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A Study on doping mechanism and

thermoelectric transport properties of SnSe,

Jin Sik Chol

Department of Materials System Engineering, The Graduate School,
Pukyong National University

Abstract

SnSe; is an n—type semiconductor with an indirect bandgap (0.97 ~
1.07 V), and it has attracted wide attention for its electronic,
optoelectronic and energy applications. SnSes is a member of Group IV
dichalcogenides having a Cdl.—type layered crystal structure. Sn atom 1is
octahedrally surrounded by six Se atoms in a layer of SnSe, and each layer
is loosely bonded together by weak van der Waals interactions. Therefore,
this structural feature allows the exfoliation of 2—dimensional (2D) SnSe,
layers materials like graphene, and this 2D layer has be intensively
investigated as a building block for van der Waals heterostructures with
other dichacogenides. Furthermore, SnSe, has also been attracting as a
promising thermoelectric material because it effectively suppresses thermal

transport across the van der Waals gap.

Like other semiconductors, controllable doping with a designed carrier
concentration is crucially needed also in SnSe. depending on its applications.
Kim et al. realized degenerately doped SnSes through the doping of a
shallow donor of Cl to Se—sites and also achieved significantly enhanced
mobility thanks to the hybridized s—p orbital between Sn 5s and Se 4p. A

similar donor role of halogen elements was also reported in F—doped SnSe;

- vii -



by another Kim et al., however, they claimed that the enhancement in
mobility is mostly due to the lowering of the grain boundary barrier caused
by F-—passivated grain boundaries. This halogen doping has been adapted in
thermoelectric study to optimize the carrier concentration for the
enhancement of thermoelectric performance of SnSe,, and considerably
enhanced thermoelectric performances have been achieved in Br— and

Cl—doped SnSes.

Furthermore, the charge transport mechanism in SnSe; 1is still
controversial. Kim et al. observed the mixed charge transport without no
clear temperature dependence affected by lattice vibration scattering and
ionized impurity scattering in undoped and Cl—doped SnSe,, while another
Kim et al. reported a thermally activated mobility dominated by the grain
boundary scattering in undoped and F—doped SnSe,. Moreover, Wu et al.
reported that the mobility in Br—doped SnSes; is determined dominantly by
the acoustic phonon scattering with T ¥?*—dependence, and Xu et al.
observed the same temperature dependence in Cl—doped SnSes. Therefore, it
i1s of great significance to understand the charge transport mechanism in
SnSes since this is a fundamental phenomenon determining the performances

of its various applications.

Herein, I report the doping mechanism of Sb both at the cation and the
anion sites and related charge transport mechanism. Because Sb is a group
V element, I thought that it would act as a donor at the cation site of Sn
and as an acceptor at the anion site of Se when I started this study.
However, Sb was found to be an acceptor at the Sn—site and a donor at
Se—site. These unexpected doping effects of Sb were explained in terms of
net charge distribution between the bonds, and it could be elucidated by

density functional theory (DFT) calculations. Furthermore, the charge

- vili -



transport in SnSe, was limited by optical phonon scattering with
T_B/Z—dependence and electrical bandgap was measured to be ~ 1.0 eV. My
results will be useful to interpret the doping mechanism and also the charge

transport properties in 2D dichalcogenide materials.

Key words : thermoelectric properties, SnSes, Sb doping effect, charge

transport mechanism, HP
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2.4. SnSe;o] EA

3 Jar, F7kt(space group) 2EE P3mlS 7HAH, oldl X kS 4=
¢l Sn¥ 65Q1 SedA7E A-¢-aL SAth. SnSer ¥ M T2 Sn AA F9
= 671 Se ¥AE THAR =2Aa flom, S35 Atol= Fgk van
der Waals A3t ki At} A-2A SnSe,o] AA4E= ap = 3.8108
A, co = 6.1410a © k& 7k B ZF 4o A% Sn 9
= 1.96, Se YA+ 2552 T 2 x}o]lE Ho|H, o]E Sn—Se AT
Zol= 2.6804 ©]t}

3, SnSe,= I M= 24(0.97 ~ 1.07 eV)E ZE nd H=A=R
multi—valley "= F2& 743l Qltk. ¥ 2-9% SnSexo] W= FX2E
YUElATE SnSepo] wl= oM FHA HAZI(CBM, Conduction Band
Minimum)+= L—M &S o= fAsH, Hdl 7PAd(VBM, Valence
Band Maximum)+T K- &S meh ¢ %] st}[45-58].

