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Abstract

®

CrossMark

This experimental study reveals intriguing thermoelectric effects and devices in epitaxial
bismuthene, two-dimensional (2D) bismuth with thickness <30 nm, on Si (111). Bismuthene
exhibits interesting anisotropic Seebeck coefficients varying 2-5 times along different crystal
orientations, implying the existence of a puckered atomic structure like black phosphorus. An
absolute value of Seebeck coefficient up to 237 uV K~! sets a record for elemental Bi ever
measured to the best of our knowledge. Electrical conductivity of bismuthene can reach up to
4.6 x 10* S m™!, which is sensitive to thickness and magnetic field. Along with a desired low
thermal conductivity ~1.97 W m~! K that is 20% of its bulk form, the first experimental zT
value at room temperature for bismuthene was measured ~ 1072, which is much higher than
many other VA Xenes and comparable to its bulk compounds. Above results suggest a mixed
buckled and puckered Bi atomic structure for epitaxial 2D bismuth on Si (111). Our work paves
the way to explore potential applications, such as heat flux sensor, energy converting devices

and so on for bismuthene.

Supplementary material for this article is available online

Keywords: bismuthene, thermoelectric effect, anisotropic, 2D materials, Xenes

(Some figures may appear in colour only in the online journal)

1. Introduction

Initial investigations on semiconductor type black phos-
phorus suggest good prospects for electrical, thermal
and optical applications [l, 2], which arouses increas-
ing research interest into two-dimensional (2D) Xenes,
mostly group IVA and VA elemental atomic sheets.
Bismuth is a post transition metal with a high carrier

* These authors contributed equally.
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mobility ~20000 cm? V~! s7! [3] due to small effective
mass, low thermal conductivity ~10 W m~! K~! [4, 5] and
its longer mean free path (MFP) for phonons than electrons.
These properties make bismuth and its 2D form, bismuthene,
promise in thermoelectric device applications. Despite the
recent progresses [0, 7] on bismuthene synthesis and elec-
trical characterization, there is a lack of experimental study on
its thermoelectric properties.

Thermoelectric effect converts heat into electricity,
which holds great promise to address energy demands as

© 2020 IOP Publishing Ltd  Printed in the UK
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a sustainable power generator [8, 9]. The efficiency of
conversion is determined by the dimensionless figure of merit
(zT), as

SZ
= TUT (1)

where S stands for the Seebeck coefficient, o denotes the elec-
trical conductivity, S?c is the power factor, k represents the
thermal conductivity and 7 is the temperature. The interplay of
these three parameters (S, o, k) is the key challenge to achieve
high zT, while 2D materials become a better fit. According to
the Hicks and Dresselhaus theory [10—12], the density of states
of 2D materials can significantly deviate from bulk case. As a
result, the Seebeck coefficient can be enhanced by tuning the
width of the 2D quantum well without decreasing the elec-
trical conductivity much, due to the large asymmetry existing
between hot and cold electrons [13]. Thus, not only can the cal-
culated z7 value of 2D materials be improved by doping level,
but also it can be tuned by scaling down the dimension, which
provides another degree of freedom to design and improves
the thermoelectric property of 2D Xenes like bismuthene.

zT value of single crystal bulk bismuth was measured
1.8 [4] at room temperature, which is lower than that of
bulk Bi,Tes-based derivatives, renowned as commercial main-
stream thermoelectric materials. It is mainly due to the
bulk bismuth’s low absolute Seebeck coefficient (ISI) of
~80 uV K~! [14], while Bi,Tes-based materials can reach
150-260 1V K~! [15, 16]. The calculated value 342 1V K~!
was obtained by Wu et al [17] using the first principles calcu-
lation and Boltzmann transport theory. Here, we denote 2D as
the thickness that is less than its MFP, which is about 30 nm for
Bi according to theoretical calculation. However, when Cho
etal [18] and Das et al [19] experimentally measured the ISI of
2D bismuth, which were on CdTe and glass substrates by MBE
(molecular beam epitaxy) and vacuum evaporation respect-
ively. The values of ISI were only ~40 1V K~!, which were
smaller than that of bulk bismuth. It is believed that synthesis
method, substrate selection and thickness are needed to be
optimized. The electrical conductivity of bismuthene was also
investigated. Cheng er al [20] predicted the electrical conduct-
ivity of monolayer bismuth could be up to 108 S m~!, which
was two orders of magnitudes larger than that of the bulk [21].
Compared with the conventional external elemental doping or
alloying technique, for example, when Te was alloyed with Bi,
ISI of Bi was increased by ~25% while electrical conductivity
was decreased by 45%. When Se or Cu was doped in Bi-based
compound Bi, Tes, the ISI was increased by ~30%—-50% while
electrical conductivity was decreased even by 70% [22, 23].
The approach to scaling down the thickness from bulk to 2D
might be more promising in improving thermoelectric per-
formance in bismuth, because electrical conductivity may not
be sacrificed too much when IS| is improved. It is noted that
when the thickness of bismuth thin film increases too much
such as 100 nm or glass substrate is selected, the electrical
conductivity is ten times lower than that of bulk counterpart
[14, 19], suggesting process optimization is also needed as
that in ISI. Thermal conductivity of bismuthene has been rarely

