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A B S T R A C T

Quantum dots are semiconductor nanoparticles where electrons’ motion is confined within the three physical 
dimensions of the nanoparticle, such that discretization of energy levels is observed. In this article, quantum dots 
of Bi2Te3, with sizes around 9 ± 2 nm and energy bandgap around ~ 2.8 eV, were successfully synthesized by 
pulsed laser ablation in liquids. Those dots were found to be within the strong confinement regime.

1. Introduction

Bismuth Telluride (Bi2Te3) is an important binary compound made 
of a post-transition metal, bismuth (Bi), and a chalcogenide element, 
tellurium (Te) [1]. It occurs naturally on Earth as a mineral called tel-
lurobismuthite [2]. Bi2Te3 has a rhombohedral crystalline structure 
within the R‾3m space group described by the hexagonal unit cell [3,4]. 
It exhibits a narrow indirect energy bandgap of ~ 0.15 eV and a direct 
energy bandgap of ~ 0.22 eV at the bulk scale [5,6]. Bi2Te3 is a 
well-known room-temperature thermoelectric material used in ther-
moelectric coolers, and power generators [7,8]. It is also used in mi-
crowave absorbers [9], photodetectors [10], and photovoltaic solar cells 
[11]. Furthermore, Bi2Te3 is also a topological insulator making it 
suitable for spintronics, and quantum computing devices [12,13].

Nowadays, the scientific community is fascinated by the physico- 
chemical properties of Bi2Te3 at the nanoscale within the quantum 
confinement regime. However, there are not a lot of papers within the 
scientific literature reporting the synthesis of Bi2Te3 quantum dots (QDs) 
(Table 1). In this work, we successfully synthesized Bi2Te3 QDs for the 
very first time by Pulsed laser ablation in liquids (PLAL) technique using 
a bottom-ablation synthesis protocol. This type of bottom-ablation 
synthesis protocol is advantageous for producing smaller nanoparticles 
compared to a top-ablation protocol [14,15]. PLAL is a cost-effective and 
eco-friendly technique generating highly pure QDs or nanoparticles. 
Moreover, various shapes and sizes can be achieved by changing the 
laser parameters and solvents. The process of forming QDs through PLAL 

involves absorbing the laser beam by the target and the solvent; 
consequently, producing a plasma. This plasma leads to the creation of a 
cavitation bubble within the liquid. The ions and electrons present in the 
cavitation bubble react together to form the QDs [16,17].

2. Materials and methods

2.1. PLAL synthesis

A Q-switched Nd:YAG laser from Electro Scientific Industries was 
used to synthesize Bi2Te3 QDs. The laser beam was emitted in the 
infrared region at 1064 nm. Bismuth-telluride flakes (@99.99 % from 
Sigma-Aldrich) were used as a target. Before irradiation, the target was 
cleaned by an ultrasonic cleaner using acetone for 15 minutes. The 
target was put inside a 50 ml single-neck glass flask and was immersed in 
10 ml of acetone. The infrared laser beam was reflected onto a flat 
mirror, inclined at 45◦ with respect to the laser rail. The laser beam was 
focused on the target’s surface by using a bi-convex lens having a focal 
length of 16 mm which was placed between the mirror and the target. 
The power of the laser was measured around 12.5 W with an energy per 
pulse of 12.5 mJ/pulse as the repetition rate was fixed at 1 kHz. The 
average spot size of the laser beam onto the target was measured to be 
around ~ 110 ± 28 μm. The laser fluence was consequently calculated 
to be ~ 131 ± 33 J cm−2. The target was finally irradiated for 5 minutes.
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2.2. Physico-chemical characterization

