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SUMMARY

Although copper (Cu) is the preferred interconnect material due to its lower
resistivity than aluminum (Al), Cu subtractive etching processes have not been developed
at temperatures less than 180 °C, primarily due to the inability to form volatile etch
products at low temperature. The conventional damascene technology avoids the need for
subtractive etching of Cu by electroplating Cu into previously etched dielectric
trenches/vias, followed by a chemical/mechanical planarization (CMP) process.
However, a critical “size effect” limitation has arisen for damascene technology as a
result of the continuing efforts to adhere to “Moore’s Law”. The size effect relates to the
fact that the resistivity of damascene-generated lines increases dramatically as the line
width approaches the sub-100 nm regime, where feature size is similar to the mean free
path of electrons in Cu (40 nm). As a result, an alternative Cu patterning process to that
of damascene may offer advantages for device speed and thus operation.

This thesis describes investigations into the development of novel, fully-plasma
based etch processes for Cu at low temperatures (10 °C). Initially, the investigation of a
two-step etch process has been studied. This etch approach was based on a previous
thermodynamic analysis of the Cu-CI-H system by investigators at the University of
Florida. In the first step, Cu films are exposed to a Cl, plasma to preferentially form
CuCly, which is believed to be volatilized as CusCl3 by subsequent exposure to a
hydrogen (H;) plasma (second step). Patterning of Cu films masked with silicon dioxide
(Si0,) layers in an inductively coupled plasma (ICP) reactor indicates that the H, plasma

step in the two-step process is the limiting step in the etch process. This discovery led to

xviii



the investigation of a single step Cu etch process using a pure H, plasma. Etching of
blanket Cu films and Cu film patterning at 10 °C, display an etch rate ~ 13 nm/min;
anisotropic etched features are also observed. Comparison of H, plasma etching to
sputtering of Cu films in argon (Ar) plasmas, indicates that both a chemical component
and a physical component are involved in the etching mechanism. Additional studies
using helium plasmas and variation of power applied to the plasma and etching surface
demonstrate that the etch rate is controlled by reactive hydrogen species, ion
bombardment flux and likely photon flux. Optical Emission Spectroscopy (OES) of the
H, plasma during the Cu etching process detects Cu emission lines, but is unable to
identify specific Cu etch products that desorb from the etching surface. Variation of Cu
etch rates as a function of temperature suggests a change in mechanism for the removal
of Cu over the temperature of -150 °C to 150 °C. OES analyses also suggest that the Cl,
plasma step in the two-step process can inhibit Cu etching, since the subsequent H,
(second) plasma step shows a time delay in film removal. Preliminary results of the
etching of the SiO, mask material in H, plasmas with various intentionally introduced

contaminants demonstrate the robustness of the H, plasma Cu etch process.
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CHAPTER 1

INTRODUCTION

1.1 Background

1.1.1 Microelectronics Device Progression and Interconnect Metallization

The silicon-based microelectronics or integrated circuit (IC) industry has had an
impressive progression with increasing number of devices, higher functionality and
enhanced speed demonstrated by devices and circuits in succeeding generations.
Recognition and quantification of this progression resulting from the economics of
electronic device fabrication (manufacturing cost per individual component as related to
circuit complexity) was formulated 45 years ago by Gordon Moore. His observed trends
and predictions, subsequently referred to as “Moore’s Law”, indicated that the number of
components per IC chip doubles every 1.5 to 2 years; indeed this “law” has accurately
described the long term trend in the IC industry for more than four decades[1-2]. The
ability of the IC industry to adhere to Moore’s Law was for many years primarily
dependent upon the continued reduction in patterned feature size which allows increased
numbers of devices to be fabricated per unit area of silicon. In recent years, adherence to
‘Moore’s Law’ has led to severe requirements on the density of interconnects for devices
or circuits with more than one billion transistors.

With this extraordinary number of devices to interconnect, higher circuit speed
became a very important factor for improving performance of new generations of ICs.

Circuit speed is determined by the time to transport carriers (electrons or holes) within



the transistors and the time for carriers to transport through interconnections between
devices. The latter time is called an RC delay, where R is the effective resistance and C
the effective capacitance [3-4]. RC delay strongly depends on wire length and material
properties [5], However, RC delay does not scale down as the feature size is scaled down;
interconnect RC delay increases as interconnect pitch (line width and space) decreases
due to the increase in line resistance [6-7]. In deep sub-micron design, RC delay became
dominant in determining the overall circuit performance [8].

Reductions in RC delay can be achieved by selecting a material with higher
electrical conductivity and by using a dielectric material to isolate the metal interconnect
layers that has a low dielectric constant (low-k), or at least a lower k than that of SiO, [9].
Thus both the introduction of low-k materials and the replacement of aluminum (Al) by
copper (Cu) have taken place. Specifically, the lower electrical resistivity of Cu (1.7 pQ-
cm) compared to that of Al (2.7 uQ-cm) has been critical in enhancing device
performance [10]. This change substantially reduced the RC delay, thereby enabling
higher speed operation for the continuously shrinking integrated circuits (ICs).

In addition to RC delay improvements, the enhanced electromigration resistance
of Cu relative to Al represents another significant improvement of Cu metallization over
Al Electromigration is a transport phenomenon associated with drift of atoms in a
conductor under the influence of an electric field and in the direction of the electron flow
[11]. Electromigration is a major cause of reliability limitations for metal lines [3, 12]
due to lower Cu grain boundary diffusivities [13]. Indeed, in Al lines, electromigration is
controlled by alloying Al with Cu. Due to these advantages, Cu became the preferred

choice of conductive material and has essentially replaced Al.



1.1.2. Plasma Etching or Pattern Definition

Plasmas are partially ionized gases that contain chemically active species (e.g.,
free radicals and excited state atoms/molecules) and energetic radiations: ions, electrons
and photons [14-15]. These species are generated by electron impact collisions wherein
electrons, accelerated by the radio frequency (rf) field, transfer their energy to molecules
or atoms causing excitation, dissociation, and ionization. In addition, ion acceleration into
surfaces in contact with the plasma impart energy and thus directionality/anisotropy to
the etch process. Plasma etching involves 3 steps: (1) active species are formed by
electron collisions; (2) the active species adsorb on the surface and react with the surface
to form volatile products; (3) the volatile products leave the surface and are pumped out
of the chamber [14]. If any of the three steps does not occur, etching will terminate.
Specifically, the limitation experienced in attempts at low temperature plasma etching of
Cu has been the inability to form volatile etch products.

Physical and chemical surface processes are essential to plasma etching. Four
basic plasma-surface processes involved in etching can be considered as illustrated in
Figure 1.1 [15]): sputtering, pure chemical etching, ion energy driven etching and ion-
enhanced inhibitor etching. Sputtering is the ejection of atoms from surfaces due to
momentum transfer by energetic ion bombardment and has essentially no selectivity to
underlying films or mask materials; etch rates are typically low, but sputtering can assist
removal of low volatility materials. In pure chemical etching, the etching is highly
selective but almost invariably isotropic since chemical reactions rather than ion

bombardment control the directionality. lon energy-driven etching combines chemical



and physical effects of etchant atoms and energetic ions; etch rates generally increase
with increasing ion energy although a trade-off exists between anisotropy and selectivity.
In ion-enhanced inhibitor etching, precursor molecules from the plasma deposit onto all
surfaces, including sidewalls, and thereby inhibit lateral etching while ion-enhancement
removes inhibitor species at the trench bottom to allow anisotropic etch profiles [15].

In the work described in this thesis, an inductively coupled plasma (ICP) reactor
was used as the primary plasma system. As indicated in Figure 1.2 [15], an ICP has two
rf power supplies, one that supplies power to the coil, and thereby generates high density
plasmas, and the other that supplies power and thus controls the voltage on the electrode
where the substrate/film resides. With these two power supplies, nearly independent
control of ion and neutral densities (coil power) and ion energy (electrode power) is

possible that permits improved control of the overall etch process.
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product
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Figure 1.1. Four basic plasma-surface etch processes: (a) sputting; (b) pure chemical
etching; (c¢) ion energy-driven etching; (d) ion-enhanced inhibitor etching [15]
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Figure 1.2. Schematic of a cylindrical inductively driven plasma reactor [15]

1.1.3 Current Copper Metallization Technology

Initially, the transition from patterning Al to patterning Cu was unsuccessful.
With Al metallization, blanket films are deposited by evaporation or sputtering, and
patterns formed by plasma-based etch processes using chlorine-containing gases such as
BCl; and Cl, with photoresist as an etch mask. But unlike Al, Cu did not form volatile
halogenated etch products at temperatures below 180 °C, which inhibited the subtractive
plasma etching of Cu at temperatures compatible with organic resist materials [16]. Even
with the implementation of “hard” masks such as SiO,, difficulties were encountered
because considerable sputtering of the mask material occurred as a result of the combined
effects of significant ion bombardment energy and flux, and elevated temperature needed
to obtain adequate etch rates and anisotropic etch profiles [5]. These restrictions led to

the introduction of damascene technology in 1997 [17].



In the damascene process, the need to subtractively pattern or etch Cu is avoided
by first plasma etching trenches or vias in a dielectric layer to form the regions where Cu
interconnects are to be placed. Cu films are then electroplated into the vias, followed by
chemical mechanical planarization/polishing (CMP) removal of the Cu overburden that
exists above the dielectric film [18]. Figure 1.3 shows a comparison of subtractive etch
processes and the damascene process[19]. The major difference is that the need to plasma
etch Cu is obviated by first patterning the dielectric material (normally SiO,) followed by
plating of Cu into the trenches or vias. Thus, the sequence of film patterning and

deposition are reversed relative to the subtractive process.
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Figure 1.3 Comparison of subtractive etch process and damascene process [19]

Although the damascene approach offers a method to obtain Cu patterns,
numerous problems exist with electroplating. For example, “superfilling” of the via or

trench is required. “Superfilling” refers to the defect-free filling of trenches or vias that



have vertical walls and high aspect ratios (ARs); that is, superfilling results in a higher
deposition rate at the trench bottom than on the trench sides [18]. Thus plating bath
additives are necessary to accomplish this mode of filling. Two categories of additives
are needed based upon their specific functions: accelerators and inhibitors. Accelerators
are typically sulfur-containing organic compounds that preferentially adsorb onto the
trench bottom. In comparison, inhibitors are generally polymeric species such as ethylene
glycol in the presence of chloride, that suppress deposition rates [20]. Due to the presence
of additives, incorporation of impurities into the Cu films from the plating baths is
unavoidable, which leads to the inhibition of grain growth during subsequent annealing
[13, 18]. In addition, control of the CMP process in terms of uniformity, defect
generation, Cu corrosion and impurity incorporation has been problematic [13, 21].
Finally, CMP uses large quantities of chemicals, de-ionized (DI) water, and consumables
(e.g., pads, polishing slurries) and therefore has a significant environmental impact [22-
23]. It should be noted that the CMP process cannot be eliminated entirely from back end
of line IC fabrication sequences due to the need for dielectric planarization. Nevertheless,
if an effective subtractive Cu etch process can be developed, Cu polishing will not be
required, resulting in the elimination of corrosion and impurity incorporation introduced
by the slurry. Therefore, pre-patterned annealing of Cu films should yield larger grain

sizes and thus lower film resistivities.

1.1.4 Size Effect Limitations in Damascene Technology

Damascene technology has played an essential role in the initial implementation

of Cu metallization. However, a critical limitation in this approach to Cu patterning has



arisen due to the adherence of the IC industry to Moore’s Law and thus the reduction of
minimum feature sizes, currently (2010) at 45 nm, as described by the International
Technology Roadmap for Semiconductors (ITRS) [2]. This limitation is the “size effect
of Cu, a phenomenon in which the electrical resistivity of Cu increases rapidly as lateral
dimensions are reduced below 100 nm (displayed in Figure 1.4) , thereby approaching the
electron mean free path in Cu (40 nm at 25 °C) [24-27]. The size effect in electrical
resistivity is a critical limitation to future device generations in the IC industry, since this
phenomenon increases the voltage drop, signal propagation delay, and Joule heating in
narrow lines. As a result of the resistivity increase, device and circuit speed decrease with
decreasing pattern or feature size; this effect can also have an adverse effect on the

reliability of local interconnects.
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Figure 1.4. Dependence of resistivity of damascene copper lines on line width [27]



The size effect in Cu is caused by electron scattering from both Cu sidewalls and
grain boundaries [26, 28]. Thus two approaches exist to reduce or eliminate this size
effect: decrease the Cu sidewall/surface roughness and grow larger Cu grains. However,
grain growth of Cu in damascene technology is dramatically hindered by the narrow
geometries [29] and impurities introduced into Cu that result from CMP and plating
processes [30]; that is, grain boundaries are pinned at the sidewalls, thereby limiting grain
growth and electroplating is a liquid process where solvents and additives in the bath that
permit defect-free filling of narrow, high aspect ratio trenches [31] are incorporated into
the Cu film. Therefore, the Cu size effect that causes degradation of current and future
device speed cannot be suppressed fully by existing Cu patterning technology. Rather,
development of new Cu patterning technologies that mitigate the size effect are required
if the past progression of the silicon semiconductor industry (e.g., Moore’s Law) is to
continue into future device generations.

With the exception of Cu, plasmas are used to define patterns for the films used in
IC fabrication. In comparison to damascene technology, subtractive plasma etching
begins with a blanket, high purity (sputtered or evaporated instead of plated) and
annealed Cu film which therefore has reasonable grain size (~1.5 times the film thickness
in the sub-100 nm regime) [29-30, 32]. The resistivity of the blanket, high purity,
annealed Cu film should therefore increase only moderately when patterned by plasma
etching. An increase in resistivity is expected due to the small line width (< 100 nm) and
thus surface scattering that takes place in Cu patterns with widths similar to the electron
mean free path. Because plasma-based etching can be used to pattern metal (conducting)

films other than Cu, this method of reducing the size effect can be evaluated. Indeed,
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clear advantages of subtractive etching compared to a damascene process have been
demonstrated for patterned tungsten (W) films in the sub-100 nm regime. Reactive ion
etched (RIE) W lines showed a distinctly lower resistivity than did W lines defined by the
damascene process, where the resistivities reported were ~13 pQ-cm for RIE lines vs.
18~23 nuQ-cm for damascene lines [33]. A similar advantage may therefore be expected
for Cu. Thus, effective fabrication of future Cu-metallized devices may depend on the

development of a plasma-based subtractive etch process.

1.1.5 Approaches to Plasma-based Cu Etching

Halogen-based (specifically chlorine-containing) plasmas have to date been the
ones investigated to plasma etch Cu. In large part this has occurred because copper
chlorides have the highest volatility of any halogen-containing Cu compound.
Furthermore, other conducting films such as Al, W, and heavily doped polycrystalline
silicon have been successfully etched by chlorine-based plasmas for many years [34].
The etch mechanism of Cu can be considered a two-step process: (1) formation of Cu
halides (CuCly or CuBry); (2) removal or desorption of these Cu halides [35]. However,
removal of Cu etch products from the surface is hindered due to the low volatility of Cu
halides.

High temperatures (> 180 °C) have been generally invoked to enhance desorption
of Cu chlorides [35-40]. At such temperatures, photoresist could not be used as a masking
material; thus hard masks such as SiO, or metals were used. ICP (inductively coupled
plasma) or ECR (electron cyclotron resonance) plasma reactors were utilized to achieve

high etch rates (up to 500 nm/min); RIE reactors typically yielded relatively low etch
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rates (<100 nm/min) even with the addition of N, or Ar into the halogen-based plasmas.
Addition of Ar or other gases increased the etch rate but did not substantially lower the
required high temperatures.

Since Cu etch rates were believed to be limited by desorption of CuCly from the
etching surface (at lower temperatures), additional energy input to the surface was
supplied to accelerate desorption, such as laser impingement or UV photon irradiation.
Indeed, photon-enhanced removal of Cu chlorides at temperatures below 100 °C by laser
[41], UV [42-46], or infrared radiation [47-48] has been reported. These processes are
believed to be driven either by local heating to promote thermal evaporation of etch
prodcuts, or by non-thermal processes such as electronic excitation. The exact cause of
the enhanced etch rates at low temperatures is currently undefined.

Both these approaches to achieve plasma etching of Cu films introduce
complexity and control issues into the patterning process. For example, high temperatures
greatly limit the choice of mask materials and lead to etch system compatibility issues,
while exposure of the etching surface to photons increases etch reactor complexity
although more reasonable temperatures are apparently possible. In order to avert
problems with product desorption, Cu chlorides formed by chlorine- or bromine-
containing plasmas have been removed by immersion of the halogenated Cu layers in
dilute HCI solutions; this approach offers an alternative low temperature two-step
approach to Cu patterning [49]. Although this method greatly reduced the temperature
required to remove the Cu chlorides, and thus permits the use of photoresist as a
patterning mask, the combination of vacuum and liquid processes increases the system

complexity, reduces the manufacturing throughput, and may lead to process integration
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issues. Thus, to date, none of the approaches reported have demonstrated a simple, fully

plasma-based Cu etching process that is suitable for future device and IC fabrication.

1.2 Thermodynamic and Kinetic Considerations in Plasma-Based Cu Etching

1.2.1 Theoretical Justification for a Two-Step Plasma Etch Process for Cu

Studies of the interaction of chlorine (without plasma enhancement) with Cu
surfaces [50-52] demonstrated that with low Cl, exposure doses at 25 °C, a Cu chloride
with an average stoichiometry of CuCly, 0<x<2, is formed; at high exposure doses, a
mixture of CuCl and CuCl, is observed [52]. In the temperature range of 170 to 200 °C,
Cu;Cl; is the gaseous product that is reported to desorb from a CuCl surface layer [50-
51]. Furthermore, for a constant exposure dose, the amount of Cu;Cl; desorbed, as
detected by mass spectrometry, increases with a decrease in temperature, rising rapidly
below 50 °C; that is, Cl, reacts much faster with Cu at 30 °C than at 125 °C [50],
suggesting that either the reaction is adsorption limited or a high volatility etch product is
formed under these conditions.

The above information suggests that (a) Cu can be easily chlorinated to form
CuCl and CuCly, (b) desorption of copper chlorides, including Cu;Cls can occur, (c)
temperatures below 30 °C may give rapid chlorination (chloride formation) rates. With
plasma enhancement to generate Cl and supply ion bombardment, anisotropic
chlorination may occur to form CuCly. Although Cu;Cl; can desorb at temperatures <
200 °C, this is still inadequate for implementation of photoresist as a mask material. Such

results suggest that if a method can be devised to readily and rapidly convert CuCl or
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CuCl; into a relatively volatile copper etch product, perhaps CusCl; that can be desorbed
at T <50 °C, then combination of this process with a plasma-enhanced chlorination of Cu
should allow low temperature, vapor phase Cu etching. This process would represent a
paradigm shift in the fabrication of Cu-based interconnects for ICs. This novel approach
should also offer a reliable, low contamination level, cost effective, and environmentally
benign process that could at least partially mitigate the size effect limitation of the current
damascene process for Cu patterning and greatly facilitate continuing advances in IC
technology.