measured experimentally [24]. Cheng et al [20] predicted the
zT value of a single layer of bismuth could reach up to 2.4
at room temperature and reach a maximum of 4.1 at 500 K,
which indicated that low-dimensional bismuth could yield bet-
ter thermoelectric properties than bulk and became a great can-
didate for energy devices.

Apart from the lack of comprehensive study on the zT val-
ues of 2D bismuth, it remains unclear for a scientific ques-
tion: how do the thickness and interface affect thermoelec-
tric properties of bismuthene? Here, we disclose the effect of
layer/thickness to the electrical and thermal transport of 2D
bismuth. Our experimental work combines preparation, device
integration and comprehensive characterizations of epitaxial
bismuthene on Si (111), with the first experimentally meas-
ured z7 values and other inspiring findings including aniso-
tropic Seebeck coefficients much larger than its bulk form and
magneto-transport behavior sensitive to small magnetic field
down to 600 mT.

2. Experiment methods

The 2D bismuth samples are grown on Si (111) substrate via
MBE in varied thickness, with detailed conditions available in
a previous publication [25]. The phase and composition char-
acterization of 2D bismuth are performed by x-ray diffraction
(XRD) with Cu K« radiation, Raman with 532 nm green laser
and scanning electron microscope-energy dispersive spectro-
meter (SEM-EDS), respectively. The surface roughness is
examined by atomic force microscope (AFM).

2D bismuth FET device is fabricated by electron beam
lithography (ELPHY Quantum), as shown in figure 1(a), fol-
lowed by e-beam evaporation (VZS600Pro) and lift-off of
5/45 nm thick Ti/Au electrodes that are used as source and
drain electrodes. The length and width of bismuth chan-
nels can vary from 0.5 to 5 pum. Electrical characteriza-
tion of 2D bismuth FETs is performed on a probe sta-
tion (Cascade® EPS150) with semiconductor parameter ana-
lyzer (Keysight 2902) at room temperature. Then, a See-
beck coefficient device is used to measure the Seebeck
coefficient of 2D bismuth with temperature gradient along
the specimen and cold end at room temperature (figure
1(a)). In addition, the thermal conductivity of 2D bismuth is
measured using the time-domain thermoreflectance (TDTR)
method (section I in supplementary information (available
online at https://stacks.iop.org/NANO/31/475202/mmedia)),
which is a pump-probe optical technique seen in figure 1(b).
Finally, the Hall effect measurements of 2D bismuth are car-
ried on Hall effect test (HET) system with van der Pauw
method.

3. Results and discussion

A set of crystal structure, composition and surface character-
ization of 2D bismuth, prepared by MBE on Si (111) in this
work exhibits high quality according to phase characteriza-
tion, is carried out. There are two main kinds of lattices in
2D bismuth (figure 2(a)): buckled and puckered, the latter of
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Figure 1. Experimental flow chart for 2D bismuth devices.
(a) Electrical conductivity, Seebeck coefficient and (b) thermal
conductivity measurements.

