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Plasmas, known to emit high levels of vacuum ultraviolet (VUV) radiation, are used in the

semiconductor industry for processing of low-k organosilicate glass (SiCOH) dielectric device

structures. VUV irradiation induces photoconduction, photoemission, and photoinjection. These

effects generate trapped charges within the dielectric film, which can degrade electrical properties

of the dielectric. The amount of charge accumulation in low-k dielectrics depends on factors that

affect photoconduction, photoemission, and photoinjection. Changes in the photo and intrinsic

conductivities of SiCOH are also ascribed to the changes in the numbers of charged traps

generated during VUV irradiation. The dielectric-substrate interface controls charge trapping by

affecting photoinjection of charged carriers into the dielectric from the substrate. The number of

trapped charges increases with increasing porosity of SiCOH because of charge trapping sites in

the nanopores. Modifications to these three parameters, i.e., (1) VUV induced charge generation,

(2) dielectric-substrate interface, and (3) porosity of dielectrics, can be used to reduce trapped-

charge accumulation during processing of low-j SiCOH dielectrics. Photons from the plasma are

responsible for trapped-charge accumulation within the dielectric, while ions stick primarily to the

surface of the dielectrics. In addition, as the dielectric constant was decreased by adding porosity,

the defect concentrations increased. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4751317]
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I. INTRODUCTION AND BACKGROUND

Porous low-k organosilicate dielectrics are replacing

SiO2 as the preferred inter-metal dielectric film to reduce sig-

nal propagation delay and power dissipation in ULSI cir-

cuits.1,2 A critical challenge in plasma processing of these

porous materials is their sensitivity to charging, chemical

and physical damage, and time-dependent dielectric break-

down (TDDB) failure as a result of plasma exposure.3–7 Dur-

ing plasma processing, ion bombardment, vacuum ultraviolet

(VUV) irradiation, and free-radical flux can occur.8–11 These

are of concern because the critical dimensions are now the

same size as the penetration depth of particles and photons.

VUV radiation has been found to introduce photocon-

ductive effects12,13 which govern the density and location of

trapped charges within the dielectric.14–17 In addition,
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trapped charges generated by VUV irradiation of low-k
dielectrics have been shown to adversely affect the capaci-

tance,18 breakdown voltage,19 and leakage currents20,21 with-

out any chemical or structural change in SiCOH. This review

demonstrates how VUV irradiation causes generation of

trapped charges in SiCOH and how it can be reduced. In

describing ways to reduce trapped charges, we also describe

methods to determine the number of trapped charges in the

dielectric.22 Furthermore, the effect of VUV irradiation on

charge trapping, chemical changes, and changes in defect

state concentration are contrasted with that of ion bombard-

ment during plasma exposure.

Using synchrotron VUV radiation, particle bombard-

ment can be eliminated from photon bombardment.23 During

plasma exposure, differentiation between the effects of

charged particle bombardment and VUV irradiation during

plasma exposure can be achieved by using a capillary-array

window24 that effectively shields the dielectric from

charged-particle bombardment without disrupting VUV irra-

diation. After simultaneous plasma exposure to both uncov-

ered and array-covered dielectrics, the changes caused by

VUV irradiation and ion bombardment to the electrical,

chemical, and physical properties of the dielectric can be

examined.

Studies of low-k porous SiCOH have concentrated on

determining the defect-state density and their effects on

dielectric functionality and reliability. High defect-state den-

sity often leads to significant charge trapping in porous low-k

SiCOH which, in turn, has a detrimental effect on its reliabil-

ity.25 Guedj et al. have shown through x-ray photoemission

spectroscopy that the binding energy of atoms in SiCOH

decreases with charge trapping.6 They also deduced that irre-

versible degradation of the dielectric could occur. Although

their study used thermal stress as the energy source, VUV

irradiation can have a similar effect since both techniques

cause generation of trapped charge.

A known technique to reduce radiation damage is to

optimize the plasma gas chemistry.26 Ishikawa et al.27 have

shown on SiO2 and Si3N4 that, through plasma gas optimiza-

tion, radiation-induced damage could be reduced. However,

the defect-state density in SiCOH is higher than in SiO2 or

Si3N4. It has been reported by Atkin et al.15 from impedance

measurements that low-k porous SiCOH has a significantly

higher density of defect states as compared to silicon diox-

ide. Hence plasma-gas optimization was not sufficient. In

addition, SiCOH has mechanisms of charge trapping beyond

those in SiO2 and Si3N4. First, it has been reported by Chao

et al.28 that the SiCOH surface has increased dangling bonds,

as compared to SiO2, where charge trapping can occur.

Second, through a theoretical approach, Planelles et al.29

showed that charges can be trapped in pores of SiCOH. Thus

more investigation is required to understand the mechanisms

behind the generation of trapped charge in SiCOH and to

develop ways to reduce it.

II. CHARGE TRAPPING

VUV irradiation of dielectrics can cause electron-hole

pair generation, photoconduction, photoemission, and

photoinjection of electrons from the substrate into the dielec-

tric.30–34 These processes depend on the incident photon

energy and the dielectric composition and thickness. Electron-

hole pairs will be formed if electrons are excited into the con-

duction band from the valence band or from defect states

within the dielectric.34 The behavior of photoconduction, pho-

toemitted, and photoinjected electrons will then depend on the

energy of the generated electron. That is, depending on their

energy, the electrons and holes can travel in the dielectric, i.e.,

photoconduction or remain trapped at a fixed location. It is

expected that electrons will dominate photoconduction, photo-

emission, and photoinjection, because the mobility of elec-

trons is much larger than the mobility of holes.35

When the energy supplied by irradiation is greater than

the sum of the bandgap energy and the electron affinity (i.e.,

photoemission threshold), photoemission can occur from the

valence band of the dielectric and/or the defect states in the

bulk of the dielectric.28 An electron with energy lower than

the photoemission threshold could gain additional energy

from another process and be photoemitted. Thus, photoemis-

sion from the defect states leads to depopulation of electrons

from the dielectric. Therefore, after photoemission, a dielec-

tric develops a net positive charge.

Photons with energies greater than the bandgap energy

but lower than the photoemission threshold, will create

electron-hole pairs, which remain within the dielectric layer.

The electrons and holes may separate due to their initial

energies and/or the presence of an electric field within the

dielectric layer resulting in a photoconduction current.

In addition to VUV photons being absorbed in the

dielectric, they can also be absorbed in the substrate. For this

to occur, the photons must penetrate through the dielectric.

Photoabsorption in the substrate can thus result in electron-

hole pairs begin created in the substrate. Similarly to the

dielectric, electrons in the substrate can photoconduct. In

addition, these electrons can be photoinjected into the dielec-

tric. For photoinjection to occur, the substrate-dielectric

interface-energy barrier should be less than the energy of the

electrons. For example, the Si-SiCOH interface has an

energy barrier of 4 6 0.5 eV.15,18,20 As a result, only elec-

trons in silicon with energies greater than 4.5 eV can be

injected into SiCOH from Si. A reverse process whereby

electrons are injected from the dielectric into the substrate

can also occur. But the probability of an electron being

injected from the substrate into the dielectric is higher since

the electrons generated in the substrate tend to have a higher

energy than the ones in the dielectric because the band gap

of Si is smaller than that for SiCOH. Photoinjection can be

further enhanced by the presence of trapped charges in

SiCOH at the interface that reduces the interface energy bar-

rier by acting as a low-energy conduction pathway.36

It is plausible that photoinjected electrons generate a

drift/diffusion current from the substrate-dielectric interface

to the dielectric-vacuum interface, where electrons can be

photoemitted.37,38 Thus, at any given time during VUV irra-

diation, photoemitted electrons are the result of (1) depopu-

lated electrons from the defect states and (2) photoinjected

electrons. Trapped charges from the depopulation of defect

states will continue to be created until a steady state is
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achieved. At this point, no more net trapped charge will be

generated in the dielectric, and the photoemitted electron

flux will then be equal to the flux of the photoinjected elec-

trons. In order to have a complete circuit, charge conserva-

tion dictates that when the substrate is connected to ground,

the photoemitted electrons are returned to the substrate.