Immediately after synthesis, the colloid containing the Bi2Te3 QDs 
was stored in a 10 ml opaque microtube for preservation. The QDs were 
then characterized by Dynamic Light Scattering (DLS -NanoBrook 
90Plus from Brookhaven Instruments Corporation), UV–visible spec-
troscopy (Cary 60 from Agilent), Raman Spectroscopy (Home-made 
system), X-ray diffraction (XRD-Miniflex 600 from Rigaku) and Trans-
mission Electron Microscopy and Scanning Transmission Electron Mi-
croscopy (TEM and STEM, respectively). Raman scattering 
measurements were carried out by using a home-built setup. The mea-
surements were conducted in a backscattering configuration excited 

with a solid-state green laser (λ = 532 nm). To reach the ultra-low fre-
quency Raman shift of ~ 10 cm−1, we used the volume Bragg grating 
filters (OptiGrate) to block the laser line. The backscattered signal was 
collected through a 100 × objective and dispersed by an 1800 g/mm 
grating before the liquid nitrogen-cooled charge coupled device 
(Princeton Instruments, PyLoN 1340 × 400 pixels CCD). TEM and STEM 
were carried out on a JEOL ARM 200 CF microscope operated at 80 kV. 
Chemical mappings were performed using a SDD JEOL Centurio Energy- 
Dispersive X-ray (EDX) spectrometer. For the DLS and UV–visible 
spectroscopy, 3 ml of colloidal solution were placed in a quartz cuvette 
for characterization. For TEM/STEM characterization, a droplet of 
colloidal solution was dropped on a TEM copper grid, exposing it 

Table 1 
List of peer-reviewed papers reporting the synthesis of bismuth telluride quantum dots using various techniques.

Synthesis technique Size Shape Energy bandgap Environment Ref.
Hydrothermal 43 ± 3 nm and 20 ± 3 nm Spherical Unknown Colloid [9]
Wet-chemical 35 nm Spherical 1.20 eV Colloid [18]
Wet-chemical 17.5 ± 1.8 nm Rhombohedral Unknown Colloid [19]
Thermo-chemical 4–14 nm Spherical 3.12–2.69 eV Within a glass matrix [20]
Thermo-chemical 6 by 10 nm Rod 2.49 eV Within a glass matrix [20]
Solvothermal < 10 nm Spherical Unknown Colloid [21]
PLAL 9 ± 2 nm Spherical 2.8 eV Colloid This work

Fig. 1. a) Sketch of the PLAL synthesis protocol showing the “Bottom-ablation” setup used to synthesize Bi2Te3 QDs. Inset: Bulk Bi2Te3Target used for irradiation 
(left), and structure of acetone molecule (right). b) Photo: The left cuvette contains a standard solution of acetone and the right one contains a colloid synthesized by 
PLAL. The “Tyndall effect” is only observed in the right cuvette.

Fig. 2. Size distribution and stability a) Size distribution (Intensity versus size) measured by DLS. Inset: Number of particles versus size c) Zeta potential of colloid 
containing Bi2Te3 QDs. The colloidal stability is color-coded: highly unstable (red), relatively stable (orange), moderately stable (yellow) and highly stable (green).
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minimum to air, and let it continue to dry completely in a vacuum 
environment (10−3 Pa). For the Raman spectroscopy and X-ray diffrac-
tion, the colloid was centrifuged at 13,000 rpm for 60 min using the 
Sorvall Legend micro 17 from Thermo Scientific, to collect enough QDs 
and remove the excess of solvent. The sedimented QDs were then 
recovered and dried into a glovebox before their Raman and XRD 
characterization.

3. Results and discussion

The PLAL setup to create Bi2Te3 QDs is shown in Fig. 1a. This type of 
setup is known as the “Bottom-ablation” technique because the laser hits 
the target from underneath the container. The target used for the syn-
thesis is a pure Bi2Te3 target (inset Fig. 1a). The sample containing the 
Bi2Te3 QDs is shown on Fig. 1b. For comparison purpose, a cuvette 
containing only the solvent (acetone in this case) is also shown on 
Fig. 1b. When the laser pointer’s beam is shined through the colloid, the 
light is scattered due to the presence of the QDs. This effect is known as 
the “Tyndall effect” [22].

