opens up a gap at the Dirac
point.? The critical thickness is about 6.0 QL, i.e., about 6 nm for
Bi,Se;.” Magnetic doping or the proximity effect breaks the TRS
and opens up a gap at the Dirac point, indicating that it would
be possible to use them as on and off switches in spintronics.*
In addition, the Majorana fermions at the interface of the TI and
the superconducting materials may be exploited in topological
quantum computation."™ Because of the theoretical
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thin films might provide more paths for doping and multilayered devices.

significance and promising applications, the TIs have attracted
extensive investigation.

The localization of electrons in 2D materials is a classic
issue."*** Ordinarily the 2D state is localized, whereas the 2D SS
of the TI is weakly antilocalized and protected by TRS.'*** A
magnetic field perpendicular to the surface of the TI breaks the
TRS, thus the weak antilocalization (WAL) would be broken,
leading to negative magnetoconductance (MC).*>*"*? If the WAL
is broken or in competition with weak localization (WL), then
a positive MC or the transition from a negative to a positive MC
will arise. The positive MC in TI films may originate from the
magnetic doping of SS or the proximity effect between TI and
magnetic materials,*** from the gap opened up in TI ultrathin
films,>*>” from the 2D bulk sub-bands in ultrathin films,*%*°
from 2DEG tied to a surface band bending effect or from the
disorder induced by nonmagnetic doping.*>** In the SS of the
TI, the spin-momentum locking leads to the destructive inter-
ference, and thus the electrons of the SS exhibit WAL, which
leads to higher conductivity at lower temperatures.> However,
at low temperatures, the conductivity of the TI films usually
decreases with decreasing the temperature. In the diffusive
regime, the conductivity is dominated by the competition of
WAL and WL because of the electron-electron interaction
(EEI).33735

To obtain a greater transport contribution from the topo-
logical SS, it is important to obtain TI thin films with a high
crystallization quality. The methods usually used for preparing
TI thin films include molecular beam epitaxy (MBE),>*?¢-°
chemical vapor deposition, physical vapor deposition,***
pulsed laser deposition (PLD)** and sputtering.***> The MBE
is the method mainly used to obtain flat and thin TI films for
fundamental research, because of its advantages of 2D growth,
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single crystal yield and easily controlled doping. However, the
non-equilibrium process of PLD allows stoichiometric transfer
from the target to the film, which gives the possibility of easier
doping in TI films.* The thickness of previously reported TI
films deposited by PLD is mostly more than 15 nm, and the
arithmetical mean deviation of the roughness (R,) is mostly
larger than 1 nm.***%%% Therefore, in order to observe the
dimensional crossover of the physical properties of the TI
materials, it is necessary to prepare thinner TI films with high
quality. In a recently published paper on depositing TI films
using PLD, the root square mean deviation of roughness (R,)
was decreased to 0.5-0.7 nm, but there existed more than four
steps of QL at the surface.® It is necessary to use flat thin TI film
with a large area as the bottom or middle layer of the hetero-
structure in devices for spintronics.®** Investigating better
preparation conditions using PLD for TI thin films with flat
surfaces is a significant area of research.

This paper reports on the characteristics of Bi,Se; thin films
with a thickness of 6.0-23 QL deposited using PLD. The c-
oriented and flat characteristics were determined using X-ray
diffraction (XRD) and transmission electron microscopy
(TEM). The R, and R, of the films were less than 0.5 nm and
0.6 nm, respectively. The positive MC was observed because of
the 2DEG introduced by the quantized 2D BS. The EEI correc-
tion in the temperature dependence of conductivity is revealed.
As the thickness increases, the predominant characteristic of
the MC changes from 2D to 3D, and the contribution of the 3D
EEI or electron—-phonon interaction (EPI) arises. As a result, the
dimensional crossover of the quantum transport properties in
few-layered Bi,Se; thin films was successfully revealed.

