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A well-established method is highly desirable for growing topological insulator thin films with low carrier density
on a wafer-level scale. Here, we present a simple, scalable method based on magnetron sputtering to obtain high-quality
Bi2Te3 films with the carrier density down to 4.0× 1013 cm−2. In contrast to the most-used method of high substrate
temperature growth, we firstly sputtered Bi2Te3 thin films at room temperature and then applied post-annealing. It enables
the growth of highly-oriented Bi2Te3 thin films with larger grain size and smoother interface. The results of electrical
transport show that it has a lower carrier density as well as a larger coherent length (∼ 228 nm, 2 K). Our studies pave the
way toward large-scale, cost-effective production of Bi2Te3 thin films to be integrated with other materials in wafer-level
scale for electronic and spintronic applications.

Keywords: topological insulator, magnetron sputtering, post annealing, Kiessig fringes, low carrier density,
weak antilocalization
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Three-dimensional topological insulators (TIs) like
Bi2Te3 have attracted considerable research attention on ac-
count of their unique energy band structure: they are in-
sulating in the bulk and exhibit gapless metallic surface
states. The nontrivial surface states of TIs have been con-
firmed by various methods such as angle-resolved photoe-
mission spectroscopy experiments,[1–3] scanning tunneling
microscopy/spectroscopy,[4] and transport measurements.[5]

However, in most TIs, the bulk does not insulate and the Dirac
point is not exposed or not close to the Fermi level, mask-
ing the topological phenomena. To utilize the unique elec-
tronic properties of the surface states, suppressing the contri-
bution from the bulk is desirable in TIs-based electronic de-
vices. Tremendous efforts have been made to reduce the bulk
carrier density, such as using compensation doping with Sb or
Se elements in Bi2Te3 materials,[6,7] back gate, top gate, or
dual gate modulation.[8–10]

Due to the hexagonal structure of bulk Bi2Se3, Bi2Te3,
and Sb2Te3, it is common that thin films of TIs are composed
of many triangular grains and each grain has terrace-step sur-
face morphology.[11,12] At the center of the triangular grains,

the film thickness is the largest, while at the grain boundaries,
the thickness is the smallest. Therefore, TI thin films may have
relatively large root-mean-square surface roughness.

To grow high-quality topological insulator thin films with
low roughness and suppress the bulk carriers density, several
methods have been used, including molecular beam epitaxy
(MBE),[13,14] pulsed laser deposition (PLD),[15,16] chemical
vapor deposition (CVD),[17] and magnetron sputtering.[18] As
is well known, MBE growth allows for a precise control of
the growth parameters to obtain a very low density of defects.
However, MBE operates in ultra-high vacuum conditions and
is significantly expensive. On the other hand, magnetron sput-
tering is highly versatile and a well-established method for
growing a variety of TIs on a large scale, which is very im-
portant for industrial applications.

In our previous work,[18] we have successfully fabricated
Bi2Te3 thin films on 4 inches wafer by magnetron sputtering
method. Here, we present a method of the heating process to
obtain the high-quality Bi2Te3 films with low carrier density
down to 4.0× 1013 cm−2. For comparison, the Bi2Te3 thin
films were prepared by magnetron sputtering with two differ-
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ent heating processes: one is grown at a high substrate temper-
ature, the other is grown at room temperature then followed
by post-annealing. Structure analysis using x-ray diffraction
(XRD), x-ray reflectivity (XRR), and scanning electron mi-
croscope (SEM) indicates that the latter process enables the
growth of highly-oriented Bi2Te3 thin films with larger grain
size and smoother interface. Electrical transport properties
show that lower carrier density and larger coherent length have
been achieved in post-annealed Bi2Te3 thin films. Our studies
pave a way for Bi2Te3 thin films to be integrated with magnetic
multilayers and heterostructures for spintronic applications.

All of our samples were prepared by magnetron sputter-
ing on silicon substrates (300 nm SiO2/Si). The co-sputtering
method with high purity (99.99%) Bi2Te3 alloying target and
Te target was used to control films’ composition. Direct cur-
rent (DC) power source was used for Bi2Te3 alloying target
and radio-frequency (RF) power source was used for Te tar-
get. The base pressure of the deposition chamber was be-
low 3 × 10−7 Torr and the working argon pressure was set
at 2 mTorr. Films were deposited at room temperature and
the substrate temperature was kept at 240 ◦C. All films were
capped with a 4 nm thick Al thin film. The Al thin film was
naturally oxidized to form AlOx after exposure in air and to
protect the TIs layer from oxidation. The post-annealing pro-
cess was performed in a vacuum of 10−7 Torr for 3 hours at
various temperatures (200 ◦C, 240 ◦C, and 280 ◦C). XRD,
XRR, and SEM were used to characterize the film structure.
The transport properties were tested by the physical properties
measurement system (PPMS) of the Quantum Design.

