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A Reflectometric Study of the Reaction between Si and WF,
during W-LPCVD on Si and of the Renucleation during the
H, Reduction of WF

J. Holleman, A. Hasper, and J. Middelhoek!
Unwversity of Twente, 7500 AE Enschede, The Netherlands

ABSTRACT

The formation of W through the reduction of WF, by Si is monitored in situ using a wavelength adjustable reflectome-
ter. The reflectance-time relation can be understood and modeled by assuming island growth and a statistical distribution
of the island thickness. The model is supported by SEM and Auger observations. The effect of surface layers like native
oxides or a plasma treatment on the inhomogeneous Si consumption by the reaction between Si and WF (gouging) and its
effect on the reflectance-time relation are understood. The model is also applicable in the case of renucleation during the
H, reduction of WFy. A renucleation step consists of the deposition of Si from SiH, followed by the Si consumption by

WFs. A renucleation step reduces the surface roughing which occurs during the H, reduction process.

W can be grown selectively on Si through the reduction
of WF, with Si, Hy, and SiH,; (1-3). The Si reduction reaction
was found to be self-limiting (2). The thickness of the self-
limiting layer is determined among others, by the presence
and thickness of a native oxide layer (2, 4) and other sur-
face treatments (5). Others (6, 7) found that the W thickness
is not self-limiting under certain conditions. The proposed
reason for self-limitation (4, 6, 8, 9) was the coalescence of
W islands that grow out of nuclei.

Reflectometry has proven to be a valuable tool to moni-
tor the initial reaction between WF and Si (10). It can be
helpful in the study of the mechanism of W-layer growth
and the study of the influence of surface layers on gouging
and encroachment.

Experimental
The study of the initial W formation via the reaction

WFg + 1.581 — W + 1.58iF, [1]

was performed at a wafer temperature of 400°C on 3 in.
p-type 10 Q cm (100) wafers in a single-wafer coldwall reac-
tor with a load lock and chuck heating (see Fig. 1). The pu-
rity of the WF was 99.999%. Wafers were cleaned in 100%
HNO,;, then boiled in 70% HNOQ;, rinsed in DI water, and
prior to deposition, dipped in a 1% HF solution in order to
remove the oxide. After the dip the wafers were rinsed in
DI water. These wafers will be referred to as “HF dip.”
Some wafers were boiled again in 70% HNO; for 20 min
after the dip in order to form a reproducible oxide. Such

! Deceased.

wafers will be referred to as “no HF dip.” The influence of
plasma treatments was studied as well. Details are men-
tioned under Results and Discussion.

The gas flow and pressure settings during the deposition
were: WFy flow = 10 scem, Ar flow = 1000 scem, total pres-
sure = 1.0 torr.

The renucleation experiments were performed during
the H, reduction of WFg at 400°C

WFs + 3H, » W + 6HF (2}

W layers formed according to reaction [2] have a large sur-
face roughness (10, 11). A renucleation step can improve
the surface roughness (10). The renucleation sequence
consists of: (1) W deposition proceeds according to reac-
tion [2}; (2) WFy is switched off. The reactor is purged for
10 s; (3) SiH, is switched on. Si deposits according to reac-
tion [3]; (4) SiH, is switched off. The reactor is purged for
10 s; and (5) WF; is switched on again. Reaction [1] con-
sumes the deposited Si

SiH, — Si + 2H, [3]

Although this reaction normally takes place at about
600°C, the fresh W surface apparently catalyzes the decom-
position of SiH, (12) so that it readily decomposes at the
temperature where reaction [2] takes place (400°C). Flow
and pressure setting during reactions [2] and [3] are: WFg
flow = 20 scem, H, flow = 1000 scem, Ar flow = 190 scem,
and total pressure = 1 torr; and SiH, flow = 50 sccm, H,
flow = 1000 sccm, Ar flow = 190 sccm, and total pressure =
1 torr, respectively. In order to avoid reflection from the
quartz window the reflectance is measured at near normal
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Fig. 1. Schematic drawing of the reactor and reflectometer setup

incidence through a large quartz window by a reflectome-
ter system, as shown in Fig. 1. Reflectance in this paper is
presented as a unit normalized to the Si reflectance. The
solid angle of acceptance of the instrument was about 0.03
sr, which is sufficiently small to avoid the measurement of
incoherently reflected light of the wavelength range
studied in this paper. Reflectance measurements were per-
formed at a wavelength (\) of A = 400 and 600 nm, respec-
tively.

