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Enhancing power factor of SnSe sheet with grain boundary by

doping germanium or silicon

Jie Sun’, Jiabing Yu?, Yaguang Guo' and Qian Wang ®'™

Grain boundaries (GBs) widely exist in two-dimensional (2D) and three-dimensional (3D) materials in experiment, which significantly
affect the thermoelectric performance because of the scattering effect on the transport of both electron and phonon. Motivated by
the research progress in 3D SnSe, we have systematically studied the GBs in a SnSe monolayer including their stable geometric
configurations, the effect of GBs on power factor and Seebeck coefficient, and the strategies to improve the performance by using
first principles calculations combined with semiclassical Boltzmann theory. We find that the GBs increase the potential energy
barrier of carriers and decrease the valley degeneracy of the conducting bands, leading to the reduction of Seebeck coefficient, as
compared to that of the pristine SnSe sheet. We further demonstrate that the trapping gap states are effectively eliminated or
reduced by doping germanium or silicon, leading to the enhanced electrical conductivity, power factor, and Seebeck
coefficient. These findings shed lights on developing practical strategies for modulating the thermoelectric performance of

2D polycrystalline sheets.
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INTRODUCTION

Thermoelectric materials have attracted worldwide attention in
the last few decades because they can directly harvest electricity
from waste heat. Among them, tin selenide (SnSe) single crystal is
most well-known for its astonishing high ZT values of 2.6 £0.3 at
923K and 28+05 at 773K'% However, the high cost of
synthesizing SnSe single crystal and its poor mechanical properties
impede the practical applications of this material. Therefore, many
studies have been carried out for studying the thermoelectric
performance of 3D polycrystalline SnSe*® and 2D SnSe'®. It has
been found that the ZT value of polycrystalline SnSe is
dramatically reduced as compared to that of single-crystal SnSe
because of the existence of grain boundaries (GBs) in polycrystal-
line structures, which can reduce the electrical conductivity. For
example, GBs decrease the number of carriers in 3D p-type
polycrystalline SnSe, leading to the poor electrical conductivity
and poor thermoelectric performance'’. Also, in n-type 3D
polycrystalline SnSe, the carrier concentration is reduced as
compared with that of single crystalline SnSe’. To improve the
performance, chemical doping has been used. Previous studies
have shown that alkali elements®~, halogens®’, and Ag®® are the
promising dopants for increasing the ZT value of 3D polycrystal-
line SnSe. For instance, the ZT value of K-doped polycrystalline
SnSe is 1.1 at 773 K>, which is more than twice the original value of
pure polycrystalline SnSe (0.5) at 823 K'2, but still much less than
that (2.6-2.8) of its single crystal counterpart.

For SnSe thin films and nanosheets, the ZT values have been
experimentally found to be relatively low, the maximum value can
only reach 0.28 at 675K">'*, and the underlying reasons remain
unclear. As a matter of fact, GBs have been found to exist in many
2D materials'>"'8, However, the study on the effect of GBs on the
thermoelectric properties of 2D SnSe has not been reported,
although significant research progress has been made in 3D SnSe
with GBs. To explore the mechanism of low ZT value of 2D SnSe, it
is essential to address the following fundamental questions: (1)

what are the stable GB configurations in 2D SnSe? (2) How does
GB affect the thermoelectric performance of 2D SnSe? (3) What are
the strategies for improving the thermoelectric performance? To
this end, we carry out a systematic theoretical study. Our results
show that the GBs in 2D SnSe result in the defect trapping gap
states inside the band gap, which impede the mobility of carriers.
Doping with Ge or Si atoms can eliminate or reduce the trapping
gap states, leading to a narrow band gap, an enhanced band
convergence, and an improved electrical conductivity. These
features, together with the reduced thermal conductivity, endow
the 2D SnSe sheet containing GBs with improved thermoelectric
performance.