A thermochemical analysis was used to investigate various solid-gas volatilization
reactions in the Cu-Cl-H system at temperatures < 200 °C [53]. Consideration of the Cu-
Cl volatility diagram indicates that under equilibrium conditions, the vapor pressures of
gaseous Cu species such as CuCl, CuCl,, and Cu;Cls are low. In fact, CuszCl; does not
have sufficient vapor pressure to ensure adequate etch rates significantly below 200 °C,
since the vapor pressure is < 10™ atm, consistent with previously reported observations of
Cu etching [50-51]. If a reactive gas such as atomic H is introduced into the Cu-Cl

system, an equilibrium such as that described by Eqn (1.1) may be operative:

3 CuCl, (c) + 3 H (g) = CusCl; (g) + 3HCl1 (g) (1.1)
The volatility diagram corresponding to Eqn (1.1) is shown in Figure 1.5, where

the metastable equilibrium between solid CuCl, and gaseous CusCls is shown and the

isobaric lines for different H partial pressures displayed. This figure indicates that even at

low partial pressures of H, reasonably high pressures of Cu;Cl; are achievable. In
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addition, Eqn (1.1) is exothermic, so that the driving force for reaction (1.1) is favorable
[53]. Perhaps the most interesting observation in Figure 1.5 is that the isobaric lines have
a negative slope, indicating that the Cu3Cl; partial pressure for a specific partial pressure
of H increases as the temperature decreases [53]. Such trends suggest that it may be
possible to volatilize Cu;Cls from CuCl, at low temperature in the presence of H, and
thereby enhance etch rates even at temperatures significantly below 100 °C. Although the
concentration of H in an H, atmosphere at reasonable temperatures is extremely small,
plasma dissociation of H, will increase the H partial pressure substantially, and thus may

enhance CuzCl; removal rates.
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Figure 1.5. Volatility diagram for the Cu-Cl system showing the isobaric lines for various
partial pressures of H (in atm) for the reaction 3CuCl,(c) + 3H(g) = CusCls(g) +
3HCI(g) [53].

1.2.2 Two-Step Plasma Etch Process for Cu

Based upon the above thermodynamic analysis, a novel two-step plasma etching

scheme was proposed to address the problem of low-temperature, plasma-assisted dry
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etching of copper [53]. The conceptual process, illustrated in Figure 1.6, consists of two
steps, which will require a number of cycles in order to remove thick (probably >10 nm)
Cu films. In the first step, Cu is chlorinated at low temperature in a Cl, plasma with
CuCl, preferentially formed over CuCl on the etching surface. In the second step, the
CuCl, layer is exposed to an H, plasma which according to Eqn (1.1) promotes the
reaction of CuCl, with H atoms to form CusCls; if the volatility of this product sufficient,
CusCl; can then evaporate from the surface [53]. These two steps can be repeated an
appropriate number of times as needed to obtain the desired etch depth as shown

schematically in Figure 1.6.

@—> () —> C)—> (d) —>(e) —> ()

Cly plasma Hjplasma Cl, plasma ...

0 copper M etchmask 0 CuCl [ CuCl,

Figure 1. 6. Proposed two-step plasma etching process [53]to pattern or etch a copper
feature: (a) a resist pattern creation; (b) exposure to a chlorine plasma for a specified time
to convert a certain thickness of Cu to CuCl and CuCl,, assuming anisotropic growth
with a CuCl, layer on top of CuCl; (¢) CuCl, layer removal with a hydrogen plasma using
the CuCl,-CusCl; reaction described by Eqn (1.1); (d) process shown in (b) is repeated;
(e) after a number of cycles involving the two sequential steps shown in (b) and (c) ; (f)
completion of etch after the necessary number of cycles.
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The goal of this thesis is to evaluate the possibility of using plasmas, particularly
those of chlorine and hydrogen, to etch patterns in copper films at temperatures below 50
°C, based upon previous thermodynamic analyses of the Cu-Cl-H system. Our particular
interests are identification of the rate controlling step in this process and the generation of
mechanistic insight for such low temperature copper etch processes. Since anisotropy,
etch selectivity to mask materials and underlying adhesive layers (e.g., Ti) and edge
roughness are important aspects of a successful etch process, these issues will also be
investigated. If successful, this novel approach to copper pattern definition could supply
an attractive alternative to the conventional damascene process for future IC device

fabrication.

1.3 Thesis Objectives and Organization
The brief introduction in this chapter describes the motivation and background related
to low temperature plasma-based etching of copper films. In the following chapters, details
regarding the studies performed are described. In particular, the specific objectives of this
thesis project are:

(1) Investigate approaches to design a low temperature plasma etch process for Cu;

(2) Gain insight into the mechanisms involved in this plasma etch process;

(3) Investigate the feasibility of such a low temperature plasma etch process by
evaluating characteristics required for the fabrication of device geometries such as
adequate etch rate, selectivity, and anisotropy;

(4) Compare the advantages of this low temperature plasma etch process to the

current damascene method for Cu patterning.
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Chapter 2 describes the investigation of a two-step plasma etching process for Cu
that involves Cu chlorination followed by reduction to form a more volatile etch product.
Chapter 3 describes a novel low temperature plasma etching process for Cu inspired by
mechanistic investigations of the two-step process; this new process uses only one step, a
H, plasma. Chapter 4 describes the effect of various plasma parameters on the physics
and chemistry involved in Cu etching. Chapter 5 utilizes optical emission spectroscopy
and temperature control to gain insight into the mechanism of the H, plasma etching
process. Chapter 6 investigates the effect of H, plasmas on SiO; masks during the Cu
etch process, and evaluates the effect of various contaminants present in the etch reactor
on SiO, etch rates. Chapter 7 presents an overall summary and conclusions obtained from

this project and offers recommendations for future research.
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CHAPTER 2
PATTERNING OF CU FILMS BY A TWO-STEP PLASMA

ETCHING PROCESS AT LOW TEMPERATURE

2.1 Introduction

As described by the International Technology Roadmap for Semiconductors
(ITRS) [1], the semiconductor industry has followed Moore’s Law for more than four
decades. Adherence to Moore’s Law has placed severe requirements on the device
density needed for increasingly complex higher speed integrated circuits (ICs). In order
to meet the speed requirements for current and future generations of ICs, Cu has virtually
replaced aluminum as the interconnect material of choice due to the lower electrical
resistivity relative to aluminum (1.7 uQ-cm compared to 2.7 pQ-cm)j; this change has led
to a substantial reduction in the resistance-capacitance (RC) delay.

Initially, the transition to Cu metallization was difficult, since no effective
subtractive plasma-based etch process for Cu was available at temperatures below 180°C,
primarily due to the low volatility of Cu etch products such as CuCly. As a result, IBM
introduced damascene technology in the 1990s to allow pattern formation in Cu films [2].
In the damascene approach, subtractive etching of Cu is avoided by electroplating Cu into
plasma-etched dielectric trenches or vias, followed by chemical mechanical
planarization/polishing (CMP) to remove the Cu overburden. Although many of the
problems related to the development and implementation of the Cu damascene process
have been overcome, a significant constraint has arisen for this technology when feature

dimensions fall below 50 nm. This constraint is due to the “size effect ” in Cu, a
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phenomenon in which the electrical resistivity of Cu increases rapidly as lateral
dimensions are reduced below 100 nm thereby approaching the electron mean free path
in Cu (40 nm at 25 °C) [3-6]. The size effect in electrical resistivity is a critical limitation
to future device generations since it increases the voltage drop, signal propagation delay,
and Joule heating in narrow lines. Two primary contributors to this size effect exist:
sidewall scattering and grain boundary scattering of electrons [5, 7]. Due to the intrinsic
limitations of damascene technology, it is unlikely that the size effect can be mitigated
for current Cu patterning technology. That is, the grain growth that occurs during normal
annealing processes is dramatically hindered by the narrow geometries [8] and impurities
[9] incorporated into grain boundaries during Cu electroplating.

However, annealing of blanket, high purity (non-electroplated) Cu films results in
extensive grain growth due to the semi-infinite dimensions of the thin film and the lack of
impurities in the deposited film[7, 9]. As a result, the resistivity of blanket-deposited and
annealed Cu films that are subsequently patterned to < 100 nm line widths is expected to
increase only moderately. Thus, development of a plasma-based, dry, subtractive etch
process that can be implemented following annealing of a blanket deposited Cu film of
semi-infinite dimensions is highly desirable for future device generations.

Most Cu plasma etch studies to date have invoked halogen-based plasmas,
although the low volatility of Cu chloride etch products has been well-recognized. In
order to remove etch products from the halogenated Cu surface, several different
approaches have been explored. High temperatures (>180 °C) have been used for the etch
process [10-20], although this greatly limited the selection of a mask material and led to

etch system compatibility issues. In addition, photo-assisted removal of etch products has
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been investigated; these approaches include laser[21], UV[22-28], or infrared radiation
[29-30], suggesting that excitation of the Cu surface by photons can facilitate desorption
of Cu chlorides relative to thermally enhanced desorption. In an alternative low
temperature two-step approach to plasma-based etching of Cu, plasmas of Cl,, HCI or
HBr have been used to chlorinate or brominate Cu films at room temperature. Removal
of the CuCly or CuBiy layer was achieved by immersion in a dilute HCI solution [31-36].
Although this method greatly reduced the temperature required to remove Cu chlorides,
the combination of vacuum and liquid process increases the system complexity and
reduces the manufacturing throughput; in addition, rough sidewalls can result from this
method. Thus, none of the approaches reported has conclusively demonstrated a fully
plasma-based Cu etching process that is suitable for future device fabrication.

Recently, we developed a low temperature two-step Cu plasma etching
process[37] that is based on a thermochemical analysis of solid-gas volatilization
reactions in the Cu-CI-H system[38]. In the first step, the Cu film is chlorinated in a Cl,
plasma at low temperatures to preferentially form CuCl, relative to CuCI[39]. In the
second step, a hydrogen plasma is used to convert CuCl, into CuzCls which is more
volatile than CuCl, or CuCl[40]. However, to date, Cu patterning has not been
demonstrated using this low temperature process. In this chapter, we describe the
patterning of Cu films by this novel two-step plasma etching process, and investigate the
etching mechanism.

There have been a limited number of H, plasma-related approaches to Cu etching
and removal of Cu compounds reported to date. One of the approaches used a Cl,/H,

plasma to etch Cu films at ~200 °C. The Cu etch rate displayed a maximum at 20% Cl,

29



and 80% H,. The authors speculated that the reason for this behavior involved two
competitive processes: decreased flux of active species to the surface and nonlinear
desorption of reaction products under ion bombardment [41]. In another study, a H,
plasma was used to reduce a mixture of Cu salts and oxides that contained 7.3% CI [42].
This investigation was performed in order to clean oxidized Cu surfaces. From these
studies, we conclude that a H, plasma may play an important role in the removal of Cu
chlorides. As a result, the experiments described below investigate the etching and
patterning of Cu films by the two-step plasma etch process reported previously [37], and

study the role of a H, plasma in this etch process.

2.2 Experimental

2.2.1 Cu Sample Preparation

100nm thick Cu films were deposited by e-beam evaporation (CVC E-Beam
Evaporator) onto silicon wafers that had been coated with 20 nm of titanium to promote
Cu adhesion to silicon.

Both blanket and masked Cu films were investigated in these plasma etch
atmospheres. Masked Cu films invoked SiO; (126nm) as the mask layer. The SiO; film
was deposited in a Plasma Therm PECVD (plasma enhanced chemical vapor deposition)
system with 400 sccm SiH4 and 900 scem N,O as precursors; the substrate electrode was
heated to 250 °C, the power applied to the electrode was 25 W, and the pressure was
maintained at 900 mtorr during the deposition process. Mask patterns were generated by
fluorine-based plasma etching in an inductively coupled plasma (ICP) reactor (Plasma

Therm SLR); the etch gas was a mixture of 25 sccm Ar, 2 sccm O3, 14 sccm CF4 and 6
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sccm Cy4Fg, The power applied to the ICP coil (RF2) was 100 W, whereas the power
applied to the substrate (RF1) was 200W, while the process pressure was maintained at

Smtorr.

2.2.2 Plasma Etching of Cu by a Two-step Process

Plasma etching of thin Cu films was performed within the same ICP reactor as
that used to pattern the SiO, mask. Several cycles of the two-step plasma etching process
(Cl, plasma followed by H, plasma) were required to completely etch the 100nm Cu film.
In all experiments the substrate temperature was maintained at 10 °C by use of a chiller
connected to the substrate electrode. Initial studies used a two-step etch process that
consisted of a 2 min Cl, plasma followed by a 2 min H, plasma; both Cl, and H, gas flow
rates were 10 standard cubic centimeters per minute (sccm) and the reactor pressure was
maintained at 20 mtorr. The power applied to the ICP coil (RF2) was 500 W, whereas the
power applied to the substrate (RF1) was 150W. In order to improve the etch rates and
pattern fidelity and reduce the time needed for the etch process, RF1 for the Cl, plasma
and the H, plasma was tuned between 50 and 150W; in addition, the Cl, plasma exposure
time was shortened to 30sec. Addition of argon into the hydrogen plasma resulted in

improved etch profiles and higher etch rates.

2.2.3 Post Etch Characterization

After Cu etching, the hard masks were removed by a dilute HF solution (1:50).
Some samples were cleaned using an ultrasonic bath of DI water to remove post-etch

residues.
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Chemical analysis of the films and surfaces before and after plasma etching was
performed using X-ray photoelectron spectroscopy (XPS). XPS spectra were collected
using a Physical Electronics (PHI) Model 1600 XPS system equipped with a
monochromator. Cu film patterns were examined with a scanning electron microscope
(SEM, Zeiss SEM Ultra60). Thickness changes of the Cu layer were determined from

SEM images.

2.3 Results and Discussion

2.3.1 Etch results for 100nm blanket Cu film

100nm thick Cu films were etched using five cycles of the two-step plasma etch
process; each cycle consisted of a 2 min chlorine plasma and a 2 min hydrogen plasma.
Conditions for both plasmas were: RF1=150 W, RF2=500 W, 20 mtorr total pressure, 10
sccm flow rate for each gas. XPS spectra of Cu 2p peaks for samples before and after the
etch process cycles are shown in Figure 2.1. The spectrum of the untreated sample
displays four characteristic peaks for Cu. The binding energy range of 930-937 eV
contains the Cu2p3 peak, composed of two individual peaks: 932.59 eV and 934.67 eV,
corresponding to Cu,O and CuO, respectively [43]. The area ratios under these two
peaks are 32.08% and 67.92%, which indicates that Cu (II) is the primary species present
at the surface. In comparison, the XPS spectrum of a sample exposed to 5 etch cycles,
showed no detectable Cu peaks; thus, 5 cycles completely remove a 100nm blanket Cu
film. These results indicate that the etch rate for the two step sequence is at least 20

nm/cycle under the specified etch conditions.
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Figure 2.1. XPS spectra of 100nm blanket Cu films showing Cu 2p peaks before and
after etching: 5 cycles of (2 min Cl, plasma + 2 min H, plasma).

2.3.2 Role of Cl, Plasma and H, Plasma

In order to investigate the effects of chlorine and hydrogen plasmas on Cu
surfaces and compare these experimental results to those predicted by a thermochemical
analysis [38], we performed XPS measurements on samples exposed to a 2 min chlorine
plasma, and on samples exposed to 1 cycle of the two-step etch process (2 min chlorine
plasma followed by 2 min hydrogen plasma). These spectra are compared to that of an
untreated Cu sample in Figure 2.2. After a 2 min chlorine plasma treatment, a Cu Cu2p3
peak is observed at 934.08e¢V which corresponds to CuCl,, while no Cu Cu2p3
corresponding to CuCl was observed; this observation indicates that CuCl, is
preferentially formed under this plasma chlorination condition. After 1 cycle of the two-

step etch process, the Cu Cu2p3 was split into a 932.52eV peak and 934.74eV peak,
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which correspond to CuCl and CuCl, respectively[44]. Compared to the unetched
surface, the peak area ratio of CuCl, dropped from nearly 100% to 31.78%. This result is
consistent with plasma chlorination of a Cu film to form CuCl, on the film surface and
formation of CuCl beneath the surface. A subsequent H, plasma generates H atoms that
can react with CuCl, to form CusCl; as predicted previously [38]. Since CusCl; has much
higher volatility than either CuCl or CuCl, [40], essentially only CuCl should remain on
the surface, in agreement with the XPS spectra shown in Figure 2.2. However, it is
conceivable that CuCl could form during the H, plasma treatment step. At present, we
are unable to differentiate between such reactions and the reduction of CuCl, to form
Cu;Cl; which desorbs during the H; plasma step and leaves the less fully-chlorinated

CuCl layer which is detected by XPS.
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Figure 2.2. XPS spectra of 100nm blanket Cu films showing Cu 2p peaks before and after
a) 2 min Cl, plasma; b) 2 min Cl, plasma + 2 min H; plasma.
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For the studies described in this chapter, the length of the H, plasma step was
fixed at 2 min. This time was selected because our studies indicated that the H, plasma
step is the rate-determining step for the two-step etch process. Therefore, we have used a
longer plasma exposure time for H than for Cl, (30 sec). However, we also investigated
both 5 min and 1 min H; plasma treatment times. The longer time showed no apparent
improvement in copper chloride removal rate, while the shorter time resulted in an
overall decrease in removal rate, since more cycles were needed to etch through a

specific Cu film thickness. As a result, we fixed the H, plasma treatment time to 2 min.

