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SnSe, with its layered structure is a promising thermoelectric material with intrinsically low lattice thermal
conductivity. However, its poor electronic transport properties have motivated extensive doping studies. Br
doping effectively improves the power factor and converts the dimorphic SnSe, to a fully hexagonal
structure. To understand the mechanisms underlying the power factor improvement of Br-doped SnSe,,
the electronic band parameters of Br-doped dimorphic and hexagonal SnSe, should be evaluated
separately. Using the single parabolic band model, we estimate the intrinsic mobility and effective mass
of the Br-doped dimorphic and hexagonal SnSe,. While Br doping significantly improves the mobility of
dimorphic SnSe; (with the dominant hexagonal phase), it results in a combination of band convergence
and band flattening in fully hexagonal SnSe,. Br-doped dimorphic SnSe; is predicted to exhibit higher
thermoelectric performance (zT ~0.23 at 300 K) than Br-doped fully hexagonal SnSe, (zT ~0.19 at 300
K). Characterisation of the other, currently unidentified, structural phases of dimorphic SnSe;, will enable
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Global warming is disrupting ecosystems and reducing biodi-
versity, which is threatening food production and human well-
being."* The emission of greenhouse gases, such as carbon
dioxide (CO,), is a major cause of global warming. Fossil fuels,
such as coal, oil, and natural gas, are the main source of CO,
emissions. The burning of these fuels releases CO, into the
atmosphere, where it traps heat and contributes to climate
change.® Renewable and sustainable power generation tech-
nologies, such as solar, wind, and hydropower, offer a way to
reduce CO, emissions and combat global warming. These
technologies do not produce greenhouse gases, and they can be
used to generate electricity, heat homes and businesses, and
power transportation.* Among these renewable and sustainable
power generation technologies, thermoelectric power genera-
tion technology is the only technology that can directly generate
electricity from waste heat.” The efficiency of thermoelectric
devices is a key factor in their ability to convert waste heat into
electrical energy. The higher the efficiency, the more electrical
energy can be produced from the same amount of waste heat.°®
To improve the efficiency of a thermoelectric power generation
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us to tailor the thermoelectric properties of Br-doped SnSe,.

device, the performance of the thermoelectric materials used in
the device should be increased. The thermoelectric perfor-
mance of the material is defined with a dimensionless figure-of-
merit, zT. The 2T is expressed by the following eqn (1)
S?aT
=27 (1)

Ke + K1

where S, o, T, ke, and k; are the Seebeck coefficient, electrical
conductivity, absolute temperature, electronic thermal
conductivity, and the lattice thermal conductivity,
respectively.”® As evident from eqn (1), to achieve a high 27, it
is essential to increase the power factor (PF), which is the
product of the S and the g, and simultaneously lower the «; (the
ke is linked to the ¢). Unfortunately, the S and ¢ are in a trade-off
relationship. This means that it is difficult to improve both S
and ¢ at the same time."* However, there are ways to increase
the zT despite the coupled relationship between the S, ¢, and ..
One strategy is to increase PF via band engineering (band
convergence and resonant states formation), which overcomes
the trade-off relationship between the S and ¢.*** Another
strategy is to reduce «; that is independent of other parameters
in zT via defect engineering.'***