Thus, under these conditions in steady state, the photoemis-

sion current is equal to the substrate current.

To illustrate, suppose an electron is photoemitted. The

vacuum chamber collects the photoemitted electrons. If both

the chamber and the substrate are grounded in the system,

the electrons flow back into the substrate. Since VUV irradi-

ation is still occurring, this enables the electrons to be photo-

injected back into the dielectric. Once the electrons are in

the dielectric, they can undergo drift/diffusion followed by

photoemission, and the cycle continues.

As the trapped charge increases in the dielectric, a self-

consistent electric field appears.38 The self-consistent elec-

tric field acts as a barrier for electrons leaving the dielectric

and hence reduces photoemission. This continues until

steady state. In steady state, no additional trapped charges

are generated, and hence the electric field attains its maxi-

mum and steady state value. The self-consistent electric

fields have been estimated to be in order of MV/m in dielec-

trics.38 Although numerical simulation of electron motion

has not been done for porous SiCOH, calculations for SiN

have showed that the self-consistent electric field indeed acts

a barrier to the number of trapped charges being generated in

the dielectric.39

Thus, each of the three primary processes (photoemis-

sion, photoinjection, and photoconduction) competes with

the others to influence charge accumulation during VUV

irradiation.40 Photoemission of electrons from defect states

depopulates these states of electrons, resulting in accumula-

tion of net positive charge. Conversely, photoinjection can

repopulate vacant defect states in the dielectric with elec-

trons from the substrate, resulting in a net depletion of

trapped positive charge.36,38,39,47,48

III. EXPOSURE SYSTEMS

A. Synchrotron radiation

Most dielectrics have an energy bandgap that lies

between 5 and 10 eV, which is within the vacuum ultraviolet

range (10–200 nm, 6.2–124 eV).41 As a result, VUV photons

produce photoemissive, photoconductive, and photoinjective

processes within dielectrics. Thus, an obvious choice to

examine the VUV response of dielectric films as a function

of VUV photon energy is synchrotron radiation. The syn-

chrotron exposure system used here is shown in Figure 1. It

consists of a dielectric-coated wafer with a 100� 100 mm

square aluminum plate placed 3.5 cm in front of the wafer. In

the center of the Al plate there is a rectangular opening

20� 50 mm in size to allow the VUV photons to be normally

incident on the surface of the wafer. The aluminum plate can

collect photoemitted electrons, which allows for the simulta-

neous measurement of the photoemission current and the

current drawn by the substrate during VUV exposure. This

system was inserted in a vacuum chamber at a distance of

5 feet from the exit slit of a normal-incidence Seya-Namioka

VUV monochromator at the University of Wisconsin Syn-

chrotron Radiation Center (SRC). The monochromator has

an output-energy range between 4 and 30 eV and a bandpass

of 0.3 nm. During VUV irradiation, the vacuum chamber

was evacuated to a pressure of 10�8 Torr. At the location of

the wafer, the photon beam is elliptical and measured to be

roughly 25 mm� 10 mm on the wafer surface. As shown in

Figure 1, the substrate is grounded during VUV irradiation,

while a dc-bias voltage of þ48 V is placed on the Al plate to

ensure that the Al plate collects most of the photoemitted

electrons. The photoemission current and the current drawn

by the substrate are each measured with a Keithley 486

picoammeter.

With the arrangement shown in Figure 1, two types of

experiments are performed to characterize (1) the accumula-

tion of charge within dielectrics during VUV irradiation and

(2) the valence-band structure and energy levels of trap states

within the bandgap of dielectrics using VUV spectroscopy.

In both cases, the currents drawn by the Al plate and the sub-

strate during VUV irradiation are measured. However, in

case (1), a single photon energy is used, while in case (2) the

photon energy is rapidly scanned over a range of energies,

for example, between 5 and 15 eV. However, during this

VUV spectroscopy, special care must be taken to ensure that

the photon flux is small enough so that modification of the

dielectric is minimized emphasizing the need for a rapid

scan. In these experiments, the photon flux is approximately

two orders of magnitude smaller for VUV spectroscopy then

for monochromatic VUV irradiation.

B. Electron cyclotron resonance (ECR) plasma

ECR plasma systems belong to the family of low-

pressure, high electron-temperature discharges.42 Here, the

ECR system is used only to study the plasma-induced damage

of dielectric wafers.

As shown in Figure 2, the ECR plasma system used here

consists of a 2.45 GHz, 2 kW microwave generator, two

FIG. 1. Experimental set-up for synchrotron irradiation of dielectric films

and to measure substrate/photoemission current.
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magnets arranged in a magnetic-mirror configuration, and a

turbomolecular pump. Microwave radiation is coupled along

the axis of the cylindrical vacuum chamber through an air-

cooled quartz window. The turbomolecular pump is con-

nected to the opposite end of the vacuum chamber. A mass-

flow controller provides the gas feed.

For the cyclotron frequency of 2.45 GHz, electron cy-

clotron resonance occurs at a magnetic field of 875 G. The

magnet current was adjusted to locate the cyclotron-resonant

layer in the midplane of the vacuum chamber.

The use of magnetic fields in ECR discharges gives the

user the ability to control the shape of the magnetic field and

thus the shape of the plasma, which controls the uniformity

across the wafer. For the operating conditions chosen in this

work (20 mTorr pressure, He, 400 W microwave power), the

spatially uniformity of the ECR system was assessed by

exposing an unpatterned SiO2/Si wafer to the ECR plasma

and measuring the wafer surface potential using a Kelvin

probe.43 The measurement revealed little or no variation

of the surface potential across the wafer. Hence, it was con-

cluded that the ECR plasma is uniform across the wafer

surface.

A monochromator was connected to the chamber to

measure the VUV spectrum over a wavelength range from

50 to 300 nm. Ion density and electron temperature were

monitored using a Langmuir probe. These parameters were

used to calculate the photon spectrum emitted from the

plasma.6 In addition, a calibrated photodiode was used to

measure the photon flux during plasma exposure. During

plasma exposure, a capillary window over the sample was

used when needed to separate charged-particle and VUV

photon bombardment.44

IV. MEASUREMENT TECHNIQUES

A. Substrate/photoemission currents

Measurement of the photoemission and photoinjection

currents can be used to calculate the number of trapped

charges generated as a function of photon dose in the dielec-

tric.22,45 The difference between the photoemission/substrate

current and the injection current as a function of photon dose

is a measure of the number of trapped charges being created

per unit time. The time integral of the trapped charges gener-

ated over the exposure time is the total number of trapped

charges. Since the injection current is assumed constant, we

can find the injection current from the steady-state photoemis-

sion/substrate current. This is graphically shown in Figure 3

and mathematically expressed as

QðtÞ ¼
ðt

0

½IpeðuÞ � IpiðuÞ�ds; (1)

where Ipe and Ipi are the photoemission and photoinjection

currents as functions of photon dose u. The photon dose is a

monotonically increasing function of exposure time t. From

Eq. (1), it is expected that if the photoinjection current is

larger, the trapped charge accumulation will be lower.