2.3.3 Patterning of 100nm Cu Films with a SiO, Mask

2.3.3.1 SEM results of chlorination step and hydrogen treatment step

Studies to gain insight into the roles of chlorine and hydrogen plasmas in
patterning Cu with this two-step etch process using a SiO, mask have been performed.
Figure 2.3a shows a cross sectional SEM of a 100 nm Cu film etched with 2.5 cycles of
two-step etch process (two cycles plus one additional Cl, step) where the first etch step
invoked a 30 sec Cl, plasma and the second step invoked a 2 min H, plasma (the purpose
of changing chlorination time from 2 min to 30 sec will be discussed later in this section).
Figure 2.3b shows a cross sectional SEM of a 100 nm Cu film patterned using 3 cycles of
this two-step etch process (30 sec Cl, plasma + 2 min H,). Figure 2.3a indicates that Cu
plasma chlorination occurs rapidly as indicated previously [39]; this process thereby
converts a significant depth of Cu (~80 nm) to CuCly which increases the film volume
(and thus thickness) due to the conversion [39]. The subsequent H, plasma then removes

~50 nm of the CuCl layer in 2 minutes (Figure 2.3b). As a result, the total thickness of
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the chlorinated Cu layer will be greater than 100 nm since a volume (e.g., thickness)
increase occurs during the chlorination step. Due to the low mass of hydrogen ion
species, sputtering is not likely to be the sole mechanism for hydrogen-assisted removal

of CuCly. Rather, a chemical-assisted etching process is believed to control the etching.

Figure 2.3. Cross sectional SEMs of SiO, masked 100nm Cu film: (a) after 2 cycles of
two-step etch process plus 30 sec Cl, plasma (b) after 3 cycles of two-step etch process.
The two-step etch process includes 30 sec Cl, plasma (RF1=100 W) and 2 min H, plasma
(RF1=150 W), 20 mtorr, 10 sccm flow rate for both gases, RF2=500 W.

2.3.3.2 Effects of chlorination step time

A comparison of Cu patterns formed using both 30 sec and 2 min Cl, plasma
steps is shown in Figure 2.4; these results indicate that the longer the chlorination time,
the more extensive the undercut, as is evident from comparison of Figures 2.4a and 2.4b.
Since Cu chlorination is not the rate determining step in the etch process, all subsequent

patterning studies were performed with the Cl, plasma step at 30 sec, in order to
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minimize lateral (sidewall) chlorination introduced by the longer chlorination time. Only
the H, plasma parameters were subsequently changed, while the ICP power (RF2) and

temperature were fixed at 500 W and 10 °C, respectively.

Figure 2.4. Cross sectional SEMs of SiO, masked 100nm Cu film after 2 cycles of two-
step etch process. The two-step etch process includes (a) 2 min (b) 30 sec CI, plasma
(RF1=100 W) and 2 min H; plasma (RF1=150 W), 20 mtorr, 10 sccm flow rate for both
gases, RF2=500 W.

2.3.3.3 Issues with two-step plasma etch of Cu

Two major limitations observed with this two-step Cu patterning process are
rough pattern edges and sidewall/edge residue (Figure 2.5a). Both of these are difficult to
avoid due to the high reactivity of Cu with chlorine. Residues likely arise because Cu
edges beneath the SiO, mask are chlorinated leading to volume expansion due to the
CuCly formed. Furthermore, when adhesion of the mask to the Cu surface is inadequate,

chlorination occurs at the interface, thereby lifting the mask and creating residues at the
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Cu edge. In addition, re-deposition of plasma etch products may enhance the residue
observed since the volatility of CusCl; is limited. Residual hydrogen species at the edges
may also react with chlorine to form HCI which can react with Cu. In order to minimize
lateral Cu chlorination, we reduced the chlorination time to 30 sec and have varied the H,
plasma parameters in order to reduce the sidewall roughness while maintaining a
reasonable etch rate.

Applied substrate power (RF1) during the H, step was decreased from 150 to 50
W; this improved the edge roughness as can be seen by comparison of Figures 2.5b and
2.5c. A higher RF1 power (150 W) yields a higher hydrogen ion energy, which therefore
increases the amount of energy transferred to the Cu film. This process results in
enhanced sputtering; some of the sputtered Cu or CuCl, redeposited on the sidewalls. In
addition to this enhanced sputtering, further chlorination can occur on the sidewall and so
enhance undercut. These processes degraded the edge definition. However, the reduced
RF1 also decreased the etch rate from 10 nm/cycle to 8 nm/cycle and therefore requires
more cycles to completely etch through 100nm of Cu; indeed, residues are observed in
the etched area (Figure 2.5c). More etch cycles increase the total chlorination time and
thus yields additional undercutting and increases the etch residue.

Since argon is an effective sputter etching gas, an Ar/H; plasma with a ratio of 45
sccm Ar: 5 sccm H, was used in the second step of the two-step etch process. Although
only 10% H, was present, the etch rate was much higher than that without Ar, which is
consistent with enhanced energy input to the surface. In addition, the residence time
decreased due to the increased total flow rate (50 sccm instead of 10 sccm) and constant

pressure. The shorter residence time improves the desorption rate of etch products by
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removing the desorbed species from the surface, thereby enhancing the local
concentration gradient and so the etch rate. RF1 was 150 W and RF2 was kept at 500 W.
Under these conditions, the time required to etch through a 100 nm Cu film dropped
dramatically, because the etch rate doubled relative to using pure H; in the second step.
Figure 2.5d displays a much improved sidewall roughness and no visible etch residue.
Furthermore, only 6 etch cycles were needed to completely remove the copper film. The
etch process for Cu removal is not completely physical (sputtering), since pure Ar in the
second step did not effectively remove the CuCl layers as shown in Figure 2.5e.
Furthermore, Figure 2.5f indicates that a pure Ar plasma (without the previous
chlorination step) could not effectively remove Cu films. However, use of an Ar/H,
plasma in the second step of the low temperature process resulted in pattern definition
with little to no residue in the etched areas. Clearly, H atoms generated from the H,
plasma play an important role in removal of the CuCly layer, perhaps through formation
of Cu;Cl;, where removal is facilitated by Ar" bombardment. We should also note that H,
addition may change the chemistry and physics of the Ar plasma, and thereby alter the Cu
etch process. However, further discussion of this possibility is beyond the scope of the

current chapter.
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Figure 2.5. SEM images of SiO, masked 100nm Cu film after certain cycles of the two-
step etch process. The 30 sec Cl, plasma is always under the same condition: RF1=150
W, 10 sccm flow rate. Both plasmas have the same 20 mtorr pressure and RF2=500 W,
10°C. (a) 10 cycles, H, plasma: RF1=100 W, 10 sccm; (b) 10 cycles, H, plasma:
RF1=150 W, 10 sccm; (c) 12 cycles, H, plasma: RF1=50 W, 10 sccm; (d) 6 cycles, (45
sccm Ar + 5 scem Hy) plasma, RF1=150 W); (e) 4 cycles, 50 sccm Ar plasma, RF1=150
W; (f) 8 min Ar plasma (without previous chlorination), 50 sccm, RF1=150 W.
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2.4 Conclusion:

A two-step plasma etch process for Cu has been developed and successfully
utilized to pattern Cu thin films at low temperature (10 °C) in an ICP system. This two-
step etch process includes a chlorine plasma followed by a hydrogen plasma. The Cl,
plasma formed CuCly on the surface of Cu films while the H, plasma assisted removal of
the CuCly layer, and this process is believed to be at least partially chemically controlled.
Cu patterns were generated by invoking SiO; as a mask layer. Two major limitations
were observed during the patterning process: rough pattern edges and sidewall/edge
residues. In order to address these issues, plasma parameters were altered. Shorter
chlorination time, lower applied substrate power, lower residence time and the addition of
Ar to the second (H) step all improved the pattern definition while allowing reasonable
etch rates.

Our work indicates that the hydrogen plasma plays a key role in this two-step Cu
etching process, although the mechanism is not yet established. XPS analysis of the Cu
surface before and after chlorination as well as after hydrogen treatment has been
performed; results agreed with the original prediction: in the first step, Cu is chlorinated
to preferably form CuCl,, while in the second step, CuCly layer is partially removed by a
H, plasma. These conclusions are consistent with cross-sectional SEM images of
patterned Cu films. The initial predictions are based on a previous thermodynamic
analysis of the solid-gas Cu-CI-H system [38], which indicated that in the presence of H

atoms, CuCl, will be reduced to form Cu;Cls, and that Cu;Cl; has sufficient volatility to
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be removed from the Cu surface. Further investigations into the etch mechanism of this

two-step process and into approaches to reduce the current edge roughness are underway.
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CHAPTER 3
LOW TEMPERATURE ETCHING OF CU BY HYDROGEN-BASED

PLASMAS

3.1 Introduction

The resistivity of interconnect materials is the primary determinant of integrated
circuit (IC) speed for current and future devices [1-2]. Patterns are normally generated in
these materials by plasma-assisted (subtractive) etching. However, due to the inability to
form volatile Cu etch products during halogen-based plasma etching [3], damascene
technology was introduced to avoid the need for Cu plasma etching [4]. Although
damascene technology played an essential role in the initial implementation of Cu
metallization, a critical limitation has arisen due to the adherence of the IC industry to
Moore’s Law [5] and thus the reduction of minimum feature sizes. This limitation is the
“size effect ” of Cu, where the electrical resistivity of Cu increases rapidly as lateral
dimensions are reduced below 100 nm, thereby approaching the electron mean free path
in Cu (40 nm at 25 °C) [6-9].

Two approaches exist to reduce or eliminate the Cu size effect: decrease the Cu
sidewall/surface roughness and grow larger Cu grains. However, grain growth of Cu in
damascene technology is dramatically hindered by the narrow geometries [10] and
impurities introduced into Cu that result from chemical mechanical
planarization/polishing (CMP) and plating processes [11-12]. Therefore, development of
new Cu patterning technologies that mitigate the size effect are required for future device

generations. Subtractive etching may offer a viable approach. Indeed, etched tungsten
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(W) lines showed a distinctly lower resistivity than did W lines defined by the damascene
process, where the resistivities reported were ~13 uQ-cm for plasma etched lines vs.
18~23 nuQ-cm for damascene lines [13]. A similar advantage may therefore be expected
for Cu.

Halogen-based (specifically chlorine-containing) plasmas have to date been the
ones investigated to plasma etch Cu but removal of Cu etch products from the surface is
hindered due to the relatively low volatility of Cu halides. Thus, high temperatures (>180
°C) have been generally invoked to enhance desorption of Cu chlorides [14-19].
Alternatively, photon-enhanced removal of Cu chlorides at temperatures below 100 °C by
laser [20], UV [21], or infrared radiation [22] has been reported. Both approaches
introduce complexity and control issues into the patterning process. Cu halide product
desorption has been averted by plasma chlorination or bromination of Cu followed by
removal of the halides by immersion in dilute HCI solutions, thereby offering an
alternative low temperature two-step approach to Cu patterning [23]. However, this
method requires a combination of vacuum and liquid process and so increases the system
complexity, reduces the manufacturing throughput, and may lead to process integration
issues.

In Chapter 2, we developed a low temperature (10 °C) two-step Cu plasma
etching process [24] based on a thermochemical analysis of solid-gas volatilization
reactions in the Cu-Cl-H system [25]. The Cu film is first chlorinated in a CI, plasma to
preferentially form CuCl, relative to CuCl [26]. In the second step, a hydrogen plasma is
used to convert CuCl, into a product with improved volatility, presumably CusCl; [27].

Although this sequence represents an improvement relative to current approaches to
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plasma-based Cu etching, the process requires an etch sequence that will reduce overall
etch rate and thus throughput. Our Cu patterning and etching mechanism studies for this
two-step process indicated that the H, plasma treatment (2™ step) is rate-limiting and a
critical component in establishing etch pattern fidelity [28]. Thus in this chapter, we
describe studies that demonstrate the ability to etch Cu films in a pure H, or a Hy-based
plasma at low temperatures. This surprising result offers a straightforward approach to
patterning Cu using a simple plasma (vacuum) single step process, thereby greatly

improving manufacturability and process control.
3.2 Experimental

3.2.1 Cu Sample Preparation

Copper films of 100 or 300 nm thickness were deposited by e-beam evaporation
(CVC E-Beam Evaporator) onto silicon wafers that had been coated with 20 nm of
titanium to promote Cu adhesion to silicon. Electroplated Cu films (145 nm electroplated
Cu films grown from an 80 nm physical vapor deposited (PVD) seed layer followed by
annealing at 200 °C in forming gas for 30 sec) were also studied. Since no differences in
etch properties were observed, the results reported in this chapter are from e-beam

deposited Cu films. Cu-coated substrates were sectioned into etch samples ~1 cm®.

Masked Cu films invoked SiO; (~150 nm) as the mask layer. The SiO, film was
deposited in a Plasma Therm PECVD (plasma enhanced chemical vapor deposition)
system with 400 sccm SiHs and 900 sccm N,O as reactants; the substrate electrode was

heated to 250 °C, the power applied to the electrode was 25 W, and the pressure was
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maintained at 900 mtorr during the deposition process. Mask patterns were generated by
fluorine-based plasma etching in an inductively coupled plasma (ICP) reactor (Plasma
Therm ICP): the etch gas was a mixture of 25 scem Ar, 2 sccm Oy, 14 sccem CF4 and 6
sccm C4Fg, RF1 (power applied to the platen) was 200 W and RF2 (power applied to the

coil) was 100 W, while the process pressure was maintained at 5 mtorr.

3.2.2 H, Plasma Etching of Cu

Plasma etching of thin Cu films was performed within the same ICP reactor. The
substrate temperature was maintained at ~10 °C using a water cooled chiller connected to
the substrate electrode. The H, gas flow rate was 50 standard cubic centimeters per
minute (sccm) and the reactor pressure was maintained at 20 mtorr. The radio frequency
power applied to the ICP coil (RF2) was 500 W, whereas the power applied to the
substrate (RF1) was 100W. Both blanket and masked Cu films were investigated in these

plasma etch atmospheres.

3.2.3 Post Etch Characterization

Chemical analysis of the films and surfaces before and after plasma etching was
performed using X-ray photoelectron spectroscopy (XPS). XPS spectra were collected
using a Thermo Scientific K-Alpha XPS. Cu film patterns were examined with a
scanning electron microscope (SEM, Zeiss SEM Ultra60). Thickness changes of the Cu

layer were determined from SEM images and a Wyko Profilometer.
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3.3 Results and Discussion

3.3.1 H, Plasma Etching of Cu

Plasma etching of 100 nm Cu films was performed in an inductively coupled
plasma (ICP) reactor. Figure 3.1a shows a scanning electron microscope (SEM) image of
an SiO,-masked Cu film prior to etching; Figure 3.1b indicates that an 8 min H, plasma
completely removed the 100 nm copper film (above a 20 nm Ti adhesion layer) under the
conditions RF1 (platen power) = 100 W, RF2 (coil power) = 500 W, with flow rate and
pressure 50 sccm and 20 mtorr, respectively. The temperature of the substrate electrode
was assumed to be the same as that of the chiller (10 °C); clearly this is not the Cu
surface temperature, but substantial temperature excursions (> 20 °C) are unlikely over
the etch time (normal 8 min) and conditions used. Figure 3.1b also shows that etching
terminated at the Ti adhesion layer (confirmed by further etching), indicating that etch
selectivity of Cu over Ti is possible. In addition, the Cu profile is anisotropic, although
the sidewall surface is rough. This result demonstrates the feasibility of etching Cu with a

pure H; plasma at low temperatures.
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Figure 3.1. Cross sectional SEM of SiO, masked 100 nm Cu films: (a) before; (b) after 8
min of H, plasma etching under the conditions RF1=100 W, RF2=500 W, 20 mtorr
pressure, 50 sccm flow rate and 10 °C electrode temperature

3.3.2 XPS Studies of Cu Surfaces after H, Plasma Etch

Etch studies on blanket Cu samples were performed to gain additional insight into
this H, plasma etching process. X-ray photoelectron spectroscopy (XPS) was used to
probe blanket Cu surfaces before and after an 8 min H; etch cycle. Figure 3.2 shows that
the untreated sample displays four characteristic peaks for Cu, but Ti is not detected since
the sampling depth of XPS is < 10 nm; after the H, plasma treatment, Cu peaks are not
apparent which indicates removal of the Cu film by the H, plasma at least to the
detectability limit of XPS. The appearance of Ti peaks after the etch process indicates

that a H, plasma does not substantially etch Ti under these etch conditions.
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Figure 3.2. Cu (a) and Ti (b) 2p spectra (XPS) of 100 nm blanket Cu films before and
after an 8 min (pure) H, plasma treatment. Atomic percentages of the surface before and
after the H; treatment are (Cu2p: 15.92, Ols: 35.81, Cls: 48.26 %) and (Ti2p: 16.47, Ols:
48.12, Cl1s 28.31, Fl1s: 2.91, N1ls: 4.18 %), respectively. The carbon and oxygen detected
are from exposure of the surfaces to air after etching. The small amount of F on the Ti
surface after H, etch arose from the reactor chamber where a fluorine-based plasma is

used to etch the SiO, mask in patterning studies.

This result is unexpected since copper hydrides are not predicted to have

significant volatility (this issue is discussed in the following paragraphs), and H, should
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not efficiently sputter Cu due to the low molecular (or atomic) weight. We also note that
the same H, etching capability was observed on electroplated Cu samples (145 nm
electroplated Cu on 80 nm physical vapor deposited seed layer), which indicates that this
phenomenon is not unique to e-beam evaporated Cu films. In order to gain additional
insight into the role of ion bombardment in this Cu plasma etching process, argon was
used as a Cu etchant to allow comparison of this more efficient sputter gas to results

obtained with Ho.

3.3.3 Hy/Ar Cu Plasma Etching

Figure 3.3 shows cross sectional SEM images of masked Cu samples after 8 min
of etching using different H,: Ar ratios, where Figures 3b and 3d are cross-sectional
images of a 100 nm Cu film etched for 8 min in a 1:1 Hy:Ar plasma and in an Ar plasma,
respectively. Both etch runs were performed with RF1=100 W, RF2=500 W, 20 mtorr
pressure, and an electrode chiller temperature of 10 °C. The gas flows were: 50 sccm Ar
for Ar plasma, 25 sccm H; plus 25 sccm Ar for Ho/Ar plasma. Figure 3.3d demonstrates
that under these conditions, Ar is able to etch Cu, albeit at a low rate of < 4 nm/min; this
represents a pure sputter rate for Cu. However, significant ablation of the SiO, mask is
apparent, consistent with the ability of Ar ion bombardment to remove materials by
momentum transfer. However, the Hy/Ar plasma (Figure 3.3b) displays a much improved
etch result compared to Ar (Figure 3.3d) and an improvement relative to that of a pure H,
plasma (Figure 3.3a) , with a smoother etched surface and higher etch rate (~ 16 nm/min
under the conditions used). These results indicate that the mechanism involved in the H;

plasma etching of Cu has a chemical component. The fact that directional etching with no
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discernible undercutting of the SiO, mask is observed in a H, plasma suggests that a

physical (sputtering) component due to ion bombardment is also involved.

