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Outline

Introduction to OCP and EDP-OCP (V)

OCP in Oxidizing Environment
— Oxidation Mode

OCP in Etching Environments (EDP-OCP)
— InHF

e chemical oxides

e thermal oxides

 dielectric stacks

— Inagueous NH,

OCP in SC1 (smultaneous oxidation and etching process)
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History of EDP-OCP

o 1989 - 1991 work on OCP measurements for optimizing silicide etchants (at
Siemens Research, Munich)

Fig, 3 shows the variation of the corrosion potential of MaZie in a 3,8 mobf] K FelCMNlg solution for
geveral KOH conconlyationg with time, The ¢cueves 3, 4 and & demonsirabte a good and guick
remaval of BoSi; frem s nnderlayer poly-3l The initial palenlial iz the eorrosion potenkial of
WMaSiia, which iz a mixed oobenkial #3), and after a rapid increasa the pessivation patential of paly-Si
rospectively {1001-51 ocours. This enzbles the determination of etch erales of thin fapers, A
compariszen bebwetn curves 3 and 5 skows that a baglier BOH concenlration leads to 2 inorc rapid
ramaval of MaSiz, but SEM investigelions indicate that a higher K1 concantration lewers tha
solectiviey Eo poly-53.

Pt

Figure 3.
Warintion af the cerrozion patential {vs. 5.1 E] of 1 thin (2300 nm) MaSi; layer an (100)-Si inu
0,5 molA Kalo (0N g sobotion ak various KO concentrations and Eemperatires with time,

o 1992 - 1996 work on semiconductor oxidation and H-passivation kinetics at
IMEC - much of the fundamental work

» since 1996 work on mostly EDP-OCP of thermal oxides, nitrides and
aternative dielctrics (high-k and stacks) and DI/O, chemistries
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How new Isthistechnique ?

* Rest Potential measurements (OCP) have been and are very common
In metal electrochemistry

* On Semiconductors only one significant literature before 1990:
H. Gerischer and M. Luebke, Ber. Bunsenges. Phys. Chem. 92 (1988) 573.
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| ntroduction

Energy band model for an n-type semiconductor.
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Experimental Set-Up
Oxidation
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>1014 ()
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S-reference system, N
| capillary-PFE salt bridge) .7

OCP (mV) vs. a ref.
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Active area of
working Electrode
(e.g. S/S 0O, encapsulated in PFA)

Example displayed: oxidation of Si (100)
in SPM after H-passivation in HF
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Ellipsometric Results

Pseudo-diel ectric functions versus photon energy for p-type S
treated in different SPM mixtures
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XPS Results

XPS spectrafor p-type Si treated in different SPM mixtures
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OCP in Oxidizing Environment

Correlation between potential difference and oxide thickness
(Aocp = IPMP - V . @600s immersion time)
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Oxidation Model

(solving the Poisson Equations)

Electrolyte
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Oxidation Mode€

. N 2
V= ndox2 with n= AN ox
8Ngp€s

V= Aoep (V)
g = 1.6022x10*° C (electronic charge)
£ = 1.05x10*® F nm-? (dielectric constant for Si)

Ng,, = 6.5x1077 nm3 (doping level of the Si substrate,
eguals a Boron doping level of 7x10'4 cm -3)

N, the amount of charge in the oxide (nn3)
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Oxide thickness (d,,)
as function of time
calculated from

Vo trace
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Oxidation Mod€
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OCP in Oxidizing Environment

Oxide thickness (d,,) as function of time
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Experimental Set-Up
Etching, EDP-OCP

Electrometer / PC
>104 0

Reference Electrode
(e.g. gel-filled Ag/AgCl,
S-reference system)

Active area of
working Electrode
(e.g. S/S 0O, encapsulated in PFA)

Example displayed: etching of

- SPM grown SiO, in 0.5 w% HF

ERC Tele Seminar

50 — 1+
- | p-Si(100)
0
® 5L — 0.5% HF after old 21°CSPM | -
o] L
p N 0.5% HF after fresh 95°C SPM
2. -100 [ ]
E : - \/
& -150 : "‘ 4
(@) i 5 1 "’,‘
-200 N H
r IV AT
_250:1\V/H‘\H‘\"\‘H\H‘\H‘\H‘\‘
0 40 80 120 160 200 240 280
t(s)
H HH H
N
O 00 O
NN/ H H HH
/3\ /3\ IR
5o 6 6 +HF O FO 0O F +HF
\/ \/ \/ > N/ \N/\/ >
g g g 9 S| S|

