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Objectives, Method of Approach, Impact

Objective:
« Understand the bottleneck of the rinse process involving small
structures, particularly those involving multi-materials
» Develop methods for reducing the water usage by:
v Minimization of rinse bottleneck
v On-line “end point detection”

Method of Approach:

 Application of a test structure and testbed
 Process simulation

ESH Impact:

* Robust and efficient rinse processes would have major impact on
reducing water and energy usage in fabs
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1. Comprehensive Process Simulator for

Development of Low-Water Rinse Methods

Process modeling is needed to:
* Analyze data and understand the process
« Search for new methods and better operating conditions
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Process Simulator: Concept and Formulation

Multi-component transport: \W
ac; Rinse Water Convecti
N T K. .

S V . (DiVCi + ZiFuiCiV(p) _ uVCi

ot T >
Surface adsorption and desorption: \éVal;er Diffusion
acsi — e Material A
ot Kajci(Soj — €55) — Kajcs;
Flux out of the trench: F; =k, (c; - cy,;) D;
‘ Diffusion
f i : K. Material B
> k., (mass transfer coefficient in the boundary) %, Desorption e
Is a known function of flow velocity on the 1 Adsorption
wafer surface. aj

» New simulator handles multi-material layers
with different properties.
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Surface and Space Charge Effects

Material
Surface

Stern Layer

P

Poisson equation: V2¢@ = — ;

Charge density: p = F }; z;c;

N [OH]
> New simulator takes into : Y
account the detailed effects -5
of the electrified interface 3
on the rinse process. -
) >

Distance from surface

Interaction of surface charge and ionic species
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Example of Simulator Application:
Removal of Ammonia from SiO, Surface

The key surface and liquid reactions NH,* OH- H*
occurring during the rinse:
NH,*
H,0 s H" + OH™ ol 0- o-
| | |
NH,OH = NH,* + OH~ 0\ 051N 01N\

Si0,

SiOH = Si0~ + HY

SiO, immersed in aqueous

.-~ — + . =
Si0” + NH," = SiONH,4 ammonia solution
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Effect of Trench Dimensions on Rinsing Dynamics
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Rinse rate depends strongly on the trench depth (less strongly on the trench width)
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Effect of Multi-Material on Rinsing Dynamics
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Adsorption on the bottom layers dominates the rinse process
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Effect of Impurity Adsorption and Desorption Properties
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lons, such as sulfate, with high k, and low k,, chemisorb and require long rinse times
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Effect of Boundary Mass Transfer on Rinse Dynamics
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Enhancement of boundary
mass transfer has significant
effort on rinse efficiency.
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Methods for ESH Gain by Rinse Enhancement

Rinse Operation Parameters:

boundary mass-transfer (k)

affected by megasonic
* Increase water flow rate:

almost no effect for fine structures;

waste of water Rinse Water %? Convection
+ Increased diffusivity (D): = \
higher temperature (mild effect) Trench Water
\ Surface
* Higher desorption (k,): ‘

higher temperature (mild effect) Diffusion
» Higher boundary mass transfer (k.,):
mild megasonic (strong effect); —
higher spin rate (moderate effect) Adsorp/Desorp
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2. End-Point Detection:
A Key Step in Water Use Minimization

Case Study: Rinsing of silicon immersed in DHFE
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Materials and Methods

Methods

Electrochemical Impedance Spectroscopy
(E1S)(100k Hz to 0.1 Hz)

Single Frequency EIS (1 Hz)

Materials

Phosphorus doped Si (100) 6~10 ohm-cm
HF (metal concentration <50 ppb)

18 Mohm-cm DI water (air-saturated)

Equipment
Gamry Series G potentiostat

Reference Electrode
(Pt foil)

Counter Electrode Working Electrode

(Pt foil)

/ PTFE cell

DI water ‘

e (1 cm? silicon sample
Flow rate: in dip cell)
320 ml/min
=== Solution
outlet

Experiments done in the
absence of illumination
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Equivalent Circuit of Silicon Sample Immersed

n-Si

R=c

in Dilute HF

SI/HF

Interface DHF

Rct Rs

—_— N —
Csc Cdl

Rsc: Space charge resistance
Csc: Space charge capacitance
Rct : Charge transfer resistance
Cdl : Double layer capacitance
Rs : Solution resistance

EIS measurements were fitted using

this equivalent circuit to characterize

Si/HF interface.
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 at low frequency of 1 Hz was
followed during rinsing process
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Immersed in 2% HF

Rinsing of n-Si

Single Frequency Impedance Measurement
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Conclusions and Future Plans

Aqueous cleaning of patterned wafers, particularly those with multi-
materials, involves significant increase in the usage of resources as well
as increase in the processing time.