Figure 3.3. Cross sectional SEM images of SiO, masked 100 nm Cu films: after 8 min
plasma Cu etching with flows of (a) 50 sccm H; (b) 25 sccm H, + 25 scecm Ar (¢) 10
sccm Hy + 40 sccm Ar (d) 50 sccm Ar. Other etch conditions were RF1=100 W,
RF2=500 W, 20 mtorr pressure, and 10 °C electrode temperature.

Because Ar ion bombardment should assist in the removal of Cu etch products
due to the high atomic weight and thus momentum transfer, the effect of different Hy/Ar

plasma mixtures was investigated. Clearly, in Figure 3.3, the etch profile anisotropy

57



(sidewall angle) degrades with increasing Ar concentration. Also, the etch rate of Cu
relative to SiO, increases and then decreases as the Ar concentration increases.
Specifically, the etch rates for these different ratios were 13, 16, 10 and 4 nm/min
respectively as determined from SEM images of samples whose patterns were only
partially etched. These observations indicate that an optimum combination of chemical
and physical effects exists for efficient Cu etching. Enhanced ion bombardment assists
desorption, but the presence of hydrogen, probably H, is critical to effective etching.
Finally, the increased sidewall slope that results from increasing Ar concentration (Figs.
3.3a-d) is consistent with increased sputter rate of the SiO, mask which yields sloped
sidewalls [29]. These results confirm our conclusion regarding the importance of a

chemical component in the plasma-assisted etching of Cu in H,-based plasmas.

Preliminary effects of temperature changes were also investigated by increasing
the substrate temperature from 10 °C to 40 °C in 15 © increments. H, plasma etch
conditions were the same as those of previous etch studies, although 300 nm thick Cu
samples were used to allow etch depths to be measured by profilometry and thereby
obtain etch rates. Over this small temperature regime, etch rates (roughly measured from
SEM images) were not affected by temperature; etch rates for all experiments were ~13
nm/min. Due to equipment limitations, higher temperatures were not possible with this
reactor system; further studies are underway using other plasma reactors. These
observations indicate that at least over the narrow range of temperatures investigated, H,
plasma-based etching of Cu films offers a wide temperature control window for
implementation of a manufacturable etch process. Possible reasons for the volatilization

of Cu in these low temperature processes are discussed in the following paragraphs.
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Hydrogen, especially in the atomic form, has a high chemical reactivity and lattice
mobility; indeed, H embrittlement of Cu is an important source of Cu degradation [30]. In
a plasma environment, H or H can react with film material and release H into the solid,
which can cause the formation of defects or highly metastable phases [31]. Introduction
of hydrogen into f.c.c metals has resulted in microstructure changes; specifically with
copper, micro bubbles may be generated [30]. These observations suggest that Cu
hydrides may form as a result of plasma exposure. However, thermodynamic calculations
indicate that the vapor pressures of Cu hydrides (CuH, CuH; or other CuH species) are
too low to substantially enhance vapor phase Cu removal or etching [25]. Because we
observed that the Cu etch rate in a pure H, plasma was higher than that for the two-step
etch process (chlorination followed by hydrogen treatment) [28], alternate mechanisms

for Cu etch product desorption must be considered.

In a H; plasma, the Cu surface is bombarded by ions and electrons, as well as UV
and visible photons; these particles and photons supply energy to the Cu surface and can
enhance etch product removal. Indeed, photodesorption of metal atoms have been
reported upon exposure of alkali metals such as Na, K, and Cs to photons [32];
specifically, desorption of sodium atoms was detected even with 40 mW/cm® cw laser
exposure, where the excitation wavelength was 514 nm [33]. As indicated by the atomic
spectrum of hydrogen [34], intense atomic lines in the UV wavelength range of 90 - 120
nm will be present in the H, plasma. Although CuH is reported to be thermally unstable,
even at 0 °C [35], more recent studies suggest that in the presence of a high hydrogen
pressure or high hydrogen activity, CuH might be formed [36]. It is also likely that this

reaction may be promoted by the presence of H (e.g., from the plasma atmosphere) which
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can react with Cu. If sufficient stability of CuH is achieved, desorption of this product
may be enhanced by ion and/or photon bombardment. Therefore, photon-assisted

desorption of products such as CuH may be important in Cu removal using H, plasmas.

These observations are consistent with reports of photon-enhanced removal of
copper chloride etch products using UV [21] or even IR radiation [22]. In these studies,
UV irradiation was believed to promote the surface reaction between Cu and chlorine by
lowering the activation energy of Cu to preferentially form specific Cu chlorides (CuCl
or CuCl,). However, our studies [28] as well as those of previous investigators [26], have
demonstrated that Cu chlorination occurs rapidly and thus should not limit Cu removal
rates. Thus, the enhanced etch rates of Cu in chlorine plasmas due to photon irradiation as
demonstrated in previous studies may have resulted from photon assisted etch product
removal rather than from reaction rate enhancement. Such observations combined with
the high energy photon emission that occurs in H; plasmas [34] and the reduced removal
rates with Ar which is known to be an effective sputter gas, suggest that UV enhanced

desorption of Cu etch products in a H, plasma is plausible.

3.4 Conclusion

The surprising results in this study showed that thin Cu films (blanket and SiO,
masked) were etched in a H, plasma at temperatures below room temperature, with an
anisotropic profile and high selectivity over Ti. Etch rate variation of pure Ar and Hy/Ar
plasmas indicated that chemical and physical components were involved in the etch

process. Although the etch mechanism is not yet understood, these preliminary studies
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suggest that chemical effects and ion bombardment play a role in the low temperature H»-

based Cu etch process, and photon enhancement may be involved as well.
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CHAPTER 4
MECHANISTIC CONSIDERATIONS OF LOW TEMPERATURE

HYDROGEN-BASED PLASMA ETCHING OF CU

4.1 Introduction

We discussed the low temperature (10 °C) two-step Cu plasma etching process [1]
that is based on a thermochemical analysis of solid-gas volatilization reactions in the Cu-
Cl-H system [2] in Chapter 2. In the first step, the Cu film is chlorinated in a Cl, plasma
at low temperatures to preferentially form CuCl; relative to CuCl [3]. In the second step,
a hydrogen plasma is used to convert CuCl, into a product with improved volatility,
presumably CusCls, which is more volatile than CuCl, or CuCl [4]. Our Cu patterning
and etching mechanism studies of this new process indicated that the H, plasma treatment
for Cu chloride removal is the rate-limiting step and a critical component in establishing
etch pattern fidelity [5]. Most importantly, these studies also demonstrated that a pure H,
plasma can etch a Cu film at these low temperatures [6], which was discussed in Chapter
3. This surprising result offers a simple approach to patterning Cu using a single step
plasma (vacuum) process, thereby greatly improving manufacturability and process
control. In addition, if damascene processes are no longer required for Cu patterning, the
need for large concentrations of reactive liquid chemicals for CMP as well as chemical
recycling or disposal of these chemicals can be eliminated. The advantages of this
process promise significant cost reduction and environmental improvements for current

Cu etching technology. Thus in this chapter, we describe the factors that control low
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temperature H,-based plasma etching of Cu films and offer preliminary mechanistic

information regarding this process.
4.2 Experimental

4.2.1 Cu sample preparation

100 or 300 nm thick Cu films were deposited by e-beam evaporation (CVC E-
Beam Evaporator) onto (100) silicon wafers that had been coated with 20 nm of titanium
to promote Cu adhesion to silicon. Electroplated Cu films (145 nm electroplated Cu films
grown from an 80 nm physical vapor deposited (PVD) seed layer followed by annealing
at 200 °C in forming gas for 30 sec) were also studied. Since no differences in etch
properties were observed, the results reported in this chapter are from e-beam deposited
Cu films. Cu-coated substrates were sectioned into etch samples ~1 cm?.

Both blanket and masked Cu films were investigated in these plasma etch
atmospheres. Masked Cu films invoked SiO, (~150 nm) as the mask layer. The SiO; film
was deposited in a Plasma Therm PECVD (plasma enhanced chemical vapor deposition)
system with 400 sccm SiH4 and 900 sccm N,O as precursors; the substrate electrode was
heated to 250 °C, the power applied to the electrode was 25 W, and the pressure was
maintained at 900 mtorr during the deposition process. Mask patterns were generated by
fluorine-based plasma etching an inductively coupled plasma (ICP) reactor (Plasma
Therm SLR): the etch gas was a mixture of 25 sccm Ar, 2 sccm O, 14 sccm CF4 and 6
sccm Cy4Fg, RF1 (power applied to the platen) was 200 W and RF2 (power applied to the

coil) was 100 W, while the process pressure was maintained at 5 mtorr.
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4.2.2 Plasma Etching of Cu

For nearly all results presented, plasma etching of thin Cu films was performed in
an inductively coupled plasma (ICP) reactor (Plasma Therm SLR). However, due to the
inability to strike a plasma in the Plasma Therm SLR reactor when power was not applied
simultaneously to both the coil and platen, several experiments were performed in an STS
SOE ICP reactor, to investigate etch processes at either zero platen power or zero coil
power. The substrate temperature was maintained at ~10 °C using a water cooled chiller
connected to the substrate electrode. The H, gas flow rate was 50 standard cubic
centimeters per minute (sccm) and the reactor pressure was maintained at 20 mtorr. The
radio frequency power applied to the ICP coil (RF2) was varied from 300-700 W,
whereas the power applied to the substrate (RF1) was varied between 25 and 200 W.
After Cu etching, the hard masks were removed by a dilute HF:H,O solution (1:50).

In order to gain further insight into the etch mechanism, plasmas of two noble
gases, Ar and He, were used to pattern Cu thin films. In addition, their respective H,
mixture plasmas (H./Ar and H,/He plasmas) were investigated. All of these etch gases
were used under the same conditions as those for the H, plasma, except that with the
Ha/Ar (or Ho/He) plasmas, the total flow rate was fixed at 50 sccm while the gas ratio (H;

: Ar or H, : He) was varied.

4.2.3 Plasma Diagnostics and Post Etch Analysis

During the etching process, the plasma atmosphere was analyzed with a residual

gas analyzer (RGA); the RGA was an AccuQuad Model 300D. Chemical analysis of the
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films and surfaces before and after plasma etching was performed using X-ray
photoelectron spectroscopy (XPS). XPS spectra were collected with a Thermo Scientific
K-Alpha XPS system. Cu film patterns were examined with a scanning electron
microscope (SEM, Zeiss SEM Ultra60). Thickness changes of the Cu layer were
determined from SEM images, as well as Wyko Profilometer and Dektak 150

Profilometer measurements.

4.3 Results and Discussion

4.3.1 Chemical Etch Considerations: Mass Spectroscopy

Initially, masked Cu samples were etched with a pure H, plasma [6]; this yielded
an anisotropic profile but rough sidewall surfaces, as discussed in Chapter 3. These
preliminary results indicate that sputtering alone cannot account for Cu removal in this
etch process, due to the low molecular (or atomic) weight of H, (H) and thus the minimal
momentum of impinging ions. Indeed, argon was investigated as a Cu etchant to gain
further insight into the role of ion bombardment in the H, plasma etch process [6].
However, pure Ar was not an efficient etch gas for Cu, with a much lower Cu removal
rate (~4 nm/min) than that of H, (13 nm/min) and greatly enhanced sputtering of the SiO,
etch mask. These observations suggest that the Cu etch mechanism involves a chemical
component in addition to a physical (sputtering) component in the H, plasma.
Furthermore, alteration of the Ho/Ar plasma mixture resulted in varying Cu etch rates and
sidewall angles, indicating that control of feature/edge profile is possible and that
effective etching may depend on an optimal combination of chemical and physical

components [6].
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The results of Hp-based Cu etching suggest that Cu hydrides are likely etch
products due to the efficient removal observed. However none of the reported Cu
hydrides have significant volatility [7-8]. Etchant/product gases from the plasma were
sampled through a port on the side of the vacuum chamber using mass spectroscopy in an
attempt to detect possible etch product molecules. The mass spectra were taken 1 min, 3
min and 5 min after H, plasma ignition for the etching of blanket 100 nm Cu samples
with the etch conditions used to generate the patterns shown in Figure 3.1b. The spectra
indicate the presence of H, O, N, C (C*, CO", CO,") in the plasma atmosphere, but no
Cu-containing peaks were observed. These results indicate that the specific etch products
formed do not have sufficient vapor pressure and/or are too reactive at surfaces in the
chamber and tubing to allow the products to reach the detector. Clearly, re-deposition
occurs either within the chamber or in the tubing leading to the detector. Further
evaluation of possible Cu etch product re-deposition was carried out by performing H,
plasma etching of Cu films on 4-inch diameter silicon substrates. In these investigations,
both masked and blanket Cu layers were studied; results were analogous to those for the
1 cm? samples, demonstrating that re-deposition onto the wafer surface is not apparent
when etching larger Cu areas. This observation indicates that Cu etch product volatility is
sufficient to minimize re-deposition even when etching large areas under the conditions

studied.

4.3.2 Chemical Etch Considerations: Possible Etch Products

Atomic hydrogen has a high chemical reactivity and both atomic and molecular

hydrogen have high lattice mobility; indeed, hydrogen embrittlement of Cu is well-

71



known [9]. In a plasma environment, H" or H' can form defects or metastable phases in
the exposed solids by reacting with film material [10]. Various interactions of hydrogen
atoms with f.c.c metals have been noted, including irreversible microstructural changes
such as hydride or microbubble formation in copper [9]. However, the vapor pressures of
Cu hydrides (CuH, CuH, or other CuHy species) appear to be too low to substantially
enhance vapor phase Cu removal based on thermodynamic calculations [2]. Although
vapor pressure data as a function of temperature for most copper compounds are not
available, the melting points (Table 4.1) can give insight into the relative volatility of
these compounds. At high temperatures (~200 °C) and with atomic H exposure,
themodynamic analyses of the Cu-Cl-H system indicated that a reasonable vapor pressure
of CuH is expected [2]. Atomic hydrogen is prevalent in a plasma environment; however,
the vapor pressure of CuH is not predicted to be higher than that of CusCls [2].
Furthermore, CuH is reported to be thermally unstable even at 0°C [7] and can
decompose into small Cu particles especially in the presence of trace amounts of oxygen
[11]. Because we observed that the Cu etch rate in a pure H, plasma was higher than that
for the two-step etch process (chlorination followed by hydrogen treatment) [5], alternate

mechanisms for Cu etch product desorption must be considered.
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Table 4.1 Comparison of melting points of copper compounds [12].

Copper Compounds Melting Point

CuCl 426 °C

CuCl; 498 °C (anhydrous)

CuH Thermally unstable (decomposes <100 °C) [7]
CuH; Unstable to decomposition [8]

Cu,O 1235°C

CuO 1201 °C

4.3.3 Physical Etch Considerations: Photon-Enhanced Etching

In a H, plasma, the Cu surface is exposed to ions, electrons and plasma-emitted
photons. As shown in Table 4.2, these photons have relatively short wavelengths and thus
can impart significant energy to the Cu film. High energy UV photons combined with
energetic ion bombardment and the chemical reaction of H with Cu can all contribute to
the removal of Cu during the etching process. Indeed, photodesorption of metal atoms
has been reported for alkali metals such as Na, K, and Cs [13]. Table 4.2 lists the atomic
emission lines in the UV region for H, Ar, He and CI. Clearly, intense atomic lines in the
UV wavelength range are present in H, (90~120 nm), Ar (80~100 nm) and He plasmas
(50~60 nm). The energy of the most intense H and Ar lines (indicated by an asterisk in
Table 4.2) is substantially higher than that of ClI, but much lower than that of He; in fact,
He plasmas have been used as a source of VUV photons [14]. If photons play a role in
the plasma etching of Cu, then a He plasma may display higher etch rates than are

observed with an Ar plasma, since both are noble gases (no chemical component in the
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etch process) even though He has a lower atomic weight than does Ar and thereby

imparts less momentum to the etching surface relative to Ar.

Table 4.1 Atomic emission lines (in angstroms) of H,, Ar, He and Cl in the high energy
regime (from Grotrian Diagrams) [15].

H Ar He Cl

972.54 876.06 537.024 1201.4

1025.83* 894.30 584.331* 1347.3/1351.7/1363.5

1215.68 1048.22* 591.420 1379.6/1389.9/1396.5*
1066.66

* Highest intensity emission line for the specific atom.

In order to compare Cu removal using Ar and He plasmas, Cu etching was
performed in a pure He plasma under the same plasma conditions as those used to
generate the etch profile in Figure 3.1b. Figure 4.1a shows a cross-sectional SEM image
of a SiO, masked 100 nm Cu film after an 8 min He plasma treatment. Despite the fact
that Ar should be a more efficient sputter etch gas than He due to the higher atomic
weight and so enhanced momentum transfer, the Cu etch rate in the He plasma is higher
than that of Ar (~10 nm/min vs. 4 nm/min). In addition, the DC bias (corresponding
approximately to the ion energy) on the wafer platen for the He plasma was essentially
the same as that of Ar plasma (230 V) under these plasma conditions. This observation is
consistent with shorter wavelength and thus higher energy photon emission from the He
plasma relative to that from the Ar plasma. However, both the He etch rate and the
anisotropy were degraded relative to those obtained with H,-based plasmas (Figure 4.1b)

due to the ablation of SiO;, resulting in a Cu edge profile similar to that generated by the
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Ar etch. In addition, Hy/He plasma mixtures displayed the same trend as did the Ho/Ar
plasmas, except that mixtures with He showed higher etch rates. Again, such
observations indicate the importance of a chemical component in H, plasma etching of
Cu and suggest that photon enhancement may offer an additional physical component to
that of ion bombardment-enhanced etching, since both He and Ar are noble gases, but

differ substantially in atomic weight and emission lines.

Figure 4.1. Cross sectional SEMs of SiO, masked 100 nm Cu films (a) after 8 min of He
plasma; (b) after 4 min of H, plasma treatment. Plasma etching was performed under the
conditions RF1 = 100 W, RF2 = 500 W, 20 mtorr pressure, 50 sccm flow rate and 10 °C
electrode temperature.

Photodesorption is not unique to alkali metals, since photon-enhanced removal of
chloride etch products using UV [16-20]or even IR [21-22] exposure has been reported
for the chlorine-based plasma etching of Cu. In these studies, local heating was deemed a
minor contributor to the etch mechanism [19] especially with IR exposure; rather, a non-
thermal (photochemical) mechanism seemed more plausible since etch rate changed with
wavelength [22]. Similarly, UV photon emission from the H, plasma may have analogous

effects to those observed in laser exposure studies irregardless of whether the etch
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products are copper chlorides or other copper species. Combined with the counter-
intuitive sputtering results described above and the high energy photon emission that
occurs in different plasma atmospheres, UV enhanced desorption of Cu etch products

may play a role in Hp-based plasma etching of Cu.

