
DFT study on the clean-up mechanism 

of InGaAs(001) native oxides 

in atomic layer deposition

2017. 02. 14

여인원1,2, 황철성2,3, 최정혜1*

1한국과학기술연구원(KIST) 전자재료연구단
2서울대학교재료공학부

3서울대학교반도체공동연구소

yiw0121@snu.ac.kr

제 24회 한국반도체학술대회
세션: [TC1-G] Device Physics and Characterization 1



Contents

•Introduction
– Oxidation & Fermi-level pinning

– ALD & Self-cleaning

•Clean-up reaction of native oxides of InAs
– Removal of As2O3 by pretreatment: thermodynamics

– Removal of In2O3 by ALD: thermodynamics

– Removal of In2O3 by ALD: atomic mechanism

•Summary



As2O3

Ga2O3

O2

Native oxides of GaAs & InAs

Thin Solid Film, 103, 3 (1983).

Phys. Rev. Lett. 44, 420 (1980).

Ga-As-O & In-As-O ternary phase diagram

Oxidation 

at

atmosphere

Generation

of

point defects

Fermi-level pinning

Anti-site defect



Lower Dit after high-k ALD

Materials Science and Engineering R 88, 1 (2015).

High-k oxides as diffusion barrier

ALD half cycle

by

Al(CH3)3

Removal of native oxides

Device

characterization

Appl. Phys. Lett. 94, 222108 (2009).

Lower Dit & better performance

“Self-cleaning”



Modeling of the “self-cleaning”: previous study
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Modeling of the “self-cleaning”: this study

1/2In2O3 + AlMe3 → 1/2Al2O3 + InMe3

or else…

As2O3 + 3H2 → 1/2As4 + 3H2O

or else…

• Possible reaction? ∆G>0 or ∆G<0

• Then how?? Atomic mechanism



Calculation methods

1. Bulk thermodynamics

• VASP + PHONOPY

• 500 eV cut-off with PBE functional

• 𝜇𝑖 𝑔𝑎𝑠 𝑇, 𝑃 =
−𝑘𝐵𝑇 ln 𝑄𝑖 𝑔𝑎𝑠

𝑡𝑜𝑡 +𝑃𝑉

𝑁
.

• 𝑄𝑖(𝑔𝑎𝑠)
𝑡𝑜𝑡 =

1

𝑁!
(𝑞𝑡𝑟𝑎𝑛𝑠𝑞𝑟𝑜𝑡𝑞𝑣𝑖𝑏𝑞𝑒𝑙𝑒𝑐)𝑁

2. Atomic mechanism

• VASP 

• 500 eV cut-off with PBE functional



InAs(001) cleaning: H2 pretreatment

In2O3+3H2(↑)→2In+3H2O(↑)



InAs(001) cleaning: AlL3 pulse (L=alkyl)

Reaction ∆𝐺573 𝐾 (eV)

1 1/2In2O3 + AlMe3 → 1/2Al2O3 + InMe3 -2.45

2 1/2In2O3 + AlMe3 → 1/2Al2O3 + In + 3/2C2H6 -3.88

3 In2O3 + AlMe3 → 1/2Al2O3 + 2In + 3/2OMe2 -1.57

4 1/2In2O3 + AlMe3 → 1/2Al2O3 + InH3 + 3/2C2H4 -0.82

5 1/2In2O3 + AlMe3 → 1/2Al2O3 + In + 3/4C2H4 + 3/2CH4 -3.89

6 In2O3 + AlMe3 → 1/2Al2O3 + 2In + 3/2C2H4 + 3/2H2O -2.74

vib

vib+rot

vib+rot+trans

𝜇𝑇𝑀𝐴 = 𝐸𝑇𝑀𝐴
0 𝐾 + 𝑍𝑃𝐸𝑇𝑀𝐴 + ∆𝜇𝑇𝑀𝐴

𝑣𝑖𝑏+𝑟𝑜𝑡+𝑡𝑟𝑎𝑛𝑠

1/2In2O3 + AlMe3 → 1/2Al2O3 + InMe3

∆𝑮 =
𝟏

𝟐
𝝁𝑨𝒍𝟐𝑶𝟑 + 𝝁𝑰𝒏𝑴𝒆𝟑 −

𝟏

𝟐
𝝁𝑰𝒏𝟐𝑶𝟑 − 𝝁𝑨𝒍𝑴𝒆𝟑



Reaction 1

Reaction 2

Reaction 4

Reaction 5
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InAs(001) cleaning: As2O3 vs In2O3

Reaction 2

Reaction 4

Reaction 5

Reaction 6

vs

2. 1/2In2O3 + AlMe3 → 1/2Al2O3 + In + 3/2C2H6

5. 1/2In2O3 + AlMe3 → 1/2Al2O3 + In + 3/4C2H4 + 3/2CH4

Reaction 3

Reaction 1

Reaction 3



Products at surface ∆𝐺573 𝐾 (eV)

A In2O3(surf) + AlMe3(g) 0.00

B (||O−)2AlMe2 + ||O−Me -0.41

C (||O−)2AlMe2 + ||In−Me -0.56

D (||O−)3AlMe + ||O−Me + ||In−Me -0.17

E (||O−)3AlMe + 2 ||In−Me -1.42

F (||O−)4Al + InMe3(g) -2.13

A B C

D E F

In-O break

Atomic mechanism: L-transfer (L=methyl)



Atomic mechanism: L-transfer (L=methyl)

(||O−)1+nAlMe3-n + n||X−Me, 

where ||X is a binding site of the surface, X=In or O.

(||O−)2AlMe2|| + AlMe3(g) (||O−)3AlMe1 (||O−)4Al

B. ||O−Me

C. ||In−Me

D. ||O−Me + ||In−Me
A. AlMe3(g)

E. 2||In−Me

F. InMe3(g)

Reaction 1. 1/2In2O3 + AlMe3  1/2Al2O3 + InMe3



Atomic mechanism: one TMA on In2O3(110)

In2O3(110)

1. (||O−)4Al

(||O−)3AlMe

(||O−)4Al+||O−Me

(||O−)4Al+||As−Me

2. (||O−)4Al

(||O−)3AlMe

(||O−)4Al+||O−Me

3. (||O−)4Al+||O−Me

(||O−)2AlMe2+||O−H

(||O−)3AlMe+2||O−H

InMe3

C2H6

In+C2H6 

OMe2 

In+OMe2 

C2H4

(||O−)4Al+3||O−H

4. (||O−)4Al

InH3+C2H4 In+C2H4+CH4 

5. (||O−)4Al

AlMe3

C2H4+CH4

(||O−)4Al+||O−Me

(||O−)3AlMe

(||O−)4Al+||As−Me

(||O−)4Al+||O−H

Reaction 1

Reaction 2

Reaction 3

Reaction 4

Reaction 5

Black: adsorbed surface

Purple: gas(precursor and by-product)



Summary

As2O3

In2O3

InAs

H2

Treatment

before

ALD

In2O3

InAs

Al(CH3)3

Al2O3

InAs

AlL3

pulses

 (↑) ̀(↑)

 (↑) (↑) (↑)

 (↑) (↑)
(↑)