B. VUV spectroscopy

From a device-performance perspective, it is very im-

portant to know the energy distribution, within the bandgap

of SiOCH, of the trap states. For example, if the trap states

line up in energy with electronic states within adjacent

dielectrics or conductors, resonant-energy charge exchange

can occur between the two material. Charge exchange with

SiCOH and other materials can result in larger leakage cur-

rents and thus reduce the performance of microprocessors.

To determine the bandgap energy of SiCOH and the

location of the trap states within the bandgap, we used VUV

spectroscopic measurements on several low-k porous SiCOH

dielectrics. VUV-spectroscopic measurements are made by

measuring the substrate/photoemission currents as the pho-

ton energy is scanned. This results in peaks in the measured

substrate/photoemission currents at various photon energies

due to the excitation of electrons from specific electronic

states to an energy above the conduction band of the dielec-

tric layer. By comparing the photon energy at which the elec-

tronic states are excited with the energy levels calculated

by first-principles studies46 reported in the literature47 the

energy levels from which the electrons were excited can be

determined.48

FIG. 2. Experimental setup for plasma exposure of dielectric films.

FIG. 3. Trapped charges from photoemission flux on a SiCOH sample as a

function of dose of 8-eV VUV photons. Reprinted with permission from

H. Sinha et al., J. Vac. Sci. Technol. A 29(3), 030602 (2011). Copyright

# 2011 American Vacuum Society.
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C. Surface-potential measurements

Surface-potential measurements,49–54 obtained with a

Kelvin probe, have been used for decades55 as a technique

for measuring charge induced on dielectric. Surface-

potential measurements can give useful information about

the net charge deposited on and within the dielectric layer

such as trapped charge, mobile (free) charge, and surface

charge.56,57 As will be shown, the Kelvin probe can be of

particular importance for the measurement of the trapped

charge within dielectrics after VUV irradiation. In this sec-

tion, the operation of the Kelvin-probe system and how it

can be used to measure trapped charges within dielectric

films is explained

A Kelvin probe is a noninvasive vibrating capacitor

used to measure the surface potential of a charged dielectric

on a conducting (or partially conducting) substrate.58 Since

the Kelvin probe is a noncontact device, the total charge on

the dielectric can be measured without depleting/neutralizing

any of the charge on the dielectric. A sketch of the Kelvin-

probe system used here is shown in Figure 4. A capacitor is

formed between the tip of the vibrating probe and the con-

ductive substrate. The dielectric layer and an air gap are

located between the electrodes of the capacitor. The meas-

uring technique consists of vibrating (dithering) the probe

above the dielectric surface, while simultaneously measuring

the current through the capacitor as a function of time as the

dc-bias voltage Vb is varied. An alternating current of the

same frequency as the vibration frequency of the electrode

will flow through the capacitor and is described by the fol-

lowing equation:

i ¼ Ck
dV

dt
þ V

dCk

dt
¼ ðVsp þ VbÞ

dCk

dt
; (2)

where Ck is the capacitance between the substrate and probe

tip, V is the voltage across the capacitor, VSP is the surface

potential of the dielectric layer, Vb is the bias voltage in

series with the substrate, and t is time. Note that the voltage

across the vibrating capacitor is constant. Thus, the only cur-

rent through the capacitor is due to the change in capacitance

due to the motion of the vibrating probe. This current can be

measured as a voltage drop across the resistor R shown in

Figure 4. As can be seen from Eq. (2), when the bias voltage

Vb is equal and opposite in polarity to the surface potential

VSP, the current through the vibrating capacitor is zero. This

allows us to determine the surface potential on the dielectric

underneath the probe tip. By scanning the probe tip across

the surface of the dielectric, a two-dimensional surface-

potential map can be obtained.

D. Capacitance-voltage characteristics

A mercury probe59 is used to measure the capacitance

vs. voltage (C-V) characteristics across Hg/dielectric/semi-

conductor structures. The C-V characteristics allow us to

determine the amount of trapped charge within the dielectric

films. The mercury drop is placed on the surface of the

dielectric to form a metal/oxide/semiconductor (MOS) struc-

ture. The MOS structure is positioned on a probing station,

housed in a light-tight box, and is connected by shielded

cables to an inductance-capacitance-resistance (LCR) meter

(Stanford Research Systems Model SR720). The LCR meter

superimposes a small ac signal on top of a dc voltage that is

stepped in increments of 1 V per minute. The ac signal is typ-

ically 15 mV rms or less at a frequency of 100 kHz. The

LCR meter detects the resulting ac current flowing through

the MOS structure and determines the capacitance as a func-

tion of voltage. For I-V characteristics, the steady-state cur-

rent drawn through the dielectric is measured as a function

of voltage with a Keithley 486 picoammeter.

The capacitance of the MOS structure varies as a func-

tion of the applied gate/metal voltage due to the accumula-

tion or depletion of charge carriers (electrons, holes, or ion

donors60) at the dielectric/semiconductor interface. Here we

use the mercury probe to measure the MOS C-V characteris-

tics in the “high-frequency” regime (>10 kHz).43

If there are charges located within the dielectric layer,

then the entire C-V curve, including the flat-band voltage,

will shift in proportion to the density and location of the

charges within the dielectric. Assuming the charge distribu-

tion q(x) varies in an arbitrary manner across the width of

the dielectric layer the flat-band voltage shift can be

expressed as43

DVFB ¼ �
1

keo

ðd

0

xqðxÞdx; (3)

where x is the position with the dielectric layer measured from

the Hg-dielectric interface and d is the thickness of the dielec-

tric. Thus, the C-V characteristics obtained with the mercury

probe are very useful and can be used to determine the amount

of trapped charge within dielectric layer. In particular, by

comparing the flat-band voltage before and after VUV and/or

UV radiation we can evaluate the degree of charge accumula-

tion within the dielectric layer due to radiation exposure.

E. Electron-spin resonance (ESR) spectroscopy

ESR is an extraordinary useful analytical tool61 quite

widely utilized for chemistry, biomedical, and solid-state
FIG. 4. Simplified circuit for the Kelvin probe system used to measure the

surface potential of wafers after VUV exposure.
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physics research.62 In particular, ESR can provide fairly

detailed chemical and structural information about trapping

centers within dielectrics and its interface with silicon pro-

vided that the trapping centers are paramagnetic.45 This

requirement of paramagnetism63 is of great advantage for the

relatively simple electrically active defect centers that are

relevant to MOS device technology.45 For example, most

trapping centers within dielectrics or at the dielectric/Si

interface will capture a single electron or a single hole. As a

result, an initially diamagnetic center will be rendered para-

magnetic (i.e., ESR “active”) after trapping an electron or

hole.45 On the other hand, an initially paramagnetic center

can be rendered diamagnetic (i.e., ESR “inactive”) with the

capture of either an electron or a hole.45 In this way, ESR

can identify the response of a defect center to charge carriers

created during VUV irradiation, allowing us to identify the

chemical and structural properties of defect center responsi-

ble for trapping charge.