AA SnSexv= HAH, FH H oA F& wEoF FAAM E FES B
Atk &3 SnSe,v= 579 T F Ato] 93k van der Waals Ao =2
Adal 1A e 229 SnSe, @9 ¥ElE JHsetA 3, o'l 2D
T2 & gZaAvol=te van der Waals slH=Z F+x2& 93 49 &
Z0 724 HFHoR AFE [59-66].

Bk olyg}l, SnSe, 579 T+Z=Z QA3|A van der Waals S 7}F=A
S u €Y FFo] afHoz oAsy] wite] ¥ dHEEE Ve f

=
B AAARZ FEUD QLh AT SnSe, P AH 54 Aol

o

J[m
r2
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Fig. 2—8. Structure of SnSe;[67].
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Fig. 2—9. Phase diagram of Sn—Se[68].
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Table 2-1. Properties of SnSes.

PROPERTY

CHEMICAL FORMULA

Snsez (Tin diselenide)

MOLAR MASS 276.63 g/mol
LATTICE Hexagonal
SPACE GROUP P3ml

LATTICE COMNSTANT, a and ¢

3.8108 A /61410 A

DENSITY

6.03 g/cm?

MELTING POINT

630 °C (923 K, 1202 °F)

BAND GAP

097 ~ 107 eV
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3.1. AgHy

3.1.1. SnSez, SnpgeSboosSez, Sn(SepgeSboos)z T L L Ax

oA e =384 &S SnSexdt ShE ol Ao X33
SnogsSbo.oiSes, 201> AFe]oll 23 Sn(Se0Sboos)2 S TS S8l 2
40 AFLEHE  o]&d  ingotE AZIAT. Y8 EX=
Sn(99.999%, shot, Alfa Aesar), Se(99.999%, shot, 5 N Plus)¥}
Sb(99.999%, shot, 5 N Plus)& AF&3F3TE SnSes®t SnogsSbo.osSes,
Sn(Se96Sboos)22l ZAJol Al =S Sn, Sed ShE A= WZol| FUdH

¥ 29 3-1¢] AHE o]&3sto] °F 1.5

X

1072 Torr AE9 AFEE §X

s WS ol F WRE A= WS As1Ze] Yol 1073 KeIA 4

>4

|7HEer dAgsle] 982 =9 I3 773 K7HA] 2YAZ]3 10417 &
3Fo] SnSe, A(JCPDS #89-3197)S A8t Ao & A <

TERY 4 342 AZXT ingots oAOlE wAAbEI} wALE ALg-

3 g BEask ¥ 270 mesh (<53 um)olA A7E 3HlT)

® Aol A Sb =Wol WE SnSe, SHiHEe] SAWsE el
3119 WHoR AzE 7 PR BUE AN 4F 22US o83
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Fig. 3—1. Sealing experiment system.
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3.2. SnSe; 3} E9 &4 HI}

3.2.1. X-4 34 4 (XRD)

B BXoM= =HE R &S SnSe ot ShE =3 SnSe, 3}E A
A4zt A BAS 98 X-—ray Diffractometer (XRD, X'Pert—MPD
system, PHILIPS)E ©o]&3] 10~90° Alo]e] 20 T3HS 0.02626°7t4 0=

ZAYch o W, FUL Cuka (N=1.54068)2 3oL 7HEAS 2 ARE
Zt7} 40 kV, 30 mA °]th

3.2.2. FRAAANE £4

& A= =8k %2 SnSepot SbE =T SnSer w2 MA

TZE  #AFESaA . 200 kVe  7FEHYS  7FZ 0 Field Emission
Transmission Electron Microscope (FE—TEM, JEM—-2100F, JEOL)E o]

&3t

3.2.3. FAAAE ] 4

B B = A7 oF 2AWMS od ARE AAA S wHTRE B

L 1 T

235171 98] Field Emission Scanning Electron Microscope (FE—SEM,
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MIRA 3, TESCAN)Z o]&3t9ltt. E3at% &S SnSe, ¢ ShE =33

SnSe; A2 A 9] shdd HHS Fall Sb =gl whE WIS AESAT

3.2.4. AV|AEXE, Seebeck AT, EHAAY A
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2 AFA = oleld Edd 54 st A=A e HolHE 47
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B B A= Hall Measurement System (Hall, ResiTest 8400, Toyo
Corporation)S AFg38lo] 245 of2 3 714 &hol A Ao A2Z2A 9 A