4.3.4 Physical Etch Considerations: lon Bombardment

The ICP reactor has two power supplies, one for coil power (for plasma
generation), and the other for platen power (to accelerate ions); both ion bombardment
and photon impingement will be influenced by power from these two rf sources.
Therefore the Cu etch rate and the corresponding DC bias of H, plasmas under different
platen powers (RF1, Figure 4.2a) and coil powers (RF2, Figure 4.2b) were investigated.
When changing the platen power, coil power was kept constant (500 W); likewise, when
changing coil power, the platen power was kept constant (100 W). As is evident in Figure
4.2a, Cu etch rates were nearly linear with platen power up to 100 W, with smaller
increases at higher applied powers. This trend essentially followed changes in DC bias,
which indicates the importance of ion energy in this Cu etch process. Figure 4.2b
demonstrates that an increase in coil (plasma) power resulted in an increase in Cu etch
rate, apparently due to an increase in the flux of plasma moieties such as ions, neutral
species and photons to the Cu surface, and a reduction in DC bias as expected at a

constant plasma power.
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Figure 4.2. Cu etch rates in H, plasma vs. (a) platen power (RF1) when RF2 =500 W; (b)
coil power (RF2) when RF1 = 100 W. Other plasma etching conditions were: 20 mtorr
pressure, 50 sccm flow and 10 °C electrode temperature.
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This trend is beneficial with respect to lowered mask ablation and mitigation of
possible plasma damage from the etch process. Indeed, higher ion energy increased SiO;
mask ablation and thus degraded the etch profile anisotropy. Figure 4.3 shows the Cu
(~180 nm) edge profile before and after a 8 min H, plasma when RF2 = 700 W. Higher
coil power yields higher etch rate (~20 nm/min) relative to that for RF2 = 500 W as
shown in Figure 3.1b, but no obvious enhancement of SiO, mask ablation was observed
for higher coil power (RF2). Such results are consistent with an increased ion flux for the
process with higher plasma generation power. These observations further confirm that ion

bombardment flux is an important consideration in the low temperature Cu etch process.

Figure 4.3. Cross sectional SEMs of SiO, masked 180 nm Cu films before (a) and after
(b) 8 min of H, plasma under the conditions RF1 = 100 W, RF2 = 700 W, 20 mtorr
pressure, 50 sccm flow rate and 10 °C electrode temperature.

4.3.5 Differentiation between Physical and Chemical Considerations

In order to gain additional insight into the relative contributions of ion

bombardment and chemical reactions to the etch mechanism, preliminary studies at zero
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platen power and zero coil power (with the other power supply kept constant) were
performed. Because of the inability to strike a plasma without platen power in the Plasma
Therm ICP reactor, these experiments were performed in an STS SOE ICP reactor. These
initial studies used the same pressure as well as platen and coil powers as those used in
the Plasma Therm reactor; due to the different reactor configuration/size, and the inability
to cool the platen to 10°C, the Cu etch rates obtained were different. That is, for this
preliminary investigation, reactor power conditions were not adjusted in an attempt to
obtain identical etch rates in the two reactors. Figure 4.4 shows etch rates and the
corresponding DC bias under the indicated power settings. Application of power to both
the coil and platen yields the highest etch rate. With zero platen power (RF1= 0W) but
the same coil power (RF2=500 W), the Cu etch rate is near zero, while with zero coil
power (RF2=0W) but the same platen power (RF1=100W), the Cu etch rate is ~36% of
the etch rate when power is supplied to both coil and platen. These results indicate that
ion bombardment is critical to Cu etching in H, plasmas, but ion bombardment and

chemical reaction are contributors to the etch rates achieved.
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Figure 4.4.Cu etch rates and corresponding DC bias in H, plasma with typical power
supplies (RF1=100W, RF2=500W) , zero platen power (RF1=0 W) and zero coil power
(RF2=0 W);other parameters are: 20 mtorr pressure, 50 sccm H; flow rate, 20 °C
electrode temperature in a STS SOE ICP reactor.

4.3.6 Photodesorption Considerations in Cu Etching

Laser-induced desorption and ablation can be considered an extreme example of
photodesorption, wherein photoexcitation is converted into kinetic energy, leading to the
ejection of atoms, ions and molecules [23]. Although the H, or He plasma emission in
this study does not possess the high intensity of a laser source, our etch results with Ar
and He etchants suggest that UV photons may be a contributor to low temperature H,

plasma etching of Cu films. Therefore, we offer that possibility that the H, plasma Cu
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etch process may be considered a combined result of Cu hydride formation, ion
bombardment and photon impingement.

Further evidence for photon enhancement of plasma etch processes arises from a
reported “hydrogen effect” in glow discharge coupled optical emission spectrometry
(GD-OES) or mass spectrometric (MS) analysis of solids, wherein the sputter rate of
sample solids changed with the addition of H; to an Ar plasma [24]. In particular for Cu,
addition of a small amount (less than 1% ) of H, resulted in an intensity increase for Cu |
emission lines while quenching Cu Il emission lines [25]. An accurate interpretation of
these changes in the emission spectrum is not possible since emission intensities are not
necessarily proportional to sputter rate or discharge current. However, this observation
offers strong evidence that H, addition changes both the nature of the noble gas plasma

and the sputter rate of Cu.

4.4. Conclusions

Hydrogen-based ICP plasmas can etch Cu at temperatures below room
temperature; with SiO, as a mask, pattern definition with > 80° sidewall slope can be
achieved. Our results indicate that both physical and chemical components are involved
in the etch mechanism. Comparison of Cu etch results among Ar, He and H; plasmas
suggests that photon enhancement contributes to the etch process. Both platen and coil
powers influence Cu etch rates and mask ablation which confirms the importance of ion
bombardment in the etch process. The overall plasma-based low temperature Cu etch
process appears to be controlled by a combination of UV photon impingement, ion

bombardment and H interaction with Cu surfaces.
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CHAPTER 5
TEMPERATURE EFFECTS AND OPTICAL EMISSION
SPECTROSCOPY STUDIES OF HYDROGEN-BASED PLASMA

ETCHING OF COPPER

5.1 Introduction

The two-step plasma etch process for Cu was discussed in Chapter 2. Based upon
the discovery that the H, plasma step was the limiting step in this etch process, the
feasibility of the H, plasma etching of Cu was described in Chapter 3 and preliminary
mechanistic studies were discussed in Chapter 4. Results demonstrated clearly that H,
plasma-based etching of Cu at low temperature (~10 °C) must contain a chemical as well
as a physical component, but no direct evidence regarding the etch product was offered.
In this chapter, optical emission spectroscopy (OES) studies, wherein light emission from
the plasma is analyzed, are described. Although temperature is expected to affect the
volatility of CusCl; [1-2] in the two-step etch process (Chapter 2), ICP platen cooling
limitations precluded our ability to investigate these effects at Georgia Tech. By
employing the ICP reactor at Oak Ridge National Laboratory (ORNL), OES was used to
investigate the etch products from both the single step H, plasma Cu etch and the two-
step plasma etch process. Results from these investigations offer insight into the etch

products present in the plasma atmosphere.
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Optical diagnostic techniques use photons to interrogate chemical and physical
characteristics of plasmas. In particular, specific chemical moieties and their
concentrations within the plasma can be determined without altering or modifying the
plasma [3]. Excited state species generated primarily by electron impact, decay into lower
energy levels and thus emit a photon of energy equal to the difference in energy between
the emitting and final state, which is the “fingerprint” of the chemical species present in
the plasma. OES is deceptively simple, requiring only a monochromator and detector.
Establishment of the species present in the plasma is reasonably straight-forward;
however, quantification of species concentrations is difficult since emission intensity is
generally not an accurate indicator of relative etchant concentration since the emission

intensity also depends on the electron energy distribution function.

5.2 Experimental

5.2.1 Cu Sample Preparation

100 nm (sample A) and 200 nm (sample B) thick Cu films were deposited by e-
beam evaporation (CVC E-Beam Evaporator) onto (100) silicon wafers that had been
coated with 20 nm of titanium to promote Cu adhesion to silicon. Four inch diameter Cu-
coated silicon substrates were used for OES studies or were sectioned into small samples
~1 cm? for etch studies.

Both blanket and masked Cu films were studied; masked films used SiO, (~150
nm) as the mask layer. The SiO, film was deposited in a Plasma Therm PECVD (plasma
enhanced chemical vapor deposition) system with 400 sccm (standard cubic centimeters

per minute) SiH,4 and 900 sccm N,O as precursors; the substrate electrode was heated to

87



250 °C, the power applied to the electrode was 25 W, and the pressure was maintained at
900 mtorr during the deposition process. Mask patterns were generated by fluorine-based
plasma etching in a Plasma Therm SLR ICP (inductively coupled plasma) reactor; the
etch gas was a mixture of 5 sccm Ar, 28 sccm CO,, and 15 scem C4Fg , RF1 (power
applied to the platen) was 80 W and RF2 (power applied to the coil) was 400 W, while

the process pressure was maintained at 5 mtorr.

5.2.2 Plasma Etching of Cu

Plasma etching of thin Cu films was performed in an ICP reactor (Oxford
Plasmalab System 100 ICP-RIE) located at Oak Ridge National Laboratories. The
substrate temperature was varied between -150 and 150 °C at 50 °C intervals by using a
liquid nitrogen cooled chiller and a built-in heater connected to the substrate electrode.

Two types of plasma etch processes were performed: single step H, plasma etch
[4] and two-step plasma etch (Cl, plasma step followed by H» plasma step) [1]. For the
former process, the H, gas flow rate was 60 sccm and the reactor pressure was
maintained at 20 mtorr. The radio frequency power applied to the ICP coil (RF2) was
1800 W, whereas the power applied to the substrate (RF1) was 100 W. The two-step etch
process consisted of either a 1 min or 30 sec Cl, plasma to chlorinate Cu, followed by a 2
min H; plasma for etch product removal. For the Cl; step, the Cl, gas flow was 10 sccm,
the reactor pressure was 20 mtorr, and RF1 and RF2 were 100 W and 1800W,
respectively. For the H, plasma, the corresponding plasma conditions were 60 sccm Hy,
20 mtorr, RF1=150 W, RF2=1800 W. The use of 150 W (rather than 100 W) for RF1 was

to allow direct comparison of the results in this chapter to those described in Chapter 2.
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Limited temperature variation studies in a Plasma Therm ICP reactor (located at
Georgia Tech), which was employed in the studies described previously [1, 4]) were also
performed to serve as a comparison with the temperature studies carried out in the Oxford
Plasmalab System 100 ICP-RIE reactor (at ORNL). The plasma parameters used in the
Plasma Therm ICP (Georgia Tech) are RF1=100 W, RF2=500 W, 50 sccm H;, flow rate

and 20 mtorr pressure. The electrode temperature was varied between 10 and 40 °C.

5.2.3 Post Etching Treatment and Characterization

After Cu etching, the SiO, mask layer was removed with a dilute HF: H,O
solution (1:50). Cu film patterns were examined with a scanning electron microscope
(SEM, Zeiss SEM Ultra60). Thickness changes of the Cu layer were determined from
SEM images, Wyko Profilometer and Dektak 150 Profilometer data. Chemical analysis
of the films and surfaces before and after plasma etching was performed using X-ray
photoelectron spectroscopy (XPS). XPS spectra were collected using a Thermo Scientific
K-Alpha XPS system. Optical emission spectra (OES) of plasmas during the etch

processes were obtained with a Verity SD2048DL Spectrography system.

5.3 Results and Discussion

5.3.1 Single step H, Plasma Etching of Cu

5.3.1.1 Effect of Temperature on Etch Rate
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Cu etch rates were determined by measuring the etch depth of masked Cu samples
(1 cm? size) after 10 min of H, plasma treatment under the conditions RF1= 100 W,
RF2= 1800 W, 20 mTorr pressure and 60 sccm H; flow rate; etch rates are plotted in
Figure 5.1 as a function of electrode temperature. As indicated in Figure 5.1, in the
temperature range from -150 °C to 10 °C, Cu etch rates increased monotonically, which is
consistent with higher temperatures favoring evaporation of Cu etch products. That is, the
ion bombardment flux and energy during the plasma etch process do not change with
temperature; therefore, enhanced sputtering at higher temperatures is not the likely cause
of the etch rate increase displayed in Figure 5.1. Rather, such etch rate trends with
temperature confirm that a strong chemical component is present in the H, plasma etch
process [4]. It is also interesting that even at -150 °C, a measurable etch rate is observed
with pure H, suggesting that the etch product is volatile or is easily sputtered.

At temperatures above 10 °C, a reduction in etch rate occurs. Since this trend is
reproducible and is consistent with optical emission data which will be discussed later in
this paper, the variation may be related to etch product instability over a certain
temperature range. Specifically, if Cu hydrides are the etch products, decomposition
should occur readily [5] and may affect the ability to desorb or sputter etch products from
the surface. DC bias voltages for the different temperatures were essentially constant (-
240 to -250 V). This observation is consistent with the fact that since the pressure and
power values did not change, no substantial change in ion energy and flux should occur.
These facts again suggest that the temperature effects on etch rates are related to chemical
reactions between Cu and H and the ability to desorb etch products. Such results are

consistent with our previous studies which indicate that pure physical sputtering using Ar
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plasmas is ineffective in etching Cu under the conditions used in this study, thereby

offering more evidence to the importance of chemistry in this etch process.
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Figure 5.1 Cu etch rate vs. electrode temperature. Etch conditions were RF1=100 W,
RF2= 1800 W, 20 mTorr pressure, 60 sccm H, flow rate.

5.3.1.2 OES Analysis of H, Plasmas

Optical emission spectroscopy (OES) diagnostics of hydrogen plasmas during the
etching of blanket Cu samples (4’’ wafers) are shown in Figure 5.2 for pure H, plasma
etching of Cu at 10 °C. The hydrogen Balmer series (370~660 nm) lines are prominent in
the spectrum, with high intensity atomic H lines at 656.5 nm (H,) and 486.1 nm (Hp) [6].
Cu resonance lines at 324.7 nm and 327.4 nm are also evident [7]. To a first
approximation, the emission intensities may be considered indicative of changes in Cu
etch rates, since as reported previously, Cu emission intensity (324.7 nm) was linearly

proportional to the sputtering rate of a Cu target in diode and triode systems [8]. Because
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CuHy is a likely etch product, emission from a Cu hydride species is expected. However,
no CuH lines are detected (most intense would appear at 428 nm [9]). Furthermore, no
emission lines from either CuO (most intense at 605.9 nm and 445.7 nm) or CuOH (535
to 555 nm) [9] are evident. Indeed, the volatility of these Cu compounds is quite low and
therefore emission intensities will also be low for species such as CuO and CuOH. The
other possible etch product (CuHy) is reported to be unstable [10] and so should undergo
dissociation upon electron impact collision. In this case, Cu emission will be evident, but
H emission cannot be differentiated from the etch gas background. Currently, we can
only state that Cu species are in the gas phase during the etch process, but the etch

product that desorbs from the surface is unknown.
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Figure 5.2 Optical emission spectrum of the H, plasma etching of Cu (4’ blanket Cu
film). Plasma conditions were RF1= 100 W, RF2= 1800 W, 20 mTorr pressure, 60 sccm
H, flow rate and 10 °C.
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5.3.1.3 Cu Emission Line Intensity as a Function of Temperature

Because the intensities of the two Cu emission lines should be related to Cu etch
rates, the average emission intensities during the sampling time of these two Cu lines are
plotted as a function of electrode temperature in Figure 5.3, where OES data are from the
etching of 4’ blanket Cu films at temperatures between -150 °C and 150 °C. Since the
resolution of the OES system is 0.5 nm, the emission lines at 325 nm and 327.5 nm in our
spectrum correspond to the 324.7 nm and 327.4 nm Cu peaks reported previously [7].
The absence of OES data at -150 °C and -100 °C is due to the inability of the OES system
to detect such low Cu emission intensities. Comparison of Figures 5.1 and 5.3 indicates
that the Cu etch rate trend essentially tracks the Cu emission intensity trend. Since the
data shown in these figures were taken on different samples (data in Figure 5.1 are from
SiO, masked 1 cm® samples while data in Figure 5.3 are from 4’ blanket Cu samples),
these results offer strong evidence that the changes in Cu etch rates above 10 °C are not
due to experimental error or to an uncontrolled etch process. Although the reason for
such behavior is currently unclear, the results suggest an alteration in etch mechanism at

10 °C, perhaps due to a change in the specific etch product that desorbs.
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Figure 5.3 Average intensities of the two atomic Cu lines (325nm and 327.5 nm) from
OES during H, plasma etching of Cu (4" blanket Cu film) at temperatures from -150 °C
to 150 °C; etch conditions were RF1= 100 W, RF2= 1800 W, 20 mTorr pressure, 60 sccm
H, flow rate.

Reports of CuH decomposition indicate that CuH decomposes exothermally. CuH
can decompose slowly at 0 °C [5], but decomposition is rapid above 50 °C [11]; above
100 °C decomposition is nearly instantaneous [5], although the majority of the
decomposition occurs between 110 °C and 145 °C [11]. Because of the local heating
induced by ion bombardment and exothermic decomposition, the surface temperature
will be greater than that of the electrode set-point temperature. This enhanced energy
input to the surface and concomitant temperature rise may cause decomposition of CuH
so that sputtering becomes the primary mechanism for Cu removal. That is, there may be
a “critical” temperature such as 10 °C in our experiments, where below this temperature,
Cu removal from the etching surface is controlled by CuH (or other copper hydride)

desorption, while above that temperature, Cu removal occurs primarily by sputtering,

thereby reducing the removal rate. This assumption is consistent with the Cu etch rate
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behavior shown in Figures 5.1 and 5.3, although currently, no direct evidence for this
mechanism can be offered. As will be discussed in the following chapter, F or other
contaminants from the reactor chamber may also affect Cu etch rates. Thus, the specific
change of mechanism proposed is currently speculative.

Little information regarding the CuH decomposition enthalpy is available.

Nevertheless, if we assume that the enthalpy of CuH formation and decomposition

(AH,,. ) are the same, the standard formation enthalpy AHJ, =+21.3kJ /mol [12] can be

dec

used as the standard decomposition enthalpy. In addition, we will assume that the specific

heat capacity of bulk Cu applies to thin films: C,,, =24.47J -mol™-K™' (at 25 °C).