In ESR spectroscopy, the sample under study is placed

within a microwave cavity and then is exposed to a large

slowly-varying magnetic field.45 The microwave cavity is

excited with a low-amplitude microwave signal typically in

the microwave X band64: a microwave frequency v> 9.5

GHz.45 For a fixed microwave frequency, paramagnetic

defects within the sample will absorb the microwaves at spe-

cific magnetic fields since an unpaired electron has two pos-

sible orientations in the applied magnetic field and thus two

possible energies.45 Magnetic resonance occurs when the

energy difference between the two electron orientations is

equal to Planck’s constant, h, times the microwave fre-

quency.45 For the very simple case of an isolated electron,

the resonance requirement may be expressed as45

h� ¼ gobeB; (4)

where the dimensionless factor g0¼ 2.002319, be (J/Tesla) is

the Bohr magneton, h is Planck’s constant, and B (Tesla) is

the applied magnetic field.45 Equation (7) describes the reso-

nance condition for an electron that does not otherwise inter-

act with its surroundings.45 The structural information

provided by ESR of a paramagnetic defect center within a

solid is due to deviations from this simple expression.45 For

the relatively simple trapping centers studied in MOS sys-

tems, these deviations are due to spin-orbit coupling and

electron–nuclear hyperfine interactions.45 The spin-orbit

coupling can be included in the ESR resonance condition by

replacing the constant g0 in Eq. (4) with the so called

g-value47 associated with the defect center under study.

Thus, by monitoring the absorption of microwaves by the

sample as the applied magnetic field is varied, the g-value of

the paramagnetic center can be determined from the follow-

ing expression:

g ¼ h�

beB
: (5)

Quite a few defect centers within MOS defects have been

identified with ESR. The most important defects are the E0

and Pb centers.45

The ESR signals can be fitted, using the least-squares

method, into Lorentzian derivatives which have the form of

fLorentzðBÞ ¼ �
2AðB�BoÞ

r

1þ B�Bo

r

� �2
h i2

; (6)

where A represents the amplitude of the signal, B0 can be

used to determine the g-factor of the defects, and r is the

width of the signal as the magnetic field is varied through

resonance. The relative defect concentrations were calcu-

lated using the double integral of the signal as

CLorentz ¼
ð

B

ð

f ield

f 0LorentzðBÞdB � dB ¼ pAr: (7)

Absolute numbers of defects were obtained by comparison

with a 0.0003% KCl weak-pitch sample (3.7� 1013 spins/

cm). The fingerprint of the defects, known as the g-factor,

was calculated from the frequency and magnetic field

strength as g¼ 2.0033. Using Eqs. (6) and (7), the changes to

the defect concentrations in the dielectric were

determined.24,62,65

V. DIELECTRIC MATERIALS

To investigate the effect of VUV, SiCOH samples of

various dielectric constants and thicknesses were deposited

on p-type silicon using plasma enhanced chemical vapor

deposition (PECVD). The samples used here are shown in

Table I. All three materials were produced with a single

organosilane precursor. A structure forming and porogen

molecule approach was not used. The deposition process

took place in a capacitively coupled PECVD reactor with a

radiofrequency source of 13.56 MHz in the presence of vari-

ous inert and reactive gases as well as the above precursor.

The process conditions such as pressure, RF power, precur-

sor flow, and gas flows were varied to achieve desired film

properties such as the dielectric constant, thickness, etc.

It is well known that plasma deposition induces defect

states.66 As a result, PECVD SiCOH dielectrics will likely

exhibit non-ideal characteristics.

TABLE I. List of samples used for analysis of trapped charges generated in

SiCOH.

Dielectric layer

Dielectric

constant

Thickness

(nm)

Charge trapping SiCOH

2.65 266

444

2.75 50a

Effect of UV curing SiCOH ��� 640a

500

Effect of dielectric-

substrate interface

SiCN/SiCOH/SiCN/Si SiCOH-2.4;

SiCN-5
SiCOH-175;

SiCN-15;

Oxide-5

SiCN/SiCOH/SiCN/oxide/Si

SiCN/SiCOH/SiCN/Cu

Effect of porosity SiCOH 2.65 444

3 458

aPristine.
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VI. SYNCHROTRON EXPOSURE

A. VUV spectroscopy

As mentioned earlier, VUV photons will cause depopu-

lation of these defect states. VUV spectroscopy of a SICOH

sample after irradiation with different photon doses can be

used to show the depopulation effect as follows. Figure 5

shows four VUV-spectroscopic measurements between 5

and 15 eV taken after irradiating the dielectric with three dif-

ferent doses of 8-eV photons. Zero photon dose (no irradia-

tion) is also shown for comparison. After the dielectric was

irradiated with 8 eV photons, the peak due to defect states at

8 eV, as shown in Figure 5, reduces in magnitude relative to

the other peaks at 6.2 and 9.6 eV. This result is consistent

with findings of Yu et al.67 and Atkin et al.18 who claim the

defect states in SiCOH to be located 0.15–0.3 eV below the

conduction band and 0.5 eV above the valence band.68,69

The height of the 8-eV peak is observed to increase as the

8-eV photon dose is increased. The magnitude of the peak at

8.0 eV eventually reaches a steady-state value for photon

doses higher than 3� 1013 photons/cm2. We believe steady

state is reached when all the defect states are depleted of

electrons. That is, before VUV irradiation, the defect states

are filled with electrons. During VUV irradiation, electrons

are excited from the defect states to energies above the con-

duction band where they are photoemitted.

B. CV and surface potential measurements

We now compare the CV and surface-potential measure-

ments after irradiation. A flat-band voltage of �2 V was

observed for 266-nm SiCOH (k¼ 2.65). For a thicker sample,

444-nm SiCOH (k¼ 2.65) the flat-band voltage was �4 V.

For VUV irradiation of 8 eV photons at a dose of 5.5� 1014

photons/cm2 incident on 266-nm thick SiCOH (k¼ 2.65), the

flat-band voltage shifted to �4 V. This is shown in Figure 6

as VFB1. The negative shift shows that the defect states have

been depopulated of electrons by VUV irradiation resulting

in more trapped positive charges. As photon dose increased,

the flat-band voltage shifted more negatively until the flat-

band voltage saturated at a maximum value of �6 V at a dose

of 1.1� 1015 photons/cm2. This saturation flat-band voltage,

VFB2, is shown in Figure 6.

The surface potential also increased as the magnitude of

the flat-band voltage increased. For the same photon dose

(1.1� 1015 photons/cm2) that resulted in flat-band voltage

saturation, the surface potential also saturated (Figure 7).

This also implies that with increasing doses of VUV, more

defect states were depleted of electrons. Thus, the maximum

values of flat-band voltage and surface potential both occur

when most of the defect states are depleted of electrons.

C. Effect of ultraviolet (UV) curing on charge trapping

In device fabrication, chemical-vapor deposited SiCOH

glass is often cured with UV irradiation.70–73 UV curing is

FIG. 5. VUV spectroscopic measurements on SiCOH after VUV irradiation

of 8 eV VUV photons. Reprinted with permission from J. L. Lauer et al., J.

Electrochem. Soc. 157(8), G177–G182 (2010). Copyright # 2010 The Elec-

trochemical Society.

FIG. 6. Shifts in C-V characteristic for SiCOH (k¼ 2.65) with increasing

VUV photon dose.

