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Bi,O,Se is a semiconductor that is being intensively studied due to its many extraordinary properties.
Since about 2010, research on polycrystals has focused on thermoelectric materials. For the last
10 years, single crystal research has been driven by its quasi 2D structure with unexpectedly high
permittivity (e, ~ 500), which promotes high electron mobility. Bi,O,Se thus outperforms other 2D
materials in many parameters. However, the high permittivity is also responsible for the extremely low
critical concentration of the metal—insulator transition (n ~ 10> cm™3). Thus, Bi,O,Se is so far only avail-
able as an n-type semiconductor largely with metal-like properties, although the electron concentration
can range over 6 orders of magnitude (n ~ 10°-10%* cm—>), reportedly due to the very high concentration
of selenium vacancies or selenium antisites on the Bi site. In this paper, we consider Mn doping in Bi,O,Se,
Bi>_xMn,O,Se. The Mn doping leads to a decrease in the electron concentration and, for the first time, to a
transition of the material to p-type conductivity. A thermal gap (~ 0.9 eV) can be deduced from the tem-
perature dependence of the electrical conductivity. The p-type transition is related to the interaction of Mn
with the defect structure of Bi,O,Se. Our experiments suggest that the most abundant defects, besides the
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1. Introduction

Thermoelectric (TE) phenomena allow the direct conversion of
heat flux into electrical work and vice versa. Thus, a so-called
thermoelectric generator can be used for long-term recovery of
waste heat as part of the green economy. The conversion
efficiency is determined by the thermoelectric parameters of
the material, the electrical conductivity o, the Seebeck coeffi-
cient S, and the thermal conductivity x, which together form a
thermoelectric figure of merit ZT = 6S*T/k. Therefore, the
search for new low-cost and non-toxic thermoelectric materials
with sufficient conversion efficiency is crucial for the future of
thermoelectric applications.

@ Faculty of Chemical Technology, University of Pardubice, Studentskd 573,
53210 Pardubice, Czechia. E-mail: cestmir.drasar@upce.cz

b FZU - Institute of Physics of the Czech Academy of Sciences,
Cukrovarnicka 10/112, 16200 Prague 6, Czechia

¢ Department of Condensed Matter Physics, Faculty of Mathematics and Physics,
Charles University, Ke Karlovu 3, 12116 Praha 2, Czechia

 Department of Condensed Matter Physics, Masaryk University, Kotlarskd 2,
61137 Brno, Czechia

7526 | Mater. Adv., 2025, 6, 7526-7534

3

In the last 15 years, Bi,O,Se in the form of single crystals has
attracted attention as a quasi-2D semiconductor with unusual
properties, such as a very high electron mobility." ' A number of
publications on the TE properties of Bi,O,Se in polycrystalline
form have shown that it is also a promising material because of
its TE properties. The absence of tellurium in Bi,O,Se, its low cost
and ease of preparation also play an important role. In the last
decade, most of the research has focused on the optimization of
TE parameters such as electrical conductivity, the Seebeck coeffi-
cient and thermal conductivity by doping.'’?® However, the
doped materials have been largely “contaminated” by foreign
phases (FPs) as a result of doping. This makes it impossible to
determine the true properties of this material, especially since
FPs appear to modify the grain boundaries. The situation is
further complicated by the high concentration of native
defects,”®>" e.g. selenium antisites, Seg; (Se atom in place of Bi)
and selenium vacancies, Vg, (empty Se site). This motivated us to
conduct further research in order to find out the true properties
of this material. To achieve this, we have modified the prepara-
tion method to significantly reduce the number of grain bound-
aries and foreign phases.**** The modified preparation method

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Comparison of Bi,O,Se and Bi; sMng ;0,Se single crystals. Images (a) and (b) show both sides of typical Bi,O,Se single crystals, while images (c)
and (d) display both sides of typical Bi; gMng 1O,Se single crystals. Bi,O,Se crystals are thicker with an observable growth pattern on one side, whereas
Bi1oMng 1O,Se crystals are thinner, very brittle, and exhibit a blue appearance likely due to light interference. Image (e) shows the coarse-grained bulk,
which consists of a large number of small single crystals. The sieved 35-340 pum fraction is shown in (f). The hot-pressed pellets are shown in (g).

