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Goal and Qutline

* Metal chalcogenides: focus on van-der-Waals layered materials
* Synthesis overview: thin film and bulk crystal growth

* Advantages of bulk single crystals

* Two primary growth methods for bulk: i) melt solidification, ii) vapor transport (CVT)
* Growth from melt:

* Direct solidification (Bridgman-Stockbarger)

* Solidification from flux Goal: Design growth of metal chalcogenide

- Growth from vapor (CVT) single crystals with defined properties.

* Concluding remarks Take-home message: “Phase diagram can serve
as a map for materials processing”

Acknowledgement for crystal growth: Sergiy Krylyuk (MSED, NIST)
ler Phase diagrams are from ASM Alloy Phase Diagram Database 2
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Growth Methods: from vapor, melt and solutions
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Solution methods (dip-coating + annealing)
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* Focus on bulk crystal growth: CVT and Solidification
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Advantages of single crystals vs. thin films i,@
A~

Large crystals to measure basic properties: structural, optical, electrical

Nearly-perfect state of material: purity, no grain boundaries, less structural defects, stress, etc.

Tunability of bulk properties: control of phase stoichiometry, doping level, alloy composition

Exfoliation and stacking of heterostructures (“twistronics”, optoelectronics) at “~room temperature

Key Disadvantage — manufacturability issue

@)

100 pm

,
(&

» Ex situ fabrication of device layers => inter-layer contamination possible Sy
| Wang 2017

* Limited scalability (however: site-specific exfoliation and 3D printing under development)

NIST 5



Melt Solidification

Bridgman-Stockbarger method

Temperature
T2 TS TI1

! '
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What to know: -
: e e )
., . Direct solidification

1) T.,, melting point &

2) are compositions of solid and melt the same at T ?
o™ Growth from flux

V.‘l,

Materials:

1) Quartz tubing, ceramic crucibles

2) metal, chalcogen >3 9’s purity

3) Vacuum system (few mTorr) w/
backfill Ar-gas and O,/C;Hg torch

4) Two-zone vertical furnace w/
motor (speed ~ 0.5 mm/h; temp.
gradient ~ 50 C/cm)

p.s. For further details, see APS 2019

comprehensive tutorial on crystal

growth by Michael McGuire (ORNL)
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Growth of congruently melting phase vs. Flux-growth vy

6003 T-x Phase Diagram 3 Topolo ica‘I.'
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* Congruent melting point: T_"9"= 584 °C (X ot = X<01ig = 60 at. % Te) => growth from stoichiometric composition
* Other single crystals with congruent melting point, grown in our lab: Bi,Se;, GaSe, InSe

incongr = 421°C

z‘? What if phase does not melt congruently? e.g., BizTém = BiTe+L

NIST => Flux growth window: x #10-20 at.% Te and T= 314 — 421°C



Flux growth of 1T’-MoTe, from Te-rich melt
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From Rhodes (J. Hone’s group) 2019 :
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» Placed powders of Mo:Tezl?ZO (95% Te) in evacuated ampoule

Heated to 1100 C for 24 h
Cooled to 880 °C and held for 17 days
Decanted melt from MoTe, crystals

Annealed MoTe, at 425 C for 24 h to remove residual Te



Growth of MnBi,Te,, magnetic topological insulator (Tl)

Qubits in superconductor/Tl junction

| Superconductor (Nb)
“ Topological insulator with
Quantum Anomalous Hall

B-field

FM/AFM TI

Quantum anomalous Hall
(2013)

Cr-doped (Bi,Sb),Te,

MnBi,Te,

Zhang 2019

* Needed: (anti)ferromagnetism at higher temperatures and larger bandgap

NIST * Candidates: Mn(Bi,Sb),(Se,Te), family
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Cont.: Growth of MnBi,Te, from melt (T-x)- Diagram for Bi-Te
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Cont.: Growth of MnBi,Te, from melt 7Y