\\ r/ \\ r/ \\ r/ \\ r/

\\ I/ \\ I/ \\ I/ \\ I/

/

S|

S| S S

VA \ AN

\ N/ /
N7\ 7 N7 N\

HHHHHHHH
\_ /L N/ N/ \_/

» 9 9 g V
/\\//\\/I\//\

H.F. Okorn-Schmidt, 10/26/2000



OCPIin HF

Correlation between the time evolution of the V- and the contact
angle of ap-type S wafer in 0.5 % HF (SPM oxide)
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Absorbance

OCPIin HF

p-Polarized FTIR spectra (SiH, ) as afunction of the etching timein a
0.1% HF solution and correlation to the V-
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OCPIin HF

Ve traces as function of the HF concentration (in w-%)
(al measurements with equivalent chemically grown oxides)
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OCPIin HF

Vo traces for p-type Si in 0.5% HF after 10 min DI rinse (‘"HF after DI
rinse) and after HF ('"HF after HF)
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Experiments with DI/O,

e O, concentrations tested (= in-tank concentrations):
— ~1.3, ~4, ~5.3 and ~10.3 ppm
— continuous overflow/rinse-tank

e S substrates:
— (100), 125 mm, 11-16 2 cm
— (111), 125 mm, 30-100 2 cm

e Analytica techniques:
— Oxidation-OCP: relative oxidation rates

— EDP-OCP (0.25w% HF): relative/qualitative t.,..,, relative
interface etching kinetics

— Ellipsometry and AFM: quantitative t ..., surface morphology
(RM S roughness)
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Chemical Oxide Growth and Etching

Vo traces for S (100) and (111)

O, concentration: ~ 1.3 ppm HF concentration: 0.25 w%, std. light
S S
2 04 2 0% — i (100)
gi g —Si (111)
e —— Si (100) e
8 ——si (1) S5 04

0 200 t(s) 400 600 0 300 t (S) 600
- faster initial oxidation rate on (111) - SIMIAr ey | |
(equivalent to gas-phase*) - maybe less uniform etching of oxide
- similar t___after about 8 to 10 min - significant slower H-passivation kinetics
on (111)

*A. Kurokawaet al., Mat. Res. Soc. Proc. Vol. 513 (1998) p. 37
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Chemical Oxide Growth and Etching

Ve tracesfor Si (100)

. 1 . 0 H

O, concentration: ~ 1.3 ppm HF concentration: 0.25 w9%, std. light
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o 3
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g_’ 04 j ——400s 0O,

> 1 > .04
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relative t, .., can be visualized
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EDP-OCP in HF

Ve tracesfor S (100) as function of the O, concentration
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with increasing O, concentration:
- significant increase of theinitial oxidation rate *

- significant increase in the final t, .., ** * F. De Smedt et al. UCPSS 1998

** S.L. Nelson et al. UCPSS 1996
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0.2 4

V. (V) vs. Ag/AgCI
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EDP-OCP in HF

Vo traces for SO, etching on S (100) as function of the O, concentration
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Slope of the interface etching-V,. becomes more (111) like with higher O,
concentration: correlates to increasing RM S roughness *
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AFM details “during” interface layer etching
~ 1.2 ppm O, ~10.3 ppm O,
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EDP-OCP of Therma Oxides

Typical change of the V . with time while slowly removing about
1.2 nm nitrided oxide from a Si (100) surface in HF (0.5 w%)

V. (V) vs. Ag/AgCl

.35 5
-0.40

-0.45

mvEASL refment 1
+= === - ITEa SLrement 2

- Due to the sensitivity of the
technique the reproducibility is
strongly dependent on the
uniformity/equivalency of the
samples
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EDP-OCP Measurements

» Electrochemical Depth-Profiling Open Circuit Potential
M easurements:

— following the V 5 (Open Circuit Potential, OCP) of a
semiconductor sample during the removal of adielectric layer on
It’ s surface as a function of time

» Applicableto stacks of dielectric layers:

— each dielectric material has a specific surface charge (potential) in
agiven chemical solution

— Vc adjust when new surface is exposed (change in capacitance)

» Valuabletool for fast screening of:
— interface properties
— Interface mixing
— film homogeneity
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Example of EDP-OCP
Characterization of Didlectric Stacks