3 54 542 S9a9

WA AAS A7 A Je R shFEoF 3l o] & AlH
S A& golot= AR AHAZ FAES VA ES 7HEE oS, AR
o] &3 Awnpsit}l, Fu)E AW BEAE 43S =A% W probed}

Aste] Mgt <ol AAIZIAL, o]& 0.57 T =719 JTAA] Afele] A

re

)

#o] F=(n)d E=(E Aded
VH t
& 5B (3-2)
" e R, (3-3)
RH
S (3-4)

A 3-20lM RS EAS, Ve A e AR, = AR FA, B



1

= A7EE ovEH, A 3-39M 2 AT E, rym EUA e A
glo] Asts ouleteh, ®=gh, 2] 3-40A] p2 AEe] olFE, p A

7RI A RS ol R,
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Fig. 3—2. ZEM—3 measurement equipment.
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A 4 & Sb =3 9] n—type BHAA SnSe;o] AT vX= I
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2AAu 7S F3 SnSes, SnogeSboosSerz, Sn(Seq9sSboos)2ol 3l 2+
3.67A, 3.63A, 3.42A9 ad¥F ZAxNEF(a)E  IAT. SnSes,
SnogsSbo.oiSes= A8 AR AAGTE ZHATh FA|ut Sertt & A=yt
4= 7M1 Sb7t Sed] AEE AHAREONE Sn(SeposSboos)ed AR
© e el vlal FH2 = 7HY old diaE 5 A7 T
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Fig. 4—1. Bright—field TEM micrograph and high—resolution image of SnSes.

Inset is diffractogram.
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Fig. 4—2. Bright—field TEM micrograph and high—resolution image of

Sno.gsShoosSer. Inset is diffractogram.
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Fig. 4—3. Bright—field TEM micrograph and high—resolution image of

Sn(Sep.96Sboos)2. Inset is diffractogram.
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Fig. 4—4. Lattice constant(ag) of the undoped and Sb—doped SnSe; compounds.

_38_



4.2. XRD &4
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YeRATh (00D
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Fig. 4—5. Sintered body XRD patterns of the undoped and Sbh—doped SnSe,

compounds.
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Fig. 4—7. SEM micrograph of SnSe, bulk.
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Fig. 4—8. SEM micrograph of SnggsSho.osSe2 bulk.
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Fig. 4—9. SEM micrograph of Sn(Seq95Sboo4)2 bulk.
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4.4. 29A7¢ EA

4.4.1. Sb=3o] WE SnSe;o] AV|AELE, AMIo)FE, ol5x W3 4
:_T.L

Y 4-10, 4-11914E Z+7zF abd ¥ cbsko] thedk =35 e
SnSe,9} Sb = E SnSe, 3FES Lo WE HIAEEE eRdTH
RE ggtEo A Wkt BAIQle] =9 F7d wel AV H =T F7ts

g deith Zztel 2del wel skehial Y 4

__Ol___
(Sno.o6Sho.0sSer) EF S 34 &2 SnSeyd H|3] W A7 AEE e o
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wn
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rlo
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Sb =gl W& SnSe; EEONA Y M7|AEE S g A& o
A= A8l d2olA ZiebdEe) 29 WEFo® Hall =
O AdE iE 4-1o YERHlY 2E AJHAA Hall Al @2 &9 @
7hHow, aeus =33k 252 SnSey2t Sb E=F ¥ SnSe; IFES T

Helol7k AAel, n® =AY 5SS 7RIY dVIdEEE ZEM-3
=S4 Aot FARRE @S UEAAL, Aol 5529 A9 SnogsSbo.oiSers
FobAl % SnSeqdl HlE WS s UEHHA ST, Sn(SeosSbo.os) s
SnSez°ll Hl&l & s WERHT Shb7F =8 ¥ SnSe.d HMVHAEE ®S)
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Agieh. old @ Avkz Sb7h Sn M EBHAL W AAE volF] A
AFAS ABE s, Se ANl EHAL W ARE wohEe] A @
Aol g @& Rolek 5w @e] HAZE SH7F SnosrSbooiSe, A
AARAZ 4833, Sn(SeossShoa)dl At AAFAZ Agarie 3
vhehle,