In Fig. 1, we present the x-ray results of the prepared sam-
ples. As described in our previous report,[18] polycrystalline
Bi2Te3 thin films can be successfully grown at the substrate
temperature of 240 ◦C. XRD spectrum of this sample is shown
as the red curve in Fig. 1(a). We can see three peaks in this
spectrum: (0 0 3), (0 0 6), and (0 0 15), showing the evidence
of preferred growth with a c-axis orientation. We can also see
that there is no obvious peak in the curve of the Bi2Te3 film
grown at room temperature, indicating an amorphous phase.
However, after annealing at 200 ◦C for 3 hours, the character-
istic peaks of (0 0 3n) appeared, suggesting that the amorphous
sample transformed into the crystalline phase after annealing.
The full-width at half-maximum (FWHM) of (0 0 6) of the
film annealed at 200 ◦C is about 0.6◦, smaller than 0.9◦ of the
substrate-heated sample. When the annealing temperature in-
creased to 280 ◦C, the characteristic peaks still exist and the
FWHM is nearly constant at 0.6◦. The smaller FWHM, or
sharper diffraction peaks of the annealed samples than that
of the substrate heated sample means that the post-annealed
Bi2Te3 films have a larger grain size and better crystallinity.

Strong Kiessig fringes can be observed around the Bi2Te3

diffraction peaks, as shown in the inset of Fig. 1(a), which
originate from the interference of x-ray beams reflected at the
substrate–film and film–air interfaces.[19] The occurrence of
these well-shaped fringes confirms a uniform and smooth sur-
face and high crystal quality of the annealed Bi2Te3 films.

Figures 1(b) and 1(c) show measured XRR data (black
dots) of the substrate-heated and 280 ◦ annealed Bi2Te3 films.
For the substrate-heated sample (Fig. 1(c)), the XRR curve
shows a monotone decrease, while for the post-annealed sam-
ple (Fig.1(d)), continuous oscillation (Kiessig fringes) can be
observed. By the deepness of Kiessig fringes, we conclude
that the substrate-heated Bi2Te3 film has a much larger rough-
ness while the post-annealed Bi2Te3 film has a better interface
and lower roughness, which is consistent with the results ob-
tained from XRD. Besides, the thickness of the post-annealed
Bi2Te3 film is determined to be 13.8 nm by using the GenX
software.[20]
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Fig. 1. XRD and XRR spectra of the Bi2Te3 films. (a) XRD spectra of Bi2Te3
films for different substrate temperatures (room temperature and 240 ◦C) and
different annealing temperatures (200 ◦C, 240 ◦C, and 280 ◦C). The inset
shows a fine scanned image of the BT film annealed at 280 ◦C between
15◦ and 20◦. XRR spectra of the substrate-heated (b) and 280 ◦C annealed
(c) Bi2Te3 films. The black dots are measured data, and the red line is the
fitting curve.

Figure 2 shows SEM images of surface morphologies of
Bi2Te3 films with different heat treatment processes. It can be
seen that the surface of the as-deposited film (Fig. 2(a)) is quite
flat, while the surface of the 280 ◦ annealed film (Fig. 2(c))
is rougher, indicating that annealing causes the growth of
the grains. The film sputtered at high substrate temperature
has flaky or granular morphology and is formed by grains of
Bi2Te3 nanoplates with different sizes (Fig. 2(b)). In this im-
age, we notice that many Bi2Te3 nanoplates are not parallel to
the surface of the substrate, which may be responsible for the
broader peaks of XRD pattern of the substrate-heated sample.
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(a) (b)

(c)

Fig. 2. SEM images for Bi2Te3 thin films sputtered at room temperature
(a), sputtered at the substrate temperature of 240 ◦C (b), and sputtered
at room temperature then followed by annealing at 280 ◦C (c).

The transport measurements were carried out in the stan-
dard Hall bar geometry. Figures 3(a) and 3(c) are the Hall
curves (Rxy–H) of the substrate-heated and 280 ◦C annealed
Bi2Te3 films, respectively. The Hall slopes of both samples
at 2 K and 300 K are negative, which clearly reveals that the
dominant carriers of both samples are electrons. Figures 3(b)
and 3(d) show the temperature-dependent nominal carrier den-
sity of two samples estimated from Rxy. At 2 K, the car-
rier density is 13.5×1013 cm−2 for the substrate-heated sam-
ple and is 4.0× 1013 cm−2 for the 280 ◦C annealed sample.
The carrier density of the substrate-heated sample is about
3.4 times larger than that of the 280 ◦C annealed sample. It
indicates that the carrier from bulk is largely suppressed in the
280 ◦C annealed Bi2Te3 thin films.
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Fig. 3. Hall curves of substrate-heated (a) and 280 ◦C annealed (c) samples
at 2 K and 300 K, respectively. Carrier density of substrate-heated (b) and
280 ◦C annealed (d) samples as a function of temperature.