yields a coarse particle fraction ~ 100 um, which includes several
larger single crystals. Both can be used for characterization
(Fig. 1(a)-(d)). Using this approach, we have prepared a series
of Mn-doped (Bi,_,Mn,0,Se, x = 0-0.1) coarse-grained polycrys-
talline samples and present their properties. For the prepared
samples, a thermal energy gap has been measured for the first
time, and for the first time a p-type material has been prepared,
which is the natural state of strictly stoichiometric Bi,O,Se, as
indicated by density functional theory (DFT) calculations. Our
experiments further suggest that this is due to the reduction/
masking of native defects, especially selenium vacancies and
antisites, Vs and Seg;, associated with Mn doping. Although
the DFT calculations show similar formation energies for Seg;
and Vg, their concentrations are likely to be strongly dependent on
stoichiometry, doping, and preparation conditions. Our results
suggest Se-rich rather than Se-poor conditions in our materials.
The DFT calculations also indicate that the formation energy of the
substitutional oxygen defect at the selenium site (Og.) is very low.
We speculate that this point defect may also result from filling the
Vs with air oxygen. This defect is electrically inactive but maintains
the formal stoichiometry of this compound.

In the initial stage of our study, we prepared a series of
polycrystalline Bi,O,Se samples doped with various transition
metals (Ti, V, Cr, Fe, Co, Ni, Zn, Zr, Nb, Mo, Ta, and W). The
goal of these doping series was to explore the solubility and
structural stability of Bi,O,Se when substituted for the Bi site.
However, the results were often inconclusive. We encountered
several challenges: the effective doping levels were sometimes
below the detection limit; the dopant distribution within the
matrix was often uneven; and some samples were poorly
compacted or unstable during repeated thermal cycling. These
limitations indicated that a more controlled approach was
required to reliably understand the role of different dopants.
In the subsequent stage, we focused on growing single crystals
using an optimized preparation route, as discussed below. We
restricted our investigation to a subset of 3d transition metals
(Cr, Fe, and Mn) because these elements exhibited the highest
solubility in Bi,O,Se, and the samples were relatively stable.
The Mn-doped series demonstrated a clear tendency toward
p-type conductivity; thus, we present it in detail in this work.

© 2025 The Author(s). Published by the Royal Society of Chemistry

2. Experimental

2.1. Synthesis, crystal growth and sample preparation

Bi,0,Se samples were prepared by low-temperature synthesis.
Bismuth chunks (Sigma Aldrich, 5N) were ground in an
MM500nano oscillating mill at 30 Hz for 20 min, selenium
shards (Sigma Aldrich, 5N) were hand ground in an agate
mortar, and Bi,O; powder (AlfaAesar, 5N) was calcined (dec-
arbonated) at 450 °C for 30 min in an argon stream followed by
rapid cooling. These powders were mixed in a stoichiometric
ratio in an agate mortar and sealed in a quartz ampoule under
pressure <10° Pa. The ampoule was then placed in a furnace
where it was first heated at 0.1 K min~" to 300 °C at which it
remained for 1 day and then heated at 1 K min~" to 400 °C,
where it remained for 10 days. During this time, the ampoule was
rotated at approximately 15 rpm. After cooling at room tempera-
ture, the ampoule was placed in a gradient furnace and heated at a
rate of 0.1 K min~' to 300 °C, where it was kept for
1 day and then heated at a rate of 1 K min~ ' to 750 °C (rim)-
880 °C (center) where it was held for 14 days. It was slowly cooled to
room temperature at a rate of 0.1 K min~" and opened.

This process resulted in a coarse-grained product (Fig. 1e)
with crystals up to 6 x 6 mm in size. Large single crystals were
hand-picked and used for high resolution (HR) XRD experi-
ments. The bulk of the material consisting of smaller single
crystals loosely held together was separated by using sieves of
different mesh sizes to remove very small particles and foreign
phases. The uncrushed, coarse-grained material (35-340 pum
fraction) was used for sample preparation (Fig. 1f). The samples
were hot pressed in a silicon nitride (Si;N,) die (MTI Corp.,
USA) with an inner diameter of 12 mm in an Ar atmosphere.
The temperature and pressure were gradually increased for
45 min until a temperature of 730 °C and a pressure of
70 MPa were reached. The temperature and pressure were
maintained for 3 h, followed by a rapid pressure release. The
samples were allowed to cool freely in the press for approxi-
mately 3 h. The density of the pressed tablets ranged from 97 to
100% of the theoretical density (Fig. 1g). Samples with a density
of less than 97% were excluded from the experiments due to
instability with temperature cycling.