FIG. 7. Average surface potential as a function of total photon dose on

SiCOH (k¼ 2.55) after irradiation with 8 and 9 eV VUV photons. Reprinted

with permission from J. L. Lauer et al., J. Electrochem. Soc., 157(8), G177–

G182 (2010). Copyright # 2010 The Electrochemical Society.
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advantageous, yielding the benefits of improved hardness

and corrosive strength of the dielectric.74,75 However, by

comparing the photoemission currents and surface-potential

measurements for pristine SiCOH and UV-cured SiCOH, it

is seen that more positively charged traps are generated in

the UV-cured SiCOH compared to pristine SiCOH.76 Fur-

thermore, although UV curing reduces the number of defect

states, we find that it can also increase both the intrinsic and

photo-conductivities of SiCOH.

In steady state, the photoemission/substrate current can

be used to find the defect density and photoconductivity of the

dielectric. When the VUV photon energies are less than the

bandgap energy, the following processes can occur31,32,36,38:

(1) If the photon energy is greater than the energy difference

between defect states in the bandgap and the vacuum, electrons

trapped in these defect states can be directly photoemitted. (2)

If the photon energy is less than the energy difference between

the defect states in the bandgap and the vacuum, electrons can

be excited into higher-energy defect states and then be photo-

emitted. (3) The VUV photons can excite electrons from the

valence band into defect states, depending on the energy differ-

ence between the valence band and the defect states.

For processes (2) and (3), because the electrons travel

through defect states before being photoemitted, the number of

defect states is the controlling factor for the substrate/photoemis-

sion current. Hence, the greater the number of defect states, the

larger the electron photoemission/substrate current for a given

photon flux. Since the photon-flux density can vary with posi-

tion, each incremental area of the dielectric generates a photo-

emission/substrate current density that is proportional to the

photon flux over that incremental area. Hence, for photon ener-

gies less than the bandgap energy, the photoemission/substrate

current in steady state is proportional to the defect-state density.

On the other hand, VUV photons with energies greater

than the bandgap energy can be used to determine the sum of

the intrinsic conductivity and the photoconductivity as fol-

lows. These photons can cause direct photoemission of elec-

trons from both the defect states in the bandgap and the

valence band since the density of states of electrons in the

valence band is much greater than the defect-state density in

the bandgap.77 Hence, the electrons from the valence band

will dominate the photoemission process.

The photoemitted electrons are collected and returned to

the grounded substrate and then injected back into the dielec-

tric. These electrons can travel to the vacant states in the va-

lence band.36 As these electrons flow back to the substrate,

during steady state, the magnitude of the surface potential

across the dielectric will depend on the parallel combination

of the intrinsic and photo conductivities of the dielectric.78,79

By finding the combined conductivity in this way and then

finding the intrinsic conductivity as described below, the

photoconductivity can be determined.

The intrinsic conductivity can be computed from the

trapped-charge decay rate after VUV irradiation.43,80 The

trapped positive charges recombine with free electrons under

influence of the self-consistent electric field.38 In the absence

of VUV photons, the drift motion of electrons under the

influence of the self-consistent electric field in the dielectric

is determined by the intrinsic conductivity. Since the surface

potential is a measure of the amount of trapped charge in the

dielectric, then from the decay rate of the surface potential

the intrinsic conductivities and photoconductivities of both

pristine and UV-cured SiCOH can be found and compared.81

To investigate these effects, 640 nm of low-k porous

SiCOH dielectric was deposited on two Si wafers. One sam-

ple was kept pristine, while other sample was UV cured.

After UV curing with a Novellus System SOLA
VR

, the dielec-

tric thickness was measured to be 500 nm using ellipsometry.

The following measurements were made on pristine SiCOH

and UV-cured SiCOH to compare charge trapping and con-

ductivities. (1) Initial VUV spectroscopy, in which photoem-

ission/substrate current is measured as a function of incident

photon energy, between 4.5 and 12 eV. (2) 8 eV irradiation at

a fixed energy but with much higher flux. The 8-eV photon

dose was adjusted so as to achieve steady state. The photo-

emission/substrate current was measured as a function of

time/dose during irradiation. (3) VUV spectroscopy was

repeated after the 8-eV irradiation. (4) A set of surface-

potential maps was generated with a Kelvin probe to observe

the decay in surface potential as a function of time.

The number of trapped positive charges generated per

unit area of 8 eV irradiation for pristine SiCOH and UV-cured

SiCOH undergoing the same photon dose was compared. It

was found that the UV-cured dielectric had approximately

5.6% more trapped positive charge in comparison to the pris-

tine dielectric. Furthermore, it was also found that the photo-

injection current in the UV-cured sample was approximately

7.9% less as compared with the pristine SiCOH sample.

These results are shown in Table II. The measurements were

found to be repeatable.

Then, by comparing the surface potential as a function

of time after irradiation for both samples, we find that

trapped charges in the UV-cured sample decay faster. The

surface potential generated by VUV irradiation in the UV-

cured sample decayed with a time constant of 0.116 V/h. In

comparison, the surface potential decayed at 0.022 V/h for

the pristine SiCOH. Thus, the charge-decay time constant for

the UV-cured sample was five times that of the pristine sam-

ple. As discussed above, the UV-cured sample had only

5.6% more trapped charges after VUV irradiation. However

the time taken for the trapped charges in the UV-cured

SiCOH to decay was one third of that for pristine SiCOH.

Thus, we can infer that the UV-cured dielectric films have a

higher intrinsic conductivity. The intrinsic conductivity for

pristine SiCOH, from the trapped charge decay rate, was cal-

culated to be 1.43� 10�16 S/m. As expected, the UV cured

samples had a higher intrinsic conductivity of 7.57 � 10�16

S/m. These are summarized in Table III.

TABLE II. Comparison of trapped charges generated by 8-eV VUV pho-

tons, trapped charge decay time, and photoinjection flux for pristine and UV

cured SiCOH.

Pristine SiCOH

640 nm

UV cured SiCOH

500 nm

Trapped charges (#/cm2) 8.03� 1011 8.48� 1011

Photoinjection current (pA/cm2) 60.95 56.14

Trapped charges decay time (h) 75 23

111101-8 Sinha et al. J. Appl. Phys. 112, 111101 (2012)



Figure 8 shows the VUV spectroscopy curves for pris-

tine and UV-cured SiCOH both before and after 8-eV VUV

irradiation. Before VUV irradiation, the spectroscopy meas-

urements for pristine and UV-cured SiCOH overlap. A small

difference in the results is seen during VUV spectroscopy

because an unavoidable small dose of VUV irradiation

occurs while the spectroscopy scan was taken.

After VUV irradiation, VUV spectroscopy was made for

comparison with the un-irradiated samples. The spectros-

copy showed two important differences. First, for photon

energies less than 8.5 eV as shown in Figure 8, the photoem-

ission/substrate current measured during VUV spectroscopy

for pristine SiCOH is larger than the corresponding current

for UV-cured SiCOH. This occurs because, for photon ener-

gies less than 8.5 eV, photoemission can occur only from the

defect states in the bandgap. Since the photoemission current

will then be proportional to the number of defect states, we

can conclude that pristine SiCOH has more defect states in

the bandgap as compared to UV-cured SiOCH. On the other

hand, for photon energies higher than 8.5 eV, the photoemis-

sion current for UV-cured SiCOH is larger than that for pris-

tine SiCOH. This is because for energies greater than 8.5 eV,

photoemission can occur directly from the valence band in

addition to the photoemission from the defect states. In

steady state, the photoemitted electrons are replaced with

photoinjected electrons. These photoinjected electrons have

to drift/diffuse to the surface of the dielectric to be photoem-

itted. Therefore, in steady state, the drift/diffusion current

will be equal to the photoinjection current that in turn is

equal to the photoemission/substrate current. Thus, as

described above, the surface potential measured in steady

state is determined by the parallel combination of the intrin-

sic and photoconductivities since the photoinjected current

may be considered as a current source. Since the intrinsic

conductivity has already been calculated, as described above,

the photoconductivities for pristine and UV cured samples

can easily be extracted from the surface potential and the

steady-state current. As expected, the UV cured samples had

a higher photoconductivity of 2.9� 10�14 S/m in compari-

son to 2.0� 10�14 S/m for pristine samples. These results

are also summarized in Table III.