After synthesis, the size distribution of the particles and their sta-
bility was determined by DLS. Two different intensity peaks centered 
around ~ 56 ± 7 nm and ~ 12 ± 2 nm appeared on the spectra (Fig. 2a) 
displaying two different-sized populations. However, the diameter 
measured by the DLS is not the physical diameter of the nanoparticles 
but the hydrodynamic diameter [23]. Consequently, it may be 
misleading to the reader that there is a huge population of particles 

having a size around ~ 56 nm. Indeed, it is important to understand that 
the scattering of light is proportional to the 6th power of the radius of 
the particle [23]. Therefore, larger particles will scatter more light than 
smaller ones; so, the intensity of each peak should not be used to 
compare the number of nanoparticles within each population. To do 
that, the number of nanoparticles versus size needs to be used (Inset 
Fig. 2a). From the inset, the second peak centered at around ~ 56 nm 
disappeared and only survives the first one, indicating that most nano-
particles had a size around ~ 12 nm. The presence of the peak around ~ 
56 nm may be due to the flocculation of the particles. Indeed, the zeta 
potential of the Bi2Te3 QDs was found to be around ~ 20 ± 12 mV at a 
pH of 5.8 ± 0.3 (Fig. 2b). The magnitude of zeta potential indicates the 
degree of electrostatic repulsion or attraction between the particles in 
suspension, which is an important parameter for understanding the 
stability of the particles in the colloid. Colloids with zeta potential values 
of ± 0–10 mV, ± 10–20 mV and ± 20–30 mV and ˃ ± 30 mV qualify as 
highly unstable, relatively stable, moderately stable and highly stable, 
respectively [23]. The Bi2Te3 QDs synthesized by PLAL qualify as rela-
tively stable but could flocculate over time.

The size of the Bi2Te3 QDs has also been determined from images 
obtained by STEM (Fig. 3). Fig. 3a–c show STEM Bright Field (BF) im-
ages of the Bi2Te3 QDs under different magnifications. The shape of QDs 
is quasi-spherical (Fig. 4a), and most of the sizes ranges from 6 nm to 
12 nm, with an average value at 9 ± 2 nm, as can be seen from the 
histogram shown in Fig. 4b. The sizes of the QDs measured by STEM are 
in excellent agreement with the size determined by DLS. As the size of 

Fig. 3. a)–c) STEM-BF images of the Bi2Te3 QDs at different magnifications.

Fig. 4. a) STEM-BF image of the Bi2Te3 QDs. b) Histogram representing the particle size distribution of the STEM image shown in a).
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the nanoparticles is less than Bi2Te3 electron’s Bohr’s radius i.e. 57 nm 
[20,24] and hole’s Bohr’s radius i.e. 45 nm [24]; then it can be 
concluded that the nanoparticles synthesized in this manuscript are in 
the strong confinement regime [25].

The chemical composition and crystalline structure of the bulk target 
and QDs were analyzed by XRD (Fig. 5a, b). All the XRD peaks located at 
17.5◦ (006), 27.6◦ (015), 37.8◦ (1010), 41.0◦ (110), 44.9◦ (116), 45.9◦

(1013), 50.3◦ (205) and 54.2 (0018) were matching the rhombohedral 
lattice structure of Bi2Te3. By comparing both diffraction patterns, it can 
be noticed that the growth direction of QDs (015) did not follow the 
growth orientation of the target (116); therefore, the QDs were not 
created by laser fragmentation but by laser ablation involving melting 
and recrystallization. By using the Scherrer equation, the crystallite size 
was determined to be around 3.5±0.1 nm meaning that the Bi2Te3 QDs 
were polycrystalline as shown on Fig. 5c. Moreover, the Fast-Fourier- 
Transform (FFT) performed on Fig. 5c confirmed the rhombohedral 
structure of the QD (Fig. 5d).

Raman spectroscopy was performed on the bulk Bi2Te3 target as well 
as on the Bi2Te3 QDs synthesized by PLAL to study their chemical 
composition and quantum confinement as shown in Fig. 6. By 
comparing the two Raman spectra, it can be seen that the non-active 
Raman modes A1u1 and A1u2 became active at the quantum scale while 
the active Raman modes A1g1 , Eg2 and A1g2 were blue-shifted, confirming 
the quantum confinement. The A1g mode (“out-of-plane vibrations”) 
represents the vibration of atoms along the c-axis, i.e., the plane 
perpendicular to the basal plane; whereas the Eg mode (“in-plane 