Mater. Adv,, 2025, 6, 7526-7534 | 7527
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2.2. High resolution XRD (HRXRD) - structural analysis

The objective of the high-resolution X-ray diffraction (HRXRD)
experiments was to confirm the overall crystallographic quality,
to reveal the domain structure of the single crystals and to
provide the most accurate lattice parameters and lattice position
occupancy for a given crystal. Measurements were performed on
a Rigaku Smartlab X-ray diffractometer equipped with a 9 kW
CuKo rotating anode (45 kv/200 mA). An HRXRD setup with a
parabolic multilayer mirror and a 2 x 220 Ge channel mono-
chromator on the primary side and a one-dimensional detector
was used to measure the long symmetric 26/w scans and
reciprocal space maps (see SI, Fig. S1).

2.3. DFT calculations - energy of defect formation

Methods based on DFT were applied to calculate electronic
structures employing the WIEN2k program.** The program
uses the full potential linearized augmented plane wave (FP
LAPW) method with a dual basis set. In LAPW methods, space is
divided into atomic spheres and interstitial region. The radii of
the atomic spheres were taken to be 2.325 a.u. for Bi, 1.86 a.u. for
O, and 2.325 a.u. for Se and the parameter Ry, X Kyax Was set to
7.5. Calculations of defect energies were performedina3 x 3 x 1
supercell with resulting lattice parameters 11.673 x 11.673 X
12.213 A, which were chosen to achieve similar defect separation
in all 3 directions. The size of the supercell, containing a total of
90 atoms, is a compromise between calculation accuracy and
computing time requirements and it is the same as used by other
authors.**! Since we expected spin-polarized solutions in some
cases, all calculations were performed as spin-polarized to enable
comparison of the formation energies. The positions of the atoms
were optimized for each type of defect. The number of k-points in
the irreducible part of the Brillouin zone was 172, which is
sufficient for the large supercell used. We used the mBJ (modified
Becke-Johnson) potential, which is appropriate when the bands
around the Fermi surface are predominantly of the s and p
character.®® This potential provides a better description of the
band gaps, in particular. However, since mBJ potential is not
suitable for calculating forces, it cannot be used for optimization
of atom positions. For this purpose and also for comparative
calculation of formation energy, we used the GGA (Generalized
Gradient Approximation) potential.

2.4. Magnetic properties

Magnetic properties were measured using a MPMS XL 7T
SQUID magnetometer (Quantum Design, USA). Magnetization
was measured as a function of magnetic field up to £7 T at
various temperatures between 300 and 3 K. DC magnetic
susceptibility was measured between 300 K and 3 K in a field
of 1 T.

2.5. Transport properties

The electrical conductivity c was measured by the four-terminal
method using an LSR-3 instrument (Linseis, Germany) from
300 to 780 K on round/rectangular hot-pressed samples. The
Seebeck coefficient S was measured by the static DC method

7528 | Mater. Adv., 2025, 6, 7526-7534

View Article Online

Paper

with the LSR-3; the electrical conductivity was measured
simultaneously with the Seebeck coefficient. The measurements
were performed in a He atmosphere at 0.1 bar overpressure. The
Hall coefficient and the electrical conductivity were measured
simultaneously up to 470 K in an argon atmosphere using a
home-made cell. The method used an alternating current with a
frequency of 1024 Hz and a stationary magnetic field with an
induction of 0.4 T. Welded platinum wire voltage contacts and
conductive nickel paint (TedPella, Inc.) current contacts
were used.

2.6. SEM investigation and EDS analysis

The microstructure study was performed with a scanning elec-
tron microscope (SEM) LYRA 3 GMH (Tescan, Czechia). The
composition was measured by energy dispersive spectroscopy
(EDS) using an Aztec X-Max 20, 5 kV (Oxford Instruments, UK).