RESULTS AND DISCUSSION
Geometric structures

Unlike other 2D materials with well-characterized GB structures
such as in graphene'®, boron nitride'®, phosphorene'’, and
MoS,'®, the GB configurations in SnSe monolayer are still unclear.
We first need to determine the stable GB configurations in the 2D
SnSe. To this end, we use the coincident-site-lattice (CSL) theory19
that has been widely applied to determine the GB configurations
in many materials?® %2, and find three stable GB configurations
with the grain orientation angles of 37.76° 54.32°, and 91.48° as
shown in Fig. 1, where the [010] and [001] directions are chosen to
be the GB edge and rotation axis, respectively. The density of GB is
determined by the distance between two neighboring GBs, the
larger distance leads to the lower GB density. Taking monolayer
SnSe with 91.48°GB as an example, we choose structures with
different distances between two neighboring GBs to calculate
their GB energies. The result is shown in Supplementary Fig. 1.
When the distance between the two neighboring GBs reaches
21.49 A, the GB energy converges to 0.21 eV, which means when
the set distances are larger than 21.49 A, the GB density will not be
a main factor affecting the properties. To avoid the coupling
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Geometric structures of 2D SnSe. Top view of the optimized 2D SnSe sheet a without GB, with b 37.76° GB, ¢ 54.32° GB, and d 91.48°

GB. Red and blue, cyan and yellow spheres represent the Sn and Se atoms in the GBs and grains, respectively.

between two neighboring GBs, we set the distance as 60 A in
calculations. Supplementary Fig. 1b is for the number of atoms
versus the distances between two neighboring GBs. Also, to make
DFT method handleable for our system, the 2D SnSe with 91.48°
GB is chosen for doing the calculations containing 80 Sn and 80 Se
atoms with the lattice parameters of a=122.78, b=6.14 A. The
structures with 37.76°/54.32° GB contain 84/62 Sn and 84/62 Se
atoms with the lattice parameters of a =58.26/62.21, b= 13.59/
9.63 A, respectively. The vacuum space of 18 A is included along
the c directions for these structures. The distances between two
neighboring GBs are large enough to avoid their mutual
interactions'”. Interestingly, the GB structure with grain orienta-
tion angle of 91.48° is similar to the antiphase GB in polycrystalline
bulk SnSe discovered by Zhao et al. in the experiment, which is a
stable GB type*, implying that it is likely to observe such GB type
also in 2D SnSe. We calculate the GB energies of the three GB
structures using the formula: Egg = (E; — Eo)/2l, where E; and E,
are the energies of the structures with and without GBs, / is the
length of GB. The GB energies of the 2D SnSe with 37.76°, 54.32°,
and 91.48°GB are 0.18, 0.34, and 0.21 eV/A, respectively. Because
the structure with 91.48° GB has a similar GB configuration to that
of the antiphase GBs in the synthesized polycrystalline SnSe®, and
the other two GBs are also low in energy, we choose the three
configurations for further calculations and discussions.

GBs usually contain some wrong arranged atoms or bonds, as
shown in Fig. 1. For the structure with 37.76°GB, the wrong
arranged atoms in the GB region are labeled as Sn1-Sn2/Se1-Se2,
Sn3-Sn4/Se3-Se4, and for the structure with 54.32° GB, the wrong
arranged atoms are labeled as Sn1-Sn2/Se1-Se2, Sn3-Sn4/
Se3-Se4, Sn5-Sn6/Se5-Se6, and Sn7-Sn8/Se7-Se8. The situation
with wrong arranged atoms in the 91.48°GB is less complicated,
shown as Sn1-Sn2 and Se1-Se2.

It was demonstrated that the disordered atoms or some wrong
bonds in GBs can result in trapping gap states® that are able to
trap the carriers and decrease the mobility of free carriers, leading
to the reduction of electrical conductivity. For instance, for an n-
type semiconductor, these trapping states can be filled by
electrons, and when they are accumulated, a negative charge
region can be developed in the GB. The adjacent grains of the GB
become positively charged and a potential energy barrier is
created, thus reducing the mobility of electrons?®. While, for those
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shallow gap states which are coupled with conducting bands, the
potential energy barrier between GB and grain region is low and
the detrimental effect can be reduced. To see how GB affects the
electronic properties of 2D SnSe, we calculate the band structures
of the 2D SnSe with the three GB types, respectively. To avoid the
effect caused by the anisotropy of 2D SnSe, the structure without
GB for comparison is also tilted by the corresponding degree from
the original structure, namely, by 91.48° as plotted in Supple-
mentary Fig. 2.