However, it is likely that not all the Cu surface atoms are hydrogenated; that is, there is
only a fraction of CuH in the total number of moles of Cu present. Since the atomic ratio
of H:Cu has been reported to be between 0.15 and 0.25 for a solution-prepared CuH
substrate [11], we will assume that the mole ratio of CuH generated by the H, plasma at

the Cu surface (CuH: Cu, designated by A, ., on surface)is 0.2. A simple calculation

of the temperature increase as the result of exothermic decomposition (assuming that all

energy released contributes to the temperature increase) is then given by:

0
T — AHdecXA:uH:Cu (51)

Cp,m x (1 + A:uH:Cu)

This simple estimation yields a temperature increase AT of 145K (with 25 °C
CuH formation data, [12]). Although this value is certainly an approximation, this offers

some idea of the temperature rise due to heating by thermal decomposition of CuH. Of
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course, the temperature may be still higher than this when ion and electron bombardment-
induced heating is considered. Of course, if the CuH: Cu ratio is higher or lower than 0.2,

the temperature rise could be greater or less than 145 °C, respectively.

5.3.1.4 Temperature Effects Observed in the Plasma Therm ICP Reactor System

In order to obtain confirmation of the Cu etch rate trends with temperature that
were observed in the Oxford Plasmalab etch system, a few temperature studies were
performed in a different ICP reactor. Specifically, the Plasma Therm ICP reactor at
Georgia Tech [4] has been employed despite the fact that the controllable temperature
range in this reactor ranges only from 10 to 40 °C. Nevertheless, this temperature range
falls within the etch rate transition regime shown in Figure 5.1. Electrode temperature
effects have been described previously [4], where our preliminary data suggested that no
change in etch rate with temperature over the range of 10 ° to 40 °C was evident.
However, those preliminary data arose by estimation of etch rates from Cu thickness
changes via SEM images (with etch masks still on the surface). Of course, the accuracy
of measuring small changes in Cu thickness using SEM images is poor, especially when
considering nm scale differences. The measurements performed in the current study
invoked a profilometer which has a resolution <2.5 nm, to determine the etch rate.
Furthermore, the measurements were performed after removal of the mask material,
further improving the accuracy.

Experiments were performed in the Plasma Therm reactor at three electrode
temperatures: 10, 25 and 40 °C; all the other plasma parameters remained constant: RF1=

100 W, RF2= 500 W, 20 mTorr pressure and 50 sccm H; flow rate. Masked Cu samples
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were the same as those utilized to generate the data displayed in Figure 5.1; etch rate
results are shown in Figure 5.4. Over this small temperature range, a noticeable drop in
etch rates (~1.7 nm/min) occurred, while the etch rates at 25 °C and 40 °C were
essentially constant (10.7 and 10.9 nm/min) when the experimental error involved in
profilometer measurements is considered. These observations are consistent with those in
the Oxford Plasmalab reactor over virtually the same temperature range (Figure 5.1).
Such results indicate that this etch rate phenomenon is not specific to a particular etch

reactor, but is characteristic of the etch process.
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Figure 5.4 Cu etch rate vs. electrode temperature (Plasma Therm ICP reactor). Etch
conditions were RF1= 100 W, RF2= 500 W, 20 mTorr pressure, 50 sccm H, flow rate.

5.3.2 Two-step Plasma Etching of Cu

5.3.2.1 OES of CI, Plasma in the Two-step Process
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As described previously [1], Cu can be etched by a two-step plasma etching
sequence composed of a Cl, plasma chlorination step followed by a H, plasma step to
remove the chlorinated layer. In order to investigate the removal of Cu using this two-
step process, a 200 nm blanket Cu film on a 4”’ silicon wafer was subjected to one cycle
of the two-step process: 30 sec of Cl, plasma followed by a 2 min H, plasma. Optical
emission spectra were recorded during both plasma steps. Figure 5.5 shows CI, plasma
emission spectra obtained at etch temperatures of 0 °C and -100 °C. The OES displays
molecular-chlorine bands at 256, 307 nm and Cl," lines in the blue-green (380~600 nm)
and atomic-chlorine lines in the near-IR (725.5, 7415, 754.5 nm) regions [7, 9]. The
intensities of the molecular chlorine emission lines at the two etch temperatures are
similar, but the intensities of the atomic chlorine lines are higher at lower temperature (-
100 °C). This result is primarily due to the reduced recombination rate of chlorine atoms
on surfaces at lower temperature [13]. It is important to note that no Cu or CuCl bands
(most intense at 435.8 nm [7]) were observed in the Cl, plasma, which indicates that the
chlorination step does not contribute significantly to the direct removal of Cu from the

etching surface.
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Figure 5.5 Optical emission spectra of Cl, plasma at (a) 0 °C and (b) -100 °C; plasma
conditions are: 10 sccm Cl,, 20mtorr, RF1=100 W and RF2=1800 W on 4’ blanket Cu
samples (200 nm thick).
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5.3.2.2 OES of H, Plasma in the Two-step Process

Figure 5.6 shows the optical emission spectrum from the second step (H, plasma)
in the two-step process on the same 4°’ Cu sample. The emission bands are essentially the
same as those in the single step H, plasma process (Figure 5.2) except that the relative
intensities for those bands are different primarily due to the higher platen power (RF1=
150 W for the H, plasma in two-step process). No Cl,, Cl or CuCl lines were detected,
and only atomic Cu lines (325, 327.5 nm) appeared. These observations indicate that
chlorine species are either not involved or play a minor role in the removal of Cu from
the etching surface. Since both H and Cl are present during the H, plasma step but no CI
emission lines are detected, HCl is likely formed. However, the most intense emission for
HCI" is at 324.6 nm [9], which overlaps with the 324.7 atomic Cu line, and thereby
precludes unambiguous identification in the current OES system due to the resolution
possible (0.5 nm). A plot of the average intensities of the two Cu peaks (325 nm & 327.5
nm) during the sampling time of the H, plasma step is shown as a function of temperature
in Figure 5.7 (no data are plotted at -150 °C due to the low Cu emission intensities).
Analogous to the results in Figure 5.3, Cu emission intensities go through a maximum
and then decrease as a function of temperature, with the maximum intensity and

presumably etch rate, near 10 °C.

100



Magnitude
30000, A0000, 50000, E0000,

20000,

10000,

2922

Spectral Graph

' Cu

b e A

250 Eliy 3500

400" 450"

500"

550" GO0’

g50"

700" 750" 800

200

wavelength

Figure 5.6 Optical emission spectrum of the H, plasma step in the two-step process at 0
°C; plasma conditions are: 60 sccm Cl,, 20mtorr, RF1=150 W and RF2=1800 W on on
4’ blanket Cu samples (200 nm thick).
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Figure 5.7 Average intensities of the two atomic Cu lines (325nm and 327.5 nm) from
optical emission spectra during the H, plasma (for the two-step process) etching of Cu
(4’ blanket Cu film) at temperatures between -150 °C and 150 °C; plasma conditions
were RF1= 150 W, RF2= 1800 W, 20 mTorr pressure, 60 sccm H; flow rate.
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5.3.2.3 Role of CI, Plasma in the Two-step Cu Etch Process

In our previous discussion of the two-step Cu plasma etching process [1, 14], the
mechanism for Cu removal was assumed to be Cu chlorination to preferentially form
CuCl,, followed by CuCl, reduction to CusCl; by a H, plasma, which facilitated Cu
removal or etching due to the more volatile (relative to CuCl,) Cu;Cls. The absence of
copper chloride emission lines during the H, plasma step is inconsistent with this
assumption. Furthermore, the similarity between the H, plasma emission spectra in the
single step process and the two-step process suggests that the role of chlorine and
hydrogen species in the two-step process may be different than originally assumed.

During the chlorination step, CuCl, is formed in the surface region, with a
monotonic decrease in CI concentration as a function of depth into the film [15]. The
chlorination depth is controlled by temperature due to diffusion of Cl as a function of
time, provided that the incident energy, flux and exposure time from the plasma are
essentially constant. Figure 5.8 shows a comparison of chlorination results via SEM
images of patterned samples and the corresponding XPS spectra (blanket samples) at
temperatures of 0 °C and -150 °C. These results indicate that at higher temperature (0 °C),
the 100 nm Cu film was fully chlorinated and only surface CuCl, (935.7 eV) is detected
at least to the detection limit of XPS (~10 nm). At lower temperature (-150 °C), only a
certain depth of the Cu layer was chlorinated and both CuCl, and CuCl (932.8 eV) are
observed (in agreement with [15]), which indicates that only a thin layer (< 10 nm) of

CuCl, was formed.
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Figure 5.8 Cross-sectional SEM images and the corresponding XPS spectra of a 100 nm
Cu film after a 1 min Cl, plasma at -150 °C (left) and 0 °C (right); plasma conditions are:
10 sccm Cl,, 20mtorr, RF1=100 W and RF2=1800 W.

5.3.2.4 Role of H, Plasma in the Two-step Process

During the H; plasma step, the emission intensities of the two atomic Cu lines
(related to Cu etch rate) increased with time as shown in Figure 5.9, for temperatures of
100 °C and -100 °C; however, at -100 °C, after a certain etch time (> 60 sec), the
emission intensity reached a constant level. These observations can be compared to the
Cu emission intensities vs. time in the single step H, plasma etching process (Figure 5.10,

at 10 °C), where the emission intensity is essentially constant. Such results indicate that

103



the presence of Cl inhibits removal of Cu by a H, plasma. That is, in the single step
etching of Cu by a H, plasma, removal of Cu species takes place at a constant rate.
However, during the H, plasma step in the two-step process, it appears that hydrogen
species must first react with Cl in the CuCly layers to eliminate Cl, probably through the
formation of HCI. Thus the increasing etch rate shown in Figure 5.9 is likely due to the
decreasing concentration gradient of Cl in Cu throughout the chlorination depth. This
mechanism also explains why the Cu etch rate of a single step pure H; plasma is higher
than that for the two-step process. For the -100 °C etch results, the chlorination depth is
more shallow at this lower temperature. Thus, when the H plasma finally removes all
chlorine present, the etch rate reaches a maximum value and remains at that level because

only Cu is being etched from that time onward throughout the remainder of the film.
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Figure 5.9 Intensities of the two Cu emission lines (325nm and 327.5 nm) from the
optical emission spectra during the H, plasma (in the two-step process) etching of Cu (4™’

blanket Cu film) under (a) 100 °C and (b) -100 °C; the plasma conditions were RF1= 150
W, RF2= 1800 W, 20 mTorr pressure, 60 sccm H, flow rate.
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Figure 5.10 Intensities of the two Cu emission lines (325nm and 327.5 nm) from the
optical emission spectra during the H, plasma (single step process) etching of Cu (4"’

blanket Cu film) at 10 °C; the plasma conditions were RF1= 150 W, RF2= 1800 W, 20
mTorr pressure, 60 sccm H, flow rate.

5.4 Conclusion

Optical emission spectroscopy and etch temperature variations have been used to
gain insight into the mechanisms involved in the low temperature etching of Cu in a
hydrogen plasma (one-step process) or in sequential chlorine and hydrogen plasmas (two-
step process). For the single step H, plasma Cu etch process, the etch rate initially (-150
°C to +10 °C) displayed an increase with temperature, followed by a decrease in etch rate
above 10 °C. These etch rate trends were consistent with Cu optical emission data and
were reproducible when performed in a different plasma reactor (in the 10 ° to 40 °C
temperature range). Such observations suggest a change in etch mechanism in the vicinity
of 10 °C. Atomic Cu emission lines were detected in the optical emission spectrum

during etching of Cu in a H, plasma, which further demonstrates Cu removal from the
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etching surface. These data suggest that CuH is a likely etch product, although proof of
this conjecture is not available at present.

Studies on the two-step Cu etch process showed no effect of temperature for the
chlorination step insofar as Cu etch rate is concerned. Rather, OES analyses suggested
that the Cl, plasma step in the two-step process inhibited Cu removal by the H, plasma.
These results are consistent with the need for the H, plasma to react with the Cu chlorides
generated in the Cl, plasma step to form Cu and HCl and thereby expose Cu to the
etching plasma; the H, plasma can then remove Cu as observed in the single step pure H,
plasma etch process. Such results indicate that even in the two-step Cu plasma etch
process, the etch rates observed cannot be attributed to the formation and volatilization of
Cu;Cl;. Rather, the H, plasma in both the one-step and two-step plasma etch processes

appears to be responsible for the etch rates observed.
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CHAPTER 6
PRELIMINARY STUDIES OF SILICON DIOXIDE ETCHING IN
HYDROGEN PLASMAS AND CONTAMINATION ISSUES DURING

THE PLASMA ETCHING OF COPPER FILMS

6.1 Introduction

Thin Cu films patterned using a SiO, mask have been etched in H, plasmas as
discussed in previous chapters, and the etching results showed good selectivity of Cu
over SiO, (Chapter 4). In this chapter, a preliminary study of H, plasma effects on SiO;
mask etching will be described, including the effects of rf power and substrate
temperature. Contaminants are unavoidable in our systems since the reactors used are
invoked primarily for fluorine-based plasma etching of silicon oxides. Thus, in order to
investigate how contaminants such as fluorine and oxygen affect the etch chemistry,
small amounts of CF4 or O, were intentionally added into the H; etching atmosphere, and
etch rates and Si0O, surface composition were determined for these additives. In addition,
since Cu films have oxide layers present after exposure of the samples to air prior to
etching, several Cu samples have been intentionally oxidized and subsequently etched in
hydrogen-based plasmas to determine the effect of copper oxide on the etch

characteristics.

6.2. Experimental

6.2.1 Cu/SiO, Sample Preparation
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In this chapter, six types of samples were prepared: four inch diameter blanket
Cu; 1 cm? blanket Cu; 1 cm? Si0, (on Si substrate); Cu sample masked by an SiO, film;
four inch diameter blanket oxidized Cu; patterned Cu film that was subsequently
oxidized.

100 nm thick Cu films were deposited by e-beam evaporation (CVC E-Beam
Evaporator) onto (100) silicon wafers that had been coated with 20 nm of titanium to
promote Cu adhesion to silicon. Four inch diameter Cu-coated silicon substrates were
used for OES studies or were sectioned into small samples ~1 cm® for etch studies. In
order to obtain directly the SiO, mask ablation rate, a 150nm blanket plasma-deposited
Si0, film on a Si substrate was etched simultaneously with Cu samples, or was etched
separately.

Si0, masked Cu films were prepared as described in previous chapters. The SiO,
film was deposited in a Plasma Therm PECVD (plasma enhanced chemical vapor
deposition) system with 400 sccm SiH4 and 900 sccm N,O as precursors; the substrate
electrode was heated to 250 °C, the power applied to the electrode was 25 W, and the
pressure was maintained at 900 mtorr during the deposition process. Mask patterns were
generated by fluorine-based plasma etching in a Plasma Therm SLR ICP reactor; the etch
gas was a mixture of 5 scem Ar, 28 sccm CO», and 15 sccm Cy4Fg , RF1 (power applied to
the platen) was 80 W and RF2 (power applied to the coil) was 400 W, while the process
pressure was maintained at 5 mtorr.

A thick (~ 350 nm) four inch diameter blanket Cu sample was oxidized in a
plasma (barrel) cleaner (YES-R1) by an O, plasma at 1.2 torr and 700 W rf power, in

order to prepare oxidized Cu samples; SEM images indicated that the 350 nm Cu was
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almost fully oxidized. This four inch diameter sample was the Cu used for OES analysis.
In addition, a patterned 100 nm Cu sample (described in the above paragraph) was

oxidized under the same conditions for the purpose of determining the etch rate.

6.2.2 Plasma Etching of Cu/SiO,

Since the experiments performed in this chapter utilized two different ICP
reactors: Plasma Therm ICP reactor (at Georgia Tech) and Oxford Plasmalab System 100
ICP-RIE (at Oak Ridge National Laboratory), experimental details in the different

reactors will be described separately in each section.

6.2.3 Post Etch Characterization

After Cu etching (details described below), the SiO, mask layer was removed
with a dilute HF: H,O solution (1:50). Cu film patterns were examined with a scanning
electron microscope (SEM, Zeiss SEM Ultra60). Thickness changes of the Cu layers
were determined from SEM images, Wyko Profilometer and Dektak 150 Profilometer
data, while the thickness changes of the SiO, layer were measured by a Nanospec
Refractometer. Chemical analysis of the films and surfaces before and after plasma
etching was performed using X-ray photoelectron spectroscopy (XPS). XPS spectra were
collected using a Thermo Scientific K-Alpha XPS system. Optical emission spectra
(OES) of plasmas during the etch processes were obtained with a Verity SD2048DL
Spectrography system. Mass spectra of the H, plasma atmospheres were obtained with an

AccuQuad Model 300D RGA (residual gas analyzer) system.
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6.3 H, Plasma Etching of SiO, Masks

6.3.1 Selectivity of Cu Relative to SiO, Masks

This section describes studies performed using the Plasma Therm ICP reactor.1
cm’ blanket SiO films on Si substrates were utilized to investigate SiO, etch rates.
Etching of SiO; and Cu were performed separately in the Plasma Therm ICP reactor
although the same plasma conditions were invoked. The H, gas flow rate was 50 standard
cubic centimeters per minute (sccm) and the reactor pressure was maintained at 20 mtorr.
The radio frequency power applied to the ICP coil was designated RF2, whereas the
power applied to the substrate was RF1. The electrode temperature was maintained at 10
°C.

Figure 6.1 displays the etch rates of SiO, and Cu at different power settings
(RF1/RF2): 100W/500W, 100W/700W and 200W/500W; the etch rate ratio between Cu:
Si0O, was 13.7, 5.7 and 11.9, respectively for these conditions. Figure 6.1 indicates good
selectivity of Cu over SiO,, although increases in both platen power (RF1) and coil
power (RF2) clearly lower the selectivity. These results indicate that ion flux may be the
major contributor to SiO, mask ablation during H; etching of Cu. The low etch rate of
Si0; suggests that little if any chemical enhancement is involved in the ablation of SiO,

masks during Cu etching.
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Figure 6.1. Etch rates of SiO; and Cu in H; plasmas under different power settings; other
plasma conditions were: 20 mTorr pressure, 50 sccm H, flow rate and 10 °C.

6.3.2 Temperature Effects on SiO, Films Etched in H, Plasmas

This section describes studies performed using the Oxford Plasmalab System 100
ICP-RIE reactor, wherein the etch rate and surface composition of 1 cm” plasma
deposited SiO; films on Si substrates that were exposed to an H, plasma are investigated.
These results offer further details regarding the robustness of the mask layer that has been
used for Cu pattern definition in this thesis.