vibrations”) represents the vibrations within the basal plane. In the A1g1 

mode, the bismuth and tellurium atoms vibrate in phase while in the A1g2 

and Eg2 modes, they vibrate in opposite phase. The A1u modes become 
active because the confinement breaks down the symmetry along the c- 
axis. Another interesting observation is that the intensity of the out-of 
plane vibrations (A1g) is higher for the Bi2Te3 quantum dots than for 
the Bi2Te3 bulk; while the in-plane vibrations (Eg) are higher in intensity 
for the Bi2Te3 bulk than for the Bi2Te3 quantum dots. The decreased 
intensity of the in-plane vibrational modes and the increased intensity of 
some out-of-plane vibrational modes seems to be another indication of 
the quantum confinement. Indeed, the Eg2 vibrational mode lost ~ 75 % 
of its intensity while the A1g2 vibrational mode gained ~ 50 % when 
comparing the bulk with the quantum dot. A similar behavior has 
already been noticed in a few quintuple layers of Bi2Te3 by Shahil et al. 
[26]. Finally, the Raman peak positions were consistent with the liter-
ature [27–29].

To confirm the chemical composition of the QDs, EDXS elemental 
chemical mapping was performed on the QDs (Fig. 7). Bi and Te can be 
seen uniformly distributed all over the particle.

The optical investigation was done using UV–vis spectroscopy as 
shown in the Fig. 8a. The energy band gap was determined by using the 
Tauc plot methodology [30,31] revealing a value around ~ 2.8 eV 
(Fig. 8b). This value is in very good agreement with Panmand et al. [20], 
who found a direct energy bandgap between 3.12 eV and 2.69 eV for 
Bi2Te3 nanoparticles having sizes between 4 nm and 14 nm, respectively 
(Table 1). Theoretically, as particle size decreases there is an increase of 

Fig. 5. a) XRD pattern of the Bi2Te3 bulk target. b) XRD pattern of Bi2Te3 QDs. The XRD Peak positions were identified based on the crystallographic open database 
9011962. c) STEM-Annular Dark Field (ADF) image of one single Bi2Te3 QD. d) FFT of the image shown in c). The plane indexing corresponds to the Bi2Te3 
rhombohedral structure.
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the energy bandgap due to surface effects and quantum effects [25]. 
Here, both effects contribute to the increased value of the energy 
bandgap. Firstly, by decreasing the size of the Bi2Te3 target by PLAL, the 
surface to volume ratio of the synthesized nanoparticles increased 
(surface effects) and consequently their energy bandgap too. Secondly, 
as the diameter of the Bi2Te3 nanoparticles synthesized by PLAL are 
below both the electron Bohr radius (~ 57 nm) [20,24] and hole Bohr 
radius (~ 45 nm) [24] of Bi2Te3, they are within the strong confinement 
regime (quantum effects) [25]. Generally, the size effect on the energy 
bandgap of nanoparticles can be predicted by using a scaling law where 
the energy bandgap is determined by a linear relationship of the recip-
rocal size of the nanoparticle [32]. However, in this case, two experi-
mental data points deviate from the linear relationship below a given 
reciprocal size (~ 0.07 nm−1); consequently, indicating a pure quantum 

behavior (Fig. 8c).

4. Conclusions

In conclusions, Bi2Te3 QDs have been successfully synthesized for the 
very first time by PLAL. The size of the QDs was measured to be around 9 
± 2 nm which is much smaller than the electron and hole Bohr radius of 
Bi2Te3, signifying a strong quantum confinement. Consequently, the 
energy bandgap of QDs (~ 2.8 eV) displayed a much larger value than 
the bulk energy bandgap of Bi2Te3 (~ 0.15 eV). Quantum confinement 
was further confirmed by Raman spectroscopy where Raman peaks were 
blue-shifted and infrared peaks popped up in the Raman spectra. More 
work is now in progress to include those Bi2Te3 QDs into optoelectronic 
devices.
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Fig. 6. a) Raman spectra of Bulk Bi2Te3 target for reference purposes. b) 
Raman spectra of Bi2Te3 QDs confirming the quantum confinement.

Fig. 7. EDXS elemental chemical mapping of Bi2Te3 QDs. Bi and Te are indicated in red and green, respectively.
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