Experimental method

By changing the deposition time, many samples were prepared
using the PLD method. In this research, the focus was on four
Bi,Se; samples with thicknesses of 6.0 QL, 7.0 QL, 9.5 QL and 23
QL on a strontium titanate (SrTiOs) (1 1 1) substrate. These
thicknesses ranged from the critical thickness of Bi,Se; (6.0 QL)
to the thickness in which the magnetoresistance of the surface
state was too weak to be investigated (23 QL). The surface of the
SrTiO; (1 1 1) was cleaned by plasma before deposition. The
substrate was heated to 320 °C under a vacuum greater than 2 x
10~* Pa, and then the chamber was charged argon (Ar) until
a pressure of 50 Pa was achieved. After keeping the temperature
and pressure stable for 5 min, the film was deposited at a laser
energy of 400 mJ and a frequency of 1 Hz. The deposition rate
was about 12 nm min~". The deposition temperature used was
the best temperature obtained from previous experimentation,
which was similar to temperatures mentioned in previous
reports of depositing Bi,Se; films using PLD.®*% After the
deposition, the sample was cooled at a rate of 5 °C min~ "' in an
atmosphere of Ar gas at 300 Pa, which reduced the vaporization
of Se at low pressures. The optimal conditions of the method are
those given previously. Another Bi,Se; sample with a thickness
of 6.5 nm was prepared for tuning using the back gate voltage
(V). To decrease the carrier density and strengthen the tuning
effect, this sample was deposited at 300 °C. As the conditions of
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the laser device gradually changed, together with the natural
consumption of fluorine gas, to keep the deposition rate the
same as that of other samples, the deposition atmosphere of the
tuned sample was raised to Ar at 55 Pa.

The crystal structure of films was determined using an XRD
6-26 scan result of (Bruker D8 Advance). The TEM (FEI Tecnai
F20) was used for the determination of the structure and
interface. The TEM sample for the top view was created by
transferring the film to a copper grid. Firstly, poly(-
methylmethacrylate) (PMMA) was used to cover the surface of
a Bi,Se; sample by spin coating, and then the sample was
heated to 180 °C for the chemicals to fuse. Secondly, a blob of
epoxy resin, in which a stick was laid, was used to cover the
PMMA layer. After the epoxy resin solidified, the stick divided
the combination of Bi,Se;/PMMA/epoxy resin. Then the
combined sample was immersed in acetone to dissolve the
PMMA layer. After a few seconds, the Bi,Se; layer fell into the
acetone and was picked up using a copper grid.

The surface pattern of the samples was measured using
atomic force microscopy (AFM, Bruker MultiMode8). Because of
the van der Waals contact at the interface of the film and
substrate, the film could be easily scratched using a toothpick,
and then the difference in height, i.e., the thickness of the film,
was measured using AFM. When there were 2 QL steps at the
surface of the film, the thickness is defined as the average
height of the exposed two steps from the substrate. Where there
were 3 QL steps at the surface, the thickness is defined as the
height of the middle step from the substrate. The roughness of
the samples was calculated using NanoScope Analysis software
(Bruker). Electrical measurements were made on samples in the
shape of a Hall bar with five terminals. The resistivity and Hall
resistance of the samples of various thicknesses were measured
using a physical property measurement system (PPMS,
Quantum Design) with indium (In) as the contacts. The trans-
port properties of the tuned sample were measured using
a home-made electrical property measurement system. Silver
paint was used as the gate electrode.

Results and discussion

The crystal structure of Bi,Se; is illustrated in Fig. 1(a), and
Fig. 1(b) shows the structure viewed from the top, along the ¢
axis. One QL and the covalent bonds between the Bi and Se
atoms are shown. Fig. 1(c) shows the high resolution trans-
mission electron microscopy (HRTEM) image for the sectional
view of the film with a thickness of 6.0 QL, in which the periodic
characteristics are observed. The period is 0.96 nm, equal to the
thickness of one QL. Because of the preparation process of the
TEM samples with mechanical grinding and heating in the air,
the surface and the interface which were in contact with the van
der Waals forces were partly damaged, thus they are not very
clear in the HRTEM image. The bright field image in the top
view is shown in Fig. 1(d). During the transmission of electrons
with high energy, the sample warps and cracks at the grain
boundaries. Thus, the grains are resolvable because of the
diffraction contrasts. Fig. 1(e) is the HRTEM image of the zone
in the red frame in Fig. 1(d), which includes three grains, and

This journal is © The Royal Society of Chemistry 2019
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(a) The crystal structure of Bi,Ses. (b) The top view of the structure along the c-axis. (c) HRTEM image of the Bi,Ses film with a thickness of

6.0 QL on a SrTiO3 substrate. (d) The bright field TEM image view from the top of the film. (e) The HRTEM image of the zone in the red frame in (d).
(f) The enlarged HRTEM image of the grain marked as 1 in (e) and its FFT image.

the grain boundaries are marked in orange. The axial vectors
a and b of the three grains point to different directions. Fig. 1(f)
is the enlarged image of the grain marked as 1, and the fast
Fourier transform (FFT) image of it is shown in the inset. The
interplanar distance of the (2 2 0) planes were measured and
found to be 0.21 nm, from which the value of a in this grain was
calculated to be 0.42 nm. The TEM results show the high crys-
tallization quality of the sample.