Electronic structures

The band structures of the SnSe sheet with and without the 91.48°
GB are shown in Fig. 2a, b. To compare the changes of conduction
and valence bands, we plot the band structures using band
alignment scheme, where the vacuum energy level is set as zero
energy. The electrostatic potentials are calculated to be 2.74, 2.73,
2.69, and 2.72 eV for SnSe monolayer without GB, with 91.48° GB,
doped with Ge/Si, respectively, as shown in Supplementary Fig. 3.
One can see that the GB results in four trapping gap states inside
the band gap, which can trap the carriers, leading to the decrease
of electrical conductivity. We also calculate the band structures of
the 2D SnSe sheets with the 37.76° and 54.32° GB, respectively, as
shown in Fig. 3a, d. It is interesting to see the emerging gap states
are coupled with the conducting bands for the structure with
54.32°GB. Thus, the carrier mobility is less affected. While, the
defect gap states are observed in the structure with the 37.76° GB.

To explore the origins of these gap states, the site-projected
DOS of the 2D sheet with 91.48° and 37.76° GB configurations are
calculated, respectively. The results are plotted in Supplementary
Figs. 4 and 5. For the structure with 91.48° GB, we find four defect
gap states arising from the 5p, orbitals of Sn atoms in the GB. Two
wrong bonds of Sn-Sn at the middle and another two at the edge
are responsible for the four trapping gap states inside the band
gap (see Supplementary Fig. 2b). For the structure with 37.76° GB,
the defect trapping gap states also originate from the 5p, orbitals
of the Sn atoms in the GB. Besides the site-projected DOS, the fat-
band analysis is also carried out to study the origins of these
emerging gap states inside the band gap. Based on the distance
between the GB and Sn, four Sn atoms are chosen for doing the
fat-band analysis, as shown in Supplementary Fig. 6. We note
when the distance from the GB becomes larger, the contribution
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Fig.2 Band structures of 2D SnSe with 91.48° GB. Band structure of the 2D SnSe sheet a without GB and b with 91.48° GB, band structure of

the ¢, d Ge-/Si-doped 2D SnSe sheet with 91.48° GB.
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Fig. 3 Band structures of 2D SnSe with 37.76°/54.32° GB. Band structure of a the SnSe sheet with 37.76° GB, b, ¢ the Ge-/Si-doped SnSe

sheet with 37.76° GB, and d the sheet with 54.32° GB.

to the gap states becomes smaller. Therefore, the emerging gap
states are mainly attributed by the Sn atoms around the GB.
Supplementary Fig. 7 shows the fat bands when Sn atoms at the
GB are replaced by Ge/Si atoms. One can see that the gap states
are pushed upwards into the conduction band after doping. Since
the trapping gap states are detrimental to electronic transport, a
direct strategy to improve electrical conductivity is to eliminate or
reduce the trapping gap states. However, less attention was paid
on this point in previous studies.

Here, we choose the two GB configurations with 91.48° and
37.76° to study the induced gap states. According to the
experiment by Sushmita et al.>>, we study the effect of doping
Ge in the GB region on the gap states. We first compare the
substitution energies of Ges, (Ge at Sn site) and Ges. (Ge at Se
site), which are found to —0.32 and +1.10eV, respectively,
indicating that Ge prefers to the Sn site. So, the wrong bonds of
Sn-Sn become Ge-Ge after the doping. We then examine the Ge
segregation energy profile across the GB regions for the two
configurations. The results show that the Ge-doping leads to a
spontaneous Ge segregation in the GBs, irrespective of the GB
types (see Supplementary Fig. 8a). When doped with Ge, the
Sn-Sn wrong bonds may become Ge-Ge bonds or Sn—-Ge bonds.
To find the energetic preference, we calculate their bond energies,
which are found to be —0.55 and —0.31 eV for the Ge-Ge and
Sn-Ge bonds, respectively, suggesting that forming Ge-Ge bond
is energetically more favorable over Sn-Ge bond. The band
structure of the Ge-doped sheet with 91.48°GB is plotted in Fig.
2c. One can see that the four trapping gap states are eliminated
after the doping. The underlying reason is that the coupling of the
5p, orbitals of Sn in the GB region is changed to the stronger
coupling of 4p, orbitals of Ge atoms, which can move the gap
states upward to the conduction bands. Thus, the trapping gap
states are now eliminated by Ge doping and the potential energy
barrier cannot form across the GB. According to the calculated
results, the band gap for 91.48° GB with Ge doping is decreased by
0.16 eV, as compared with gap in the pristine situation, due to the
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fact that Ge is more electronegative than Sn. We conclude that Ge
doping in the GB can eliminate the trapping gap states, resulting
in the increased electrical conductivity.