Theory and Model
The reflectance (R) of a multilayer stack is given by
R = (Ei/E})? [4]

where Ej and E{f are the amplitudes of reflected and inci-
dent electric field vector at the first interface respectively.
R can be computed by a matrix method (13, 14).

The amplitude ratio in [4] is given by

amy + bmy — emyy — Mo

Ef/E7 {51

amy + bmlg + CMgy + Moy

wherea = Y /Y41, b =Y, ¢ =1/Y,,; and

miy Myy k
M= [ ] = H M,
Mo Moy k=1

M, is called the characteristic matrix of the vt layer and is
given by

_ [ €oSs Py

j sin d)v/Yv]
iY,sind,

cos b,

where ¢ = (27/\ - n, « hy, - cos 8,), A is the wavelength, n, the
refractive index, h, the layer thickness, 0, angle of inci-
dence, and Y, the admittance; subseript v indicates the vt
layer.

If we have more multilayer stacks side by side on the
same surface, including height differences, the reflectance
can be calculated from the Fresnel-Kirchhoff diffraction
equation (18). For the plane wave approximation and for
nonmultiple reflections on the surface we can follow the
procedure as presented by Porteus (17), except that the
Fresnel reflection now appears under the integral sign be-
cause it varies over the surface.

R=(fo@k -n@yN- -n@ exp - -ik -rdedy?  [6]

Where p(r) is the local Fresnel reflection, n is the local nor-
mal, r is a position vector, k = k, — Kk, is the difference be-
tween the propagation vector of the incident and diffract-
ed beam, and N is the surface normal.

When the diffracted and incident beam are taken normal
(N) to the surface and when we consider the surface as an

ensemble of discrete multilayer stacks, we may write Eq.
[6] as

R = (RF)p, exp j3)’ (71

where F, is the fraction of surface covered by layer stack i,
p, is the Fresnel reflection of layer stack i, and 3, = 4why/A,
with h, the height difference between the surface of layer
stack i and some reference surface, in general the mean
surface level.

Equation [7] can be used to calculate the reflectance of a
rough surface on which a film is growing. According to
Ohlidal et al. (15), when both the air-film and the film-sub-
strate interface have their own characteristic roughness,
such a film is called a general film. When the film grows in
islands we just have a special case of the general film. In
our case islands of W are formed, whose lateral and vertical
growth rates have a statistical distribution.

We developed a code that computes the reflectance of a
surface with a maximum of m multilayer stacks, see Fig. 2.
Each stack can be built up of a maximum of n layers. The
thickness of each layer as well as the surface fraction
covered by each stack can be varied. The code can be used
to calculate the reflectance of a surface covered with W is-
lands of various size and thickness.

Equation [7] is applicable when the Kirchhoff boundary
conditions are satisfied (18). This is the case (15) when

4T, cos 1 >> \ f8]

where 7. is the radius of the curvature of the surface irregu-
larity, and 7 is the angle between the wave vector of the in-
cident beam and the local normal. Even when Eq. [8] is not
strictly fulfilled, the Fresnel-Kirchhoff equation has been
applied successfully, as is demonstrated by the good
agreement between this approach and measurements (10,
11, 16, 17, 19, 20).

In our model the Fresnel-Kirchhoff equation is ap-
proached by Eg. [7], considering the surface fraction
covered with islands within the same thickness range as
one stack. In the case of nucleation the model does not
take into account the density and diameter of the islands
but only the surface fraction covered by the islands. The
thickness of the W layer when the surface closes, i.e., no
free substrate is visible anymore, is given by

the = ad - vgrilgr 91

where thc is the average thickness at closing, vgr is the
average vertical growth rate, ad is the average lateral dis-
tance between nuclei, and lgr is the average lateral growth
rate. For the case that vgr = lgr we get the = ad.

W grows at the expense of Si. At temperatures below
400°C SiF, is the main by-product. At higher temperatures
SiF, becomes the main by-product (21). According to reac-
tion [1], 1.5 molecule of Si is consumed for the formation of
1 molecule of W. Taking the molecular volume ratio into
account, the volume of Si that is etched is twice the
amount of deposited W (22).

