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Abstract

The influence of four different chemical solutions on the composition, morphology, and etch rates of thin, chemically vapor
deposited tungsten films have been investigated. These films are the standard material patterned to create tungsten plugs in
integrated circuits through a chemical mechanical planarization (CMP) step. The tungsten films were treated with aqueous
solutions of KOH, KIO3; + NaOH, H,0, + NH4OH, and H,O, + HCI. We have evaluated the resulting changes in the surface
chemical composition of the tungsten film with X-ray photoelectron spectroscopy (XPS). Changes in film morphology have
been recorded with atomic force microscopy and material removal rates have been determined with calibrated four-point-
probe resistivity measurements. Together, these measurements demonstrate the complex manner in which chemical pre-

treatments in the CMP process influence thin tungsten films. © 2001 Published by Elsevier Science B.V.
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1. Introduction

The ability to fabricate integrated circuit compo-
nents on increasingly smaller length scales is the basis
of the continued state of advancement within the
microelectronics industry. The shrinking scale of
the devices allows an increase in the density of
components yet also requires an increase in the need
for multiple level metal interconnects. To date, multi-
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ple levels of interconnects have only been realized
through global planarization or polishing techniques.
This approach is also crucial to the industry’s desire to
increase the size of the wafers being fabricated, in
order to allow more circuits to be manufactured
simultaneously, and to accommodate the decrease
of focal depth of optical lithography needed to pro-
duce smaller lateral dimensions. Chemical mechan-
ical planarization (CMP) has become an enabling
technology in these areas for the microelectronics
industry. Past successes in CMP have been based
largely upon empirical data that has allowed indivi-
dual manufacturers to optimize proprietary techni-
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ques. As smaller device dimensions press the limits of
current planarization technology, knowledge of the
fundamental chemical and mechanical mechanisms of
CMP are necessary to meet industry requirements. A
more complete understanding of the fundamental
steps of the process also will provide the opportunity
to design new planarization techniques as new mate-
rials are introduced to devices.

Although tungsten CMP would seemingly be well
understood in terms of the fundamental mechanisms
due to its widespread use throughout the industry,
uncertainty regarding the role of the chemical nature
of the interface throughout the pre-clean and polish-
ing sequence still exists. In particular, the existence
and importance of a surface oxide layer remains a
subject of active investigation [1-8]. An early
mechanism for CMP proposed by Kaufmann et al.
[9] suggested that the presence of an oxide protected
low areas from corrosion during CMP. However,
more recent work by Stein et al. [5-7] has been
interpreted to mean that a passive oxide layer is
not present during the polishing step even if an oxide
layer is formed by ambient or liquid exposure prior to
polishing. These differing views of foundational
issues such as surface composition highlight the need
for further studies of the fundamental aspects of CMP
processes.

Tungsten CMP is typically carried out in acidic
solutions using an oxidizing agent and abrasive par-
ticles. Both the chemical and physical character of the
tungsten surface can be influenced by the individual
components of the abrasive slurry. The complex nat-
ure of the polishing solution as well as the potential for
both chemical (oxidation, reduction, dissolution) and
physical (adhesion, friction, fracture, plowing) inter-
actions require model studies of the interface to be
carried out in order to delineate the individual roles of
the different components and interactions.

In the work reported here, we have examined four
chemical treatments found in the pre-cleaning or
etching steps of tungsten CMP [1,2,10]. The purpose
of this study has been to identify the chemical effects
on the tungsten surface and to establish patterns of
surface reactivity in the absence of any mechanical
action. These studies have involved exposing chemi-
cally vapor deposited tungsten films to aqueous solu-
tions of KOH, KIO3; + NaOH, H,0, + NH4,OH, and
H,0; + HClI for short amounts of time. Following the

aqueous treatments, the resulting changes in the che-
mical composition of the tungsten film have been
measured ex situ with X-ray photoelectron spectro-
scopy (XPS). This work demonstrates that a range of
oxide compositions can be produced at the W-surface,
varying in both tungsten oxidation state and oxide film
thickness. In addition, physical changes in the tung-
sten film morphology have been recorded with atomic
force microscopy. Finally, the physical and chemical
changes have been correlated with material removal
rates measured with calibrated four-point-probe resis-
tivity measurements. The results of these measure-
ments demonstrate the complex manner in which
chemical treatments can influence thin tungsten films
and are discussed in terms of the surface properties
related to CMP.

