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List of materials in document 

ALO Process Link to ~age number 
Al20 3 3 
AIN 7 
AIF3 9 

Alucone 11 
Bao, BaTi03 12 

Co30 4 13 
GaN 14 

Gd20 3, GdN 16 
Hf02 17 
HfN 21 
ln20 3 22 

Li2C03 24 
Mo03 25 
MoS2 26 
NbN 27 

Pt 28 
Ru, Ru02 30 

Si02 31 
Si 3N4 34 
Sn02 36 

SrTi03 37 
Ta20 5 38 
TaN 39 
Ti02 41 
TiN 43 
W03 46 
WNX 48 

ZnO, ZnO:AI, ZnO:B 49 
Zr02 50 
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SEM image of a 80 nm remote plasma ALD Al

2
O

3
 film in 2.5 mm wide trenches with aspect ratio ~10 deposited in the FlexAL 

reactor, courtesy of Eindhoven University of Technology & NXP. 

EOT vs physical thickness of Al
2
O

3
 films deposited at 200°C by remote plasma ALD. Results for both the as-deposited and the 

annealed (425°C, forming gas) material are shown. 

 
RBS and ERD analysis for 200 °C f ilm 

 

Compositional data by Rutherford Backscattering Spectroscopy (RBS) and 
Elastic Recoil Detection (ERD) 

0 10 20 30 40 50 60 70 80 90
0

10

20

30

40
 as-deposited

 annealed

 

 

E
O

T
 [
n
m

]

Al
2
O

3
 thickness [nm]



0 1 2 3 4
0.0

0.2

0.4

0.6

0.8

0 1 2 3 4 5 6 0 2 4 6 8 0 1 2 3 4 5 6

 

G
P

C
 (

Å
/c

y
c
le

)

TTIP dose (s) TTIP purge (s) Co-reactant time (s)

 

Co-reactant purge (s)

0 20 40 60 80
0.0

0.4

0.8

1.2

1.6

0 1 2 3 4 5 0 2 4 6 8 10 0 1 2 3 4 5

 

G
P

C
 (

Å
/c

y
c
le

)

BDEAS dose (ms) BDEAS purge (s) Co-reactant time (s)

 

Co-reactant purge (s)

Ozone

Ozone

Ozone

O
2
 plasma

O
2
 plasma

0 10 20 30 40
0.0

0.5

1.0

1.5

2.0

0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5

G
P

C
 (

Å
/c

y
c
le

)

 

TMA dose (ms)

 

TMA purge (s)

 

Co-reactant time (s)

O
2
 plasma

O
3
 gas

 

Co-reactant purge (s)

O
2
 plasma

Fast saturation and short purging even at room temperature.
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RT-ALD films with 10 s plasma equivalent to films 
grown at 100 °C using standard process (2 s 

plasma). 
 

Excellent moisture barrier properties of room 
temperature Al

2
O

3
 

http://dx.doi.org/10.1002/cvde.201207033
http://dx.doi.org/10.1116/1.3664762


Other relevant papers: 
Jinesh et al., J. Electrochem. Soc. 158, G21 (2011) 
http://dx.doi.org/10.1149/1.3517430 

Dingemans et al., Phys. Status Solidi RRL 5, 22 (2011) 
http://dx.do i .org/10.1002/pssr.201004378 

Hoex et al., Phys. Status Solidi RRL 6, 4 (2012) 
http://dx.do i .org/10.1002/pssr.201105445 

Potts et al., J. Electrochem. Soc. 157, P66 (2010) 
http://dx.do i .org/10.1149/1.3428705 

Potts et al., J. Electrochem. Soc. 158, C132 (2011) 
http://dx.doi.org/10.1149/1.3560197 

Sagade et al., Nanosca/e 7, 3558 (2015) 
http://dx.doi.org/10.1039/c4nr07457b 

Cho et al., Microelectronic Engineering 147, 277 (2015) 
http://dx.do i .org/10.1016/j. mee.2015.04.067 

Koushik et al., Energy Environ. Sci., (2017), Advance Article 
http://dx.do i .org/10.1039/c6ee02687g 
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Refractive index of AlN using N
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 plasma; data courtesy of 

Cornell Nanofabrication Facility (CNF) 
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AES analysis of AlN using N
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2
 plasma showing near 

stoichiometric AlN. 