which is often more preferred when the thickness is beyond
a critical point [26, 27]. Raman spectra (figure 2(b)) consists
of two distinct Raman vibration modes, around 71 cm~! and
97 cm~! that can be assigned to E, and A;, modes of bis-
muth (inset of figure 2(b)), respectively [6, 28]. It is noted
that, compared with bulk bismuth, there is a blue shift in E,
and A, Raman modes for 2D bismuth, which can be attrib-
uted to the phonon confinement effects due to lower dimen-
sions [28] with possible alternation or transformation in crys-
tal structure. Notably, there is no detectable Raman finger print
of Bi;O3. XRD patterns (section II in supplementary informa-
tion) show high-level single crystallinity with exhibiting (001)
peak only, indicating that 2D bismuth growth has preferred
orientation along (001) direction (PDF:85-1329) It is worth
mentioning that hexagonal (001) direction here is equival-
ent to (111) the rhombohedral coordinates for bismuthene
crystal structure. The root mean square roughness measures
~0.5 nm over 10 x 10 pmz area on 2D bismuth via AFM, as
shown in figure 2(c), which is sufficiently smooth for the later
thermal conductivity measurement. The SEM image (section
II in supplementary information) and its attached EDS image
(figure 2(d)) as cross-references, which imply a good uniform-
ity of 2D bismuth surface.

Seebeck coefficient is measured as electrical potential dif-
ference across temperature gradients, which are associated
with electron and phonon behavior. In 2D materials, the elec-
tronic states are distributed in a quantized manner, resulting
in broadening band gap and increasing Seebeck coefficient
[2], when the thickness decreases to a critical point based on
quantum confinement effect [10—12]. Measured Seebeck coef-
ficients of our 2D bismuth can go up to —237 'V K~!, which
is 2-5 times higher than reported values on thin film [29] or
bulk bismuth [4, 14]. To the best of our knowledge, this is

the first experimental evidence to prove that scaling down to
2D scale can significantly enhance Seebeck coefficient of bis-
muth. Substrate coupling could also play a role in enhancing
Seebeck coefficient of 2D bismuth on Si (111), as seen by Cho
etal[18] and Das et al [19], only ~40 'V K~! of bismuth thin
film on CdTe or glass substrate that has different lattice mis-
match and strain when compared with Si (111).

Interestingly, 2D bismuth demonstrates an anisotropic See-
beck coefficient, which depends on the orientations. For
instance, the Seebeck coefficients measured along with the ori-
entation 1, 2, 5 in figure 3 are —237 uV K~!, =136 uV K~!,
—112 V K~!, respectively, whereas the values in the orient-
ation 3 and 4, decrease to —42 ©V K~! and —58 uV K.
The Seebeck coefficients of bulk bismuth in figure 3 have no
anisotropy. Such anisotropic Seebeck coefficient values have
only been discovered on black phosphorus so far [30], giv-
ing lower Seebeck coefficient in zigzag direction than that of
armchair direction [26] due to anisotropic effective mass along
with different crystal orientations in puckered atomic struc-
ture [31]. Here, we recall the references [26, 27] predicting
the transition of 2D bismuth layer structure from puckered
to buckled at around 7 ml (3 ml is roughly 1 nm). For 2D
bismuth thicker than 7 ml, i.e. 4 nm, 8 nm and 30 nm in
this work, it could have a mixture of puckered (bottom lay-
ers) and buckled (top layers) lattice (figure 2(a)). Our experi-
mental observation supports this theory that gives a reasonable
explanation on why 2D bismuth exhibits anisotropic Seebeck
coefficient but not obvious as seen in black phosphorus. The
anisotropic Seebeck coefficient agrees with the single crys-
talline of our MBE bismuthene, whereas an isotropic prop-
erty is observed on amorphous or polycrystalline 2D bismuth
via physical vapor deposition (section III in supplementary
information). Recently, similar structure induced by magnetic
and optical anisotropy has been revealed on other low dimen-
sional materials like CrOCI [32].

