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Optimization and Application of HiPIMS Hafnium Oxynitride (HfO,N,)
Thin Films in MOS Structures

Robert Mroczynski', Mirostaw Puzniak'2, Wojciech Gajewski2, Marcin Zelechowski?
"Warsaw University of Technology, Warsaw, Poland; 2TRUMPF Huettinger Sp. z 0.0., Zielonka, Poland

This work's main aim was to develop the technology of thin hafnium oxynitride layers employing the High-Impulse Power Magnetron Sputtering (HiPIMS) method with
improved electrical parameters. The optimization procedure was implemented using the Taguchi orthogonal tables. During the optimization procedure, the parameters of
examined dielectric films were monitored employing optical methods (spectroscopic ellipsometry and refractometry), electrical characterization (C-V and |-V
measurements of MOS structures), and structural investigations (AFM, XRD, XPS). The thermal stability of fabricated HfO«N, layers up to 800 °C was also examined.
The presented results have shown the correctness of the optimization methodology as HfOxN, layers formed using optimal HiPIMS process are characterized by
improved electrical parameters, which is revealed in lower flat-band voltage (Vfb) values, the disappearance of frequency dispersion of C-V characteristics, reduced
effective charge (Qeff/q), and interface traps (Ditmb) densities of examined MOS structures. It is worth underlying that the improved electrical properties can correlate
with the lower nitrogen content in the layer bulk and at the semiconductor-dielectric interface. Moreover, the superior stability of HfON, layers up to 800 °C was proved,
and no deterioration of electrical properties or surface morphology has been noticed. However, a slight increase of crystalline phase in the layer bulk was observed. The
examinations of HfON, layers revealed comparable electrical properties and higher immunity to thermal treatment of dielectric films formed using HiPIMS compared to
the standard Pulsed Magnetron Sputtering technique. Finally, we successfully applied HIPIMS HfO«N, films as gate dielectric films in MOSFET devices. The fabricated
structures revealed improved electrical properties compared to FET structures based on silicon dioxide (SiO.) gate dielectric layers.
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Introduction

Novel materials
* high-k dielectrics
* metal gates (different for P/N FETSs)
* silicides
* low-dimensional materials

* epitaxial layers

Novel architectures
*  FinFETs
*  GAA
- UTBBSOI/SON b e
AL,O;:HIO, 15%:85% 50A
* Nanosheet / forksheet A0 RO e 7
. ALOHiO, 65%:35% 20A SR
Novel technologies / tools R ook 0/ S |
* Strain engineering
" ALD/ALE “silicon substrate
* EUV/EUVhNA
* tilted implantation (TII) 10 um

* multi patterning

New design / layout considerations
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* high-k dielectrics
* metal gates (different for P/N FETs)

e silicides

e |ow-dimensional materials

\ + epitaxial layers J

Materials

- D g

B Thermal
processing
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Reactive magnetron sputtering (PVD)

* Versatile technique for the fabrication of semiconductor, dielectric and conductive materials
* Several applications in industry

* Photovoltaics and anti-reflective coatings

* Integrated circuits and MOS structures

* LCD/LED displays

* Passivation and anti-corrosive coatings

* Optical and decorative films
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Reactive magnetron sputtering (PVD)

* Versatile technique for the fabrication of semiconductor, dielectric and conductive materials
* Several applications in industry

* Photovoltaics and anti-reflective coatings

TARGET
= Metal / Compound
= (eometry

= Arangement

* Integrated circuits and MOS structures
* LCD/LED displays

* Passivation and anti-corrosive coatings

GAS

= Pressure

= Composition

* Optical and decorative films DISCHARGE
= DC/AC/RF/Pulsed
= Metallic / Reactive

= Anode grounded / floating

PLASMA
Neutrals/lons ratio
Species fluxes
lon energy distribution
lon charge
Electron temperature
Electron energy distribution

SUBSTRATE
= Temperature

= Material

= Surface properties
Bias application

b
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Motivation

Typically, pulsed magnetron sputtering process used

Why not to use high-power impulse magnetron sputtering (HiPIMS)?