Cross-sectional SEM-image of a 60 nm thick and 
conform ALD AlN film on a Si/NiCr structure with 

etched undercut. 
 

 

 
Thin-film transistor design 

∼ ∼

·

 
Epitaxial 4 nm AlN on GaN

 

 

 
close to AlN composition

http://dx.doi.org/10.1016/j.apsusc.2015.02.119
http://dx.doi.org/10.1109/LED.2013.2271973
http://dx.doi.org/10.1002/pssc.201300442


Growth per cycle (GPC) as a function of precursor dosing 
time showing fast saturation even at low temperature.

Growth per cycle (GPC) as a function of plasma 
exposure time showing saturation at both 

temperatures. 

http://dx.doi.org/10.1063/1.4998577


 
XPS depth profile of AlF

3
 on Si wafer with Al

2
O

3
 interlayer. 

Low impurity levels and F/Al ratio very close to 3. 
 
 

 
 

Wide temperature window. Growth per cycle (GPC) as a 
function of temperature in terms of thickness (left axis) 
and deposited Al atoms per nm2 (right axis). Inset: No 
growth delay, thickness as a function of ALD cycles.

TEM images of (a) the top and (b) the middle of a GaP 
nanowire, illustrating the conformality of the ALD process. 

 
 
 

Refractive index and extinction coefficient for a film 
deposited at 200 ° C. Inset: Extinction coefficient as a 

function of photon energy for deposition temperatures 
between 50 ° C and 300  °C showing low absorption over a 

wide range.



time

TMA

HO(CH2CH2)OH

purge

1 cycle

Alucone MLD cycle  

Mixed with ALD Al
2
O

3
 to make alloys.  

Slow heating up to 400 °C of 5:1 alucone/Al
2
O

3
 alloy provides 

novel, nanoporous, low index material. 

http://dx.doi.org/10.1116/1.4773296


Zoomed in TEM view showing crystalline lattice fringes.  

Saturation of Ba precursor pulse.  Low EOT values for 12 nm-thick films deposited at 250 °C. 

http://dx.doi.org/10.1016/j.scriptamat.2015.08.026


Stable photocurrent over time at 1.1 V with Co
3
O

4
 

ALD on nanostructured surface 

Co
3
O

4
 to serve as catalyst and protection layer of nanotextured Si photoanode 

http://dx.doi.org/10.1038/nmat4794
http://dx.doi.org/10.1021/ja501513t


Growth rate vs TEGa dose time Growth rate vs plasma exposure time 



growth rate vs temperature growth rate vs plasma pressure 
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AES analysis of 65nm ALD GaN film XRD analysis of GaN film 



Growth rate of Gd
2
O

3
 PE-ALD films at 250 and 300 °C as 

a function of precursor dose. 
 

AES depth profiling of gadolinium nitride film deposited 
with N

2
 plasma (5s) at 200 °C.

http://dx.doi.org/10.1116/1.3664756
http://dx.doi.org/10.1016/j.jcrysgro.2011.10.049


Wide temperature window both for plasma 
and thermal ALD of HfO2, higher growth 
per cycle for plasma process 

Good repeatability plasma process for both 
thickness and refractive index (other HfO

2
 

processes can sometimes be less 
reproducible) 



Also good repeatability for thermal process 
for both thickness and refractive index 
(other HfO

2
 processes can sometimes be less 

reproducible) 
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AES analysis of 25nm of remote plasma ALD HfO
2
 deposited at 

290 °C, showing a carbon contamination of less than 2%. 

Equivalent oxide thickness (EOT) of HfO
2
 films derived from C-V 

measurements vs physical thickness measured by spectroscopic 
ellipsometry, the calculated dielectric constant is ~17. 