Among the various thermoelectric materials, SnSe, has
received much attention because it has an intrinsically low «;
due to its layered structure.' The layered structure has
a distinct difference between the bonding forces within layers
and between layers. The bonds within the layer are covalent
bonds, which are strong chemical bonds. The bonds between
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layers are van der Waals bonds, which are weaker secondary
bonds. As a result, the k; along the axis of van der Waals
bonding is low, which contributes to lowering «;.**> However,
pristine SnSe, has a low PF due to low ¢.> Wu et al. significantly
increased Hall carrier concentration (1) and Hall mobility (us)
compared to the pristine SnSe, by Cl doping (12 mol%) at the Se
sites. Consequently, the PF is significantly improved (0.0175 —
1.05 mW m ' K %) compared to pristine SnSe, near room
temperature.”® Wang et al. fabricated Cu-doped SnSe,, which
resulted in a lower S compared to pristine SnSe,, but a higher PF
(1.96 mW m~ ' K~?) at 300 K due to an increase in n;;.>* Li et al.
achieved a high PF (0.35 mW m ™' K ?) by doping Ag at the Sn
sites (1 mol%). The PF increase owing to the Ag doping could be
attributed to the S improvement that outweighed the o
decrease. Although Ag doping improved the uy, it decreased the
ny to an extent that the ¢ decreased with Ag doping.* Zhou et al.
improved the PF (1.2 mW m ' K ?) of SnSe, by co-doping Cu
(between the layers of SnSe,) and Br (within the layers). The co-
doping improved the ¢ by increasing the ny; and uyy at the same
time.”” Recently, Liu et al. reported that Br doping at Se sites
(SnSe,_,Br, for x = 0, 0.01, 0.03, 0.05, and 0.10) was effective in
improving the PF.>® They confirmed that both the ny and uy
increased (hence the ¢ increased) as the Br doping content
increased up to x = 0.05. SnSe, has a dimorphic structure,
meaning that it can exist in two different crystal structures:
hexagonal and unidentified structure.?*-*! These two structures
can coexist stably. Liu et al.*® found that the fraction of the
hexagonal structure in SnSe, increased for the Br doping
content (x) smaller than 0.05 (although the hexagonal structure
is already dominant). However, only the hexagonal structure
was detected for x = 0.05. In other words, the Br doping
promoted the fraction of the hexagonal structure and increased
the ny for x < 0.05, while it only increased the ny for x = 0.05.
However, how the fraction of hexagonal structure increase
(induced by the Br doping) and the Br doping (when SnSe, is
fully hexagonal) affect the electronic band structure of SnSe, is
not studied.

In this study, changes in the electronic band structure of
SnSe, were investigated using the Single Parabolic Band (SPB)
model both when Br doping increased the fraction of the
hexagonal phase (SnSe, ,Br, for x < 0.05) and when it only
increased the ny as the SnSe, ,Br, was fully hexagonal (x =
0.05). The increase of the hexagonal phase improved the PF of
the SnSe,_,Br, (x <0.05) due to a significant increase in the non-
degenerate mobility (uo). The increase in the Br doping
concentration (x) for x > 0.05 also improved the PF but this time
by increasing the density-of-states effective mass (mj). The
theoretical maximum PF of 1.27 mW m ' K > was predicted
when x = 0.03 (when the SnSe, ,Br, is not yet in full hexagonal
phase) at room temperature. An additional 12% increase in 300
K 2T (0.21 — 0.23) of SnSe; ;Br, 3 (x = 0.03) was expected once
the ny was optimally tuned as the SPB model guided. Under-
standing the effects of Br doping on the electronic band struc-
ture of SnSe,, which changes with doping concentration, would
enable the development of SnSe, materials with tailored ther-
moelectric properties.
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Single parabolic band model
calculation

Electronic band parameters such as mfj, Lo, weighted mobility
(uw), and B-factor were calculated using the SPB model while
assuming that only one parabolic band contributed to the
electronic transport properties and that the acoustic phonon
scattering mechanism was the dominant charge scattering
mechanism. The purpose of employing the SPB model here is to
guide the improvement of zT. Because most of the parameters
in zT vary with ny, the optimization of the ny is essential for the
zT increase. While the vast compositional space of promising
thermoelectric materials offers immense potential, efficient
optimization transcends solely experimental methods. While
computationally intensive methods exist, for experimentalists,
simplified Boltzmann transport equation-derived models often
provide a pragmatic route to understand thermoelectric mate-
rial properties. The SPB model, relying on a single parabolic
band and effective mass, stands out for its simplicity and
effectiveness. Notably, it enables complete characterization of
the system using a minimal set of experimentally obtainable
quantities (S, o, k, and ny), demonstrating its practical utility
and simplicity.