106

10°

104

Power [W]

10°

107

<10kHz MDY
| Bl |
DC y i

T B—— ] |

Pulsed (DC, MF, Bipolar)

0.1—250 kHz

200.00 nm
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Reactive magnetron sputtering
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Taguchi orthogonal tables approach

* The classical approach in process optimization assumes

carrying out processing steps taking into account all Al A2 A3

values of selected process’ parameters 81182183 lB1lm8283!61l62! B3
* Let’s assume we optimize 4 input (process) parameters DL| X | X | X | X | x| x|x|x|X

each with 3 variables ciloal x I x I x I x!Ixl x| x| x| x

number of parameters o3l x I x I x 1 x!x!x!Ixlxlx

DL | X | X | X | X | X | X | X | X | X

/' 34 — 8]. ¥—— experimental runs

number of variables

C2|D2| X | X | X | X[ X | X[ X]|] X]|X

D3 | X X X X X X X X X
* In this case we need to perform 81 experimental runs ol x Ix Ix I xlxlx x| x| x

C3|D2|( X | X[ X | X | X | X | X ]| X X

D3| X | X | X | X | X | X | X | X X
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Taguchi orthogonal tables approach

* The classical approach in process optimization assumes

carrying out processing steps taking into account all Al A2 A3

values of selected process’ parameters 81182183 lB1lm8283!61l62! B3
* Let’s assume we optimize 4 input (process) parameters DL| X | X | X | X | x| x|x|x|X

each with 3 variables ciloal x I x I x I x!Ixl x| x| x| x

number of parameters o3l x | x Lx | x ! x!x x| xlx

DL | X | X | X | X | X | X | X | X | X

/' 34 — 8]. ¥—— experimental runs

number of variables

C2|D2| X | X | X | X[ X | X[ X]|] X]|X

D3| X | X | X | X | X | X | X | X | X
* In this case we need to perform 81 experimental runs il x [x I x I x ! x!x!Ix!lxlx

e |t’s safe 3o x| x| x| x| x| x| x| x]|x

° Expensive D3| X | X X X1 X | X X X X

* Time-consuming
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Taguchi orthogonal tables approach

* Taguchi orthogonal tables approach utilize the

mathematical prove that not every experimental run is Al A2 A3

equally important, and some could be skip 81182183 lB1lm8283!61l62! B3
* The errors due to the omitting some experimental runs DL X | X | X | x| x| x|x|x]|X

reduce each other cr o2 | x| x| x| x| x x| x|x]|x

number of parameters

number of variables \ -
L34 DL | X [ X [ X [ X | X | X | X]|X]X
9

C2|D2| X | X | X | X | X | X[ X]| X|X

D3| X | X | X | X | X | X | X [ X | X

T D3| X | X [ X X | X | X | X | X] X
experimental runs

DI | X | X | X | X | X | X | X | X X

 Significant reduction of experimental runs! C3 D2 X | X | x| x| x|xfX]|X]|X

D3I X | XX | X | X | X | X | X X
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Taguchi orthogonal tables approach

* Taguchi orthogonal tables approach utilize the
mathematical prove that not every experimental run is
equally important, and some could be skip

* The errors due to the omitting some experimental runs
reduce each other
number of parameters

number of variables L
4
Lo(3%)

T

experimental runs
 Significant reduction of experimental runs!

« Orthogonal tables!

Pressure HiPIMS Power Oxygen (O,) flow Nitrogen (N,) flow

(mTorr) (W) (sccm) (sccm)
Var 1 3 300 5 5
Var?2 6 500 10 10
Var 3 9 700 15 15
-]
Run 1 3 300 5 5
Run 2 3 500 10 10
Run 3 3 700 15 15
Run 4 6 300 10 15
Run 5 6 500 15 5
Run 6 6 700 5 10
Run7 9 300 15 10
Run 8 9 500 5 15
Run 9 9 700 10 5
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Effective charge density
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MOS structures fabricated

30 nm HiPIMS HfO,N, films used as gate dielectric layer

C-V/1-V measurements analysis
Thermal stability up to 800°C investigated

The two sets of HiPIMS processes were designed to obtain dielectric materials with (1)
good electrical parameters (i.e., optimal process), and (2) intentionally deteriorated
electrical parameters (i.e., non-optimal process)

,Optimization and application of HiPIMS hafnium oxynitride (HfOxNy) thin films in MOS structures”, SVC TechCon 2024, Robert Mroczyriski
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Electrical characterization of fabricated devices

* MOS structures fabricated

* 30 nm HiPIMS HfO,N, films used as gate dielectric layer

¢ C-V/I-V measurements analysis

* Thermal stability up to 800°C investigated

* The two sets of HiPIMS processes were designed to obtain dielectric materials with (1)
good electrical parameters (i.e., optimal process), and (2) intentionally deteriorated

electrical parameters (i.e., non-optimal process)
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* MOS structures fabricated

* 30 nm HiPIMS HfO,N, films used as gate dielectric layer

¢ C-V/I-V measurements analysis

* Thermal stability up to 800°C investigated

* The two sets of HiPIMS processes were designed to obtain dielectric materials with (1)
good electrical parameters (i.e., optimal process), and (2) intentionally deteriorated
electrical parameters (i.e., non-optimal process)
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* MOS structures fabricated