3. Results and discussion

3.1. High resolution X-ray diffraction analysis of
Biz,anxOZSe

Before analyzing the results of the HRXRD experiments, we
would like to mention the results based on the powder XRD
(PXRD) experiments. These results are summarized in Table S1.
Here we highlight only the most significant findings based on
the comparison of PXRD and HRXRD. In particular, the Mn-
based impurity phase observed in the single crystals is not
consistent with the impurity phases found in the sieved frac-
tions. While MnSe, is most prominent in the larger single
crystals (x = 0.04 and 0.1), we observe only traces of Mn;0, in
the sieved fractions (35-340 um) used for compaction for
x = 0.1. Unfortunately, we cannot answer this question conclu-
sively. We only refer the reader to the general difficulties
associated with the identification of foreign phases in Bi,O,Se
as discussed in ref. 33. Problems with sample reproducibility
and stability are summarized in SI, Section S5.

The Bi,0,Se structure corresponds to the structure reported
in ref. 36. Fig. S1a and b show the large HRXRD 20/w scans of
the investigated Bi,O,Se single crystal samples. We observed a
good agreement between the measured, theoretical and fitted
diffraction maxima. We used the refinement of the HRXRD
data to calculate the concentration of native point defects.
Theoretically, Se-vacancies (Vge), the defect oxygen atom on
the Se site (antisite Og.), and the defect Se atom on the Bi site
(Seg;) can occur (see Section 3.2 and ref. 30 and 31). Unfortu-
nately, it was not possible to fit the densities of all defect types
simultaneously. Therefore, we performed a series of fitting runs
assuming the presence of only one defect type. The results are
summarized in the SI in Fig. S1a and b. We observed a good
agreement between the measured, and fitted diffraction max-
ima for all defect types considered, slightly smaller fitting
residuum was obtained assuming the Sep; defects (Fig. S1b).
This indicates Se-rich growth conditions most likely due to the
reaction of Bi,O; with the quartz ampoule.*® Refinement
shows that the crystal composition of the undoped material

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The density of Se atoms on Bi sites (Seg;) decreases with increasing
Mn content, in contrast to the density of Se vacancies, which remains zero
over the doping range (within the error bars) according to HRXRD experi-
ments (fitting details are presented in Sl, Section S1).

is approximately Bi; 9;0,Se; o7, Which is a distinct non-stoichio-
metry, much higher than that suggested by the EDS analysis
(Tables S1a and S2b). Thus, from a concentration point of view,
the antisites are likely to be the dominant defect in the studied
Bi,O,Se. The same refinement procedure gives the concen-
tration of Vg, (and thus Og) close to zero (Fig. Sib). Interest-
ingly, according to HRXRD analysis, Mn doping is associated
with a decrease in Sep;. (see Fig. S1b). The dependence of the
Seg; (Vse) defect concentration on the Mn content is summar-
ized in Fig. 2. Although the results indicate defect healing with
respect to Seg; defects, we must be cautious with our conclu-
sions. In particular, the substitution of Mn for Bi, ie. the
formation of Mng;, can mimic the formation of Seg;. The
substitution of Mn for Bi produces the same refinement proce-
dure result in terms of atomic position occupation. However,
this would contradict the doping process, whereby the concen-
tration of defects decreases with increasing Mn concentration.
Thus, we conclude from HRXRD experiments that the solubility
of Mn in the Bi,0,Se matrix is very low (x < 0.01) and most of
the Mn segregates as foreign phase(s) at higher nominal con-
centrations. Although almost invisible in PXRD (Table S1), they
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are detectable in HRXRD performed on single crystals, where
traces of MnSe, are observed in addition to the low Mn;O,
concentration observed in PXRD samples. In conclusion, the
decrease in defect concentration largely reflects the decrease in
Seg;, and the solubility of Mn in Bi,O,Se is negligible in this
sense. The foreign phases largely segregate near the wall of the
ampoule, away from the material used for characterization.*?
This conclusion is consistent with the EDS analysis (SI,
Section S2) and the magnetic measurements (Section 3.3 below
and SI, Section S3), but is inconsistent with the predictions from
the DFT calculations below. We use the nominal composition
throughout the paper to refer to the samples.

3.2. DFT calculations - band structure and formation energy
of defects

The partial density of states (DOS) for doped and undoped
stoichiometric materials are shown in Fig. 3.