2. Experimental

Tungsten films were provided by Lucent Technol-
ogies and were deposited by chemical vapor deposi-
tion on 8 in. wafers, which in turn were diced into
smaller samples for these studies. In the deposition
process, a 10 000 A SiO, layer was formed on the
single crystal silicon wafer and was then followed by
the growth of a 200 A thick Ti/TiN barrier layer. An
initial 500 A tungsten seed layer was deposited
through the reaction of WFg + SiH4 4+ H; + Ar, while
the final tungsten layer (~4000 A) was deposited
through the reaction of WFg 4+ H, 4 Ar at a tempera-
ture of 425°C and a pressure of 40 Torr. Prior to
solution treatment, the tungsten films were solvent
cleaned using alternate treatments of ethanol, acetone,
and distilled deionized water and dried under a stream
of pure nitrogen gas. Aldrich reagent grade chemicals
or better, diluted in deionized 18 MW water, were
used in all instances. Although the use of organic
solvents is known to result in a residual hydrocarbon
layer, the above procedure was employed to standar-
dize the preparation of the tungsten surfaces.

The tungsten films were chemically treated in four
different solutions for specified durations: (i) a mix-
ture of 4.0 x 107> M HCI + 0.1 MH,0, (pH = 2.4)
for 5 min, (ii) a mixture of 3.2 x 10~3 M NH,OH and
0.1 M H,0, (pH = 11.0) for 5 min, (iii) a mixture of
0.1 M KIO;5 and 1.0 M NaOH (pH = 14) for 1 min,
and (iv) 0.1 M KOH (pH = 13) for 5 min. Following
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these solution treatments, the tungsten films were
dried under pure nitrogen and transferred to the
vacuum chamber for surface analysis. All samples
experienced the identical, brief exposure to ambient
conditions, potentially resulting in the slight reoxida-
tion of the chemically treated surface or the adsorption
of hydrocarbon species, yet did not preclude an under-
standing of the influence of the different chemical
treatments.

XPS measurements were made using a PHI 5750
ESCA system equipped with a standard Al X-ray
source (Ko, 1486.6 eV). Each of the solution-treated
surfaces was analyzed without further treatment in
vacuum. A low-flux, low energy ion gun was used
during data collection to circumvent sample charging;
however, this did not alter the surface composition.
Survey spectra were collected from each surface and
confirmed the presence of only tungsten, oxygen, and
carbon at the surface. High resolution core level
spectra were collected from the tungsten 4f, oxygen
1s, and carbon 1s regions with a 0.1 eV energy step
and at a pass energy of 23.50 eV. A flux of lower
energy ions and electrons at the sample surface pre-
vented surface charging during the course of XPS
measurements. Integrated intensities of these regions
were normalized using published sensitivity factors
and used to calculate the percent atomic concentra-
tions of the surface region [11]. Distributions in the
oxidation state of the tungsten surface species were
evaluated by deconvolution of the tungsten 4f region.
This procedure made use of published spectral data
[8,12-19], a mixed Gaussian—Lorentzian peak shape,
and in all cases maintained the same full-width half-
maximum and energy splitting between the 4f;,, and
4f5/2 peaks.

The surface morphology of the tungsten films was
evaluated using atomic force microscopy before and
after solution treatment and a nitrogen drying
step. These measurements were performed using a
Park AutoProbe CP with silicon cantilevers having a
nominal tip radius of ~200 A (according to manu-
facturer’s specifications). All images were collected as
a spatial map of the normal cantilever deflection.
Cross-sectional plots of the images represent the
deflection of the cantilever normal to the surface plane
as function of distance across one horizontal line of
the image (obtained through the top-to-bottom center
of the image unless otherwise noted).

Finally, the relative etch or material removal rates of
the four different solutions have been evaluated by
measuring the average film thickness before and after
exposure to the individual solution treatments (in the
absence of mechanical action). Film thickness has
been determined through four-point-probe resistance
measurements in the following manner. Film thick-
ness was calibrated using cross-sectional scanning
electron microscopy (SEM) [20] both before and after
a chemical treatment and these results were compared
to the four-point-probe measurements. The initial
average tungsten film thickness across the entire wafer
was 4600 =+ 200 A. Using a four-point-probe mea-
surement, the resistance of the film was measured.
The four-point-probe apparatus utilized in-line con-
tacts to the sample and applied a known current to the
film through the outside two probes. The current in our
system was applied alternately in both directions at a
switching frequency of 17 Hz (by application of a
square wave source). The voltage difference produced
between the two inner probes was measured with a
lock-in amplifier operating at the same frequency,
ensuring that the measured voltage difference is due
to the applied current. This method is inherently
impervious to the influence of contact and spreading
resistances and allowed the determination of the direct
relationship between film resistance and film thick-
ness [21,22]. Initial film resistivity was ~9.8 pQ cm
(as compared to the bulk value for W of 5.6 pQ cm)
and was assumed to remain constant throughout the
film. The specific thickness values were then con-
verted to material removal rates by accounting for the
etch time.