¢
ol

i

o

QA o= Snvh Se A= 27 +4sh —29] MBS Zeth o] 2

ol BAelA Sn—Se A AAEE = ol=Ade HuH, A% =

fr Agte]l ¥&st Azteof gt} 1
2 SnSeyol A Sbe] d7]x R = ad=Z olsslr] 93] Density
Functional Theory(DFT) AlAFl A A3} o]go] = YA dstol] o] AzF
3l¥] &= Bader methodE Ab&3ste] YA & st ¥ £4& T3t
[69, 70]. SnSes, SnoosSboosSes 2 Sn(Sep95Sbo.os)z (A4 4] HAE 9
3] 4 at% Sb EFo] o 5 at% Sb EFolgtar 7FA gt))ol gk Bader
L& DFT A4S 7INke & @ first principleol] o8] 23 A3} 2x=
HE Aol ALkd dA & dstEe E 4-29] 8.9kHo]Qr}. Bader
A3t SnSepo] = H37F 22z Sn 2 Se YAtel W] +1.167¢ H -
0.586edS YERATE H3F SnggsSboosSeqoll A Bader 3= Sb A}e
& As7F +1.031e oH, ojwje] Sb = HabE =sA @2 SnSesol A
Sn 9AZE Zte & AstEg e s yeldth o] AnE $Ele
SnoosSboosSezl Al Sb AAFe] Abstg= 44K Fofopgirial 7HHE
Atk HE 98] E 4-20] SboSes (Sb®', Se’ )9] Sb % Se Wxtel o
g &= Hstel tisiA = vER o, Shet Se Ao AlAbEl Bader 3}
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= 27} +0.988e%} -0.659e9] S ZEETE SnogsSboosSesoll Al Sh @ AFe]
Bader #3l= SnSe»2l Sn(Sn'") Bader #3lHT} SbySesel Sh(Sh**)
Bader #3tel frAbgh @bs 7Rth o] Hlale] wWEW SnggsSbo.esSezol A
Sb 9xke] A3} Al ShPTRUE ShTR AJZbE ojof 3tk 949 e
AHE F 3 SnogsSboosSexol Al Sh YAb= HAAWANR 2Hge o R 7
o}, 9, SnSe,9l ol Ao dig Sb = WAYUFS 77 g U
7} A e (valence state)ol] <1 Sb o]=9] HV|FAHAEEE oldld o+ 3

Ak ow Folxl FololA M7 FAEE st HHrt F71Eel whet
S7betar, w9l S7kel wek gadrlh olm, o3 HA7ISdEE ShPT
o} Sb°" 747t 1.476% 1.9719 s ZEEvH71]. A2 AVSHEE T

rU

)

T Folee HAE A A8ty wiel, Sb 9A7F SnSero] el 9
Aol =3d o 22 H7SHEE 7HAE ShPTUF o AsEH. o] Ade
oke] AFH #EI & A Fr

w3k Bader Mat A9l 23 Sn(Seq.o5Sbo.os)2214 Sb 0.03e2] &t
= WolFH, olu Hed Hsirt v Auo= FdstE HA "d o
A= Sn(SepsSboos)e® ShEAZE AAF R = 483 om| gt
Linus Pauling scaleZ%E Sn, Se % Sbe A7]SAHE=+= Z+ZF 1.96, 2.55
oF 2.059] #e zt=v Sn—Sb Al Sn¥} Sb Atele] M7 S A}
ol Hate] ol S FAE F A& AEE Ak AYrE Shbet Sedl F

Adt AL 77t 1,463 1.14A 2, Sb—Sne] ZAdto] Se—Sn AR ¢

Ay
gl

_

FQL'

|

N ARAele 7HAth A7) 4= Aelzk A A Aelrt A7) wi
Sb—Sn Aol X At ool Aoz HA dojpol dut. arjn=
Sn(Se.s5Sboos)2ol A Sb 9Ae] Abstgi= 7o) o= ZHH I, 1o et
Se $1xlo] =g Sb AAE AAFAR Zgallof Tt



-

T8 E35kA] 22 SnSexot Sb7F E=F ¥ SnSe; AlZE] thd Hs
A X 45 T35t SnSesollA Sbel e el vrswWith. 19
4—12% SnposSboosSes™ Sn(Seqo5Sboos)22] AlAHE Ao dst "ol o
el debdith 2ol Ay A Sge A A I 5 (JAA F7H