Figure 4 shows sheet conductance σxx (σxx = Rxx/(R2
xx +

R2
xy)) of the above two Bi2Te3 thin films measured at various

magnetic fields in the temperature range of 2 K to 10 K. A
well-defined linear lnT dependence of σxx is observed at low
temperatures (solid lines are the linear fits). The slope of σxx

is defined by κ = (πh/e2)dσxx/dlnT .[21] As shown in the in-
set, κ increases with increasing magnetic field and is approxi-
mately unchanged when the magnetic field ranges from 0.5 T
to 2 T. The sharp increase at low magnetic fields can be at-
tributed to the rapid suppression of the weak antilocalization
(WAL) effect, and the saturated value of κ in a high field range
of 0.5–2 T suggests that the effect is quenched. At the high
magnetic field, the saturated κ is ascribed to the contribution
of electron–electron interaction (EEI).[22,23] Interestingly, the
ratio of saturated κ of these two Bi2Te3 thin films is very close
to the ratio of the carrier density, 3.4, which suggests that the
strength of EEI is proportional to the carrier density.
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Fig. 4. Temperature dependencies of sheet conductance σxx (open sym-
bols) recorded at different magnetic fields for (a) 280 ◦C annealed and
(b) substrate-heated Bi2Te3 thin films. The straight lines are linear fits of
σxx to lnT . Inset of each plot shows the slope κ = (πh/e2)dσxx/dlnT as a
function of magnetic field.

To further explore WAL behavior, the magnetic field de-
pendent sheet resistance was measured at varied tempera-
ture. Figure 5(a) shows the magnetic field dependence of
∆Rxx of the post-annealed sample at different temperatures.
The parabolic ∆Rxx curve at the high-temperature region (50–
250 K) is ascribed to a semiclassical model that conduction
electrons drift in a magnetic field and are deflected by the
Lorentz force. At the low temperatures (2–10 K), the ∆Rxx

curve is nearly linear at the high magnetic field, and a sharp
dip appears near the zero magnetic field, which is a typical
feature of the WAL effect. As shown in Fig. 5(b), the WAL
behavior at the low magnetic field region (less than 0.5 T) can
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be well fitted by Hikami–Larkin–Nagaoka (HLN) equation[24]

∆σxx = σxx(H)−σxx(0)

= − αe2

2π2h̄

[
ln

h̄
4Bel2

ϕ

−ψ

(
1
2
+

h̄
4Bel2

ϕ

)]
,

where α is the WAL coefficient, lϕ is the phase coherence
length, and ψ(x) is the digamma function. It should be
noted that, for the magnetic field larger than 0.5 T, the mag-
netoconductance is found to deviate from the HLN equa-
tion, and this is consistent with the results of κ being sat-
urated above 0.5 T. Fitting ∆σxx at 2 K with the HLN
equation yields lϕ ∼ 228 nm and 180 nm for the 280 ◦C
annealed and substrate-heated Bi2Te3 thin films, respec-
tively. Both values are much larger than the thickness of
the films (14 nm), justifying the two-dimensional WAL char-
acteristics in our samples. The temperature dependence
of lϕ of the two Bi2Te3 thin films is shown in Fig. 5(c).

-2 -1 0 1 2
0

20

40

60

-0.5 0 0.5
-0.2

-0.1

0

2 4 6 8 10
50

100

150

200

250

H (T)

H (T)

2 K
5 K
10 K
50 K
150 K
250 K

10 K
7 K
5 K
4 K
3 K
2 K

T (K)

280º C annealed

280º C annealed

280º C annealed

(a)

(b)

substrate-heated

D
R

x
x
 ↼
W

↽
D

σ
x
x
 ↼

e

/
h

↽
l ϕ

 (
n
m

)

lϕ ~ T↩.

lϕ ~ T↩.

Fig. 5. (a) The ∆Rxx of post-annealed sample as a function of magnetic field
at different temperature, ∆Rxx = Rxx(H)−Rxx(0). (b) Longitudinal conduc-
tance ∆σxx of post-annealed sample as a function of magnetic field at dif-
ferent temperature, ∆σxx = σxx(H)−σxx(0). The solid lines show the fit of
HLN equation. (c) Phase coherence length lϕ of substrate-heated and post-
annealed samples as a function of temperature.