In section 5.3.1, although we did not discuss the SiO, etch rate, the experiments
performed utilized a SiO; film (sample C), blanket Cu sample A and sample B (SiO,
masked Cu films) in the same etch run and thus reactor (Oxford Plasmalab System 100
ICP-RIE); etch rate data of SiO, were therefore obtained from samples designated as
sample C in these experiments, while the etch rate data of Cu were from samples A and B

(Cu etch rates in Figure 5.1). SiO; etch rates are plotted in Figure 6.2a as a function of
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electrode temperature; Cu etch rates are re-plotted (from Figure 5.1) in Figure 6.2b for
convenience to the reader. The SiO; etch rate trends with temperature (Figure 6.2a) are
similar to those observed for Cu etching (Figure 6.2b), in that both have a change in the
trend at a particular temperature: 50 °C for SiO, (10 °C for Cu). Below and above that
temperature, the etch rates displayed opposite trends with temperature. That is, SiO; etch
rates decreased as temperature increased in the temperature range -150 °C to 50 °C, while
the rates increased as temperature increased in the temperature range between 50 °C and
150 °C.

In order to obtain further insight into this phenomenon, XPS analyses were
performed on the SiO, samples and four elements were detected: F, O, Si and C.
Interestingly, no Cu is detected, despite the fact that the SiO, (sample C) was positioned
next to (less than 1 cm from) Cu samples B and C during the etching process, indicating
that no or at least minimal Cu re-deposition occurs on the SiO, samples. Fluorine
contamination is evident on these surfaces which is due to the fact that the chamber is
used routinely for various F-based etch processes; furthermore, the SiO, mask layers in
our studies have been etched in this reactor using fluorine chemistries. As shown in
Figure 6.2a, the atomic percentages of fluorine were very high. Furthermore, the fluorine
atomic percentages do not correlate directly with SiO, etch rates (Figure 6.2a); however,

the Cu etch rates do suggest possible dependence on F concentrations (Figure 6.2b).
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Figure 6.2. (a) SiO; (sample C) etch rates; (b) Cu (sample A & B) etch rates and atomic
percentage of F on SiO; samples (sample C) vs. electrode temperature. Etch conditions
were RF1=100 W, RF2= 1800 W, 20 mTorr pressure, 60 sccm H; flow rate. All three
samples were etched (simultaneously) in the same etch run.
Despite the high atomic percentage of F on SiO, sample surfaces positioned next

to the Cu samples during the H, plasma etch process, no detectable emission from HF

(452.0, 360.0 nm), CuF (493.2 nm), SiF, (390.2, 395.5 nm) [1], atomic F (703.7, 712.8
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nm), SiF (436.8, 336.3, 334.6 nm), or CF, (251.9 nm) [2] was observed. This means that
either no F-related species are in the plasma or the intensities of those emission lines
were below OES detectability. Comparison of the atomic composition on the SiO,
sample surface before and after H, plasma etching (at 10 °C) as shown in Table 6.1,
indicates a significant reduction in the O1s and Si2p signals, while the F1s increases. In
addition, consideration of the Cls peaks before and after H, plasma etching (Figure 6.3)
indicates that the primary bonding configuration of C1ls moieties changed from C-O and
C (284.5 eV) to C-F bonding structures (290 - 295 eV) [3]. Apparently, after the etch
process, a thin fluorocarbon film is formed on the SiO; surface. Since these studies were
performed in the Oxford ICP reactor, we will now compare the contamination situation in
the two reactors (Plasma Therm ICP at Georgia Tech and Oxford ICP at ORNL). We
have less control on the contamination present in the Oxford ICP reactor than in the
Plasma Therm ICP reactor that we used in Chapters 2, 3 and 4, since only an O, plasma
can be utilized to clean the Oxford chamber. That is with the Plasma Therm system, a
manual clean (open the chamber and scrape off the polymer deposits) was performed
prior to every etch run; with the Oxford system (ORNL), this was not possible, resulting
in less efficient cleaning, which leads to enhanced carbon contamination. This is the
likely reason why significant fluorocarbon film deposition on SiO, samples occurred in

the Oxford ICP reactor.
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Table 6.1 Comparison of atomic composition (from XPS spectra) on the SiO; sample
surface before and after H, plasma etching (at 10 °C) of Cu

Element At.% At.%

(before the H; plasma etching )  (after the H;, plasma etching )

Ols 45.02 14.06
Fls 12.21 67.13
Si2p 29.56 3.57
Cls 9.74 15.25
Nls 3.47 N/A
3.5x10°t  C-F,
3.0x10*F aftter etching
4_
m2.5x10 C—Fz
#2.0x10°
g 4
31.5x10"}
© 4
1.0x10" ¢ before etching
5.0x10°

0.0 I 1 L 1 L 1 L 1
300 295 290 285 280
Binding energy (eV)
Figure 6.3. Cls peaks in the XPS spectrum of SiO, sample surfaces before and after H,
plasma etching of Cu at 10 °C in the Oxford ICP reactor.
Fluorocarbon deposition occurs most prevalently in a fluorine-deficient plasma
[3], which is consistent with the absence of F emission lines in our H, plasma optical
emission spectrum. However, no direct correlation between the SiO; etch rate in the H,

plasma and the F concentration on SiO, surfaces is evident. This observation may be
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related to the fact that the etch rate depends upon both the F flux to the surface and the
amount of F adsorbed, both of which depend upon the release of fluorine species from the
chamber walls (outgassing or contamination). If the SiO, etch rate is high, little F may
remain on the surface, since it is removed as an etch product; when the SiO, etch rate is
low, then F can accumulate on the surface. As a result, the etch rate may be controlled by
a different mechanism depending upon the incident flux of F onto SiO, samples. That is,
the F concentration on SiO, sample surfaces is controlled by both the incident flux of F to
this surface (which may be increased due to enhanced outgassing/desorption from reactor
surfaces at higher temperatures) and the SiO; etch rate, where the higher the SiO, etch
rate, the lower the residual F concentration on SiO, surface. Since the SiO; etch rate is a
combination effect of ion bombardment flux and F-Si chemistry, we cannot determine at
this time, which of these mechanisms (or synergy between them) controls the trend of
SiO; etch rate within a particular temperature range (decrease between -150 and 50 °C,
and increase between 50 and150 °C). In any case, a change in mechanism would be
analogous to the Cu etch rate situation as we proposed previously (Figure 6.2b).
Although possible explanations for the correlation observed between SiO, etch
rate (sample C) and atomic F concentration (on sample C) after H, plasma etching (in
Figure 6.2a) have been postulated, the dependence of Cu etch rate (sample A and B) on F
atomic concentration (on sample C) shown in Figure 6.2b is not subject to the same
issues since CuF has limited volatility. That is, SiO, and Cu surfaces offer very different
adsorption characteristics with respect to F in that SiO, adsorbs F more readily than does
Cu — this will be discussed further in Section 6.4.4). One possible consideration is that

temperature changes cause a change of incident F flux to the sample surface by
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influencing F outgassing/desorption from reactor surfaces, while the temperature also
affects Cu etch rates. An additional possibility is that release of F from reactor walls
causes increased dissociation of H; via formation of HF and thereby enhances the extent
of chemical interactions of H with Cu. Clearly such possibilities are speculations since no
HF" peaks were determined by OES and at present it is unclear how the incident F flux at
these low gas phase concentrations impacts Cu etch rates.

The C and F contamination arising from previous F-based etch processes
performed in the reactor raises a number of issues for the etching of Cu, such as how the
contaminants affect the H, or H interactions with Cu, and whether or not the Cu etch rate
can be significantly affected by these contaminants. These issues will be addressed in a

preliminary fashion in the following sections.

6.4 Contamination Considerations in H, Plasma Etching of Cu

All experiments in this section were performed in the Plasma Therm ICP reactor
(Georgia Tech, where prior to the etch runs, the reactor chamber was thoroughly
manually cleaned, followed by an O, plasma clean and H; plasma conditioning, in order
to remove the contaminants as effectively as possible. Etch conditions for all experiments
were: RF1=100 W, RF2=500 W, 50 sccm total flow rate, 20 mtorr pressure and 10 °C
electrode temperature. The only changes to the etch conditions used was the etch gas

composition.

6.4.1 Mass Spectral Analyses of H, Plasmas
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Mass spectra during the H, plasma etching of blanket Cu samples were collected
by an AccuQuad Model 300D residual gas analyzer (RGA). Figure 6.4 displays the mass
spectrum of the H, plasma; as noted previously [4], no Cu-related peaks are detected in
this spectrum. In addition to the H," peak (AMU=2, not shown completely due to the Y
axis scaling), Figure 6.4 shows peaks corresponding to H,O" (18), HF" (20), N,", CO" or
Si"(28), 02" (32), CO," (44), turbo pump oil (55, 57, 69) [5], thereby confirming the
presence of C, N, O, and F contaminants in the H, plasma atmosphere. Si was contributed
by the holder on which the Cu sample resides (bare Si wafer), and C is unavoidable due
to photoresist contamination on chamber walls from previous etch processes, although
another C source could be the pump oil of the RGA system (peaks at 41, 43, 55, 57, 69,
71). N and O are likely present due to small leaks in the vacuum system, although N is
the purge gas used prior to the etch process; thus, residual N, gas in the chamber is
another N source. The presence of F arises due to chamber outgassing from residues
generated as a result of previous etch processes. Due to reactor equipment limitations, gas
flow control of N, in this system is not possible; thus only O and F contamination will be
investigated by intentionally adding a small amount of O, or CF,4 (2% of the total flow

rate; i.e., 1 sccm of O, or CF4 was added to 49 sccm H; flow).
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Figure 6.4. Mass spectrum of H, plasma during blanket Cu film etching; etch conditions
were RF1= 100 W, RF2= 500 W, 20 mTorr pressure, 50 sccm H, flow rate and 10 °C.

6.4.2 Optical Emission Spectra During H, Plasma Etching of Cu in Plasma Therm

ICP Reactor

6.4.2.1 H, Plasma Emission Using a Bare Si Wafer as the Substrate

An optical emission spectrum of an H, plasma with a bare Si wafer as a substrate
was collected to serve as the reference spectrum (Figure 6.5). Emission lines were
identified as: N, (296.2, 297.7 nm); OH (308.9 nm) and N, (315. 9 nm) overlapped band;
NH (336 nm), O, (337.0 nm) and N; (337.1 nm) combination; N, peaks from 350 to 430
nm (353.7, 357.7, 399.8, 409.5, 420.0 nm); H peaks at 434.0 (H,), 486.1(Hjp), 656.3 and
656.5nm(H,); and likely O," bands from 600 to 650 nm (which could also be the Fulcher

series emission of H) [1-2, 6]. As in the previous spectra, F peaks were not observed
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since the strongest F emission peaks (703.7, 712.8 nm) were absent. Therefore, the major

contamination sources in this Plasma Therm ICP reactor are O and N.
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Figure 6.5. H, plasma emission spectrum with a bare Si wafer as the substrate; etch
conditions were RF1= 100 W, RF2= 500 W, 20 mTorr pressure, 50 sccm H; flow rate
and 10 °C.

6.4.2.2 H, Plasma Emission on 4’ Blanket Cu Sample

The emission spectrum of an H; plasma with a 4°” diameter blanket Cu film as the
substrate is shown in Figure 6.6. In comparison to the spectrum in Figure 6.5, two Cu
peaks (324.7 and 327.4 nm) are evident. In addition, the relative intensities of two H
peaks (434.0, 486.1 nm) and the OH peak (308.9 nm) are reduced. These observations are
an indication that H atoms were consumed during the etch process as expected if

chemical interactions between H and Cu occur. The absolute peak intensities of Figure
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6.5 and Figure 6.6 cannot be compared since the plasma parameters changed (even the
DC bias has been altered slightly, from - 360 V for the Si substrate and - 385 V for the

Cu substrate). Nevertheless, no significant changes are apparent in the N or O emission

intensities.
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Figure 6.6. H, plasma emission spectrum with a 4’ blanket Cu sample as the substrate;
etch conditions were RF1= 100 W, RF2= 500 W, 20 mTorr pressure, 50 sccm H, flow
rate and 10 °C.

6.4.2.3 H,/O, Plasma Emission

1 sccm of O, was added to the 49 sccm H; to investigate the effect of oxygen
contamination. The resulting emission spectrum of this H,/O; plasma is shown for the
situations where a bare Si wafer (Figure 6.7a) and a 4>’ diameter blanket Cu sample

(Figure 6.7b) served as substrates.
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Comparison of Figure 6.7a to Figure 6.5 indicates that the addition of O, into the
H, plasma atmosphere increased the OH band intensity as expected. In addition, the
relative intensities of the two higher-energy H emission peaks (434.0, 486.1 nm) were
reduced. A new peak appeared at 283.0 nm, which can be assigned to CO emission
(283.3 nm [1]). Comparison of Figures 6.7a and b demonstrate that except for the
appearance of Cu peaks, no other changes in the emission spectrum are obvious. The
studies indicate that the added oxygen interacted with H atoms in the H, plasma to form
OH, and some of the reactive O may have interacted with C residues in the chamber to
form CO, but the OH or CO species do not appear to contribute to the removal of Cu
from surface. Cu etch rate changes as a result of O, addition will be discussed in Section

6.4.3.
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Figure 6.7. H, plasma emission spectrum with either a (a) bare Si wafer or a (b) 4’
blanket Cu sample as a substrate; etch conditions were RF1= 100 W, RF2= 500 W, 20
mTorr pressure, 49 sccm Hy + 1 scem O, flow rate and 10 °C.
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6.4.2.4 H,/CF4 Plasma Emission

1 sccm of CF4 was added to 49 sccm H; to serve as the etch gas mixture. The
emission spectrum of this H,/CF4 plasma with a bare Si wafer as the substrate is shown in
Figure 6.8a and the emission spectrum of the same plasma with a 4’” diameter blanket Cu
film as the substrate is shown in Figure 6.8b. Comparison of Figures 6.5 and 6.8a indicate
that with the addition of CF4, a CN peak (388.0 nm, 388.3 nm[1]) appeared, along with a
reduction in intensity of H and OH peaks. As noted previously, no F peaks can be
identified. These results suggest that CFy species adsorb/react readily on surfaces to form
fluorocarbon layers, and/or react with H to form low (undetectable) concentrations of HF,
although mass spectral results indicate the formation of HF (Figure 6.4). In addition,
some CFy fragments can react with nitrogen contamination to form CN.

Although SiF species are expected to occur with a Si substrate, SiF emission
occurs at 336.3 nm, which is near the NH (336 nm), O, (337.0 nm) and N; (337.1 nm)
emission lines, thereby making definitive assignment of emission peaks difficult. When
the 4°° blanket Cu substrate is exposed to the H,/CF4 plasma, we expect a reduction in
intensity of the 336.5nm peak since no Si is exposed to the plasma. Figure 6.8b does
show a slight intensity reduction at this wavelength, at least in comparison with the

adjacent CN peak. Finally, Cu peaks appear as a result of Cu etching.
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Figure 6.8. H, plasma emission spectrum with a (a) bare Si wafer and (b) a 4°” blanket Cu
substrate; etch conditions were RF1= 100 W, RF2= 500 W, 20 mTorr pressure, 49 sccm
H, + 1 sccm CF4 flow rate and 10 °C.
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6.4.2.5 H, Plasma Emission with an Oxidized Cu Substrate

A blanket Cu sample that had been oxidized by an O, plasma was subjected to an
H, plasma. The H; plasma emission spectrum with the oxidized Cu substrate was
basically the same as the spectrum in Figure 6.6 where a pure Cu film was the substrate.
A plot of the Cu emission intensity at wavelengths 325 nm and 327.5 nm vs. time (Figure
6.9), shows that the Cu emission signal fluctuated significantly at certain time intervals,
but overall remained at a constant level. This fluctuation may be caused by minor plasma
instabilities, since we observed DC bias, pressure, and flow rate fluctuations during the
plasma etching. Corresponding to the Cu emission signal changing, the DC bias varies in
a = 5V range. Furthermore, this fluctuation was not specific to this particular experiment,
but was observed in other etch runs. Since the Cu sample was almost fully oxidized
before etching (as indicated by Figure 6.10), no O gradient was expected with sample

depth. The etch rate results of Cu oxide will be discussed in section 6.4.3.2.
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Figure 6.9. Intensities of the two Cu emission lines (325nm and 327.5 nm) from optical
emission spectra during the H, plasma etching of oxidized Cu (4" blanket diameter
sample) vs. etch time; etch conditions were RF1= 100 W, RF2= 500 W, 20 mTorr
pressure, 50 sccm flow rate and 10 °C.

Figure 6.10. Cross-sectional SEMs of blanket Cu samples (~350 nm) (a) before and (b)
after oxidation; the sample was oxidized by an O, plasma at 1.2 torr and 700 W rf power

6.4.3 Etch Rate Comparisons

6.4.3.1 Cu and SiO, Etch Rates
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A 1 cm? SiO, patterned Cu sample, a blanket Cu sample and a blanket SiO,
sample were etched simultaneously in an H, plasma both with and without additives.
Figure 6.11 indicates that a 2% O, addition resulted in a small reduction in Cu etch rate,
but decreased the SiO; etch rate more substantially. The DC bias with and without O,

addition are basically the same (-360 V vs. -369 V). However, as indicated by the OES

spectrum (Figure 6.7a), a reduction in the higher emission energy atomic H peaks (H, and

Hg) and the formation of OH and CO induced by the O, addition occurs, which should
lead to a decrease in Cu etch rates since H atoms/ions appear to be major contributors to
Cu etching. Studies of H, plasma etching of Si0; in a hollow cathode system have
established the importance of hydrogen ions [7]. These results are consistent with our
Si0; etch rate results (Figure 6.1) in that higher coil power generates higher ion
concentrations and increased platen power enhances ion energies.

Generally, addition of electronegative species to an electropositive discharge will
profoundly influence the dynamics because of the low-mobility and low-energy of
negative ions relative to those of electrons, along with recombination of negative and
positive ions [8]. For example, minor additions of O,, CF4 or Cl, (all highly
electronegative species) to low pressure radio frequency Ar (electropositive) plasmas
decreased the metastable densities [9]. Since a H, plasma is more electropositive than O,
and CF, plasmas, we may also expect a decrease in hydrogen ion density upon addition
of these electronegative molecules.

The addition of CF,4 reduced the Cu etch rate to almost half of the original rate,
and dramatically increased the SiO; etch rate. This result is expected since CF4is known

to etch Si0O; [8] efficiently by forming SiF4. Because polymerization of CFx occurs on
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the etching surface, the Cu etch rate will be reduced, even though H can scavenge both C

and F. In addition, oxygen from SiO; can assist removal of C and thereby reduce the

inhibition of Cu etching by C.
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Figure 6.11. Etch rates of SiO, and Cu in H;, plasmas with different additives; the plasma
conditions were: RF1=100 W, RF2=500 W, 20 mTorr pressure, 50 sccm total flow rate

and 10 °C.