It was shown by Wong et al. (7) that W islands growing
on Si consume Si from underneath the island and in the
lateral direction, causing voids. Schematically the obser-
vations by Wong et al. (7) and Green et al. (8) are presented
in Fig. 3, which is the basis of our model for calculating the
reflectance. The surface can be divided in three regions: (i)

- Al
poly_Si
Y W
SigN 4, T PSG
Si02 SiO2 PSG SiO
W

Si

Fig. 2. Example of a surface with more multilayer stacks
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Fig. 3. Schematic representation of the W island growth: (a) initial
island formation, (b} islands close, and (c) after growth.

Si fraction, (ii) W fraction, and (iii) void fraction. The W
surface (region 2) is divided in subfractions through which
a statistical variation of the island growth rate is included
in the reflectance calculation. The W surface fraction F
with grain thickness between a and b can be found by inte-
gration of the grain thickness density function {G), where
G is the grain thickness

b
Fap = j AGG 10}

The average thickness of dr_,, in the substack F\,,; is given
by

b b
o = J' ﬂG)Gdef MG dG 11

The simulation of the reflectance is performed in two
stages: (1) Islands grow vertically and laterally until the
surface closes; region 1 decreases from 1 to 0 (see Fig. 3b).
(ii) After the surface is closed all grains increase uniformly
in thickness, probably by diffusion of Si via the grain
boundary voids represented by surface 3 until the grain
boundaries become clogged leading to self-limitation of
the layer thickness (see Fig. 3c). A similar model as pro-
posed by Kuiper etal. (6) assumes an initial vertical
growth followed by lateral growth only.

Results and Discussion

The average thickness of the W layer during the Si re-
duction of WFy is calculated from the weight gain using
19.3 g/cm? for the W-specific gravity. These measurements
were performed for both HF dip and no HF dip wafers, see
Fig. 4. Auger depth profiles at various stages are presented
in Fig.5. A SEM photograph of the early stage of
growth in the no HF dip case is presented in Fig. 6 and
clearly shows that the growth proceeds through island
growth; Fig. 6 corresponds to the Auger profile of Fig. 5c.
Similar observations were done by Wong et al. (7) that
showed that the island’s surface is below the Si surface.
From the depth profile (Fig. 5¢ and d) we may conclude
that the islands in the early stage of growth already have a
thickness close to the final thickness. This conclusion may
be drawn from the fact that about 120 min are required to
sputter through the W islands covering about 20% of the
surface (Fig. 5¢) and about the same time is needed for the
W layer in Fig. 5d.

In the case of HF-dipped wafers, such islands were not
observed by SEM because the shortest reaction time of 2 s
already yields a closed surface that shows no Si in the
Auger spectrum (see Fig. 5a). However, after little sputter-
ing of about 1.5 nm the Si becomes visible, indicating that
the layer just became closed at 2 s. The reflectance of the

corresponding layers waas measured at 400 and 600 nm, re-
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Fig. 4. Average W thickness formed during reaction [1]

spectively, and is presented in Fig. 7a and b for HF-dipped
and nondipped wafers. The reflectance was simulated for
various conditions using the data of Fig. 4. The results are
presented in Fig. 8a for HF-dipped wafers and in Fig. 8b
for no HF dip wafers.

The reflectance was calculated for three cases with the
following assumptions: (1) layer-by-layer growth (van der

100

%

Atomic

o 60

120 O 60 120
Sputtertime

Fig. 5. Auger depth profiles: (o) HF-dipped wafers, average W thick-
ness 8 nm; (b) HF-dipped wafers, average W thickness 28 nm; (c) no
HF dip, average W thickness 20 nm; and (d) no HF dip, average W
thickness 65 nm.
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Fig. 6. W-istand formation during the early stage of W growth (t =
20 s) on wafers with no HF dip.

Merwe growth) is assumed. (2) Island growth was as-
sumed; the grain thickness density function is assumed to
be a delta function. (3) Island growth was assumed; the
grain thickness density function is assumed to be a Gauss-
ian function with 3o = thc (see Eq. [9]).

For HF-dipped wafers it is assumed that the layer closes
at an average thickness of 8 nm as was found by Auger; for
the no HF dip case the layers close at an average thickness
of 48 nm. During the process of closing a constant ratio
was assumed between the vertical and lateral growth rate;
this means that at a 50% coverage, the thickness also is 50%
of its thickness at closing.