3. Results

Five tungsten films were analyzed with XPS to
determine the chemical composition of the surface
region. These samples included the as-received tung-
sten film (rinsed with organic solvents), and four
additional tungsten films treated with the solutions
described in Section 2. Each of the surface regions of
the films contained an appreciable amount of carbon
(non-carbidic). However, this is believed to be the
result of the adsorption of adventitious carbon from
the laboratory atmosphere. Depth profile studies of the
untreated tungsten film performed elsewhere con-
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Table 1

Composition of tungsten films following different chemical treatments

Sample Normalized O/W-values WO, (%) Material removal rate (IZ\/min)
As-received 2.10 44.5 -

NH,OH + H,0, 1.20 35.8 352 £35

HCI + H,0, 1.35 40.3 49 £+ 25

KIO; + NaOH 1.61 44.8 27.0 £ 15

KOH 0.95 28.7 <10

firmed that there was little carbon (<1%) within the
[20]. Although the amount of carbon was observed to
vary from sample to sample, we do not believe that
relative differences in the amount of carbon have
significantly influenced the quantitative results pre-
sented for oxygen and tungsten concentrations. The
results of these concentration measurements are
recorded in Table 1 as the ratio of oxygen-to-tungsten
(O/W) present in the total integrated surface region.
As previously described, these values were obtained
through integration of high resolution O 1s and W 4f
regions and correction for differing sensitivity factors
[12].

The resulting composition of the surface regions
following chemical treatment was further assessed
through deconvolution of the peaks present in the
tungsten 4f core level spectra. A representative spec-
trum of the W 4f region collected from the as-received
tungsten film is shown in Fig. 1. In this spectrum, four
peaks are apparent and are assigned to the 4f;,, and
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Fig. 1. Tungsten 4f XPS spectrum of the as-received tungsten film
following a solvent rinse.

4f5/, of metallic tungsten (W°) and of tungsten in the
+6 oxidation state, presumably in the form of WOs;.
Further deconvolution of the spectrum revealed the
presence of a third pair of peaks assigned to the 4f
doublet arising from tungsten in the +4 oxidation
state, again presumably in the form of WO,. The
binding energy values and peak splittings for each
of the doublets were consistent with values found in
[8,13—19] and were reproducible within all the spectra
of this study, as presented in Table 2. Integration of the
deconvoluted spectra produced a measure of the dis-
tribution of oxidation states throughout the surface
region; relative values determined from the 4f5,, peaks
are presented in Table 3.

For the as-received tungsten films, these data indi-
cate that ~44% of the tungsten within the surface
region exists in an oxidized form (Table 1). The clear
presence of metallic tungsten (W°) suggests the phy-
sical picture of a thin tungsten oxide layer existing
over the bulk metallic film. We acknowledge here the
unlikelihood of finding all tungsten atoms of an
amorphous oxide film in discrete oxidation states;
however, we find that the model of discreet oxides
(WO, and WO3) fits the data reasonably well and
provides a quantitative means for comparing the
composition of the tungsten surface following various
chemical treatments.

A similar analysis was performed for the tungsten
films treated with the solutions described in Section 2.
Distinct changes were observed in each of the spectra
and could be accounted for, in terms of changes in the
distribution of oxidation states through deconvolution
procedures. The W 4f spectrum of the film treated with
a solution of sodium hydroxide and potassium iodate
is representative of the intensity shifts observed in the
spectra of the treated surfaces and is shown in Figs. 2
and 3. Here the raw data is shown as a dotted line while
the individual peaks used to fit the spectrum and their
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Table 2

XPS binding energy of tungsten 4f;,, peaks in different oxidation states

Compound W-metal (W) WO, (W) WO; (W)
Measured binding energy (eV) of W 4f;, 314 + 0.1 325+ 0.2 356 £ 0.2
References [8-13,15,16] [11-13] [8,11-16]
Table 3 In addition to the changes in surface composition,