2 Att t #1: foll blished reci d “i ” phase di "‘.
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Summary: Congruent melting => Bridgman growth ¥y
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* Congruent melting => bulk crystal growth possible for other layered chalcogenides :
SnSe, (647°C), SnS, (865°C), M0o0, (795°C); ZrS, (1450 °C), VS, (+1750°C), VSe,"(~1700°C), WS, (1800°C)

NIST
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Summary: Incongruent melting => Flux Growth
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* Incongruent or high melting temperature =>

bulk crystal growth demonstrated: SnSe,, MoSe,, WSe,, Fe,GeTe,, Cr,Ge,Te, r

NIST

* Flux growth ‘heals’ chalcogen
vacancies and other point defects:
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Growth from vapor: Chemical Vapor Transport (CVT)

T,

MoTe,
T, platelets

MoTe, charge

 Simplified version: physical vapor transport: GeSe(s) = GeSe(g) - GeSe (single crystals)

* CVT with transport agent (l,, Br,, TeCl,, etc.): TiS,(s) + I,(g) = Til,(g)+ S,(g) = TiS, (single crystals)

T Q)T
850 [17
| _
' single crystals
L * <)
800 s Nb-doped p-WSe,
- - == % Re-doped n-WSe,
[ = undoped WSe,
750 [T — .
700 R pe—— e = e .
0 5 10 15 20 25 30 Length(cm)

NIST single crystal library: NbSe,, WSe,, MoTe,, Mo, ,W,Te,, WTe,, W, ,Nb,Se,, WSe,, ,Te,,, GaSe, GeSe
14



Important issues in CVT:
* Choice of transport agent affects electrical pro

 Composition of charge # composition of crysta

vy

‘.‘.

nerties

S

* Vapor-solid growth => P-T-x diagrams define stability limits

15



Transport Agents (TA) in CVT

* Usual Transport Agents: I,, Br, (SeBr,), Cl, (SeCl,, TeCl,)

vy

‘.‘.

 TA incorporates into crystal lattice and affects electrical properties (!)

2H-MoTe, growth using TeCl, vs. I, (our work in progress)

Cl-assisted growth => n-MoTe, ‘l l-assisted growth: p-MoTe,

10t

FET transfer ol
characteristics '
100 s k| - o [
< genli/AU 10° |*
3. ) — 3
= E
_Q B 4 ._
101 =210
10 ]
102 1
- 60 40 20 0 20 40 60
TOF SIMS Vs (V)
1E+06 16406
——350 —37d
——123Te 35Cl
1E+05 37l ——123Te 1E+05
—370/3500  ——370C)/3501
e — — 1E+04 |
1E:04 (/ I 127
L - Clsg 1E+03
| R e AT o e
16403 | oo Clye
1E+00 ’ z 16+00 L
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600 1800
ler Sputter time (s) Sputter time (s)
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1000/T (K")  pjsoni 2015
Other references (e.g., Legna 1993) also
indicate that MoSe, and WSe2, grown with
Cl- and Br- were n-doped, while growth
with /- resulted in p-doping.
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CVT growth: verify the phase and composition! !I\,

N
Key point: CVT reactions complicated

* Phases sublime (in)congruently e Components’ partial pressures and transfer rates vary

* ‘Wrong’ phase can grow: e.g., new spin-triplet superconductor UTe, was originally intended to be U,Te,,
* We found that doping level can be orders of magnitude lower than prescribed, e.g. in Nb-doped WSe,
* Alloy composition is hard to control: e.g., Mo, ,W,Te,, WSe,, ,Te,,, W, ,Nb,Se, and Mo, ,Nb,Se,