ALD HfO
2
 part of high-quality gate stack on 

InGaAs  
 

 
FinFET with HfO

2
 gate dielectric and TiN gate metal 

done on FlexAL at UCSB 
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http://dx.doi.org/10.1063/1.4896494
http://dx.doi.org/10.7567/JJAP.53.065503
http://dx.doi.org/10.1116/1.4972210


Trench structures with varying aspect ratios showing conformal 
HfO

2
 thin film

Cross-sectional TEM image showing the individual 
crystalline grains of HfO

2
 

http://dx.doi.org/10.1116/1.2753846
http://dx.doi.org/10.1186/s11671-015-0957-5
http://dx.doi.org/10.1116/1.4831875
http://dx.doi.org/10.1063/1.4825259
http://dx.doi.org/10.1116/1.4842675
http://dx.doi.org/10.1016/j.mee.2013.03.032
http://dx.doi.org/10.1016/j.sse.2014.05.005
http://dx.doi.org/10.1016/j.solmat.2014.06.005


 
AES showing composition of HfN by plasma ALD. 

HN08 

HfN H2 plasma process (53 nm) 

Sputter depth rate : 7.4 nm/min 

Sputter interval : 0.25
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http://dx.doi.org/10.1116/1.4972208


Crystallisation leads to large grains, but because of minimal volume change still smooth films. 

http://dx.doi.org/10.1002/pssr.201409426
http://dx.doi.org/10.1021/acsami.5b04420


 
 
 

A short anneal provides highly crystalline films 

With crystallization a strong increase in mobility occurs 
leading to lower resistivity values (down to 0.27 mOhm 

cm) 



Wide temperature window for both thermal and plasma ALD

 

ALD behaviour for both precursor and plasma dose 

Li
2
CO

3
 composition at most temperatures, for plasma ALD at 300 °C material goes towards Li

2
O/LiOH 

http://dx.doi.org/10.1039/c7ra07722j


ALD behaviour and good uniformity in saturation 

Wide temperature window 

Fast plasma saturation and good uniformity 

Wide temperature window, possible CVD at high T, 
although could be crystallization 

 
 

http://dx.doi.org/10.1007/s00339-015-9280-3


 

o 

o 

o 

 

 

 

 

 

 

 

Increasing Raman peak separation (Δ) as a function 
of number of layers. At 10 cycles monolayer 

signature



 
 

Influence of plasma pressure on resistivity. The minimum 
resistivity value of 905 µΩcm was achieved at a pressure of 

8.5mTorr.

 
TBTMEN dose saturation at 0.6Å/cyc 

 

 
 

Saturation with respect to plasma exposure time 

http://dx.doi.org/10.1088/0268-1242/25/7/075009
http://dx.doi.org/10.1088/0268-1242/25/7/075009
http://dx.doi.org/10.1088/0953-2048/26/2/025008


AES analysis of Pt deposited using O
2
 plasma AES analysis of Pt deposited using O

2
 gas thermally 
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MeCpPtMe
3
 saturation for thermal Pt at 0.45 Å/cyc 



 
 

Conformal coating of 20 nm Pt in 75 nm by 2.5 mm 
trench (AR 33 to 71 after coating) 

 

http://dx.doi.org/10.1021/ph500018b
http://dx.doi.org/10.1116/1.4904398


Recommended precursor: Ru(EtCp}i 

Best results are expected either by using an ABC process doing an 0 2 plasma dose followed by a dose of H2 

plasma or gas in the cycle, or by following the approach from KAUST below, where a small continuous 
diluted flow of 0 2 is present. 

Reported in papers using Oxford Instruments tools 

Plasma ALD using CpRu(CO)iEt and 0 2 plasma in FlexAL at Eindhoven University of Technology (TU/e). 