* 30 nm HiPIMS HfO,N, films used as gate dielectric layer

¢ C-V/I-V measurements analysis

* Thermal stability up to 800°C investigated

* The two sets of HiPIMS processes were designed to obtain dielectric materials with (1)
good electrical parameters (i.e., optimal process), and (2) intentionally deteriorated
electrical parameters (i.e., non-optimal process)
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* Grazing-angle incidence X-ray diffraction (GIXRD), X-ray photoelectron spectroscopy
(XPS) and atomic force microscopy (AFM) allowed the identification of changes in
structure and chemical composition of investigated materials
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Grazing-angle incidence X-ray diffraction (GIXRD), X-ray photoelectron spectroscopy
(XPS) and atomic force microscopy (AFM) allowed the identification of changes in
structure and chemical composition of investigated materials
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Structural characterization of obtained materials

* Grazing-angle incidence X-ray diffraction (GIXRD), X-ray photoelectron spectroscopy
(XPS) and atomic force microscopy (AFM) allowed the identification of changes in
structure and chemical composition of investigated materials
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Structural characterization of obtained materials

* Grazing-angle incidence X-ray diffraction (GIXRD), X-ray photoelectron spectroscopy
(XPS) and atomic force microscopy (AFM) allowed the identification of changes in
structure and chemical composition of investigated materials

2100 ; : ; : — 3.6 x 108 _ . RMS =0.3 nm
]Non—optimal process\ * monoclinic HfO, ]Non-optimal process\ NH, 2.5
1800 ) + cubic HEN,O *NO s
By Y 3.2 x 10°4 kﬁ o 3 b
@ 1500 ! | SO Nk 3 5‘@800°C my 0§ as-grown e
V! + 300 °C © 6 ! 300 °C 0w
~ 12001 l‘ 'l g@ >‘28X10 ! @
= Y . asgown| 2 M@:c
@ 900 1 2 24x10°] :
9 . s . caswcg 2 ) n g
£ 600+ i - ¢ ||Optimal process|! ! o 300°C
- o i 2.0 x 10°+ ' e
* ~@300°C ! ! T
300+ & Ve ¥ : MC
0 ++  as-grown Optimal process | 16 x 10° . - . . .
10 20 30 40 50 60 70 80 390 395. . 400 405 410 415
2Theta (°) Binding Energy, E (eV)
i LOptimization and application of HiPIMS hafnium oxynitride (HfOxNy) thin films in MOS structures”, SVC TechCon 2024, Robert Mroczyriski 31

VACuUM
COATERS



T

* Grazing-angle incidence X-ray diffraction (GIXRD), X-ray photoelectron spectroscopy
(XPS) and atomic force microscopy (AFM) allowed the identification of changes in
structure and chemical composition of investigated materials

MQOSFETs fabrication and characterization
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* Grazing-angle incidence X-ray diffraction (GIXRD), X-ray photoelectron spectroscopy
(XPS) and atomic force microscopy (AFM) allowed the identification of changes in
structure and chemical composition of investigated materials
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MQOSFETs fabrication and characterization
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MQOSFETs fabrication and characterization

* Grazing-angle incidence X-ray diffraction (GIXRD), X-ray photoelectron spectroscopy
(XPS) and atomic force microscopy (AFM) allowed the identification of changes in
structure and chemical composition of investigated materials
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Conclusion

* Feasibility of HiPIMS hafnium oxynitride (HfO,N,) films as gate dielectric in T
MOS/MOSFET structures i : i

* Successful optimization of HiPIMS process by employing Taguchi orthogonal LT
tables approach A S———

* Analysis of thermal stability of deposited thin films e

* ldentification of structural changes due to the thermal treatment and el R
correlation with electrical parameters of MOS structures

a5 ij—opt«miilprocess :zm:ﬂgﬁz"goz

* Compatibility of developed HiPIMS HfO,N, processing with self-aligned FET 3]y S ——

devices technology BN g
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Conclusion

* Feasibility of HiPIMS hafnium oxynitride (HfO,N,) films as gate dielectric in §C DBnOODOE
MOS/MOSFET structures ANORNRNED
* Successful optimization of HiPIMS process by employing Taguchi orthogonal LT
tables approach T
* Analysis of thermal stability of deposited thin films e
* ldentification of structural changes due to the thermal treatment and el R
correlation with electrical parameters of MOS structures
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* Compatibility of developed HiPIMS HfO,N, processing with self-aligned FET 3l i
devices technology oA pemn
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* Key message s e
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* Thereis a plenty of room for HiPIMS processing in novel semiconductor
devices technologies !
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