V oc depth profile for a~ 4 nm ZrO, film deposited on thin thermally grown SO,

V.. (V) vs. Ag/AgCI

] L|I £ MSHD InderTane

{50 o v W
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ol

|: Etching of ZrO,

[I: Initial breakthrough to SIO,,
majority of surface still ZrO,

[11: Adjustment of surface potential
to new majority species Si-(OH),

IV: Etching of SIO,
V: Initial breakthroughto S

V1. H-passivation reaction becomes
dominating
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= 10 /510 interface Al 203: - 3 nm (A L CV D)’
as depositied

Interface: HF-last (dotted),
thin SIO, (solid)

H-pasafeation of Si
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« On HF-last: uniform deposition of Al,O, without interface SO, formation

» On thermal oxide: sharp interface with thermal SO,
- Al,O; etches significantly faster than thermal SIO,

ERC Tele Seminar H.F. Okorn-Schmidt, 10/26/2000



Al,O; on bare S (after HF last): HRTEM images

 Sharp interface

o Uniform film

* No evidence for
interfacial SO, during
deposition

L 4 Wi - _ . - " ’ ” i .
o SRS L ¥ s Si02 3 . : M.Gribehuk
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High Resoluton Depth Profiling of Aluminum
by Nuclear (Resonance) Reaction Analysis

2TAl(p,Y?8Si nuclear resonance (reaction) at 404.9 keV
E. Gusev, et al., APL 2000

600
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* high depth resolution
* uniform Al,O; films
* sharp interfaces
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Vo (V) ve, AglAgCl

EDP-OCP of

I
500
i(s)

ZrO,

Zro,. ~4nm(ALCVD),

as deposited

Interface: HF-last (dotted),
1.5nm SO, (solid)

Voco: In0.5w% HF,

p-Si(100)

« On HF-last: non-uniform deposition of ZrO, with very fast “break-
through” of HF to the substrate

» On thermal oxide: sharp interface with thermal SO,

- asdep. ZrO, etches at similar rate than thermal SO,
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ZrO, on "HF last"/Si: MEIS depth profiling results

as deposited film 40 A ZrO2 on ~15 A SIO2 (green) and HF last (blue)

(M. Copel)
2000 |

X HF etched

— model 7r
1500

1000

lon Yield (caunts)

500

140 15D 160 170 180 190 200
Energy (keV)

* nucleation problem of AL-CVD ZrO, of “HF last” S
* ZrO, on thin SIO, isOK
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OCP in Aqueous NH,

Vo traces for the dissolution of SIO, (chemically grown) in *NH,OH’
(~1.4M) as function of temperature
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OCP in HF after Aqueous NH,

Ve traces of p-type S being immersed into 0.25 % HF after
treatment in agueous ammonia
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OCPIn SC1

V¢ traces for a p-type substrate immersed in hydrophobic
state into SC1 @ different temperatures
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OCPIn SC1

No influence of megasonic agitation on the SC1 oxidation
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OCPIn SC1/ p-type S

OCP of p-type S 650 T
in SC1 as function |

of the H,O, 0o |

concentration

(0.25/x/5 = 750 |

NH,OH/H,0,/H,0

at room temperature) 800
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OCP in HF after SC1/ p-type S

OCP of p-type S
In 0.2% HF after
SC1 with variable
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Summary 1/2

* Ve measurements enable the real time and in-situ observation of
semiconductor cleaning and etching processes.

— idedl for the determination of oxidation/etching kinetics

o first visualization of 2-step HF etching process
 faster initial oxidation rate of Si(111) compared to Si(100)
» slower H-passivation kinetics for Si(111)compared to Si(100)
» qualitative estimate of resulting surface roughness possible (1)
 determination of oxide thickness during growth
* References:
— Review of OCP work until 1997:
H.F. Okorn-Schmidt, IBM J. Res. Develop. 43, 354 (1999)

— DI/O3 study:

H.F. Okorn-Schmidt et al., UCPSS 2000, to be published in the conference
proceedings (Solid State Phenomena)
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Summary 2/2

* Ve measurements enable the fast screening of dielectric materials
(EDP-OCP, electrochemical depth-profiling - Open Circuit Potential
measurements)

— etch rates/ etch behavior
— Interface properties

— Interface mixing

— film homogeneity

* References:
— High-k stacks:
H.F. Okorn-Schmidt et al., The Electrochem. Soc., Pennington, NJ, Vol. 2000-2, p.505
—  Work until 1996:
PhD thesis, University of Technology Graz/Austria (1996, in english)
— Work from 1989 to 1991.
DiplomaThesis, University of Technology Graz/Austria (1991, in german)
Presentation at the NATO Summerschool, 1-13 July, 1991, Erice/ltaly
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