It shows that undoped stoichiometric Bi,O,Se is naturally
rather a p-type conductor with the Fermi level close to the
valence band edge. This contrasts with the experimental data in
the literature reporting only n-type conductivity. We used the
mB]J potential, which is suitable for structures with s and p
orbitals in the bond and is in better agreement with experi-
ment, at least in terms of the band gap, than the GGA potential.
Since mB]J calculates a more accurate electron structure, we also
consider the formation energies calculated using the mB]J
potential to be more accurate, but we also provide the energies
calculated using GGA for comparison. The native point defects
with the theoretically lowest formation energy are Oge, Vse and
Seg; (Table 1), in reasonable agreement with the literature.*%*”
The HRXRD experiment above suggests that Seg; defects are
dominant in the present undoped material. Accordingly, the
EDS analysis (SI, Section S2) suggests the formation of sub-
stitutional defects Sep; and oxygen on the Se site, Oge in the
undoped material.

The partial DOS for the Mn doped material is shown in
Fig. 3b. Mn doping shifts the Fermi level deeper into the valence
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Fig. 3 (a) Partial DOS of undoped stoichiometric Bi,O,Se. It shows that Bi,O»Se should naturally have p-type conductivity, in line with®® or in contrast
to® DFT calculations in the literature. This is in contrast to published experiments which show exclusively n-type conductivity due to the large number of
native defects.24>2%4% (b) Partial DOS of Bi,_,Mn,O5Se for x = 0.055. It shows that Mn-doped Bi,O,Se should have a distinct p-type conductivity, which
is related to the acceptor nature of Mn-based defects, Mng; or complex Mng; + Vse. These defects can be ionized to MnBil— and (Mng; + Vso)t™ (Table 2) in
point defect notation, which is associated with a hole in the valence band. This state is formally equivalent to the Mn2* state with 5 unpaired electrons.
The acceptor nature of these defects is translated into an n-type to p-type transition (Section 3.4 below).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 DFT calculated formation energies of native defects for two different potentials. The lowest average formation energy of all calculated point
defects in Bi,O,Se have the substitutional defect O atom on the Se site, Os,, the substitutional defect Se atom on the Bi site, Seg; and Se vacancies Vse.
The number in bold indicates the defects we consider in the discussion (see Sl, Section S4 for details)

Supercell Formation energy Formation energy
Point defect - its designation 3x3x1 in eV (mB]J) in eV (GGA)
Bi,0,Se - stoichiometric Bize0365€15
See SI, Section S4 for details on Bi vacancies — Vg; Biz50365€1g 8.93 6.67
O vacancies - Vg Bize0355€.g 4.40 6.55
Se vacancies - Vg, Bize0365€,7 2.65 4.77
Substitutional defect Se atom on the Bi site — Seg; Biz50365€19 3.27 3.76
Substitutional defect Se atom on the O site - Seq Biz60355€19 4.29 5.25
Substitutional defect O atom on the Se site — Oge Bizs03,5€e,5 0.99 —0.05
Substitutional defect Sep + vacancy Vg Biz0355€.g 6.23 10.1

band consistent with acceptor nature of Mn (Section 3.4). The
lowest formation energy of all calculated Mn-based point defects
in Bi,_,Mn,O,Se has the substitutional defect Mn atom on the Bi
site, Mng;. The negative formation energy indicates that the Mng;
can be formed spontaneously for the supercell used, which is in
contrast to our experiments. However, it is necessary to consider
that the calculated energies correspond to 7= 0 K and that a
relatively small negative energy with respect to the parent struc-
ture does not necessarily mean that this type of substitutional
defect will be formed over a wide range of doping levels also at
the reaction temperatures. Table 2 summarizes the calculated
formation energies of Mn-induced point defects. The EDS analy-
sis (SI, Section S2) shows an “immeasurably” low solubility of Mn
in the Bi,O,Se structure, and the HRXRD analysis is also con-
sistent with a very low Mn content in the structure. Attempts to
grow a pure analog, Mn,0,Se, resulted in the formation of a
multiphase product but not Mn,0,Se (Fig. S8). The DFT calcula-
tions disagree also with the magnetic data regarding the sponta-
neous formation of Mng; defects (Section 3.3), but agree in a sense
that the Mng; defect should be a fully spin polarized Mn>* state
(Fig. 3b), which is consistent with ref. 37. More information can be
found in SI, Section S4.