Thermal conductivity of 2D bismuth is measured using
the TDTR method (section I in supplementary information).
Based on the fitting results (figure 4(a)), the thermal conduct-
ivity of 30 nm bismuth is 1.97 W m~! K~! at room temperat-
ure, which is consistent with the theoretical data2 Wm~! K~!
[24] (figure 4(b)). The value decreases by a factor of 5, when
it is compared with the thermal conductivity of bulk bismuth
(~10 W m~! K~1) [4, 33]. As is known to the phonon inter-
face scattering theory [34, 35], when the scale of the material
is reduced to 2D, the thermal conductivity of the material will
be affected, especially when the size of the material is reduced
to the same or smaller than the average phonon MFP of bulk,
the phonon scattering effect is obviously enhanced. In this
case, the phonon transport is partially ballistic and the effective
phonon MFP is limited by the thickness of the material due to
phonon-boundary scattering by phonon confinement effects,
which is proved in shift of E; and A, modes for 2D bismuth
in Raman spectra (figure 2(b)). Thus, our measured thermal
conductivity of 8 nm bismuth reducing to 1.25 W m~! K~!
proves the theory that boundary scattering of phonons reduces
the thermal conductance, which is beneficial for thermoelec-
tric performance.
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Figure 2. The structure, composition and surface roughness characterizations of 2D bismuth. (a) The lattice of 2D Bi. (b) Raman spectra,
the inset image shows the vibration modes of bismuth. (c) AFM and (d) SEM with EDS mapping on Bi element.
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Figure 3. The Seebeck coefficients of 2D and bulk bismuth. The orientation-dependent Seebeck coefficients of 30 nm (each direction is

~36° to each other) and bulk bismuth.

The effect of thickness on electrical conductivity is
measured on 4, 8 and 30 nm bismuth FETs. Electrostatic meas-
urements reveal a typical linear I4—Vq curve, representing an
ohmic contact between the metal electrodes and 2D bismuth
(figure 4(c)). The observed electrical conductivity o of 2D
bismuth runs from 1.2 x 10% to 4.6 x 10* S m~', which is
ten times lower than the bulk bismuth ~5.1 x 10° S m~!
[14]. The calculated power factor is in the region from
21 x 10°Wm—! K21t 6.7 x 10° W m~! K—2, which
is lower than that of bulk bismuth (~1.9 x 10> Wm~! K—2).
The results are out of our expectation that the electrical
conductivity could not be decreased much when the Seebeck
coefficient was increased by around fivetimes (figure 3). This
can be attributed to the transition from bulk metal with zero

band gap to semimetal-semiconductor for 2D bismuth with a
small band gap ~70 meV possibly due to quantum confine-
ment (section IV in supplementary information). An oscillat-
ory rather than monotone thickness dependence of the elec-
trical conductivity is observed, implying that there is not only
one optimized thickness for electrical and subsequent thermo-
electronic property of bismuthene. For example, the highest
electrical conductivity ~46250 S m~! (figure 4(d)) occurs at
the thickness 8 nm, while 4 nm or 30 nm both experienced
a drop in electrical conductivity because of the reduction in
carrier concentration and charge mobility that is verified in
Hall effect measurements (table 1). The decreased carrier con-
centration probably results from the change in the band over-
lap energy subject to quantum size effect [36], while charge
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Figure 4. The thermal conductivity and electrical properties of 2D bismuth with different thickness. (a) The best fitting curve for 8 nm and
30 nm bismuth, at a modulation frequency of 1.72 MHz, a pump beam spot size of 12.0 pm and a probe spot size of 6.0 pm in the TDTR
measurement, where the hollow circles and the solid lines denote the measured data and the thermal model fitting, respectively. (b) The
thermal conductivity values of 2D and bulk bismuth. (c) The 14—V4 curves of 2D bismuth. (d) The electrical conductivity values of 2D and

bulk bismuth.

mobility reducing due to strong coupling between electrons
and holes [33]. When the thickness reaching 4 nm, the elec-
trical conductivity dropped sharply (figure 4(d)) owing to
the decreased mobility from surface scattering. Such oscil-
lation in electrical conductivity has also been observed in
Bi nanowires and thin films [33], indicating nonmonotone
thickness-dependent charge transport behavior in low dimen-
sional bismuth.

It is observed that the absolute values of electrical conduct-
ivity measured by Hall effect measurement are 1-2 orders of
magnitude smaller than those measured by FETs (table 1 and
figure 4(d)). This phenomenon can be attributed to the small
600 mT magnetic field, which could significantly affect the
effective mass of charge carriers [37] and lead to the decreased
electrical conductivity. It is interesting to observe that the 2D
bismuth is switching from N-type (figure 3) to P-type (table 1),
which is the same type in bismuth thin film recently synthes-
ized by PLD [6], while bulk is consistent with N-type. It is
worth mentioning that for bulk bismuth, the magnetic field that
can induce P-type charge carrier has to reach a high magnetic
field 14 T [38]. Inspiringly, in our work it only needs a small
magnetic field 600 mT for 2D bismuth to show similar effect,
which indicates a highly sensitive B-field sensor application.