As was proposed by Kuiper et al. (6) and also based on
our own observation presented in Fig. 5¢ and d, one can
also assume a fast vertical growth rate till the grains have
the thickness which is observed when the layers close. The
calculated reflectance-time relation, however, shows no
basic difference in such a case. In our simulation we as-
sumed that 90% of the W is formed by vertical consump-
tion of Si and 10% by lateral consumption. The lateral con-
sumption creates a 20% void density; the effective W
density then becomes 80% of the bulk value, which is a rea-
sonable assumption (6, 7). Others, however, found lower
values for the average W density (23-25). After closing of
the layer, a uniform increase of thickness with 20 nm was
assumed, which is in agreement with the observation by
Auger sputter profiling. The uniform growth proceeds
probably by surface diffusion of Si in the boundary void.

The diffusion of WF; or Si through the grains is not likely
since such a4 mechanism would result in a continuous
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Fig. 7. Reflectance measurement during W deposition
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Fig. 8. Simulation of the reflectance: (a) HF-dipped, and (b) no HF

dip. 1. Layer-by-layer growth is assumed: —--— X = 400 nm;
— — — A = 600 nm. 2. Island growth is assumed with a delta density
function of the grain thickness distribution: .......... A = 400 nm;

----- X = 600 nm. 3. Island growth is assumed with a Gaussia
density function of the grain thickness distribution: A=
400 nm; — — — — A = 600 nm.

growth. Diffusion of WF, through voids has been proposed
by Wood and Collins (26). In view of our model, however, a
surface diffusion of Si to the surface through the boundary
voids or pore may explain the observations. WF, may react
at the inlet of the pore; any WF, diffusing into the pore
then reacting will cause the pore to become clogged. Once
the pore is closed the growth stops creating a closed void.
Surface diffusion of WF, has been shown not to be of great
importance in the modeling of step coverage in W low-
pressure chemical vapor deposition (27).

If we compare the measurement with the calculation we
may draw the conclusion that the reflectance modeling
during W growth by means of reaction [1] assuming island
growth is realistic. The conclusion is supported by SEM
and Auger measurements.

The reflectance for a layer-by-layer growth model
strongly disagrees with the measurcment. Assuming a
delta density function for the thickness distribution is not
realistic for wafers that received no HF dip, because this
would result in flat layers, whereas in SEM observation
rough layers are observed (2, 7) and the measured final re-
flection would be higher. A Gaussian distribution is more
realistic. Such a distribution also explains why the W/Si in-
terface is much rougher than the W surface (2), and it ex-
plains why the final reflectance for the thick W layer
formed on wafers with no HF dip is lower than the
theoretical value for a smooth layer. Also, with Rutherford
backscattering (RBS) grain thickness variations are ob-
served on similar samples (28). A Gaussian distribution of
the grain thickness can explain their observed RBS profile
(29).

The reflectance simulations compared to measurements
for HF-dipped wafers cannot discriminate between a
Gaussian or delta function because the surface roughness
involved with the thin layer is too small to make any deci-
sion about the density function. It is evident, however, also
in the HF-dipped case that island growth predicts the re-
flectance-time relation rather than the layer-by-layer
growth model which would yield quite a different depend-
ence. The dip at the onset of growth is due to diffraction.
The shift on the time axes between measurements and cal-
culation is probably due to a small difference in native
oxide thickness between the series of the weight measure-
ment of Fig. 4 on which the calculations are based, and the
reflectance measurements presented in Fig. 7. The weight
measurements and reflectance measurements are from
two different series. A small variation in native oxide
thickness can produce large delay effects.
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For the reflectance calculations bulk values were used
(30). The calculations and measurements are in good agree-
ment, so we may conclude that the grains in our experi-
ments have bulk characteristics at least in the top layer.
The voids are not visible to the beam, which is in agree-
ment with our model.

The influence of other surface treatments was studied as
well. Wafers were subjected to one or more of the follow-
ing treatments: (1) Standard cleaning as described under
Experimental including the dip in 1% HF solution. (2)
Boiling in 70% HNO; for 5 min. (3) O, plasma treatment
performed at 1 torr with 100W power in a barrel reactor. (4)
‘CHF; plasma treatment in a RIE reactor at 40 mtorr, power
density = 0.5 W/em? and dc bias = 300 V. (5) Plasma treat-
ment in a gas mixture composed of 90% CF, and 10% O, in
a RIE reactor at 40 mtorr, power density= 0.5 W/cm? and dc
bias = 300 V. (6) Dip in 1% HF. (7) In situ NF; plasma
afterglow treatment. The reflectance was measured at A\ =
400 nm because this wavelength is more sensitive to the ef-
fect of gouging than higher wavelengths. The results of the
experiments are presented in Fig. 9.