Composition of tungsten oxide components following different
chemical treatments

Sample WO (%) W (%) WO (%)
As-received 55.5 6.3 38.2
HCI + H,0, 64.2 18.4 17.4
NH,OH + H,0, 59.7 21.9 18.4
KIO; + NaOH 55.2 23.4 214
KOH 71.3 15.3 13.4

sum are shown as solid lines. Integrated values
obtained from this treatment, as well as from similar
treatments of data collected from the other surfaces,
are reported in Table 3. From these data, the relative
concentration of oxidized tungsten within the surface
region was calculated (Table 1).
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Fig. 2. XPS spectrum of the tungsten 4f region following a
treatment of KIOz; (0.1M)+NaOH (1.0M) for 1min. The
deconvolution procedure indicates little change in the total
percentage of oxidized tungsten, but a dramatic shift in intensity
from W to W*T, relative to the native oxide.

we have investigated the relative rates of material
removal for the different solutions. The etching pro-
cess of the tungsten film occurs primarily through the
dissolution of the interfacial tungsten oxide layer. As
described in Section 2, material removal rates have
been determined by four-point-probe resistivity mea-
surements. This analysis is based on the principle that
the measured electrical resistance of a film, which is
much thinner than it is wide, will scale with thickness
in a linear fashion. The four-point-probe method is
inherently insensitive to contact and spreading resis-
tance effects. With this method, we measured the
removal rates of the four solutions over a range of
immersion times. The rate of material removal was
determined from the slope of the plot of thickness
reduction versus immersion time. The results are
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1000 42
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Fig. 3. XPS spectrum of the tungsten 4f region following a
treatment of 0.1 M KOH for 5 min. Deconvolution of the spectrum
indicates a strong reduction in the percentage of W that is oxidized
as well as a shift in intensity from W+ to W**,
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presented in Table 1. Material removal rates varying
by more than order of magnitude were observed, with
the NH4OH/H,O, solution exhibiting the highest
removal rate. The KOH solution exhibited the lowest
rate of material removal.

Finally, the surface topography of the tungsten films
has been measured with AFM both before and after
solution treatments. Contact mode AFM images of the
samples have provided an estimate of grain size as
well as a quantitative measure of surface roughness.
Here, surface roughness values are cited as the rms
deviation of pixel heights from a best-fit plane through
the image. As contact mode images are often con-
voluted with the shape of the probe tip, only sets of

measurements performed with the same tip are pre-
sented to avoid artifacts due to tip-effects. Further-
more, we have insured that tip wear has not
contributed to the observed effects by sequentially
imaging as-received and treated surfaces with the
same tip. The surface topography of the as-received
film is shown in Fig. 4(a) and is characterized by an
rms surface roughness of 150 £ 2 A when measured
over a Spm X 5 um area. For the tungsten films
exposed to solutions of HCI+ H,0,, NaOH +
KIOj3, and KOH, little influence on the surface topo-
graphy was observed. In contrast, a topographic image
of the tungsten film following exposure to
NH,4OH + H,0, (Fig. 4(b)) clearly reveals that this
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Fig. 4. (a) AFM image of the W-surface “as-received” taken in contact mode. The image is 3 pm x 3 um. (b) An image of the W-surface after
treatment in NH4OH + H,O, acquired under the same conditions. There is a significant change in the observed feature size from ~0.2 to
~0.4 um. Respective cross-sectional topographic plots for the two surfaces are shown in (c) and (d), respectively. The plots represent the
topographic height as a function of distance across the centerline (top-to-bottom) of the two images. The data have been artificially offset to be

at the same height for purposes of comparison.
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treatment results in a noticeable difference in the
revealed ‘grain’ size. This observation is not simply
the result of a greater amount of material being
removed, as topographic studies of the etching process
using the other solutions for proportionately longer
times indicated little change in surface morphology.
While the NH4,OH + H,0O, treatment did not produce
a change in the rms surface roughness, cross-sectional
topographic plots clearly indicate that a significant
restructuring of the surface layer has occurred.

4. Discussion

The results presented above demonstrate that che-
mical treatments found in the cleaning and polishing
steps of CMP can alter the tungsten surface a number
of ways. First, these results clearly indicate that the
chemical composition of the surface region is altered
from that of the native oxide found on tungsten. This
change is manifest in one of two fashions. In some
cases, there is a net reduction in the thickness of the
oxide. This is seen by comparing the oxygen-to-
tungsten ratios or the WO, (%) in the surface region
of the chemically treated films to those of the native
oxide (we note that the calculation of the percent
oxidized tungsten neglects the carbon found in the
surface region, since carbon is not present in a carbidic
form, we do not believe that it affects the comparison
of tungsten to tungsten oxide species). Of the four
solutions investigated, the HCI 4+ H,O, and KOH
solutions demonstrated the greatest chemical reduc-
tion of the oxide film (different from material
removal) (Table 3). The combination of a basic solu-
tion with an oxidizing agent, which was observed to
etch the tungsten surface (Table 1), did not substan-
tially alter the thickness of the resulting oxide film, as
judged from the integrated intensity of the W'-peaks
(Table 3). This observation points to the multifunc-
tional role of solutions containing more than one
active component.