MoTe,-WTe, pseudo-binary (T-x)- section
//

I 1 I I ' F..‘l I 1 l I LI | 1 ,, L] l L .4
1000/ 000 @ . € ¢
6 “0’ & M o l_XWXTe y)
g 950 q qq q x(charge)
L] r "’ r
é 9001 1T “‘ 1T +Td
i TTT— ) " (crystal)
) s, x(crysta
g- ok - W-content is always less
)] E ! \“ ",“ '-_‘ -
~ 2ofERTE !‘: ! 11 : in crystal (~ factor of x2)
l L1 1 1 l L1 1 1 i -! I“- L1 II 1 I 1 E |
0.00 0.05 o0 A/ 04 06 08 1.0
ler MoTe, xinMo, W Te, WTe,
Oliver et al., 2D Mater. 4 (2017) 045008 17



(T-x)- Phase Diagram for CVT growth: Mo-Te case 7y

e
A Mo-Te Phase Diagram 1T Semimetal W monoclinic
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& | 002 006 =
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* Growth is affected by ampoule size £ Stop I 8
* P;, inside of ampoule is different — —
. . ep
* P-T-x diagram maybe useful (in a long run) L - e
1'2 - 2'4 — 3'6 - 4'3 50 100 150 200 250 300

ler 26 (degrees) Raman Shift (cm™) 18



_Full phase diagram: P-T-X

Temperature

NIST

P (Pressure)

T (Temperature)




~ P-T-x
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MoS, is stable within this
yellow-highlighted area

NIST
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Diagram for Mo-S System
T-x Section at P=10° Pa

T-x Section at P=10? Pa

7200 %00

Zov0 T (oc)

| N
P-T-x diagram of binary system r’ ‘)
V."

Temperature
P (Pressure)

T (Temperature)

At P, = 102 Pa, Tyocom,= 1044 °C

*Chalcogen partial pressure defines

stability of metal chalcogenides

19



Concluding thoughts l?\,

 When planning a crystal growth, see if phase diagram is available:
* |t helps to define growth window & phase stability (in terms of Pressure-Temperature-
composition)
* Growth from melt (Bridgman and flux methods) produces large single crystals
* Congruently melting phase => use Bridgman growth
e Otherwise — grow from flux (identify “melt + solid” area on a phase diagram)
 CVT growth: complex process with many variables => check identity and composition of the

phases

Further reading — next slide, courtesy of Michael McQuire (ORNL)

NIST 20



Further reading, courtesy of Michael A. McQuire (ORNL)

Additional resources NPSL,
CHEMISTRY

AND ITS APPLICATIONS
SECOND EDITION ISTUDERPEDIFION

« General synthesis, phase diagrams
- A.R. West, Basic Solid State Chemistry and Solid State Chemistry and its Applications

- P.Hagenmuller (ed.), Preparative Methods in Solid State Chemistry

- A.Brown and J.H. Westbrook, “Formation Techniques”, in Infermetallic Compounds,
(J.H. Westbrook, ed.) [container material selection in particular]

- FactSage FISalt phase diagrams:
hitp://www.crct.polymil.ca/fact/documentation/FTsalt/FTsalt_Figs.htm

- ASM Alloy Phase Diagram Database https://matdata.asminternational.org/apd/

+ Flux growth

- Kanaftzidis, Péttgen, Jeitschko “The metal flux: A preparative tool for the exploration oS
of intermetallic compounds” Angew. Chem. Int. Ed. 44, 6996 (2005). Canfield and o oo B
Fisk “Growth of single crystals from metallic fluxes™ Phil. Mag. B 65, 1117 (1992). cn-'ifé’"mf;éﬁ(
- M. Tachibana “Beginner's Guide to Flux Crystal Growth” YAROR &
REACTIONS
« Vapor fransport reactions = & ’
4

- H. Schdafer “Chemical fransport as a preparative procedure”, in Preparative Methods
in Solid Stafe Chemistry (P. Hagenmuller, ed.)

- Binnewies, Glaum, Schmidt, Schmidt, Chemical Vapor Transport Reactions

%OAK RIDGE
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