Ru02 

Leick et al., J. Vac. Sci. Technol. A 29, 021016 (2011) http://dx.doi.org/10.1116/1.3554691 
Leick et al., Chem. Mater. 24, 3696 (2012) http://dx.doi.org/10.1021/cm301115s 

TU/e 
Technische Universiteit 
Eindhoven 
University ofTechnology 

Plasma ALD using Ru(EtCp}i and 0 2 plasma in FlexAL at King Abdullah University of Science and Technology 
(KAUST) 

Xia et al., Adv. Energy Mater. 5, 1401805 (2015) http://dx.doi.org/10.1002/aenm.201401805 

The temperature of precursor was maintained at 75 °c. Substrate table at 180 °c. An optimization of 
an early reported modified ALD process was adopted in which a continuous Ar gas diluted oxygen 
exposure was maintained through all the steps of a standard ALD deposition cycle. 

©Oxford Instruments Plasma Technology Ltd . All rights reserved . 
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•----~ 
Precursor - properties 

Non-metal precursors 

Temperature range 

Growth rate per cycle 

Deposition rate 

Refractive Index 

Uniformity 

Precursor consumption 

BTBAS, BDEAS or 3DMAS 

0 2 plasma 

30°C - 400°C (50°C - 400°C for OpAL) 

-1 .4 Alcycle @ 300°( 

1.2nm/min@ 300°( 

1.42 - 1.46 

± 1.5% over 100, ± 2.5% over 150mm, ± 3.5% over 200mm 

15nm/g 

High-rate process: A higher rate process has been developed (requiring a pressure gauge range up to 1 
Torr instead of the standard 250 mTorr) where the speed has increased but most important while 
maintaining good electrical properties and good uniformity. The process works with Bis(tert­
butylimino)silane (BTBAS) and 0 2 plasma and yields deposition rate of 1.3 nm/min, see also the table below. 
Also the conformality is still good (conformal coating of high aspect ratio (15:1) structure) with Si02 

deposited using the high rate process, see image below. 

High Rate Si0 2 PEALD Process 

Vso 
>10 MV/cm 

at 200°C dep_ temp 

Cycletime (PEALD) 1_3 nm/min 

Thickness uniformity 
< ± 2.6% 

(200mm, 3 mm EE) 

Thickness Repeatability < ± 1-6% 

Con formality 
> 90% >30:1 AR substrate 

at 300°C dep_ temp_ 

OXFORD 
INSTRUMENTS I ©Oxford Instruments Plasma Technology Ltd _ All rights reserved _ 

The Business of Science® 



• 

• 
 

 
Fast saturation of refractive index and growth per cycle for both precursor and plasma at 250 °C (OpAL). 

 

http://dx.doi.org/10.1149/2.067203jes
http://dx.doi.org/10.1002/cvde.201207033


 
 
 

 
 

Very high conformality with short cycle time 
(90 ms prec. and 4.5 s plasma) 
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Even fast saturation and short purging at room temperature on FlexAL using O

2
 plasma. At these low temperatures 

ozone is not reactive enough to provide growth. 

http://dx.doi.org/10.1016/j.actamat.2013.09.003
http://dx.doi.org/10.1364/OE.23.017955


Best material properties at higher temperatures, lower plasma pressures and longer plasma times. 

http://dx.doi.org/10.1063/1.4926366
http://dx.doi.org/10.1021/acsami.5b06833


τ





http://dx.doi.org/10.1063/1.4954238


Fast saturation of precursor dose and good uniformity achieved. 
 

Fast saturation of water dose and good uniformity achieved. 



• 

• 

• 
In situ ellipsometry can be used to monitor the change in 

optical properties 

http://dx.doi.org/10.1149/2.024301jss
http://dx.doi.org/10.1149/2.016305jss
http://dx.doi.org/10.1002/pssa.201330101
http://dx.doi.org/10.1063/1.4891831
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AES analysis of Ta
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 film with impurities below detection limit 

http://dx.doi.org/10.1016/j.phpro.2012.03.572
http://dx.doi.org/10.1149/1.3428705
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AES analysis of TaN deposited using H
2
 plasma Resistivity versus hydrogen plasma exposure time 
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Reported in papers using Oxford Instruments tools 

Precursor adsorption study using PDMAT in FlexAL at Cornell NanoScale Facility. 