Estimation of density-of-states effective mass, m;

Based on the experimental temperature-dependent S and 300 K
ny from Liu et al. *® ny-dependent S at 300 K was obtained. The
m;; corresponding to the 300 K ng-dependent S measurement
was then acquired by fitting the theoretical ny-dependent S
constructed from the following eqn (2)-(4) to the ny-dependent
S measurement.

_ ks 2F(n)
§= e (’fl Fo(ﬂ)) ®)
Fi(n) = JO Trepe _n% G)
_ 16w (2mis TN (Fo(m)’
= ( h? ) Fos(n) @

where kg, e, 1, Fj, and h are the Boltzmann constant, electron
charge, reduced chemical potential, fermi integral order of j,
and Planck's constant, respectively. According to eqn (2)-(4)
while the S is only a function of 7, the ny; varies with both n and
my. We changed 7 from —20 to 20 with a fitted m} to calculate
a theoretical Seebeck pisarenko curve (S vs. ny) that agreed with
the experimental ny-dependent S.>¢

Estimation of non-degenerate mobility, u,
We computed theoretical ny-dependent Hall mobility (ugy)
using eqn (4) and (5).*”

Fos(n)

Mu = Mo m (5)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The p, included in uy (eqn (5)) was fitted so that the theo-
retical ny-dependent uy agreed with the experimental ny-
dependent uy. When the nyy was calculated to construct the
theoretical ny-dependent uyy, the same m:; fitted to construct the
ni-dependent S of the same sample was adopted.

Estimation of weighted mobility, u, and B-factor, B

Once we have obtained the mz and uo of the SnSe,_,Br,
samples, corresponding uw and B-factor were calculated using
the following eqn (6) and (7), respectively.*>** In eqn (6) and (7),
the m, is the electron rest mass.

m* 3/2
o = i (22) (©)

me

g (kv Sme(meks)"” p, T 7)
e h3 K1

Results and discussion

Fig. 1(a) shows the experimental and calculated ny-dependent S
of SnSe, ,Br, samples (x = 0, 0.01, 0.03, 0.05, 0.1) at 300 K. The
symbols represent those measurements reported by Liu et al.*®
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Fig. 1 (a) Experimental (symbols) and theoretical (lines) Hall carrier
concentration (ny)-dependent Seebeck coefficient (S) of SnSe,_,Br, (x

= 0-0.10) at 300 K2 (b) Density-of-states effective mass (my) as
a function of Br doping content (x) at 300 K.
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(refer to Fig. S1(a) in ESIt for temperature-dependent S of
SnSe, ,Br, at higher temperatures). The lines represent theo-
retical S as a function of ny for different x computed by using
the SPB model. The experimental S (in symbols) decreases as x
increases. The rate of S decrease is particularly high when x is
low. For example, the experimental S of pristine SnSe, (x = 0)
decreases by more than 39% when x increases to 0.01 (475 —
280 pv K '). In contrast, the experimental ny generally
increases as x increases. For example, the ny of the x = 0.1
sample (4.6 x 10" ecm™®) is higher than that of the pristine
sample (0.19 x 10 cm?) by more than a factor of 24. However,
when x increases from 0.03 to 0.05, we observe a slight drop in
1y from 2.0 x 10 to 1.9 x 10*° em 2. The x increase increases
the fraction of the hexagonal phase within the sample only for x
< 0.05. Because the SnSe,_,Br, samples with x = 0.05 is fully
hexagonal, the effect of Br doping would be different from that
observed at x < 0.05. It is when the sample becomes fully
hexagonal (x = 0.05) that we observe an exception in the general
trend of increasing ny with an increasing x. The calculated rny-
dependent S obtained by fitting m (in lines) are all in agree-
ment with the symbol data. This implies that the fitted mj
accurately reflects the electronic band structure of the
SnSe,_,Br, samples.