Hence, we can conclude that this sample of UV-cured

SiCOH has fewer defect states than pristine SiCOH, espe-

cially if the comparison is made after VUV exposure. In

addition, the UV-cured SiCOH has a higher photoconductiv-

ity. From calculations of the trapped charge, we find that

UV-curing increases the number of trapped charges gener-

ated in SiCOH under VUV irradiation for the same photon

dose and energy. However, it must be noted that all UV cur-

ing processes are not the same, and there are materials in

which the leakage currents are smaller after UV curing.

D. Effect of dielectric-substrate interface on charge
trapping

In BEOL processing, a SiCOH/SiCN stack is typically

deposited on an exposed Cu/SiCOH following CMP,82

whereas the work reported in the previous section was for

simple stacks of SiCOH/Si. The purpose here is to deter-

mine what differences in VUV response are observed for

industrially relevant SiCN/SiCOH/SiCN/Cu stacks exposed

to plasma etch, as compared to samples on Si with or

without native oxide, similar to those described in other

sections.83–85 Here, dielectric films deposited on Cu and,

for comparison, model Si/SiO2 films were irradiated with

VUV photons having energies and fluxes typically gener-

ated during plasma processing. It was found that the nature

of the dielectric-substrate interface changes the number of

trapped charges in the dielectric.

To investigate the effect of different dielectric-

substrate interfaces on charge trapping, a dielectric stack

consisting of 15 nm SiCN(k¼ 5)/175 nm SiCOH(k¼ 2.4)/

15 nm SiCN(k¼ 5) was deposited with plasma-enhanced

chemical vapor deposition on the following substrates: (1)

Si, (2) Si with 5-nm of thermally grown oxide, and (3) Cu/

Ta/NiSi deposited on Si. SiCN forms an interface with

these three substrates. A description of the samples is

shown in Figure 9.

All of the samples have the same dielectric stack but

have different dielectric-substrate interfaces. The dielectric

stack deposited on silicon was used as a reference and com-

pared with the other two. In comparison to the reference

sample, the presence of a thin thermally grown oxide layer

reduces the density of interface defect states.86 This occurs

because the dangling bonds from the silicon-crystal termina-

tion are reduced in the presence of the oxide.87

The reduced interfacial states result in a smaller Fowler-

Nordheim tunneling current.88,89 Fowler Nordheim tunneling

is associated with electrons tunneling from the semiconduc-

tor Fermi level into the dielectric conduction band. Under

TABLE III. The calculated intrinsic and photo conductivities of pristine and

UV cured SiCOH.

Pristine SiCOH UV cured SiCOH

Intrinsic conductivity (S/m) 1.43� 10�16 7.57� 10�16

Photoconductivity (S/m) 2.0� 10�14 2.9� 10�14

FIG. 8. VUV spectroscopy at 4.5–10 eV for pristine and UV cured SiCOH

before and after 8-eV VUV irradiation. Reprinted with permission H. Sinha

et al., J. Vac. Sci. Technol. A 29(3), 030602 (2011). Copyright # 2011

American Vacuum Society.
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Fowler-Nordheim conditions, it is possible for charge to tun-

nel from the valence band of the substrate into a trap/defect

state in the bandgap of the dielectric. Thus, the number of

interface states controls the tunneling current. Hence, the net

injection current into the dielectric from the substrate will be

smaller when there are fewer interface states. A lower injec-

tion current means less repopulation of the depopulated

defect states, since, as stated previously, the steady-state con-

dition is the result of a balance between depopulation by

photon excitation and repopulation by injection. Hence,

more positively charged traps remain in the sample deposited

on Si with the interfacial thermal oxide as compared with the

reference sample.

The following measurements were made during irradia-

tion. First, VUV spectroscopy was performed for photon

energies between 4.5–12 eV. Second, the sample was irradia-

tied with 8-eV VUV irradiation with a fluence of 5.9� 1013

photons/cm2. The photoemission/substrate current was meas-

ured as a function of time/dose during the irradiation. Finally,

VUV spectroscopy was repeated after the 8-eV VUV

irradiation.

Figure 10 shows the photoemission/substrate current

measured during the 8-eV irradiation. As expected, the sub-

strate current decreases with increasing photon dose for the

three samples. The current is found to be same for all three

samples at the lower doses. This is because the samples are

fabricated with the same dielectric stack, and, hence, they

are likely to generate the same number of photoemitted elec-

trons from depopulation of the dielectric. This will occur

until the dose increases so that the self-consistent electric

field created by the trapped positive charges builds up to a

sufficiently high level to change the photoemission/substrate

currents.

In steady state, we see that the dielectric deposited on

copper has the largest photoemission current, whereas the

dielectric deposited on Si with the interfacial thermal oxide

has the lowest steady-state photoemission current. This

occurs because the SiCN-Cu interface has a lower energy

barrier (0.9 eV) in comparison to SiCN-Si (1.7 eV).90–92 On

the other hand, the interface energy barrier between SiCN

and Si with thermally grown oxide is higher than SiCN-Si

because of reduced dangling bonds in the presence of the

oxide.87

The number of trapped charges per unit area generated

as a function of photon fluence per unit area can be calcu-

lated from the photoemission current measurements, as

described previously. The calculated value of trapped

charges for the three samples after a VUV photon dose of

5.9� 1013 photons/cm2 is shown in Table IV. The injection

current, which is sum of the photoinjection and Fowler-

Nordheim tunneling currents, is also listed in Table IV.

From the tabulated data, the inverse relation between the

number of trapped charges in the dielectric and the magni-

tude of the injection current is verified. The dielectric depos-

ited on Si with an interfacial thermal oxide had the most

trapped charges per unit area, followed by the dielectric

stack on Si. The dielectric stack on Cu had the smallest num-

ber of trapped charges per unit area.

The results obtained from the substrate-current measure-

ments were validated with VUV spectroscopy measurements

between 4.5 and 12 eV. These are shown in Figure 11. We

observe that the VUV spectroscopy curves for the three sam-

ples before irradiation are similar. These variations in the

VUV spectroscopy curves are again likely the result of the

low-level but unavoidable irradiation during VUV spectros-

copy. The photon flux was made as small as possible. How-

ever after 8-eV VUV irradiation, the dielectric stack on Cu

FIG. 10. Photoemission flux of SiCN/SiCOH/SiCN deposited on Cu, Si, and

Si with thermal oxide as a function of increasing dose of 8-eV VUV pho-

tons. Reprinted with permission from H. Sinha et al., Thin Solid Films,

519(16), 5464–5466 (2011). Copyright # 2011 Elsevier.

TABLE IV. Comparison of trapped charges generated by 8-eV VUV pho-

tons and photoinjection flux for SiCN/SiCOH/SiCN deposited on Cu, Si,

and Si with thermal oxide. The percentage increase or decrease in the

trapped charge compared with the reference (top line) sample is indicated in

the left-hand column.