The XRD spectra of the films with different thicknesses are
shown in Fig. 2. As shown in Fig. 2(a), all the samples show the
(0 0 3m) diffraction peaks of Bi,Ses, indicating a perfect c-
orientation of the films. The peaks of In are from the incom-
pletely removed In contacts on the sample after electronic
measurement. It is worth noting that clear Kiessig fringes were
observed in these samples, which revealed the high homoge-
neity of the films.”*”® The first order Kiessig peaks moves closer
to the (0 0 3n) main peak with increasing thickness, as indicated
by the arrows in Fig. 2(b), which shows the enlarged spectra.
The XRD results proved that the samples did have a c-oriented

The AFM measurements were used for investigating the
surface condition of the samples of various thicknesses, and the
results are shown in Fig. 3. All the films were continuous. The R,
of all the samples was in the range of 0.27-0.45 nm, and the Ry
was in the range of 0.38-0.60 nm. In detail, the height profiles of
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Fig. 2 (a) XRD results of Bi,Ses films. The diffraction peak of the

substrate is in the range broken on x-axis. (b) The enlarged spectra of

(a). The arrows indicate the position of the first order Kiessig peak.
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Fig. 3 AFM results for the Bi,Ses samples of (a) 6.0 QL, (b) 7.0 QL, (c)
9.5QL, and (d) 23 QL. The height profiles of the regions marked by the
blue lines are located below the corresponding 2D images.
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the areas indicated by the blue lines are included below the
corresponding 2D images. All four samples were stacked in
layers, and the thickness of each layer was about 1 nm, i.e., 1 QL,
as measured in the height profiles. At the surface of the film, the
difference of height between the highest step and the lowest
step was 2 QL. Namely, the Bi,Se; films near 6 QL with a flat
surface feature prepared using PLD. Such a feature is the same
for the Bi,Se; films deposited using MBE,” and this indicated
the potential of PLD for depositing TIs and other layered
materials. This provided the chance to observe the intrinsic
physical properties of TIs near the critical thickness of the
dimensional crossover.

The dependence of transport properties on temperature and
thickness of the samples in zero magnetic field is shown in
Fig. 4. The inset of Fig. 4(a) indicates the sample measurement
geometry. The resistivity decreases with decreasing temperature
from 300 K, then shows an upturn below the transition
temperature. The decrease of resistivity below 300 K is consid-
ered as the metallic characteristic of the bulk state, attributed to
the lack of Se.”®”® The increase of resistivity at low temperatures
becomes weaker in thicker samples, indicating the 2D origin of
the upturn at low temperatures, as shown in Fig. 4(a). Such
a metal-insulator-like transition indicated that the WL was in
diffusive mode**’*”” or a strong localization was in hopping
mode,”®”® and this depended on the condition of the sample.
The correction of WAL and EEI to the conductivity is given by:*
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Fig. 4 (a) p—T relationship of Bi,Ses samples of various thicknesses.

The inset indicates the sample measurement geometry. (b) The
temperature dependences of G/Gpax plotted against InT. The
temperature scale used is 2—-10 K. The dashed lines are a guide for the
eye. (c) The relationship between n and T of the samples of various
thicknesses; the inset is the change of n with samples of different
thicknesses at 2 K. (d) The temperature and thickness dependences of
u; the inset is the thickness dependence of u at 2 K.
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where h is the reduced Planck constant, « is the coefficient in
Hikami-Larkin-Nagaoka (HLN) theory, p is the parameter from
the temperature dependence of the phase coherence length I
o« T P2 Fis the screening factor, and Ty is the characteristic
temperature at which the EEI effect on the conductivity
vanishes. To determine the localization of the samples at low
temperatures, the temperature dependences of conductivity in
the range of 2-10 K of the Bi,Se; samples were investigated, and
the results are shown in Fig. 4(b). Fig. 4(b) displays the plots of
the G/Gmax — In T relationship, which shows linear behavior.
Such a linear behavior signifies that the carriers are in the
diffusive regime.*>”*

In addition, the carrier density (n) and mobility (u) were
calculated and are shown in Fig. 4(c) and (d). The values of n
had a negative correlation with thickness, as illustrated in
Fig. 4(c) and its inset. This correlation is because of the
complicated combination of the carriers from SS and BS or sub-
bands of BS. Considering that the Bi : Se ratio of the target is
just 2 : 3, the n of the films could be depressed in the future by
adding Se or other elements to the target. Fig. 4(d) gives the
temperature and thickness dependences of u. The u of thicker
films is higher at the same temperature. The inset of Fig. 4(d)
illustrates the u-thickness relationship at 2 K. The value of u at 2
K increases from 86 cm®> V™' s to 531 ecm® V- ' s as the
thickness increases from 6.0 QL to 23QL. This increase can be
attributed to the disappearance of cavities and better crystalli-
zation because of the lengthening of the deposition time. The
mobility of the samples exceeds the value of most of the Bi,Se;
and Bi,Te; films deposited using PLD,*******" which indicated
improved crystal quality.