It is clear that both lϕ decrease with the temperature increas-
ing from 2 K to 10 K and this monotonous reduction of coher-
ence length was also observed in other topological insulator
systems.[25,26] It is well-known that the coherence length lϕ
is proportional to T−1/2 for the two-dimensional system.[27]

Here, the power exponents of the two samples are −0.58 and
−0.63 (Fig. 5(c)), slightly differ from −1/2, suggesting a con-
tribution of the bulk channel. Anyhow, the long phase coher-
ence length encourages us to take its advance in the quantum
transport.

It has been shown in this study that the post-annealing
Bi2Te3 thin films have lower bulk carrier density than the
films grown at high substrate temperatures. We note that the
achieved carrier density is also lower than the values of sam-
ples grown by MBE,[13,14] PLD,[15,16] and CVD.[17] In previ-
ous studies, the bulk charge carriers of Bi2Te3 mostly origi-
nate from point defects like TeBi antisite donor defects.[29,30]

Thus, we can infer that the number of TeBi antisite defects
in the 280 ◦C annealed samples is smaller than that in the
substrate-heated samples. More detailed annealing processes,
such as refining the annealing temperature and annealing time,
than those used here would be necessary to find the best con-
dition for further reducing the bulk carrier density of Bi2Te3

thin films. Besides, more microstructure characterizations are
needed to reveal the relationship between carrier density and
the heat treatment process of Bi2Te3 thin films.
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Fig. 6. Comparison of our carrier density of Bi2Te3 thin films with previous
reported data.

In conclusion, we present a feasible and scalable method
based on magnetron sputtering to obtain high-quality Bi2Te3

films, which was firstly sputtered at room temperature and then
followed with post-annealing. It enables the growth of highly-
oriented Bi2Te3 thin films with larger grain size and smoother
interface. The results of electrical transport show that it has
a lower carrier density down to 4.0× 1013 cm−2 as well as
a larger coherent length up to 228 nm. The appearance of
the WAL effect and EEI in our sample indicates that it keeps
the character of the topological surface state. This work fa-
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cilitates the fabrication of TI-based devices for electronic and
spintronic applications.
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Grützmacher D 2015 Crystal Growth & Design 15 390
[30] Scanlon D O, King P D, Singh R P, de la Torre A, Walker S M, Balakr-

ishnan G, Baumberger F and Catlow C R 2012 Adv. Mater. 24 2154

067307-5

http://dx.doi.org/10.1038/nphys1274
http://dx.doi.org/10.1126/science.1173034
http://dx.doi.org/10.1103/PhysRevLett.103.146401
http://dx.doi.org/10.1103/PhysRevLett.103.266803
http://dx.doi.org/10.1126/science.1234414
http://dx.doi.org/10.1063/1.4754108
http://dx.doi.org/10.1038/s41598-020-61672-1
http://dx.doi.org/10.1021/acsami.7b00541
http://dx.doi.org/10.1021/nl201561u
http://dx.doi.org/10.1038/ncomms16071
http://dx.doi.org/10.1038/ncomms16071
http://dx.doi.org/10.1063/1.4803717
http://dx.doi.org/10.1063/1.4803717
http://dx.doi.org/10.1063/1.3200237
http://dx.doi.org/10.1063/1.3200237
http://dx.doi.org/10.1103/PhysRevLett.123.207205
http://dx.doi.org/10.1002/aelm.v6.8
http://dx.doi.org/10.1063/1.5088190
http://dx.doi.org/10.1063/1.4766739
http://dx.doi.org/10.1021/nl503083q
http://dx.doi.org/10.1088/0256-307X/37/5/057301
http://dx.doi.org/10.1039/C8NR02083C
http://dx.doi.org/10.1107/S0021889807045086
http://dx.doi.org/10.1103/PhysRevB.83.241304
http://dx.doi.org/10.1038/srep03060
http://dx.doi.org/10.1038/srep25291
http://dx.doi.org/10.1143/PTP.63.707
http://dx.doi.org/10.1103/PhysRevB.86.125137
http://dx.doi.org/10.1103/PhysRevB.86.125137
http://dx.doi.org/10.1063/1.4773207
http://dx.doi.org/10.1088/0022-3719/15/36/018
http://dx.doi.org/10.1088/0022-3719/15/36/018
http://dx.doi.org/10.1016/j.apsusc.2013.03.130
http://dx.doi.org/10.1021/cg501471z
http://dx.doi.org/10.1002/adma.201200187

	References

