Valence-band Structure and Charge Trapping
During VUV Irradiation of BEOL Dielectrics *

J. L. Lauer, J. L. Shohet, A. Antonelli**, and Y. Nishi™

Dept. of Electrical & Computer Engineering
and
Plasma Processing and Technology Laboratory
University of Wisconsin-Madison
June 11, 2009

** Novellus, Inc.

*** Stanford University

*Supported by:

The SRC under Contract Number 2008-KJ-1781. The Synchrotron Radiation Center
Is funded by the NSF under Grant Number DMR-0537588.




N .
Pl’TL Outline

oooooooo gy Laboratory

Introduction
Experimental Detalls

Valence-band Structure of low-k Dielectrics
Charging Response of low-k Dielectrics
Conclusions




N .
Pl’TL Introduction

oooooooooooooooooooo ry

 Processing plasmas produce significant
amounts of vacuum ultraviolet (VUV)
radiation which Is, among other processes,
capable of creating electron-hole pairs within

dielectrics.

As a result, VUV radiation has an impact on
the electrical conductivity of dielectrics during
plasma processing which can either
contribute to or mitigate trapped charge
within dielectrics.
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 Traps provide both a path for conduction and
modification of the local electric field due to
space-charge accumulation.

« Two Important parameters that control the

magnitude and path of leakage -currents
within dielectrics are

— Valence-band structure
— Traps/defects

« SO0 If we know these parameters, we can
explicitly measure the quality of the dielectric.
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* In this work, we measured and compared the
valence-band structure and nature of charge
trapping within several low-k films after VUV
Irradiation.

— porous-SIOCH, SIN, SICO, SICN, and SIC on Si.

We determined that the VUV-induced trapped
positive charge is located 1.4 eV above the
valence-band edge.

— This implies that the traps are likely to be caused by

O-deficient Si defects or dangling Si bonds within the
dielectric.

* Although the defects remain, we can anneal out
the trapped positive charge with UV radiation.
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oooooooo gy Laboratory

 The substrate and photoemission currents are measured
during irradiation. - _
Aluminum Plate

Photo-emitted
Dielectric Layer Electrons /

VUV Photons II

48 Volts

-
—mlp.

Silicon Substrate H I ‘ I:l
Substrate J_ Photoemission \_Y_)

Current Current Pico-Ammeter



ﬂ .
Pl’TL Induced Charging and VUV- spectroscopy

oooooooo gy Laboratory

 Charging Response to VUV irradiation (Step 1)

— The photon energy was fixed while the photoemission
and substrate currents were measured as a function of
time.

— Charge accumulation as a function of total VUV-photon
dose was evaluated with a Kelvin probe system after VUV
irradiation for several dielectric thicknesses.

 Determine the location within the dielectric the trapped charge is
located.

* VUV-spectroscopy (Step 2)
— Measured the photoemission and substrate currents while

the photon energy is scanned between 5 and 15 eV.

 Determine the location (in energy) where the trapped charge is
located.




Pl’TL Kelvin Probe System

When a vibrating electrode (Kelvin Probe) is placed near
the surface of a charged dielectric, because of the surface

potential Vgp, the varying capacitance introduces an a.c.
current.

i(t) = Vop dC/dt

A dc voltage V, = - Vg nulls the current thereby measuring
the surface potential.
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Pl’TL pproximate Location of Trapped Charge

* The general expression for the surface potential due
to trapped charges W|th|n a dielectric layer of
thickness d is

Vo =—jx,o dx

e Since the distribution of trapped charges within the
dielectric layer is unknown, the above equation can
be approximated by assuming a physically plausible
distribution of trapped charge. g tace charge
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e The peak at 7.6 eV decays as the photon energ
IS scanned multiple times on the same location
on the wafer surface. O(2p)

1.0 i '
— Caused by depletion Soar?

of electrons from the S
oxygen-deficient Si

centers, which are
located at 7.6 eV.
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 The depletion of electrons from the O-deficient Si centers
within the 231 nm SIOCH (k =2.55) dielectric saturates after
a photon flux of 5 x 102 Photons cm for 8.0 eV photons.

o Similarly, the surface potential saturates after a photon flux

of 8 x 10** Photons cm-=. After 8.0 eV Irradiation
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PI’TL After 6.3, 8.0 and 9.6 eV Irradiation

 The O-deficient Si centers do not decay at the same
rate under irradiation with 6.3, 8.0, and 9.6 eV photons
for the same total photon dose (3 x 1012 Photons cm-?).
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IIIl Surface Potential after 9.5 eV Irradiation

« Comparison of surface potential for several

k-values of SIOCH after 9.5 eV photons
On average the

surface potential Is
lower for the lower
k-values.
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AW VUV and UV Irradiation
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Pl’TL Charging Response of SiN to VUV

 The surface potential on the SIN layer does not
change as the dielectric thickness Is increased
from 250 to 450 nm.

— Most of the trapped charge must be located near the

SIN/Si interface. 10 After 9.5 eV irradiation
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Pl’TL Charging Response of SiCN to VUV

 There Is a slight increase In the surface potential
between 250 and 450 nm of SICN.

— This suggest that there maybe some trapped charge

within the bulk or at the surface of the SICN dielectrics.
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PPTL Charging Response of SiCO to VUV
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« The SICO dielectric appears to have trapped
charge located at the surface or within the bulk of
the dielectric layer.

After 9.5 eV irradiation
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Pl’TL Charging Response of SiC to VUV

 The surface potential is much smaller on the SIiC dielectric
compared to the other dielectrics for the same dielectric
thicknesses and photon dose.

« The SIC dielectric appears to have trapped charge located

at the surface or within the bulk of the dielectric layer.
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pPTL Conclusions (SiOCH)
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e We determined the valence-band structure of
low-k porous-SIOCH (k = 2.55) dielectrics

— Band gap of 9.0 eV with the valence band edge
defined by the O(2p) states.

— Electronic states due to O-deficient Si centers
are located 1.4 eV above the valence-band edge.

— The O-deficient Si centers are responsible for
most of the accumulation of positive charge within
the SIOCH dielectric after VUV irradiation.

he trapped positive charge due to VUV

Irradiation can be annealed with UV.
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« The SIN dielectrics have trapped positive charge
located mostly near the SIN/Si interface.

« The SICN and SICO dielectrics have trapped
positive charge located at the dielectric-substrate
Interface as well as within the bulk and/or on the

surface of the dielectric.

— The SICO dielectric has the largest surface potential
compared to the other dielectrics for the same
thickness and photon dose.

The SIC dielectric had the lowest surface potential

compared to the other dielectrics.

— Most of the trapped charge is located at the surface or
within the bulk of the SIC dielectrics.
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 From this work, since plasmas generate
both UV and VUV, there Is a tradeoff
between charging and discharging of
trapped states.

e By suitably optimizing or supplementing
the spectrum of the emitted radiation, It IS
possible to significantly affect the amount
of trapped charge.
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