The magneto-transport property [AG = G (H) — G (0)] of the
four samples was measured in the range of —7 T to 7 T, and the
results are shown in Fig. 5. Obvious cusps were obtained in
thinner films near a magnetic field of zero. The cusp was weaker
with increasing film thickness or temperature, indicating that
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0.2
04t _
€ €
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o —50K [0)
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— 10K
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Fig.5 The MC of the Bi,Ses samples with thicknesses of (a) 6.0 QL, (b)
7.0 QL, (c) 9.5 QL and (d) 23 QL in a perpendicular magnetic field.
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the WAL was the origin. In the films with thicknesses of 6.0 QL
or 7.0 QL, a positive MC appeared in the high magnetic field
range, and was weakened as the thickness increased. Such
a phenomenon was also discovered and investigated in Bi,Se;
films deposited using MBE, and was explained by the WL of the
quantized BS.” In the 9.5 QL and 23 QL films, the parabolic
characteristic in a high magnetic field range became increas-
ingly obvious with the increasing thickness, for which the MC of
BS was responsible.

The origin of the positive MC was explored by measuring the
conductance of four samples in a magnetic field with different
directions at 2 K. Fig. 6(a) shows the MC in the perpendicular
magnetic field (H ). As the thickness increased, the high-field
positive MC characteristic disappeared, and the parabolic
characteristic emerged. Fig. 6(b) illustrates the MC in the
parallel magnetic field (H)). In H||, the negative MC increased as
the thickness increased, and a positive MC did not appear.
Therefore, it was deduced that the positive MC was an effect in
H, and was possibly attributed to the 2DEG from the 2D sub-
bands of the quantized BS.>***

As a TI, the transport of the SS of Bi,Se; films was analyzed.
According to HLN theory," in the situation with a strong SOC
and no magnetic scattering, the magnetoconductivity in a low
field is determined using a simplified equation:*>***>

(:'2 1 Bq; B¢>
s 5)(F)] e
where h is the reduced Planck constant, ¥ is the digamma
function, By = h/(4Dety) = h/(4el,?) is the characteristic field, I,
is the phase coherence length, D is the diffusion constant. For
the 2D SS of 3D TI with a single Dirac cone, parameter « = 0.5.
By fitting the MC data below 0.1 T to HLN theory, «, I3 and p of
these samples with various thicknesses was obtained, as shown
in Fig. 7. The WAL characteristic of the sample with a thickness
of 23 QL was too weak to fit, thus those data were not included.
As shown in Fig. 7(a) and its inset, the values of « in all the
samples at 2 K were smaller than 0.6, and were not mono-
tonically correlated with thickness. There were two SS in one
sample, so the theoretical « was 1 for TI films with one Dirac
cone. The value of «a less than 1 was interpreted using the
coupling of SS and BS in the thick film samples or the coupling
of top and bottom SS for the thin samples.*** The value of
« increased with decreasing temperature, which indicated the
decoupling tendency. The value of I was in the range of 206-
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Fig. 6 (a) The MC of Bi,Sesz samples with different thicknesses in (a)

perpendicular and (b) parallel magnetic fields at 2 K.
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Fig. 7 Temperature and thickness dependences of (a) « and (b) (g for
Bi>Ses films. The inset of (a) shows the thickness dependence of «a at 2
K. The straight lines and the arrow in (b) are the fitted results. The
power exponent of l3—T P2 of Bi,Ses films with different thicknesses is
shown in the inset of (b), in which the dot-dash lines indicate the value
of p for 2D EEI and 3D EEI.

881 nm in the samples at 2 K, and it increased as the thickness
increased, suggesting that the grain boundaries and defects
diminished with longer deposition time. Thus, the quality of
the sample could be further improved by annealing under
a capped layer or in a Se atmosphere. The values of [, at 2 K were
larger, by one order of magnitude, than that of the reported
Bi,Se; films prepared using PLD,***** but were comparable
with that of Bi,Se; films with the same thickness prepared using
MBE and van der Waals epitaxy.*>® A long I, signified weak
inelastic scattering, which indicated the high quality of the
films.®®

The perfect linear dependence of logarithmic Iy on In T is
shown in Fig. 7(b), which signified the relationship of [, o T 7'
2, By fitting the data, a monotonically increasing tendency of p
with increasing the thickness was obtained, as plotted in the
inset of Fig. 7(b). The value of p increased from about 0.91 to
near 1.56. The theoretical values of p were 1, 1.5 and 3 corre-
sponding to the dephasing mechanism of 2D EEI, 3D EEI and
EPI, respectively.>*””** Thus, the tendency of p to increase
indicated the enhanced contribution of 3D EEI or EPI in the
dephasing process.