Trapped charges Photoinjection current

(#/cm2) (pA/cm2)

Stack/Si 2.25� 1011 103.4

Stack/oxide/Si 2.49� 1011 (þ10.7%) 84.6

Stack/Cu 2.00� 1011 (�11.1%) 118.2

FIG. 9. A dielectric stack of SiCN/SiCOH/SiCN deposited on three different

substrates.
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had the largest VUV spectroscopy current while the dielec-

tric stack on Si with thermally grown interfacial oxide had

the lowest VUV spectroscopy current. This result is true for

any photon energy between 4.5 and 12 eV and is consistent

with the substrate/photoemission measurements discussed

earlier.

Thus, we find that the nature of the dielectric-substrate

interface changes the number of trapped charges generated

in the dielectric under VUV irradiation. As stated earlier,

this is because a lower dielectric-substrate interface energy

barrier increases the photoinjection current, thereby reducing

the number of trapped charges generated in the dielectric.

Inversely, a lower photoinjection current due to a higher

dielectric-substrate interface barrier energy increases the

number of trapped charges generated in the dielectric. Also

the higher Fowler-Nordheim tunneling currents due to the

increased number of interface defect states increases the

injection current and reduces the number of trapped charges

generated in the dielectric during VUV irradiation.

E. Effect of porosity on charge trapping

The dielectric constant of SiCOH can often be reduced

by introducing porosity.1,41,93,94 However, higher porosities

show an increase in the number of trapped charges generated

from incident VUV irradiation.6,29 VUV spectroscopy, pho-

toemission current, capacitance-voltage characteristics, and

surface potential measurements are used to determine num-

ber of trapped charges generated for the three cases.

Typically, nanopores of size 2.5 nm or less are intro-

duced in SiCOH to reduce the dielectric constant.1,95 How-

ever, the nanopores can act as charge trapping centers.31

That is, charges aggregate along the boundaries of pores and

remain trapped. Thus, the number of trapped charges in

SiCOH will change as the porosity increases.

The number of trapped charges generated per unit dose

of VUV irradiation depends on the photoabsorption coeffi-

cient of the dielectric. The higher the photoabsorption coeffi-

cient, the more charges will be trapped. It has been reported

that VUV photoabsorption increases with increasing porosity

of SiCOH. Thus it is indeed plausible that for the same dose

of VUV photons, higher porosity (lower dielectric constant)

SiCOH will have more trapped charges in comparison to

lower porosity (higher dielectric constant) SiCOH.

To investigate the effect of porosity on charge trapping,

SiCOH with dielectric constants of 3.0 and 2.65 was depos-

ited with thicknesses of 458 nm and 444 nm, respectively, on

Si followed by UV curing. The porosity for k¼ 2.65 was

measured to be 15%–20% by elipsometric porosimetry. The

sample with k¼ 3.0 had no detectable porosity. After UV

curing, surface-potential measurements and C-V measure-

ments were made. The samples were then exposed to a flu-

ence of 7� 1013 photons/cm2 of 8 eV VUV photons. The

photoemission/substrate current was measured as a function

of time/dose during irradiation. After VUV irradiation, the

surface potential and C-V measurements were repeated.

Figure 12 shows the photoemission/substrate current of

SiCOH for k¼ 2.65 and k¼ 3.0 as a function of the 8-eV

VUV photon dose. Both measurements were made during the

same synchrotron beam-current condition. The sample with

k¼ 2.65 shows a higher photoemission/substrate current for

the same VUV irradiation flux rate. This means that a higher

percentage of photons was absorbed in the k¼ 2.65 dielectric

film. This is validated by a VUV reflectance measurement96

for the two samples, which is shown in Figure 13. The

FIG. 11. VUV spectroscopy at 4.5–12 eV for SiCN/SiCOH/SiCN deposited

on Cu, Si, and Si with thermal oxide (a) before VUV irradiation (b) after

8-eV VUV irradiation. Reprinted with permission from H. Sinha et al., Thin

Solid Films, 519(16), 5464–5466 (2011). Copyright # 2011 Elsevier.

FIG. 12. Photoemission/substrate current of k¼ 2.65 444 nm and k¼ 3.0

458 nm SiCOH as a function of increasing 8-eV VUV photon dose.
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reflectance shows that the film with k¼ 2.65 has a lower re-

flectance, i.e., a higher photoabsorption.

The photoemission/substrate currents for the films with

k¼ 2.65 and k¼ 3.0 as a function of photon dose can also be

compared. With increasing VUV photon dose, more trapped

charges are generated, which results in a higher self-

consistent electric field. The self-consistent electric field

reduces photoemission.38 As shown in Figure 12, the slope

of the photoemission/substrate current curve as photon dose

increases changes rapidly for the film with k¼ 2.65 in com-

parison to the film with k¼ 3.0. This is likely because a

larger self-consistent electric field builds up in the k¼ 2.65

dielectric in comparison to the k¼ 3.0 dielectric for the same

VUV photon dose. Hence, we infer that more trapped

charges are generated in the SiCOH with k¼ 2.65 for the

same VUV photon dose.

The number of trapped charges generated from VUV

irradiation is calculated from the photoemission/substrate

current as was shown previously. For the k¼ 2.65 dielectric,

a photon dose of 7� 1013 photons/cm2 generated 3.7� 1011

trapped charges per square cm of the irradiated sample

whereas for the k¼ 3.0 dielectric, only 2.3� 1011 trapped

charges per square cm were generated. This result can also

be confirmed with surface-potential measurements. The sur-

face potential increased by 5.4 V for the k¼ 2.65 dielectric,

but increased only by 3.7 V for the k¼ 3.0 dielectric. This is

consistent with the shift in the flat-band voltage of the C-V

characteristics as was shown previously. A summary of these

results is shown in Table V.

Thus, it can be concluded that trapped charges in SiCOH

due to VUV irradiation during processing are dependent on

the porosity of the dielectric. More trapped charges are gen-

erated in higher porosity SiCOH for the same photon dose.

VII. PLASMA EXPOSURE

A. Charge accumulation in low-k dielectrics

Here we investigate how charges can be generated in the

dielectric stacks during plasma exposure as well as how they

leak away after exposure. That is, we now expose the sam-

ples to simultaneous VUV/UV and particle bombardment.

Hence, low-k porous organosilicate glass (SiCOH) was

exposed to an argon ECR plasma. The ECR plasma was

operated with a pressure of 5 mTorr and a microwave power

of 400 W. In situ substrate currents at the wafer chuck and

VUV photon-flux measurements with a monochromator

were measured followed by surface-potential measurements

on the dielectric before and after exposure.

Two different charging mechanisms occur during argon

plasma exposure. They are (1) ion sticking and (2) photon

bombardment. The ion density was measured with a Lang-

muir probe, including the sheath effects, while the photon

flux was measured with the VUV monochromator. The

plasma potential was also measured using the Langmuir

probe. We calculate the ion flux by assuming that ions enter

the sheath with the Bohm velocity. The wafer chuck is nor-

mal to the magnetic field lines, so that a high ion flux is inci-

dent on the dielectric. The magnetic field, plasma neutral

pressure, microwave power, wafer-bias voltage, and wafer

position can all be adjusted to control the fluxes of the

charged particles and photons. Figure 14 shows the measured

spatial distribution of the ion density in the plasma chamber

(a) along with the measured argon ECR plasma radiation

spectrum in the VUV range (b). The photon flux was meas-

ured using a monochromator that was connected to the

plasma chamber. The absolute flux was obtained using a

calibrated photodiode.