It is natural to consider whether silicon (Si) can also have the
similar effect because Si is isoelectronic to Ge and Sn. In addition,
Si is much cheaper than Ge. Interestingly, it was found that the
power factor and Seebeck coefficient are enhanced when Si is
introduced into 3D SnSe'®. Therefore, it is possible to dope SnSe
with Si in the experiment. We then dope Si in the 2D SnSe sheet
with 91.48° GB. The calculated band structure is plotted in Fig. 2d,
which clearly shows that the trapping gap states are eliminated.
The corresponding value of band gap reduction is 0.21 eV for the
structure with 91.48°GB after Si doping. For the structure with
37.76° GB, we also study the effect of doping on the gap states by
replacing Sn with Ge and Si, respectively, in the GB region. The
formation energies of Ge and the Si at Sn site are shown in
Supplementary Fig. 8b. Again, both Ge and Si are found to have
the tendency to occupy the Sn sites in the GB. The band structures
are calculated and plotted in Fig. 3b, ¢, where the trapping gap
states turn into shallow gap states coupling with the conducting
bands, which are also attributed by the stronger coupling of the
4p,/3p, orbitals of Ge/Si atoms, as compared with the case of 5p,
orbitals of Sn atoms. Therefore, doping Ge/Si in the 2D SnSe with
GBs can be a useful strategy to eliminate or reduce the trapping
gap states, thus leading to the enhancement of electrical
conductivity.

According to the above calculations, one can see that different
GB configurations induce the different trapping gap states. From
the site-projected DOS of the structures with 37.76° GB and 91.48°
GB, we find that the contributions to the total DOS of Sn atoms are
related to their distances from the middle of GB. For instance, in
Fig. 1b, Sn1-Sn2 contributes more than Sn3-Sn4 to the total DOS.
This is understandable because their mutual coupling becomes
weaker when the distance between them increases. As
shown in Fig. 1b, d, for the structures with 37.76° GB and 91.48°
GB, the percentages of wrong arranged atoms with small mutual
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Fig. 5 Band structures of 2D SnSe with 91.48° GB in short energy range. Band structure in a short energy range for the 2D SnSe sheet
a without GB, b with 91.48° GB, and for ¢ the Ge-doped and d Si-doped SnSe sheet with 91.48° GB.

distances (Sn1-Sn2) are 50% and 100%. While, for the structure
with 54.32° GB, the wrong arranged atoms with small distances
(Sn1-Sn2 and Sn7-Sn8) occupy 40% of total atoms at GB. The
density of wrong bonds with small distances may be not high
enough to induce trapping gap states for the structure with
54.32° GB.

Seebeck coefficients

The Seebeck coefficients are then calculated using Boltztrap2
code. Here, we discuss the structures with 37.76° and 91.48° GB,
because in both of them trapping gap states are observed. The
results for the n-type 2D SnSe are shown in Fig. 4. It is interesting
to note that the Seebeck coefficients of the doped sheets increase
in both parallel and perpendicular to the GB direction. According
to previous studies®®?’, we choose the concentration range of 10°
to 10™cm 2 to calculate the Seebeck coefficients. For the
structure with 91.48°GB, the Seebeck coefficients at 500/700 K
are 641.34/650.25, 470.29/462.65 uV/K in parallel/perpendicular
to the GB direction, respectively. When doped with Ge, the
corresponding values increase to 759.76/715.62, 574.28/522.92 uV/
K, as shown in Fig. 4a, b. The calculated results along the x and y
directions are close to each other within the numerical error
range. It is known that large Seebeck coefficient usually requires
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large DOS effective mass (m4*), which is related to band effective
mass my* and valley degeneracy N, via mg* = mp*N,?>. There-
fore, Seebeck coefficient can be tuned by increasing my* or N,,
while they have different effects on carrier mobility u. The relation
between my* and u is given by px 1/m;;5/2, indicating that the
increase of my* is detrimental to carrier mobility and the
thermoelectric performance. On the other hand, the Seebeck
coefficient can be increased by increasing the valley degeneracy,
without harming the carrier mobility. The valley degeneracy can
be improved by the convergence of many conducting or valance
bands, whose energies are close to each other. This strategy has
achieved success in improving thermoelectric performance in
many materials®®33, To see the conducting bands more clearly,
we plot the band structures of 2D SnSe with and without 91.48°
GB in small energy ranges, as shown in Fig. 5. From Fig. 5a, for the
structure without GB, two degenerate conducting bands can be
seen from X tom M and M to I. The energy difference between
CBM1 and CBM2 is only 0.0050 eV. When GB is induced, obvious
band divergence can be noted with energy difference between
CBM1 and CBM2 becoming 0.0200 eV, as seen in Fig. 5b. Also, the
former two degenerate conducting bands from X tom M and M to
I diverge to each other, with energy difference between CBM2
and CBM3 becoming 0.0060 eV. As shown Fig. 5c, d, when the
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trapping gap states are eliminated by doping Ge or Si, the
conducting bands from X tom M and M to I converge again and
energy differences between CBM1 and CBM2 become 0.0057 and
0.0045 eV, respectively. The vanish of trapping states caused by
doping results in the convergence of conducting bands, leading to
increase of valley degeneracy. Therefore, the Seebeck coefficients
can be enhanced. For the structure with 37.76° GB, those trapping
gap states become shallow gap states after doping with Ge,
coupling with original conducting bands, as shown in Fig. 3b. The
band convergence of these shallow gap states from X tom M and
M to T, compared with the original conducting bands, may
account for the increase in the Seebeck coefficients. We then also
calculate the Seebeck coefficients of p-type SnSe sheet with and
without doping. The results are shown in Supplementary Fig. 9. It
is found that Ge doping can also slightly increase the Seebeck
coefficients of the structures with 91.48° and 37.76° GB.