In particular, manganese promotes the formation of
complex defects Mng; + Og. (compare data in Tables 1 and 2).
Thus, manganese increases the general tendency of oxygen to
fill selenium vacancies, Vge, which are the main donors. In
addition, it can inactivate Vg, by forming complex defects
Mng; + V.. Besides Mng; as an acceptor, there are two other
mechanisms that contribute to the n-type to p-type crossover
associated with depletion/inactivation of V. as discussed below.

Table 2 does not list the defect Mn atom in the interstitial
position, Mn;. We have tried several interstitial positions for the
Mn atom, but the calculations did not converge properly. Thus,
we assume that there is simply not enough space for such a
defect. In addition, interstitials are usually donors, which is in
contrast with the experiment. We also note that lattice para-
meter ¢ (Fig. S2) does not change with doping indicating that
the occurrence of Mn interstitial is unlikely.

3.3. Magnetism and concentration of Mn point defects

All Mn doped samples exhibit significant background diamag-
netism (Fig. S3a and b). A fit of the magnetization to the Brillouin
function (Fig. 4) gives Sqpin & 2.4 and supports the DFT predicted
state of the Mn ion close to the Mn>" state with 5 unpaired
electrons. The concentration of paramagnetic centers obtained
from the fit is N = 2.67 x 10'® em 3, which corresponds to
X & 0.00025. The Curie-Weiss fit of the magnetic susceptibility y
(Fig. S3b) gives x ~ 0.00028 and a Curie-Weiss temperature Tcw
close to 0 K, proving that the paramagnetic signal comes from
Mn ions diluted in the Bi,O,Se matrix and not from the observed
Mn-based extraneous phases since they all exhibit some form of
magnetic interaction.*"**> Note that the concentration of the
Mn”" ions is high enough to play a significant role as an acceptor
in the free electron concentration. In fact, this is the only direct
evidence we have for the incorporation of Mn into the Bi,0,Se as
discussed in Section 3.4.

3.4. Transport properties

Fig. 5 shows the Seebeck coefficient and electrical conductivity
as a function of temperature for Bi, ,Mn,O,Se samples. Both

Table 2 DFT calculated formation energies of Mn defects in Bi,O,Se for the different potentials. The lowest average formation energy of all calculated
point defects has the substitutional defect Mn atom on the Bi site, Mng;. The number in bold indicates the defects we consider in the discussion. See SI,

Section S4 for details

Formation energy Formation energy

Point defect - its designation Supercell in eV (mB]J) in eV (GGA)
Substitutional defect, Mn atom on the Bi site — Mng; Biz5036S€1sMn —0.34 —0.28
Substitutional defect, Mn atom on the Se site — Mng, Biz0365€17Mn 1.97 3.66
Complex defect — Mng; + Vp; Biz40565€,sMn 8.31 6.87
Complex defect - Mng; + Vo Biz50355€sMn 3.70 5.59
Complex defect - Mng; + Vg, Bi;5036S€,Mn 3.69 1.91
Complex defect — Mng; + Sep Biz50555€,0Mn 4.05 4.96
Complex defect — Mng; + Sep + Vse Biz50355€sMn 6.18 8.56
Complex defect — Mng; + Sep; Bi3,036S€10Mn 2.52 2.80
Complex defect — Mng; + Og, Biz505,5€,;Mn 0.76 —0.96
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Reduced Chi-Sqr

0.64842

9.99724€14

Adj. R-Square

Value

Standard
Error

Curie-Weiss C

2.52134E10

1.02741E8

Critical T

Tc

-8.61046E14

2.02349E14

Chi background

Chio

-2.07999E9

2.54722E6

200

300

HH (T)

T(K)

Fig. 4 Magnetic properties of the Bi; gMng10,Se sample (Sl units). (a) The paramagnetic part of the magnetization for T = 3 K after subtracting the
diamagnetic background (black open squares) can be fitted to the Brillouin function (red solid line). The fit gives Sg,in = 2.44 (1 = Sug per Mn atom, in
agreement with DFT) and the concentration of paramagnetic centers N = 2.67 x 10 cm~3 corresponding to x = 0.00025. This is the same value as that
obtained from the estimated M (Fig. S3a). (b) Magnetic susceptibility as a function of temperature for the H-field parallel to the tetragonal c-axis
(perpendicular to the a—b plane). The Curie—Weiss fit (red line) gives an experimental solubility of x &~ 0.00026, assuming a magnetic moment of 5ug per
Mn atom. The Curie—Weiss temperature (Tcw) is close to 0 K. The same analysis of the Bi; 96Mng 040,Se sample gives x ~ 0.00017, see SI, Section S3.
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Fig. 5 Electrical conductivity ¢ (a) and Seebeck coefficient S (b) as a function of temperature for polycrystalline Bi,_,Mn,O,Se samples. The experimental

data represent temperature dependences in both directions.