The primary rinse bottleneck is the surface retention as well as
transport of impurities inhibited by surface interactions and charge
effects.

A combination of experimental and simulation method is developed to
study the bottleneck of the rinse process

Cleaning of small features can be enhanced by decreasing the transport
resistance. A key bottleneck is boundary mass transport; it can be
potentially enhanced by mild megasonic.

Future Work:

« Experimental validation of simulation results using other
substrates and impurities (both ionic and non-ionic).

« Determination of surface interaction parameters using QCM.
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3. Direct Measurement of

Surface Interaction Parameters:

Input to the Process Simulator
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Testbed for Single-Wafer Spin Rinsing

Single-wafer spin rinse tool equipped with Electro-Chemical Residue
Sensor (ECRS) for wafer-level rinse studies

Patterned

Rinse water
A lZwafer
-— —

. —
Rotation \

contact

sensor
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Key Surface Interaction Parameters (k, and k)

For a two-layer trench the ratio of
desorption rate coefficients can have a
significant role in contaminant removal
from the bottom of the trench.

Layer 2
Layer 1
Effect of layer 2 thickness Effect of layer 2 desorption rate coefficient
S 1 AR RN AR A ] 5 1 Er ||||||||||||||||||||| ]
g f g
§ 0.1 1 § 01 _ !
5 ] 5 C
O 0.01¢ 4 © 0.01¢ 1
(0] E @ F
© ; © i
T 1E-3 | ] 5 1E3} -
wn E w F 3
2] 1 [92] [
2 ] @ 1E-4 E ot
ic') 1E-4 —C==Single material 3 %
ke : 5% ] 2 s ——10
] I o 1 2 1E-5 F —C—5 E
S 1E-5F o100 4 5 E i
£ F e 30% 3 = 3 05
5 i 50% | 0 1E-6 | j:g'zs
1E-6 | e 70% 4 : T X
E e 90% S [ —pe= ). 1
S VN ¢ VI YA o [ VAN N YRR LR S (D WY v W A | ] 1E-7 L L L L I L L L 1 1 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Dimensionless time Dimensionless time

ISRC Engineering Research Center for Environmentally Benign Semiconductor Manufacturing |




Adsorption/Desorption Test Cell (AD Test Cell)

A Novel Device for Direct Measurement of Surface Interactions

Material Under Test Electrode Passivation Layer

Substrate

lonic
Solution

Substrate

\

Flow direction
Typical Cell Thickness: 5-25um
Typical Electrodes Spacing: 0.5-10 mm

Electrodes
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Principle of Operation of AD Test Cell

» Dynamics of surface concentration is governed by

Langmuir equation: aa_ k,C(S,—Cy) — ky4C

» When the bulk concentration is very small, surface
concentration exponentially decays as the contaminants
are desorbed from the surface.

» The desorption rate coefficient can be extracted from the
decay rate.

» If the desorbed contaminants are accumulated in a
limited volume, the decay format is deviated from
exponential due to adsorption. The adsorption rate
coefficient can be calculated from this deviation.
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Conductance(uS)

Measurement Method Using AD Test Cell

)

0.5- Contaminants desorbing from surface
and washed away via flow of water

0.4

0.3

Flow is stopped; contaminants desorbing
J from surface, concentration increases in

- @\ the cell, conductance goes up

T T T T T 1
0 100 200 300 400 500

Time (sec) As contaminant concentration increases
adsorption rate increases too and
Flow is turned on again, ions are adsorption-desorption reach equilibrium,
washed away, conductance decreases conductance flattens
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Determining the Desorption Coefficient
From AD Test Cell Data

» While cell is being rinsed, the bulk concentration may be
considered negligible, so the surface concentration decays
exponentially:

aCs

C=0, % — kac (SO o Cs) - kdcs = ot — _des = Cs = CsOe_kd(t_tO)

» |If we stop the flow of water, the bulk concentration can be
written as

Csin—Cs) A : ke
(s,mV S =Cin+ S,Il/n (1—6 kg(t to))

» Conductance is proportional with concentration so it can be
written as:

CECin+

Y = YO + Yl(l — e_kd(t_t()))
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Experimental Results
Sulfuric Acid Retention on Silica
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Summary and Conclusions

> AD test cells with surface to volume ratio as high as 10° mt can
be fabricated and tested.

» Desorption rate coefficient can be extracted from
resistance/conductance data using a simple analytical model.

» Adsorption rate coefficient can be obtained using the
equilibrium data or application of a process model

» The substrates of cells can be coated with any desired material
prior to cell assembly and corresponding adsorption-desorption
rate coefficients for various ions can be measured.

» Adsorption-desorption properties can be measured for various
fluids and different temperatures.
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