As mentioned previously, a capillary-array window was

placed over a portion of the dielectric. The window filters

out the ion flux while allowing photons to travel to the

dielectric, so that ion and photon bombardment effects on

dielectric charging can be separated.

The charge accumulation after plasma exposure was

measured, as shown in Figure 15. Immediately after plasma

exposure, the samples with and without the capillary-array

window exhibit different surface potentials (8.5 and 15.3 V,

respectively). In addition, the time-decay rates of the

surface-potential of the samples after exposure are different

as shown in Figure 15. The surface potential of the sample

that is not covered by the window shows a faster initial

decay. When it reaches the surface-potential curves for the

samples with synchrotron exposure and for plasma exposure

with the capillary-array window about one hour after plasma

exposure, it follows them exactly.

This shows that ion and photon bombardment accumu-

late charge in the dielectric with different mechanisms. For

ion bombardment, more charge was accumulated, but it

decays faster in time after exposure. This is likely due to

FIG. 13. Measured reflectance for k¼ 2.65 and k¼ 3.0 SiCOH for 5–10 eV

photon energies. Reprinted with permission from H. Sinha et al., J. Vac. Sci.

Technol. A 28(6), 1316–1318 (2010). Copyright # 2010 American Vacuum

Society.

TABLE V. Trapped charges, surface potential and C-V characteristic flat-

band voltage shift for k¼ 2.65 444 nm and k¼ 3.0 458 nm SiCOH after 8-eV

VUV irradiation.

k¼ 2.65, 444 nm k¼ 3.0, 458 nm

Trapped charges (#/cm2) 3.65� 1011 2.29� 1011

Surface potential (V) 5.4 3.7

C-V flat-band voltage shift (V) (�) 5.9 (�) 4.2

Photoinjection current (pA) 0.739 0.41

111101-12 Sinha et al. J. Appl. Phys. 112, 111101 (2012)



surface ion sticking. On the other hand, photon bombard-

ment is likely to result in trapped charge within the dielec-

tric layer with a much longer decay time. The decay for

these trapped charges is likely from the leakage current

through the dielectric layer. This interesting phenomenon

leads to the conclusion that there are indeed different mech-

anisms of charge accumulation from particle bombardment

and from radiation bombardment.

To confirm this, a separate 11.6 eV VUV synchrotron

irradiation was made on SiCOH. In Figure 15, it is seen that

the surface-potential decay rate after synchrotron or plasma

radiation exposure (the case with the capillary-array win-

dow) are roughly the same. Hence, we conclude that the

charge-accumulation mechanism of the window-covered

sample is due to photon bombardment and is not affected

by the small number of particles that might have been able

to pass through the capillary-array window. For the sample

that is not covered by the window, the rapid decay of the

surface potential is likely due to contact with the air of the

ions implanted on the surface. In fact, keeping the sample

under vacuum until the surface potential was actually meas-

ured was shown to greatly delay the initial charge-

neutralization process.

B. Modifications of chemical bonds and physical
changes

It has been reported by Lee and Graves97 that 8.4 eV

VUV irradiation can result in broken Si–C bonds. Thus, after

VUV irradiation this material would be expected to have a

larger number of Si dangling bonds. By using the plasma ex-

posure system and the capillary-array window, it is possible

to examine the response to VUV irradiation from plasma ex-

posure without the presence of ion bombardment. ESR meas-

urements on pristine (SiCOH with k¼ 2.75 and 50 nm

thickness) and plasma-exposed samples with and without the

capillary-array window are shown in Figure 16. By fitting

the ESR measurement curve using A, B0, and r to determine

the defect concentration (Table VI), it is seen that the defect

concentration increases due to VUV irradiation. The defect

concentration increases further if no capillary array window

was used during plasma-exposure, i.e., ion bombardment is

added to the VUV photon irradiation.

In addition to ESR measurements, changes in chemical

properties were measured using Fourier transform infrared

spectroscopy (FTIR). Multiple chemical bonds were identi-

fied: Si-(CH3)x¼ 1,2,or3 at 700–900 cm�1, Si-O stretch band at

970–1250 cm�1, Si-CH3 at 1274 cm�1, C¼O at 1710 cm�1,

Si-H at 2220 cm�1, and CHx at 2970 cm�1.1,44 Figure 17

shows FTIR measurements of the pristine and plasma-

exposed SiCOH with and without the capillary-array win-

dow. From Figure 17, we see that the FTIR shows the

Si-(CH3)x wagging concentrations increase due to plasma-

photon bombardment. The concentration is even higher for

the uncovered sample, suggesting that plasma exposure also

FIG. 14. Plasma diagnostics for (a) ion density

and (b) photon flux from ECR plasma.

FIG. 15. Surface potential time decay of 231 nm SiCOH after plasma

exposure.

FIG. 16. ESR signals for (a) pristine SiCOH (b) after plasma exposure with

capillary-array window, and (c) after plasma exposure without capillary-

array window.

111101-13 Sinha et al. J. Appl. Phys. 112, 111101 (2012)



increases the Si-(CH3)x wagging concentration by ion bom-

bardment. Note that the increase of Si-(CH3)x wagging does

not indicate any chemical reaction taking place. It only indi-

cates that, the dielectric film was subject to a physical change

so that a more twisted bonding structure was seen during the

processing.

VIII. SUMMARY AND CONCLUSIONS

VUV damage effects on low-k dielectric films were

identified with both synchrotron and plasma exposure. Pho-

tons from the plasma cause trapped-charge accumulation in

the bulk of the dielectric, while ions tend to stick to the

dielectric surface. Chemical-bonding structures were identi-

fied along with physical changes to the low-k dielectrics due

to plasma and VUV exposure. By analyzing measurements

of photoemission currents and VUV spectroscopy, C-V char-

acteristics and surface potential measurements, it was found

that VUV irradiation depopulates electrons in the defect

states leaving the trapped positive charges in the dielectric.

The number of positively charged traps generated by VUV

irradiation during processing is altered by the material prop-

erties of SiCOH. More trapped charges per unit photon dose

are generated in UV-cured SiOCH than in pristine SiCOH

during VUV irradiation. Although there are major advan-

tages to UV curing of low-k dielectrics, there are thus some

deleterious effects on its intrinsic and photo conductivities as

well as enhanced charge trapping that are of importance in

plasma processing of low-k SiCOH. In addition, changing

the dielectric-substrate interface can change the number of

positively charged traps generated in the dielectric during

processing. Higher porosity in SiCOH has the advantage of a

lower dielectric constant, but has the disadvantage of more

positively charged traps being generated during VUV irradi-

ation. It is likely that the increase in trapped charge is

ascribed to higher photoabsorption and charge trapping

around the nanopores. Consequently, modifications of the

porosity, the dielectric-substrate interface and the UV curing

process can be used as parameters to reduce positive charge

accumulation during processing of low-k SiCOH.

Using a capillary-array window, it is now possible to

separate particle-bombardment and plasma-radiation effects

during ECR plasma exposure on SiCOH. It was found that

plasma-induced charge accumulation has two parts: (1) sur-

face ion sticking from ion bombardment and (2) trapped-

charge accumulation within the dielectric due to photon bom-

bardment. ESR measurements showed an increase in defect

state concentration and FTIR measurement showed modifica-

tion Si–(CH3)x bond concentrations with plasma exposure.

The authors hope that the results presented in this review

paper will be helpful in developing the future applications of

low-k dielectric materials.
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