Hughes et al., J. Phys. Chem. C 116, 21948 (2012) 
http://dx.do i .org/10.1021/j 03086232 

Thermal ALD using PDMAT and ammonia or monomethylhydrazine in OpAL at University of Liverpool. 

Fang et a I., Journal of Crystal Growth 331, 33 (2011) 
http://dx.do i .org/10.1016/j .jcrysgro.2011.07.012 

©Oxford Instruments Plasma Technology Ltd . All rights reserved . 
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XRD analysis showing TiO
2
 is amorphous @ 200°C and anatase 
@ 300°C. 
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Fast saturation of plasma process in FlexAL even at room temperature. 
 

Control of crystallinity at 100 °C by changing ion energy 
via the plasma pressure. TiO

2
 films grown at ~40 mTorr 

(a) and ~140 mTorr (b) plasma pressures at 300W. 
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http://dx.doi.org/10.1021/nn501379r
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http://dx.doi.org/10.1088/0957-4484/26/2/024003
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Thickness vs plasma time (200mm wafer)
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temperature. 

Excellent resistivity uniformity of ±1.8% over a 200mm wafer 
(<±4% specification). 

RBS measurement of chlorine contamination as a function of plasma 
exposure time plotted on the same graph as resistivity. Deposition 

temperature was 350°C. 

Chlorine impurities of TiN by RBS and resistivity by FPP
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62 µΩcm achieved at 550 °C for 60 nm film. Higher degree of crystallinity (surface roughness of 3.3 nm). 

Conformal TiN coating of 40nm in deep 
trench with increasing aspect ratio by 
remote plasma ALD. 



Ω

Ω

Plasma properties for low resistivity TiN are 
optimal at 100 W plasma power. Even 
though the ion flux would be lower at this 
power, the ion energy is higher and could 
be essential in achieving high conductivity.

http://dx.doi.org/10.1116/1.2753846
http://dx.doi.org/10.1063/1.3267299
http://dx.doi.org/10.1038/nmat3738
http://dx.doi.org/10.1063/1.4927517
http://dx.doi.org/10.1149/1.2988651
http://dx.doi.org/10.1116/1.4790132
http://dx.doi.org/10.1109/TASC.2012.2236603


Growth per cycle (GPC) as a function of precursor dosing 
time showing fast saturation even at low temperature. 

 

Growth per cycle (GPC) as a function of plasma exposure 
time showing saturation at all temperatures.

Optical properties of WO
3
 films showing high refractive 

index and low absorption.
 

http://dx.doi.org/10.1116/1.4986202


 
GPC as a function of temperature both in terms of thickness 

and number of W atoms per cycles both showing a wide 
temperature window.

 
GI-XRD diffractogram. For the WO

3
 film deposited at 

400 °C, shows the respective peaks for monoclinic 
WO

3
.

A composition close to WO
3
 and a high mass density are obtained over the entire temperature range.

Refractive index and band gap information over entire temperature window. 



 
GPC against plasma time for WN 
for 1 second WNBURE dose time 
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Growth rate and refractive index versus temperature for ZnO 
thermal process. 

 



ZnO deposited in AAO template. 
70nm wide tube, 100m long, ~22nm 
ZnO deposition, ~26nm gap left. From 
left to right is top, middle and bottom 
of the tube. 

Film resistivity for thermal ALD using H
2
O (TH-

ALD), plasma ALD using O
2
 plasma (PE-ALD), 

and plasma ALD using O
2
 plasma and 

interleaved H
2
 plasma exposures (INTR PE-ALD). 

Due to the low reactivity of H
2
O at low 

temperatures a plasma process is needed at 
100 °C to obtain a low resistivity. 
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Lower resistivity with larger dopant precursor 
DMAI. 
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At 150 °C lower ρ, for ZnO:B. Also for low 
temperature better doping with larger ligand 

precursor (DMAI vs TMA). B better dopant 
(less easily oxidized) at low temperature.
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ALD ZrO
2
 part of high-quality gate stack on InGaAs 

http://dx.doi.org/10.1063/1.4896494
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