Fig. 1(b) shows the x-dependent my fitted using the SPB
model at 300 K. Fig. 1(b) is divided into two regions: yellow and
purple regions. The yellow region is when the SnSe, ,Br,
samples exist as a dimorphic phase (hexagonal structure +
unidentified structure). As the x increases from 0 to 0.05, the
fraction of the hexagonal phase increases. At x = 0.05, the
SnSe,_,Br, becomes fully hexagonal. The color of the back-
ground also changes from yellow to purple at x = 0.05, which
means that the dimorphic structure transforms to the full
hexagonal structure. For x = 0.05, the samples are all hexag-
onal. So this region is colored in purple. The m decreases from
the pristine sample to x = 0.05 sample. For example, the m; of
pristine and x = 0.05 sample are 2.00 m. and 1.26 m,, respec-
tively. This 37% decrease in m is closely related to the dimor-
phic structure changing to fully hexagonal phase. Once the Br
doping finishes stabilizing the hexagonal phase, further Br
doping starts to increase the m} again. The mj of the x = 0.1
sample increase to 1.83 m,, which is approximately 45% heavier
than that of x = 0.05 sample. The m,, increase at x > 0.05 may be
related to the band convergence. According to Kim et al.,** there
exists another conduction band near (in energy) the major
conduction band in the calculated band structure of SnSe,.
However, the change in u, with increasing x also needs to be
evaluated to confirm a possible band convergence at x > 0.5. Our
m; for SnSe, ,Br, determined by the SPB model spans a range
of ~1.0 to 2.0 m,, aligning with values reported in previous
studies also using the SPB model.*

Fig. 2(a) shows the experimental and calculated ny-depen-
dent uy at 300 K. The symbols represent the experimental -
dependent puy; of SnSe,_,Br, (x =0, 0.01, 0.03, 0.05, 0.1) at 300 K
reported by Liu et al.>® (refer to Fig. S1(b)t for temperature-
dependent o of SnSe, ,Br, at higher temperatures). The lines
represent the ny-dependent uyy calculated using the SPB model.
The experimental uy initially increases as the x increases from
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Fig. 2 (a) Experimental (symbols) and theoretical (lines) Hall carrier
concentration (ny)-dependent hall mobility (uy) of SnSe,_,Br, (x = 0-
0.1) at 300 K.2® (b) Non-degenerate mobility (uo) and (c) deformation
potential (&) as a function of Be doping content (x) at 300 K.

0 to 0.03. The amount of uy increase rapidly decreases as x
approaches 0.03. When the x increases from 0.03 to 0.05, the
change in uy is almost negligible. However, as x further
increases to 0.1, the corresponding uy decreases significantly.
The py of the x = 0.05 sample (53.9 cm® V™' s7') is approxi-
mately 8 times higher than that of the pristine sample (6.3 cm?
V™' s7'). However, the uy of the x = 0.1 sample is 35% lower
than that of the x = 0.05 sample. As the fraction of hexagonal
structures occupying dimorphic structures increases up to x =
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0.05, the corresponding uy increases. However, once the
hexagonal structure is stabilized Br doping decreases the uy.

Fig. 2(b) shows the x-dependent u, calculated using the SPB
model. The u, as a function of x resembles an inverted U-shape.
As the fraction of the hexagonal phase increases the u, saturates
to 68.0 cm> V' s~ ! at x = 0.05. It is to be noted that the slight
increase in hexagonal phase fraction significantly improves the
to. For x = 0.05, as the Br doping content increases in the fully
hexagonal SnSe,_,Br, samples, the u, rapidly decreases back to
46.0 cm® V' 57! (x = 0.1). This is exactly the opposite of the
trend observed in x-dependent m; (Fig. 1(b)). If the change in o
with an increasing x for x = 0.05 is negligible, we could have
concluded that the m increase for x = 0.05 is due to band
convergence. On the contrary, the my increase accompanied by
a decrease in u, can be characterized by a simple band flat-
tening which is not beneficial to the PF improvement. However,
while the majority band is being flattened, the neighbouring
band may also contribute to the electronic transport due to Br
doping. This can be evaluated when the weighted mobility (uw)
is calculated.