reflect the decrease in electron concentration with increasing
Mn concentration, which is consistent with the depletion of
native donors and the formation of Mnp; defects. Finally,

Bi,_,Mn,0,Se reaches the intrinsic state for nominal x = 0.1 E,,=0.216 %{/ —0.081 eV ]
and the Seebeck coefficient shows a p-type conductivity. This is 64 £ 0210 “ FOTBD 0 B DO EY ¢ Y 1
the state closer to a stoichiometric undoped material (Fig. 3a). @ E,=0.067 eV ]
We note that this is the first time that p-type conductivity of 44 COBRRRBBB88005 o o ]
Bi,0,Se has been observed experimentally. While the x = 0 a E,=0076 eV §
sample is nearly metallic in the low temperature region, with @ 27

features of semiconducting behavior in the high temperature o )
region, the x > 0.01 samples show semiconducting behavior < 01 i
only. The activation energies correspond to point defects ener- ) 4 Bi,O,Se(1)

getically located in the band gap (Fig. 6 and Tables 1-3). DFT “ BiZOZSe(Z) .
calculations show the lowest formation energies for Og., Seg; o 2:1 Q;SVIMnnoAgOSZ:e ]
and Vg.. While Seg; and Os, have a finite excitation (activation) 197012 : :

energy, zero activation energy (resonant states) is reported for 0.001 0.002 0.003

Vse,”” which is consistent with our calculations (Fig. S4a and b).
The presence of Vg. implies that other defects can only show
their activation (thermally induced increase in electron concen-
tration or electrical conductivity) only when the background
concentration of electrons due to Vg, is low enough. Thus, the

© 2025 The Author(s). Published by the Royal Society of Chemistry

1T(K)

Fig. 6 Analysis of electrical conductivity revealing the activation energies
of charge carriers in Bi,_,Mn,O,Se. The only activation energy of the
sample with x = 0.1 corresponds to the fundamental gap observed in
ARPES experiments ~ 0.8 eV.! The experimental data represent tempera-
ture dependences in both directions.
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Table 3 Activation energies derived from the Arrhenius plot presented in
Fig. 6, compared also with Fig. 7

Activation energy (eV) E, E. Eqy3 = Eg/2
Bi,0,Se (1) 0.081 0.216 —
Bi,0,Se (2) 0.067 0.210 —

Bi; 06M1g 910,5€° 0.063 — —

Bi; 96Mnyg 0,0,Se 0.076 — —
Bil,gMno,lozse — — 0.446

¢ A very unreliable analysis.

substantial background concentration of electrons in the
x < 0.04 samples is most likely due to V..

Fig. 6 shows the Arrhenius analysis of excitation energies
(levels) of Bi, ,Mn,O,Se. The excitation energies are summar-
ized in Table 3. In the undoped samples, two levels (E,; & 0.07 eV
and E,, ~ 0.20 eV) can be found, the former is consistent with
ref. 43. The lower is very weak and can be tentatively attributed
to Vo. The higher is due to Seg; defects in accordance with ref.
30, consistent with our results (Fig. S4a and b). The Arrhenius
analysis of the x = 0.1 sample shows one pure activation
behavior with negligible background electron concentration,
i.e. negligible concentration of active defects. The excitation
with activation energy, E,3 = 0.45 eV, is due to the fundamental
excitation over the band gap, E, = 0.90 eV for the fundamental
excitation (Fig. 6). This value is in agreement with the value of
the indirect gap derived from ARPES measurements in the
literature, E, =~ 0.8 eV.! It is the first time that the thermal
energy gap can be extracted from transport parameters.