These contamination studies have also been augmented by SEM evaluation of

etched features. Figures 6.12a-c demonstrate that the Cu etch results are similar for a

pure H, plasma and a 2% O, in H; plasma. In contrast, a 2% CF, in H, plasma deposits a

CF4 film on the Cu film and sidewall that inhibits etching. However, the H, plasma can

react with both C and F and thereby remove the CFy film; thus, even with CF, addition,

Cu etching still occurs albeit at a reduced etch rate. Furthermore, with CF,4 addition, the

remaining SiO, mask thickness was reduced due to the higher etch rate relative to that of

a pure H, plasma.
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Figure 6.12. Cross-sectional SEMs of patterned Cu samples after etching by (a) Hy; (b)
2% O, in Hy; (c) 2% CF,4 in H, plasmas. Plasma conditions were: RF1=100 W, RF2=500
W, 20 mTorr pressure, 50 sccm total flow rate and 10 °C.

6.4.3.2 Cu Oxide Etch Rates

A patterned Cu sample (masked by SiO,) was oxidized under the same conditions as in
Figure 6.10 and this oxidized sample was subjected to an 8 min H, plasma under the
following conditions: RF1=100 W, RF2=500 W, 50 sccm total flow rate, 20 mtorr
pressure and 10 °C electrode temperature. SEM images before and after etching are

displayed in Figure 6.13. Etch rate can be estimated from these images; this yields an
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etch rate of CuOy of ~18nm/min. Since volume expansion of the Cu occurs due to film
oxidation, the etch rate of the oxidized Cu is much less than that of the Cu etch rate when
pure Cu was exposed to H, plasma. According to the SEM image, a 3.5 times volume
expansion occurs due to Cu oxidation; we thus estimate that the effective oxidized Cu
etch rate will be ~18/3.5= 5.1 nm/min, which is an apparent reduction relative to the etch
rate of pure Cu under the same conditions (13 nm/min as reported in Chapter 3). These
results indicate that the H, plasma etching of Cu oxide is similar to the etching of CuCl,
in that Cu etching is impeded by the presence of O in CuOy. That is, H may first remove
O so that the remaining Cu can be etched. Although the etch rate was reduced, a H;

plasma is able to etch the oxidized Cu sample, indicating the robustness of this plasma

etch process.

Figure 6.13. Cross-sectional SEMs of oxidized Cu samples (patterned by SiO,) (a) before
and (b) after etching by 8min of H, plasma under conditions: RF1=100 W, RF2=500 W,
20 mTorr pressure, 50 sccm flow rate and 10 °C

6.4.4 XPS Studies on Blanket Cu/SiO, Samples

134



Post plasma etch XPS results on blanket Cu and blanket SiO, samples are shown
in Table 6.2. These data demonstrate that the SiO, mask reacts with or adsorbs F readily,
even with no intentional F addition to the plasma atmosphere. That is, F contamination
exists on SiO; surfaces, although the SiO; etch rate is not directly related to the F
concentration on the SiO, surface as indicated in Figure 6.2. With a 2% O, addition to the
etch atmosphere, slight oxidation of the Cu surface took place, while a 2% CF, addition
incorporates a small amount of F on the blanket Cu surface. All three Cu samples
displayed the same Cls peak binding energy at 285.9 eV, which indicates that a CFy film
has not formed on the blanket Cu surface. This result indicates that the H, plasma
removes the CFy film during Cu etching, although on patterned Cu samples, a CFx film
did accumulate on the sidewalls (Figure 6.12c). Clearly ion bombardment during the etch
assists removal of CFy on flat surfaces but since essentially no ion bombardment occurs

on the sidewall, CF, residue remains.

It should be noted that with intentional CF,4 addition to the H, plasma, lower
concentrations of F are observed on SiO, sample surfaces than are measured when
residual F contamination from the chamber walls is the only F source. Such results
suggest that accumulation of F occurs when the concentration is low (resulting in low
Si0; etch rates) but a higher Si0O; etch rate induced by the addition of CF4 leads to the
removal of F from surface in the form of SiF4. These results also indicate that the two
ICP reactors that have been employed in this thesis are very different with respect to the
dominant contamination present during Cu etching. The Oxford Plasmalab System 100
ICP-RIE (ORNL) has higher concentrations of fluorine, while the Plasma Therm ICP

(Georgia Tech) is has more residual nitrogen and oxygen. Nevertheless, both reactors
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gave very similar etch results, which demonstrates that at least at the levels present in the

respective reactors, these contaminants do not play a critical role in the H, plasma etch

process for Cu.

Table 6.2 Comparison of atomic composition (from XPS spectra) on Cu and SiO,

samples after H, plasma etching with and without selected additives

Element At.% At.% At.%

(on Cu sample) (Hz plasma) (2% Oz 1in Hy (2% CF41in H;
plasma ) plasma )

Cu2p 41.06 33.77 32.12

Ols 34.9 40.46 33.0

Cls 19.18 19.3 19.05

Nls 4.86 5.4 5.29

Fls N/A 1.07 10.55

Element At.% At.% At.%

(on SiO, sample) (H, plasma) (2% O, in H, (2% CF4 in H,
plasma ) plasma )

Si2p 29.51 29.02 335

Ols 52.57 54.08 52.26

Cls 4.97 4.17 3.59

Nls 3.09 3.77 4.79

Fls 9.86 8.97 5.85
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6.5 Conclusion

Preliminary studies of the effects of a H, plasma on SiO; masks indicated that
although the Si0O; etch increases with increases in platen or coil power, the etch
selectivity of Cu over SiO; is between 5 and 10 under the etch conditions investigated,
which should allow reasonable control of such a patterning process. SiO, etch rate trends
with temperature are analogous to those observed for Cu in H; plasmas. Although F
contamination is present, the correlation between F concentrations (which arise from
residue outgassing from chamber walls) and Cu/SiO; etch rates are not yet clear.
However, both effects will be affected by temperature changes.

Optical emission spectroscopy and XPS detected several contaminants (F,
O, N, C) in the H; plasma etching system. Intentional addition of small amounts of O, or
CF, into the plasma system allowed preliminary indications of the effect of these species
on Cu etching. OES results indicated that only H-related emission lines changed during
the Cu etch process. However, the contaminants can inhibit Cu etch rates. That is, oxygen
oxidizes the Cu surface and thereby reduces the Cu etch rate, since copper oxide has a
lower etch rate than does Cu in a H, plasma. Carbon and fluorine contamination results in
the deposition of a fluorocarbon film, which also inhibits etching, although a H, plasma
can remove this film and thereby prevent etch termination. Therefore, despite the fact that
some amount of contamination is unavoidable in the etch systems used in our studies,
these results have demonstrated the robustness of the H, plasma etching process for Cu,
since similar etch results are possible in different reactors containing different

contaminants.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

Damascene technology has been the dominant method for patterning of Cu
metallization in 1C fabrication due to the inability to develop a fully plasma-based
subtractive etch process for Cu at low temperatures. But a critical “size effect” problem
has arisen that cannot be solved by the traditional damascene process. In this thesis, we
investigated possible approaches to a fully plasma-based etch process for Cu.
Specifically, we described low temperature (below room temperature) Cu etch processes
that use either (i) a two-step plasma etch sequence that involved a Cl, plasma followed by
a H, plasma , or (ii) a one step H, plasma process.

In the two-step Cu etch process at 10 °C, Cu chlorinated rapidly during the 1% step
(Cl; plasma) to form a mixture of CuCl and CuCl; that resides at the Cu surface. The
subsequent H, plasma (2" step) removed a certain depth of the CuCly formed. XPS
analyses indicated that the concentration of CuCl on the Cu surface increased greatly
after the H, plasma treatment. Both of these observations were consistent with the
thermodynamic premise that only CuCl, was removed as a result of reduction by the H;
plasma to form the more volatile CusCls, as described by Eqgn (1.1). Although patterning
of large (several micron) feature sizes was possible using this two-step process with an
SiO; mask layer, the patterns displayed line edge roughness and sidewall/edge residues.
In order to mitigate these issues, plasma parameters such as the Cl, plasma exposure
time, applied substrate power and residence time of the H, plasma were altered. Although
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these changes improved the pattern definition, residue removal was more effective upon
the addition of Ar to the H, plasma (2™ step). Despite the obvious improvement in
pattern definition by Ar addition, a pure Ar plasma was unable to effectively remove
CuCly in the second (post chlorination) step. These results indicate that the H, plasma
was the limiting step in Cu removal and that chemical effects were critical to Cu removal
during the H; plasma step.

Since the H, plasma played an essential role in the two-step etch process, use of
an H, plasma to etch Cu (without prior chlorination) was investigated. These studies
demonstrated that a single step process using an H, plasma etches Cu at a reasonable
etch rate (~13 nm/min) at 10 °C with good selectivity to the Ti adhesion layer as well as
to the SiO; hard mask. Although, a pure Ar plasma did not etch Cu effectively, addition
of Ar (50%) to the H, plasma improved the Cu etch rate to 16 nm/min; unfortunately, the
anisotropy of the etch degraded with this addition. These observations indicated that the
H, plasma etching of Cu must involve both physical and chemical components since
physical sputtering (Ar plasma) alone cannot remove Cu without leaving etch residues
under these etch conditions. However, when enhanced ion bombardment is supplied by
addition of Ar to the H, plasma, the Cu etch rate increased by more than 20%.

Possible chemical and physical mechanisms that could account for the H;, plasma
etching of Cu films have been considered. From the standpoint of chemical
considerations, no detectable Cu re-deposition during the etching of a 4” diameter
substrate indicates that the Cu etch product(s) has (have) sufficient volatility to readily
leave the surface under the etch conditions explored; this process is not strictly a physical

(sputtering) process because pure Ar plasma etching under the same etch conditions gave
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extensive residues. However, no Cu related species were detected by mass spectroscopy
of H; plasmas during the etch process, indicating that whatever Cu etch product desorbs
is either unstable or deposits readily within the chamber or tubing leading to the mass
spectrometer. These facts suggest that the etch product is a Cu hydride, although no direct
evidence has been obtained for this conclusion.

With regard to physical components of the etch process, ion bombardment plays a
critical role as evidenced by the fact that the Cu etch rate is proportional to the rf power
applied to the electrode which alters ion energy and to the rf power supplied to plasma
(through the coil in the ICP reactor system) which alters ion density. In addition to ion
bombardment effects, photon flux may be involved in the H, plasma Cu etch mechanism.
This possibility arose from the ability to etch Cu in a He plasma. Although both He and
Ar could etch Cu films, the etch processes left residues on the etching surface and
substrate. These results further confirm the importance of a chemical component to an
effective etch process and indicate that H, plasmas possess unique chemical and physical
attributes that allow effective and efficient Cu etching at low temperatures. Experiments
that employed zero bias (electrode) power and zero coil (plasma generation) power
indicated that both ion bombardment and chemical reaction are critical to successful H,-
based plasma etching of Cu, although ion bombardment appears to be the primary
contributor to the etch rate increase. These studies suggested that the mechanism(s)
accounting for the H, plasma etching of Cu involved a combination of UV photon
impingement, ion bombardment and H interaction with Cu surfaces.

Optical Emission Spectroscopy (OES) and temperature variation were used to

gain further insight into both the two-step (Cl, + Hy) and the single step H, plasma Cu
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etch processes. Atomic Cu emission lines were observed in the H, plasma (for single step
H, plasma and the H, plasma step in the two-step process), but no other Cu species
emission (i.e., etch products that might have desorbed) were detected. Cu hydrides are
the likely etch products, given the plasmas used. However, Cu hydrides are reported to be
unstable, which may explain why Cu hydride emissions were not detected in OES
spectra. That is, if CuHy desorbed from the etching surface, these species likely
dissociated upon electron impact collisions, resulting in the detection of only atomic Cu
emission. Such assertions are also consistent with the abnormal behavior of Cu etch rates
as a function of temperature. In the single step H, plasma etch process, Cu etch rate
displayed two different trends in the temperature range between — 150 °C and 150 °C;
specifically, the etch rate increased with temperature up to 10 °C and decreased with
increasing temperature above 10 °C. Furthermore, this same trend was observed with Cu
emission intensities dependence on temperature. These results suggest a change in etch
mechanism that is induced by the unstable nature of Cu hydrides. That is, below a certain
temperature (10°C under these etch conditions), Cu was removed in the form of Cu
hydrides; above this temperature, Cu was removed mainly through physical sputtering
although enhanced by the chemical interactions with H.

The results using the single step H, were compared to those of the two step
process by evaluation of the OES spectra. Cu emission intensities as a function of time in
the 2" step of the two-step process (H, plasma step) indicated that the 1 step (Cl,
plasma step) contributed minimally, if at all, to the removal of Cu. In contrast, the Cu
chlorides formed during the 1% step (chlorination) interfered with the etch (removal) of

Cu by the H, plasma, apparently because H needed to remove the ClI, through the
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formation of HCI. Although this conclusion has not yet been proven conclusively, this
interpretation establishes a consistent mechanistic connection between the single step and
the two-step H, plasma-based Cu etch processes.

Because photoresist degrades readily in the H, plasma, a hard mask, SiO,, has
been used for Cu patterning. For the most part, SiO, is a good choice with respect to
selectivity since etch rates in H, plasmas are controlled by ion bombardment flux. A
number of preliminary experiments were performed in an attempt to gain insight into the
etching of SiO, in the Cu etch plasmas. Unfortunately, we currently are unable to propose
a complete explanation for the observed (unexpected) SiO, etch rates trends as a function
of temperature. This inability to more fully understand the SiO, etch results relates to the
fact that all three reactors that have been used for our etch studies have a complex gas
phase chamber environment that is induced by the contaminants within the etch chamber
that arise from the use of these chambers/reactors for the fluorine-based etching of oxide
materials. The studies and results we obtained therefore revolve around consideration of
the F, O, N and C contaminants observed. By intentionally adding CF, or O, into the H,
plasma, the influence of F, O and C were investigated by OES, etch rates and XPS
analysis. Although these contaminants did affect the H, plasma etching of Cu to some
extent by forming fluorocarbons or oxides, the H, plasma can remove these impurities;
therefore, the etching process proceeded and minimal interference with the overall
process was observed. Furthermore, the fact that the H, plasma etching of Cu was
performed successfully in several different reactors with different configurations and

impurity content demonstrated the robustness of this unique etch process.
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7.2 Future Work

This thesis described the development of a novel, simple, fully plasma-based low
temperature Cu etch process, which displays very promising results and offers the
potential of subtractive etching for Cu interconnect fabrication and manufacture; whether
this process can be implemented in a manufacturing process and thereby replace the
current damascene technology is unclear at this time. The results obtained have identified
several future needs and directions necessary to assess the suitability of this process for
Cu metallization in IC fabrication.

Although we gained insight into some of the mechanistic considerations of
etching Cu in H; plasmas, a clear understanding of this mechanism has not been
established. In particular, the Cu etch products, i.e., species desorbing from the etching
film have not been identified. Probing the relevant etch products/species will require in-
situ monitoring of the surface during the etch process, perhaps using FTIR. Alternatively,
analysis of the surface by XPS after etch but before the surface is exposed to atmospheric
conditions could offer information regarding bonding structures and product formation.
These approaches will require an integrated system that either allows real-time
monitoring or transfer of samples for analyses under UHV conditions. In order to
investigate specific chemical interactions, downstream plasmas may allow pure chemical
information to be generated (i.e., without ion, electron or photon bombardment) so that H
interaction/reactions with Cu can be probed. Again, this may require in-situ or at least

controlled atmosphere transfer of samples after the etch process.
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OES is still the most simple and informative way to explore plasma characteristics
real time. Although OES analyses were performed in this thesis, quantitative information
regarding the relative species concentrations has not been obtained. Actinometry is a
method wherein an inert tracer gas such as Ar is added to the plasma atmosphere. The
tracer is selected so that it exhibits a similar electron excitation threshold and cross
section to that of the species of interest, in this case H, to assist quantitative changes in
species concentration as a function of plasma parameters [1-2]. Such studies may permit
a quantitative relationship between Cu emission intensities and etch rates and
contamination issues to be established.

An etching process that is suitable for large scale manufacturing must meet
several requirements: selectivity, anisotropy, adequate etch rates, uniformity, surface
quality and reproducibility [3-4]. Based on these requirements, further works need to be
performed in order to investigate the feasibility of developing a suitable Cu metallization
process for future device generations.

Our investigations used SiO, as the etch mask material and Ti as the underlying
adhesion layer; good selectivity was observed. However, other mask choices need to be
considered, since SiO, has its own limitations, for example, the deposition process of
SiO, may oxidize Cu. Current photoresists cannot withstand exposure to H, plasmas; thus
“hard masks” such as SiNx, metal masks or even carbon masks should be investigated.
Tantalum (Ta) is the barrier layer that is used extensively in the IC industry for Cu
metallization; therefore, the etch characteristics and selectivity of Ta in H, plasmas also

needs to be investigated.
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Control of the etched profile through the control of anisotropy is another
important factor especially for current very small (<50 nm) geometries. In particular, we
discussed previously the two major contributors of resistivity increase in the sub-100 nm
regime; in addition to electron scattering at grain boundaries, the electron scattering at
surfaces also plays an important role especially for rough surfaces. Thus the line edge
roughness needs to be carefully controlled by optimizing the plasma conditions.

Currently, the highest etch rate that we have obtained was ~ 20 nm/min at high
applied power levels; this rate may still not be sufficient for the throughput needed for
large scale manufacturing. Additives to the H, plasma may allow higher etch rates to be
obtained.

Cu re-deposition on the reactor chamber walls will be a critical issue for
continuous operation of production equipment, since plasma/reactor potentials, currents,
and thus control of plasma processes depend upon wall coatings. Thus “coupon” studies,
performed by sticking substrate (coupon) samples to the chamber wall should be
performed to investigate the re-deposition of etch products during the etch process.

Because H is very reactive species, potential damage to the surface of other
materials involved in IC fabrication will need to be investigated, this is particularly
important for barrier materials beneath the Cu layer.

Finally, since the purpose of replacing damascene technology with a subtractive
plasma-based process is to ensure lower Cu resistivity at small feature size, resistivity
measurements must be performed to confirm this advantage. However, such
measurements must be performed on Cu patterns with good anisotropy and low edge

roughness; thus such studies must await further etch process development.
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