Fig. 2(c) shows the x-dependent deformation potential (Z)
calculated by the SPB model. The Z is closely related to the u, as
defined in eqn (8).

_(__emr'G (L) 5/2 (8)
Mo = \/igz(kBTfﬂ I’l/l;

where the C; and m;, are the elastic constant and the single band
mass, respectively. The m,, is coupled to m, as shown below.

my = Ny*m, ©)

The product between Ny*” and m;,, where Ny is the valley

degeneracy, defines the mj. When the mj increase is driven by
the Ny increase (no change in m;), the band convergence
occurs.®?® However, when m); increase is driven by the m;,
increase (no change in Ny), a band flattening occurs. For this
reason, the nature of m, increase needs to be evaluated by the
corresponding change in u,. Unlike p, the Z is independent of
m; and captures the strength of the carrier-phonon interaction.
According to Fig. 2(c), Br doping in SnSe, decreases the &, but
varying Br doping content (x) does not have a strong impact on
the Z. For example, the = of SnTe decreased by more than 55%
when it is doped with x = 0.01 Br (8.56 — 3.79 eV). However, it
remained relatively constant for increasing x. In other words,
neither changing the hexagonal phase (x < 0.05) nor increasing
the Br doping content in a stabilized hexagonal phase (x = 0.05)
has a significant impact on how phonons scatter charged
carriers.

Fig. 3(a) shows the x-dependent uy, of SnSe, ,Br, (x = 0.0-
0.10) calculated by using the SPB model at 300 K. The uy, which
is defined as the product of u, and (mz/me)s/2 (as presented in
eqn (6)), captures the potential of a material achieve a high PF,
as it depends on both the u, and the m;. Compared to the
pristine SnSe, sample (x = 0.0), the Br-doped SnSe, samples (x >
0.0) have a significantly higher uw. When Br doping increases
the fraction of the hexagonal phase (x < 0.05), the uy increases

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Calculated weighted mobility (uw) of SnSe,_,Br, (x = 0.0-
0.10) estimated with varying Br doping content (x) at 300 K. (b)
Calculated and experimental Hall carrier concentration (ny)-depen-
dent power factor (PF) of SnSe,_,Br, (x = 0.0-0.10) at 300 K.2®