To further investigate the transport properties of Bi,Se;
samples deposited using PLD and identify the coupling mech-
anism, the sample deposited at 300 °C was tuned using a back
gate. The R, and Ry of the sample were 0.30 nm and 0.44 nm,
respectively, as shown by the AFM image in the inset of Fig. 8(a).
The p-T curve of this sample in Fig. 8(a) presents a metallic
behaviour at high temperatures and a metal-insulator like
transition at about 20 K. The values of #n and u under various Vg
are calculated and shown in Fig. 8(b). The value of n with V; =
0 V was about 2.6 x 10" cm?, lower than that of the samples
deposited at 320 °C. This demonstrates that the decreased
deposition temperature and increased Ar pressure reduce the
amount of Se in the film. For a range of Vs from 0 Vto —190 V, n
decreased from 2.6 x 10 cm > to 1.4 x 10* em 3, i.e., the
sheet carrier density decreased from 1.5 x 10" cm > to 0.9 x
10" cm™?, signifying that the Fermi surface was tuned to the
bulk condition band edge.** The value of u with Vg =0 Vwas 57
em?® V! s lower by almost half than that for the samples
deposited at 320 °C with a similar thickness. This can be
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Fig. 8 Transport properties and AFM image of the Bi,Ses sample
deposited at 300 °C. (a) p—T relationship. The inset shows the AFM
image of the sample. (b) n—Vs and u—Vg relationships measured at 2 K.
(c) Vg dependence of MC curves in H, at 2 K. (d) a=Vg and lp—Vg
relationship measured at 2 K.

attributed to the presence of more cavities and worse crystalli-
zation with decreased deposition temperature. The value of u
has a negative correlation with Vs, depending on the band
structure near the Fermi surface.

Tuning the MC of the film using Vs gives a reasonable
interpretation of the a which were less than 1. As shown in
Fig. 8(c), the MC curves in H, have a Vs dependence. The MC
curves show the WAL characteristic in the low magnetic field,
and the WL behaviour of positive MC appeared in the high
magnetic field range, which was similar to the samples depos-
ited at 320 °C. When the V; was decreased, the width of the cusp
in the low H, became larger, and this agreed with the results
found in previous investigations.®® As shown in Fig. 8(d), as Vg
decreased from 0 V to —190 V, « decreased from about 0.51 to
0.31, whereas the change of /; was smaller than 10% and fluc-
tuated. Therefore, the larger width of the cusp in low H, was
mainly because of the decreased «. In the n-type Bi,Se; films,
a negative Vg caused the SS and BS to decouple, resulting in the
increased « as the Vg decreased.®® However, this is the oppo-
site of the a-V; relationship found in this research, which
means that the coupling of two SS is the primary mechanism of
the « less than 1 in such a thin sample.** The tuning of the thick
samples need more negative Vg, which was beyond the ability of
the equipment used in this research. For films thick enough to
avoid the hybridization of two SS, the primary mechanism may
be the coupling of SS and BS.

Conclusions

Bi,Se; thin films with a (0 0 1) orientation with thicknesses of
6.0-23 QL are prepared using PLD, and their properties were
systematically investigated. The R, and Rq of the films were
smaller than 0.5 nm and 0.6 nm, respectively. Steps of QL were

2308 | Nanoscale Adv., 2019, 1, 2303-2310
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observed at the surfaces of all the samples. In the films near the
critical thickness, the transition from WAL to WL characteris-
tics appears upon increasing the magnetic field and the WL
characteristic disappears upon increasing the thickness. By
investigating MC with different directions of magnetic fields, it
was determined that the WL characteristic was a 2D effect in
H |, which was possibly attributed to 2DEG from the 2D sub-
bands of BS. It was found that the value of « was less than
0.6, which demonstrated the coupling of two SS for thin
samples and the possible coupling of SS and BS for thick
samples. In addition, the value of I, showed a negative loga-
rithmic dependence on temperature, and increased with
increasing thickness. Furthermore, as the thickness increased,
the mechanism of the dephasing process gradually changed
from simply 2D EEI to including increased 3D EEI or EPIL. The
observation of dimensional crossover for the quantum trans-
port properties of Bi,Se; thin films indicated that the PLD was
a powerful method for preparing TI thin films of high quality,
which is very important for further applications.
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