Thermal conductivity

Thermal conductivity is another important factor in determining
thermoelectric performance of materials. Low thermal conductiv-
ity is needed to have a high ZT value. The thermal conductivity of
monolayer SnSe was calculated to be 2.5 (2.02) W/mK along the
zigzag (armchair) direction in our previous work by solving
Boltzmann transport equation combined with DFT calculations'®.
In addition, it was experimentally found that the existence of GB
and doping atoms can reduce the thermal conductivity of 2D
SnSe®® because of the enhanced phonon scattering. So we can
expect that the thermal conductivity of 2D SnSe would be
reduced by introducing GBs or doping atoms, while its value
remains computationally too demanding to be obtained
because of the huge supercell. Therefore, the thermoelectric
performance of 2D SnSe can be effectively enhanced when GB
and doping are incorporated.

Summary

In summary, by studying the effect of GB on the thermoelectric
performance of 2D SnSe, we find that different GB configurations
can induce different defect trapping gap states inside the band
gap, which can form potential energy barrier, thus impeding the
mobility of carriers. Such situations can be improved by doping
with Ge or Si, which can effectively shift the trapping gap states
upper into or close to the conducting bands due to the strong
orbital coupling between two Ge or Si atoms, thus enhancing
the electrical conductivity. Meanwhile, the band convergence in
the conducting bands induced by doping can also increase the
Seebeck coefficients of 2D SnSe with GBs. Furthermore,
the existence of GB and the Si/Ge dopants can effectively scatter
the phonons and decrease the thermal conductivity. These factors
together synergistically improve thermoelectric properties of 2D
SnSe through GB and doping engineering. These findings can help
the design of practical thermoelectric materials that can avoid the
problems of single crystal such as the high cost in synthesis and
the poor mechanical properties in device processing.

METHODS

Density functional theory calculations

First-principles calculations with the framework of density-functional
theory (DFT) are carried out by using the Vienna ab initio simulation
package (VASP)***>, employing the projector augmented wave (PAW)
pseudopotentials®®. The electron exchange-correlation interaction is
treated by using Perdew-Burke—Ernzerhof (PBE) functional®’. The energy
cutoff is set to 500 eV. The convergence criteria of total energy and final
force on each atom during structural optimization are set to be 0.0001 and
0.1eV/A. A vacuum space of 18 A is applied to avoid the interactions
between two neighboring layers in the direction perpendicular to the
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sheet. The Brillouin zone is sampled with 12 x 24 x 1 Monkhorst-Pack k-
point meshes>®,

Seebeck coefficients calculations

Electronic transport properties are calculated in the framework of the
Boltzmann transport theory within the constant relaxation time approx-
imation. The semiclassical Boltzmann theory as implemented in the
Boltztrap2 code® is used to calculate Seebeck coefficient*® defined as

~oT
where o represents the electrical conductivity, T(E) is the relaxation time,
v(k) is the group velocity, & is the Fermi energy and f° is the Fermi-Dirac
distribution function. This method has been used successfully to study
thermoelectric properties of other 2D materials'®?%*',

s=2 [ cRRvE) e — &) {— y(:k)] de ()
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