significantly (guide-to-the-eye in grey line). For example, the uw
of the pristine sample (x = 0.0) and the x = 0.03 sample are
20.22 and 139.39 cm® V™' s, respectively, which is a 5.8-fold
increase. Additional Br doping on stabilized hexagonal phase (x
= 0.05) also improves the uy (guide-to-the-eye in grey line).
Although the uw increase is observed for both x < 0.05 and x =
0.05 regions with increasing x, the reason behind the uw
improvement differs. When x < 0.05, the uyw increase with x is
due to the p, increase (Fig. 2(b)), but when x = 0.05, the uw
increase can be attributed to the mj increase (Fig. 1(b)). The
increase in m} with increasing x at x = 0.05 is due to both band
flattening and band convergence. Specifically, the lowest
conduction band that contributes majorly to electronic trans-
ports becomes heavier, while the second lowest conduction
band approaches the lowest conduction band in energy as Br is
doped into the fully hexagonal SnSe,. Evidence for band flat-
tening and band convergence is provided by the decrease in u,
(Fig. 2(b)) and the increase in uw (Fig. 3(a)) at x = 0.05,
respectively. The discontinuity in the uw when x increases from
0.03 to 0.05 is due to a sudden drop in the mj of the fully
hexagonal phase x = 0.05 sample (Fig. 1(b)). Although the
unidentified phase comprises a small fraction of the x = 0.03
sample, its conversion to hexagonal phase is responsible for the
decrease in m;.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3(b) shows the PF as a function of the ny. The experi-
mentally measured PF reported by Liu et al.*® is represented by
the symbols, while the theoretically calculated PF is represented
by the lines. Experimentally, Br doping improves the PF in both
X <0.05 and x = 0.05 regions. When x < 0.05, the PF of the x =
0.03 sample (1.05 mW m~* K ?) is approximately 25 times
higher than that of the pristine SnS, sample (0.04 mW m™*
K ?). For x = 0.05, the PF of the x = 0.10 sample (1.00 mW m~
K ?) is 27% higher than that of the x = 0.05 sample (0.79 mW
m~" K?). From the x-dependent uyy (Fig. 3(a)), we found that
both band flattening and band convergence are present in the x
= 0.10 sample. However, the theoretical maximum PF of the x =
0.10 sample (1.02 mW m ™" K™ ?) is not as high as that of the x =
0.03 sample (1.27 mW m~' K~?). According to the SPB model,
the PF of the x = 0.03 sample can be enhanced by more than
21% with an appropriate optimization of the ny (1.05 — 1.27
mW m ' K ?). The theoretical maximum PF and its corre-
sponding ny predicted by the SPB model exhibit reasonable
agreement with those obtained from Density Functional Theory
(DFT) calculations. For example, the SPB model predicts a peak
PF of 0.17 mW m ™' K2 for pristine SnSe, (x = 0) at n;; = 8 x
10" em™* (Fig. 3(b)), while DFT calculations yield a peak PF of
0.13mWm 'K *atn =5 x 10" cm3° It is important to note
that the maximum PF is predicted to occur before the sample is
fully hexagonal.

Fig. 4(a) shows the x-dependent B-factor of SnSe, ,Br, (x =
0.0-0.10) at 300 K calculated by the SPB model. The B-factor,
which is proportional to the ratio of u, to «, is related to the
theoretically achievable 2T (eqn (7)). The trend observed in the
B-factor is similar to that observed in the w,, as shown in
Fig. 3(a). This is possible because the ; of the Br-doped SnSe,
decreases linearly with increasing x (Fig. 4(b)). When Br was first
doped into SnSe, with x = 0.01, its «; increased by 11%
compared to the pristine SnSe, (1.34 — 1.48 W m™ ' K ).
However, when x was increased further, the «; decreased grad-
ually. Both increasing the hexagonal phase fraction (0 <x < 0.05)
and increasing the Br doping in the full hexagonal phase (x =
0.05) reduced the «k; (refer to Fig. S1(c)f for temperature-
dependent total thermal conductivity (k) of SnSe, ,Br, at
higher temperatures). The calculated Lorenz number (L) and «.
used to estimate «; are provided in Fig. S2.t Initial increase in
the «; of the x = 0.01 sample requires further study. While an
initial increase in «; upon Br doping of SnSe, has been reported
previously,® similar observations in Cl-doped SnSe, suggest

1

a broader phenomenon beyond specific dopant species.*®
Elucidating the underlying mechanism governing this low-
concentration dopant-induced thermal conductivity enhance-
ment warrants further investigation. The effect of decreasing
the unidentified phase on the B-factor is stronger than that of
increasing the Br doping content in the fully hexagonal phase.
Although the B-factor improved by a factor of 6 when pristine
SnSe, was doped with x = 0.03 (0.01 — 0.06), once SnSe, was
fully hexagonal, additional Br doping only improved the B-
factor by 25% as x increased from 0.05 to 0.10 (0.04 — 0.05).
However, if the x is increased beyond 0.10, the B-factor of the
sample may become higher than that of the x = 0.03 sample due

RSC Adv, 2024, 14, 7081-7087 | 7085


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07751a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 27 February 2024. Downloaded on 12/4/2025 11:22:55 AM.