If we consider the minimum of the reflectance as a meas-
ure for the degree of gouging, which is a reasonable as-
sumption considering the agreement between the previ-
ously presented model and the results, we may draw the
following conclusions from Fig. 9:

Boiling in 70% HNO,, also for short times, forms an
oxide responsible for gouging (treatment 1 + 2). The thick-
ness of the oxide formed by HNO; was found to be 1.8 nm
by ellipsometry. O, plasma treatments for short times (5 s)
form an oxide of about 1.5 nm, which causes gouging
(treatment 1 + 3, 5s). When the plasma treatment is per-
formed longer than ! min, the oxide formed is about
2.1 nm (treatment 1 + 3, 1 min) and so dense that no W is
deposited at all within 10 min.

In a CHF; plasma a thin layer of 4 nm is formed com-
posed of C, F, and O as was found by x-ray photoelectron
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Fig. 9. The reflectance-time relation measured at A = 400 nm after
various surface treatments. The curves are displaced vertically for
clearness. The starting point of each curve corresponds to the Si re-
flectance. The meaning of the surface treatments as presented in the
first column is explained in the text. The second column presents the
minimum reflectance.
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Fig. 10. Reflectance measurement during two renucleation se-
quences: step 1 H, reduction reaction, step 2 WF off, step 3 SiH, on,
step 4 SiH, off, step 5 WF; on.

spectroscopy (XPS) (treatment 1 + 4). This layer does not
increase in thickness for longer plasma treatment times
and could not be removed by a 1% HF dip. The layer hin-
ders the formation of any W. A CF, + O, plasma also forms
a surface layer, although to a lesser extent, that cannot be
removed by a 1% HF dip and which is responsible for
gouging (treatment 1 + 5 + 6).

The layers formed by the CHF; plasma and CF, plasma
can be removed by an O, plasma followed by either an HF
dip or an in situ NF; plasma treatment (treatment 1 + 4 +
3+6,1+4+3+71+5+6+7).Ingeneral,the minimum
reflectance found after a 1% HF dip is lower than after an
NF; in situ cleaning, possibly because an oxide of about
0.6 nm is formed between the HF dip and the loading into
the reactor.

Renucleation.—When W is deposited according to reac-
tion [2], the surface becomes rough. The surface roughness
was found to be independent of deposition temperature
(10, 11) and the root mean square (rms) roughness is about
7% of the layer thickness. A renucleation sequence as men-
tioned under Experimental can improve the roughness
(10). In step 1 of the sequence (see Fig. 10) W grows accord-
ing to reaction [2]. The reflectance decreases due to an in-
creasing roughness. In step 3 the reflectance decreases
strongly due to the formation of Si by reaction [3]. The Si
thickness can be calculated from the reflectance change by
means of Eq. [4] and was found to be =2 nm thick assum-
ing the optical constants of crystalline Si. Auger measure-
ments by Schmitz et al. (12) confirm the Si formation and
thickness. The Si thickness saturates as can be seen from
Fig. 10, probably because the formed Si screens the cata-
lyzing action of the W. When the WFy is switched on again
in step 5 the Si is consumed by reaction [1]. The sharp de-
crease in reflectance at the onset of renucleation cannot be
understood in terms of the Fresnel-Kirchhoff diffraction
equation. Height differences during the nucleation step
can never be large enough to explain the phenomenon, be-
cause the Si layer is only 2 nm thick and the renucleated W
layer will not be more than 1 nm. A breakdown of the
Kirchhoff boundary conditions is very realistic, since the
radius of the initial nuclei will not satisfy Eq. [8]. Together
with this, a nucleus density much larger than in the HF-
dipped case must be assumed, which is realistic since the
freshly formed Si is free of any oxide.

Conclusions

The reflectance change during W formation via the
LPCVD reaction of WFg with Si can be modeled by assum-
ing nucleus formation followed by lateral and vertical
growth that results in island formation. The nucleus den-
sity is so high in the case of HF-dipped wafers that the sur-
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face already closes at an average thickness of 8 nm.
Growth then proceeds through diffusion at boundary
voids and stops, probably due to clogging of the pores. The
nuclei can grow in thickness as long as the surface is open,;
therefore, the final thickness in the dipped case is much
lower than in the nondipped case, because the dipped
wafer surface closes sooner due to a higher nucleus
density.

The reflectance minimum measured at A = 400 nm is a
good measure for the degree of gouging caused by surface
layers. The reflectance measurement during a renucleation
step is a good tool to get insight into the renucleation
process.
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