35 YEdTth gol2 YA =3 Sh dAe AA "EE Fojule
WHH Fol fXlol] =gE Sh WA= A ARE dojF A dv. 284
O 2 SnSey? Yol ol Ao =FE Shb YA Zhz AApsfe}

AT dae Ft,

rob

H, =3 YAl #Agle]l Shb =g &) F2o] o]skE 7AsES
o} o] S. I Kim ol o] Hig npe} o] A4 SnSe,o] #3}
%] jonized impurity scattering®] oJ&] FeS Wi=t= AS HoFT
[36]. Fivaze} Mooser= alolA MoS,, MoSes;, WS, % WSey9} 2 n
] dA4d 4 weAo e o] 5%+ optical phonon scatteringol] 2]3f
At vta B Fr[72]. SnSep$t o5 ZAIAUol= 3= Atold] =
2 A o2 Qle)A, $-gl+= optical phonon scattering®] THNA A&}
T% 545 st Al=8 U optical phonon scattering®l] ]3] A3k
g ol5Ee & EAL u« T P07 mEe], T&olA ionized
impurity scattering 9] FIFS A gheA = TEe
n(De o(T). T2 38 3 5 Jrh. 28 4-133 4-14% abB 7} o4&
029 o(T). T”?] Arrhenius SH< HoFth Fojgoz e 250
A SnSex9t Sn(Seq6Sboos)20ll W 7127174 A3 F7kskar 500 K o
Aol 7Rl ol 500 K A9 %04 EIT(Extrinsic—Intrinsic
Transition)7} ¥ojdS yehdich =3 Alde] %27t 10%em’S =3
m (SnSes, Sn(SeposSboos)2) SnSey7t FE WHEA|7E &7] wfo, vk &

=
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A Aol A HRAoR FUkshe e AT g vk i, Folro
2] 8kEl SnSes(SnogsSbooiSer) = 53] 500 K ool T3 A4 #AE
UeRdth o] At Shrt AANbNR Zgste] Algle] s adhd] uf
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Table 4-1. Hall measurement of sintered undoped and Sb-doped SnSe; at

room-temperature.

SHSEE Sr‘lulgﬁShﬂlmSEE SH(SEﬂIgﬁShﬂlm}z
Electrical
conductivity 1.62 0.21 8.68
[5/cm]
Carrier
concentration 7.4x107 1.3%107 1.5%x101%
[em™]
Mobility
[em2V-1s1] 14.3 13.1 49
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Table 4—2. The calculated atomic net charges from Bader -charge

analysis.
Compound Atom Bader Charge

Sn 1.167

Snse;
Se -0.286
SnpasSbogsSe; Sb 1.031
Sn(SegssSbogos)z Sb 0.030
Sh 0.828

SbESEE
Se -0.659
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Fig. 4—12. Electorn density map for (a) Sn;_SbSes (b) Sn(Se;_Sby)s. The
sign of the charge density-is given by the color bar.

_57_



ab-plane

il B SnS -

I.'NI'—' 10 “ e, 3

= il & Y i # Sn__Sb _Se, ;

:':F 'l,: g = A F Y “5 > IEEO @35 bo.u}z

g0/ ML 4 v

¥ ~a, - m ]

N, 10° 3 e 3

. B 3

ol “ ]

w107 E~1.02eV Sy

k 10 - e E
b “'-!.,‘
3 »

107 5 * 4

10° : : : : :

0.0015 0.0020 0.0025 0.0030 0.0035

1/Temperature [K?]

Fig. 4—13. Arrhenius plots of the o(7)-
Sb—doped SnSe; compounds along perpendicular direction (ab—plane).
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Fig. 4—15. Temperature dependent Seebeck coefficient (S) of the undoped and

Sb—doped SnSe; compounds along perpendicular direction (ab—plane).
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Sb—doped SnSe,; compounds along perpendicular direction (ab—plane).
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Table 4—3. The maximum power factor of the undoped and Sb—doped

SnSes.
SnSe; SNy oeShg 0s5e; | SN(Sep.ocShg ps):
ab-plane

power factor et 0.55 0.90

[ 10-Wm-'K-2] (at 700K) (at 700K) (at 700K)
c-axis

power factor 0.67 0.29 0.45

[10-Wm-1K-2] (at 700K) (at 700K) (at 700K)
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Fig. 4—22. EPMA images for Sb distribution of Sn;_SbhSey (a) x=0.01,
(b) x=0.02. The sign of Sb distribution level is given by the color bar.
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