While only certain solutions reduce the thickness
of the oxide, all chemical treatments are observed to
alter the composition of the oxide. This is clearly
seen in the data of Table 3 and Figs. 1 and 2. Whether
a cleaning or etching solution, a significant shift from
WO to W*" is observed. For the two treatments
observed to reduce the oxide thickness, a correspond-

ing increase in the metallic W -state is also observed.
Regardless of film thickness, a fairly narrow range of
compositions of the oxide is reached, with approxi-
mately equal amounts (£5%) of tungsten existing in
the +4 and +6 oxidation states. Because the tungsten
films have been transported through an ambient
environment before the XPS measurements were
performed and likely have been partially oxidized,
itis not possible to conclude the exact composition of
the surface regions under the different aqueous solu-
tions. However, it is evident that all of the solutions
investigated in this study dramatically alter the com-
position through the reduction of the oxide layer. The
differences in film thickness, as well as the slight
variations in oxide composition support the claim
that this compositional analysis is not dramatically
influenced by the reoxidation of tungsten in being
transferred from an aqueous solution to the vacuum
analysis system. The compositional results presented
here are comparable to those of Kneer et al. [3] where
changes in the surface stoichiometry of W-films were
reported as a function of exposure to pH 2 and 4
solutions of KNO3 and with the results of Tamboli
et al. [8] where the films are electrochemically
treated with H,O, or KIO; solutions. The results
presented above serve to delineate the influence of
a number of individual treatments and, together with
the etch rate measurements described below, to por-
tray the influence of solution pH and oxidizing
strength.

Two additional interfacial properties have been
monitored with respect to the activity of these solu-
tions in a CMP setting. These include the rate of
material removal as well as the changes in surface
morphology induced by the solution treatment. A
survey of the results reported in Tables 1 and 3,
together with the result that only the
NH4OH + H,0, solution substantially altered the sur-
face morphology, demonstrates that the activity of the
solution components is affected by their combination
with other species. Specifically, the combination of
ammonium hydroxide and hydrogen peroxide acts to
both dissolve and reform tungsten oxide layers at a
rate much greater than the other solutions. The etch
rate for this solution is approximately seven times
greater than the highest of the other solutions
(HC1 4+ H,0,), as determined by four-point-probe
measurements. This result, in combination with the
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effective increase in feature size observed through
AFM measurements, suggests that this surface under-
goes substantial and simultaneous oxidation as well as
oxide removal. While these data illustrate the complex
influence of chemical treatments on tungsten films,
they do not provide atomic level insight into the
stepwise mechanisms of the process.

The process of CMP relies upon the precise control
of solution chemistry and the resulting surface com-
position. The ultimate goal of this process is the
production of a uniform, planar surface. For tungsten
surfaces, the studies presented in this paper document
three important phenomena, which likely contribute to
the cleaning and etching of the surface. They include
the reduction of the native surface oxide, the dissolu-
tion of tungsten oxide species, and the change in
surface morphology. In situ studies are currently
underway to follow changes in topographic and fric-
tional properties under polishing conditions as a func-
tion of solution pH and oxidizing strength.

5. Conclusions

The influence of four aqueous solutions of varying
pH and oxidizing strength on thin tungsten films has
been measured in the absence of any mechanical
motion with an array of surface analytical probes.
Through this set of measurements, changes in surface
composition and morphology, as well as variations in
material removal rates have been observed for this
series of solutions. Specifically, each solution acted to
reduce the native surface oxide, decreasing the con-
centration of W' -species and relatively increasing
the concentration of W*"-species. In addition, each
solution demonstrated the ability to etch the surface,
although a substantial range of material removal rates
was observed. The NH4,OH + H,0, solution exhib-
ited the largest removal rate and the greatest effect on
the surface morphology. The changes in surface mor-
phology produced by this solution and revealed by
AFM represent a spatially anisotropic etch process,
selectively revealing larger grains at the tungsten
interface. These finding highlight the multiple and
complex phenomena active in any chemical treatment
of the surface and the importance of the specific
solution composition in determining the net influence
of the chemical treatment.
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