(cc)

RSC Advances

0.08 .
: (a)
! 300 K
006 B ! e
: e ey
$ . | qage®eee e
8 004} @ : -
aa] S : x=0
ge) | x=0.01
) | x=0.03
0.02f ! & x-od0
o | ‘
0.00 0.02 0.04 0.06 0.08 0.10
Doping content (x)
1.50 T
! (b)
: 300 K
145} [
= ] ¢
X 1
E 140} : .
S : x=0
3 1 x=0.01
| x=0.03
135} ! 8 =
1.30 e
0.00 0.02 0.04 0.06 0.08 0.10
Doping content (x)
0.25
SPB Exp (c)
x=0
x=0.01 300 K
020y con
— @ x=040
e 0.15 ¢
N
0.10
0.05
0 " M
1018 1019 1020 1021
|nH| (Cm'3)

Fig. 4 Calculated (a) B-factor and (b) lattice thermal conductivity (k)
of SnSe,_,Br, (x = 0.0-0.10) at 300 K. (c) Calculated and experi-
mental®” zT of SnSe,_,Br, (x = 0.0-0.10) with varying Hall carrier
concentration (ny).

to the combined effects of band convergence and «; reduction
becoming stronger.

Fig. 4(c) shows experimental and calculated ny-dependent zT'
at 300 K (refer to Fig. S1(d)t for temperature-dependent zT of
SnSe,_,Br, at higher temperatures). The symbols represent the
measured values.”® The lines represent zI' computed by the SPB
model-based calculation. The calculated maximum 27 of pris-
tine SnSe, is low, as illustrated in Fig. 4(c). Temperature-
dependent zT calculations for pristine SnSe, below 300 K are
presented in Fig. S1 (ESIt), revealing a maximum at 300 K
exceeding those at 50 and 100 K. This finding underscores the
pronounced temperature-dependent z7T of SnSe,.>* However, the
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maximum zT improves drastically as Br is doped into SnSe,. For
example, the calculated maximum zT of pristine SnSe, and x =
0.03 samples are 0.04 and 0.23, respectively, which is an
increase of more than 5 times. Once the SnSe, is a fully
hexagonal phase (x = 0.05), additional Br doping is also bene-
ficial to the calculated maximum zT. The calculated maximum
zT of the x = 0.05 and 0.10 samples are 0.16 and 0.19, respec-
tively (19% improvement in z7). According to the SPB model
calculations, adjusting the ny of the x = 0.03 sample to 3.6 x
10" em ™ can improve the zT to 0.23, an approximately 10%
increase compared to the experimental z7. Furthermore, it is
highly likely that further Br doping beyond x = 0.10 may result
in even higher zT because of the interplay between the band
convergence and intensified point-defect phonon scattering.

Conclusions

In summary, the effect of Br doping on the electronic band
structure of dimorphic SnSe, (SnSe,_,Br, for x = 0, 0.01, 0.03,
0.05, and 0.10) is investigated using the Single Parabolic Band
(SPB) model. For Br doping concentrations (x) < 0.05, the frac-
tion of the majority hexagonal phase increases with x, while the
other phase remains unidentified. On the contrary, for x = 0.05,
the Br-doped SnSe, is fully hexagonal. For all x, the Hall carrier
concentration (ny) increases with x. The mechanisms under-
lying the power factor improvement of Br-doped SnSe, with
increasing ny differ depending on the x. For x < 0.05, the
increasing hexagonal phase significantly improves the mobility,
while for the x = 0.05, the power factor is improved by
a combination of band convergence and band flattening. The
highest power factor is predicted when a small amount of
unidentified phase exists in the SnSe,_,Br, (x = 0.03). Charac-
terization of the unidentified phase in the dimorphic SnSe, is to
be carried out to tailor the thermoelectric properties of the
SnSe,.
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