Based on the aforementioned Seebeck coefficient, elec-
trical conductivity and thermal conductivity measurements,
the calculated zT values of 2D bismuth vary from 10~ to 107
(table 2). To our best knowledge, this is the first report of

ZT value in single crystalline 2D bismuth below 30 nm. The
value is higher than those of pristine graphene and black phos-
phorus in certain crystal orientation [13, 39], comparable to
bulk bismuth [14] 5.9 x 1072 and its compounds used for ther-
moelectric applications. The room for further improvement in
our work is to increase electrical conductivity (figure 5). New
developed growth techniques were applied in 2D bismuth in
our present work. It is worth mentioning that the power factor
of our 2D bismuth with the developed synthesis process can
be up to 1.1 x 10> W m~! K2 (section V in supplement-
ary information), which is due to the obtained electrical con-
ductivity quite close to that of bulk bismuth and even higher
than those of bulk Bi-based compounds (figure 5). However,
the advantage of high Seebeck coefficient in MBE samples is
suppressed. Synthesis parameter’s optimization is needed in
the future. Another approach to increasing the electrical con-
ductivity is suggested to scale down to thinner bismuthene,
which can help decrease thermal conductivity at the same
time (figure 5). According to Hicks and Dresselhaus [10], the
quantum confinement, which can produce exciting z7" much
larger than single digit, is supposed to be observed when the
thickness of bismuth is smaller than 30 nm. Our on-going work
is to identify an optimal thickness of 2D bismuth for an ideal
thermoelectric performance [14, 15, 22, 23, 40, 41], which
maintains Seebeck coefficient ~10% 1V K~! and thermal con-
ductivity below 2 W m~! K~! in this work, while increasing
electrical conductivity higher than 103 S m~!.
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Table 1. Hall effect measurements of 2D and bulk bismuth at room temperature.

Thickness Electrical conductivity (S m ) Hall coefficient (cm® C™1) Carrier concentration (cm™>) Mobility (em?>v~ls™h
8 nm 892.9 36.3 1.7 x 10" 3223
30 nm 339.7 734 8.5 x 10'° 250.7
Bulk 5.1 x 10° —0.7 8.7 x 108 3690.0
Table 2. The thermoelectric properties of 2D and bulk bismuth.
Form Carrier type Electrical conductivity (S m~") Thermal conductivity (W m~' K™') Seebeck coefficient (nvV K1) 2T value
2D bismuth N or P 10°-10* 1.25-1.97 42-237 1074102
Bulk N 5.1 x 10 10 [4, 33] —62 5.9 x 1072
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Figure 5. Roadmap of thermoelectric research work on 2D and thin film form of bismuth and its composites. Thermal conductivity of 2D
bismuth is about one fifth of bulk Bi and electrical conductivity (30 nm, PVD) is comparable to Bi, Tes thin film and bulk Bi, suggesting that
reducing thickness (number of layers) of bismuth is an effective strategy to improve thermoelectric performance without doping.

4. Conclusion

In summary, a comprehensive study about epitaxial 2D bis-
muth (<30 nm) on Si (111) reveals its unique electric and
thermal properties, such as anisotropic Seebeck coefficients
possibly originated from its unique puckered-buckled mixture
layered structure, and charge carrier type switching induced
by small magnetic field. The electrical conductivity, See-
beck coefficient and thermal conductivity of 2D bismuth
were measured up to 46250 S m~!, —237 xV K~! and as
low as 1.25 W m~!' K~! at room temperature, respectively.
The zT value of 2D bismuth without optimization measures
~1.0 x 1072 at room temperature, with further improvement

on the way. This work pinpoints the thermoelectric anisotropy
with the first experimental z7" value measured on bismuthene.
Our bismuthene device paves the way to explore potential
innovative nanoelectronics, such as alternative energy device,
heat flux and magnetic field sensors.
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