The results of the experiments can be summarized as
follows. The undoped samples are relatively rich in Seg; antisite
defects which are accompanied by a lower concentration of and
Vo and Vge. Seg; and Vg show excitation at E,; ~ 0.075 eV and at
E., ~ 0.21 eV while Vg, defects form a background electron
concentration due to zero activation energy, see DFT results

~ 8_ T
=
:I

6- l

E,=0.077 eV
41 moooggoooon” i
300 400 500 600 700
T (K)

Fig. 7 Hall concentration as a function of temperature for the undoped
Bi,O,Se (1) polycrystalline sample. RT background Hall electron concen-
tration ny ~ 4 x 10 cm~>. Two activation energies, E,; ~ 0.077 eV and
Ea2 &~ 0.16 eV are derived by exponential fitting the T-dependence of Hall
concentration (red lines). The experimental data represent temperature
dependences in both directions.
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and e.g. ref. 39. The concentration of all these defects decreases
with the addition of Mn. Sample x = 0.04 still exhibits E,; =~
0.075 eV excitation, but sample x = 0.1 enters the intrinsic
regime, showing only bandgap excitation with no states within
the bandgap. To estimate the electron concentration, we mea-
sured the Hall effect on the undoped sample. The experiment
(Fig. 7) shows a background electron concentration of about
3.7 x 107 em™* at room temperature, which can be identified
with the Vg, concentration. This concentration is much lower
than that of the Mny; acceptors in the Bi; oMn, ;0,Se sample,
which explains the transition to p-type conductivity in this
sample. Such a low vacancy concentration is not detectable in
HRXRD experiments. It is worth noting that pair defects of Vg,
and Mng; (Mng; + Vs.) lead to inactivation of selenium vacan-
cies. Moreover, the formation of pair defects, Os. and Mng;
(Mng; + Os.) also leads to the depletion of free V.. Both the pair
defects have relatively low formation energy and behave
as acceptors according to the DFT calculations (Table 2 and
Fig. S4). Thus, there are three mechanisms leading to the n-type
to p-type crossover. In addition to the acceptor-like nature of
Mng;, Vs are depleted by the formation of (Mng; + Os) and
masked by the formation of complex defects (Mng; + Vg.). For
the Mn-doped samples, we could not perform the Hall
measurement on polycrystalline samples due to their high
resistivity. We have not yet been able to measure this value
for single crystals from the same batch because Mn-doped
single crystals are extremely fragile and also resistive. However,
the phononic properties remain unchanged (Fig. $9).>> In any
case, the Hall experiments would be very difficult to evaluate
due to the bipolar transport. We envisage that a proper doping
(e.g- Mn-doping) can be used for formation of high permittivity
(e: ~ 500)°” gate insulators in integrated Bi,O,Se-based electro-
nics. This is much higher value than that suggested for Bi,SeOs
(er & 25).°

4. Conclusion

In this paper, we report on Mn doped Bi,0,Se, Bi,_,Mn,O,Se.
Defect formation energies derived from DFT calculations sug-
gest a spontaneous formation of Mng; substitutional defects in
contrast to experiments. EDS, HRXRD, and transport data
indicate a very low solubility of Mn in the Bi,O,Se matrix while
magnetic data confirm this conclusion. Analysis of magnetiza-
tion and susceptibility data suggests formation of Mn** ions in
a high spin configuration (Sspin & 2.4). The analysis gives a
concentration of Mn*" ions N = 2.67 x 10"® cm™® and corres-
ponding x =~ 0.00025 for the highest doping. Replacement of Bi
by Mn leads to a decrease in the electron concentration mainly
due to depletion/inactivation of the main native donors Vsge,
and the formation of acceptors Mng;. The DFT calculations
suggest the acceptor-like pair defects (Mng; + Vg) and (Mng; +
Ogc), which mask the main donor, Vs.. The HRXRD analysis
suggests a concentration of Seg; defects as high as x ~ 0.07
(3.5% of Bi sites) in undoped samples, but zero in Mn-doped
samples. This is supported by EDS analysis which, however,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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suggests much smaller non-stoichiometry. Transport measure-
ments show a crossover from n-type to p-type conductivity with
increasing Mn content consistent with the formation of Mn
induced acceptors and depletion/inactivation of the main
donors, Vg, and Seg;. The transport, EDS and HRXRD data are
largely consistent with the DFT calculations. Thanks to Mn
doping, p-type Bi,O,Se was prepared and the thermal bandgap
energy E, = 0.9 ¢V was determined for the first time.
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