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Comparison of tungsten films grown by CVD and hot-wire assisted atomic
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In this work, the authors developed hot-wire assisted atomic layer deposition (HWALD) to deposit
tungsten (W) with a tungsten filament heated up to 1700-2000 °C. Atomic hydrogen (at-H) was
generated by dissociation of molecular hydrogen (H,), which reacted with WFg at the substrate to
deposit W. The growth behavior was monitored in real time by an in situ spectroscopic ellipsome-
ter. In this work, the authors compare samples with tungsten grown by either HWALD or chemical
vapor deposition (CVD) in terms of growth kinetics and properties. For CVD, the samples were
made in a mixture of WFg and molecular or atomic hydrogen. Resistivity of the WFq-H, CVD
layers was 20 uQ-cm, whereas for the WFg-at-H-CVD layers, it was 28 uQ-cm. Interestingly, the re-
sistivity was as high as 100 uQ-cm for the HWALD films, although the tungsten films were 99%
pure according to x-ray photoelectron spectroscopy. X-ray diffraction reveals that the HWALD W
was crystallized as ff-W, whereas both CVD films were in the o-W phase. © 2015 American
Vacuum Society. [http://dx.doi.org/10.1116/1.4936387]

I. INTRODUCTION

Metallic layers (films) play a crucial role in manufactur-
ing of semiconductor devices such as microprocessors,
DRAM memories, flash memories, and image sensors.
Commonly applied metals include aluminum (Al), copper
(Cu), titanium (Ti), and tungsten (W). Pure-metallic films
are often deposited by physical vapor deposition (PVD, i.e.,
sputtering or evaporation) or by chemical vapor deposition
(CVD)."”® Complex structures and shrinking dimensions of
modern microelectronic devices pose stringent demands on
film conformity, uniformity, and step coverage in high as-
pect ratio structures. In this light, CVD and PVD-based tech-
nologies have their limitations."*

Atomic layer deposition (ALD) therefore recently gains
ground from PVD and CVD for industrial use.” A self-
limiting reaction mechanism, the main feature of ALD, leads
to an accurate thickness control and high film uniformity on
arbitrarily shaped and patterned surfaces.® However, ALD of
single-element films, such as metals or semiconductors, is
difficult to achieve by using thermal ALD processes.® As a
solution, plasma-enhanced ALD (PEALD), also called
radical-enhanced ALD (REALD), can be utilized. For exam-
ple, with PEALD, Pt can be grown by O, plasma,7 Ru (Refs.
8 and 9) and Co by NH; plasma,'® and Al (Ref. 11) and Cu
by H, plasma.'? However, plasma can cause damage to the
wafer by generated ions and UV light,"* in particular, to
MOS transistors. In addition, a diversity of radicals is typi-
cally created in even simple one- or two-gas plasmas, ena-
bling numerous chemical reactions besides the pursued one.
Not all the reactions lead to the formation of high-quality
films; certain plasma compounds can deteriorate film quality.
This makes the composition and structure of the growing
film hard to predict and control.
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In this work, we propose an alternative method to gener-
ate radicals for REALD by means of a hot-wire (hot fila-
ment) instead of a plasma. It is well established that radicals
can form upon dissociation of gas molecules on a hot tung-
sten (W) filament.'*'® For instance, molecular hydrogen
(H2)19*21 and NHj; (Ref. 22) can effectively decompose on a
W filament heated up to 1500-2000 °C. By replacing plasma
by a hot-wire, we aim to avoid substrate damage, limit the
number of radicals formed, and thereby achieve a better con-
trol of the reactant supply to the growing surface.

Tungsten (W) is widely used for filling contacts and vias
in microelectronic devices due to its inertness to many chem-
icals, compatibility with silicon technology, and the low
enough electrical resistivity for contacts and vias.> CVD of
W by WFg gas and molecular H, had been successfully
established and applied in industry. An ALD procedure for
W films, with all its advantages, will open new application
areas for this metal. In this work, we compare three deposi-
tion methods of W: (1) CVD by using WFs and molecular
hydrogen (H,-CVD), (2) CVD by WF¢ and atomic hydrogen
(at-H-CVD), and (3) hot-wire assisted atomic layer deposi-
tion (HWALD) by sequential pulses of WF¢ and atomic
hydrogen. In our reactor, the hot-wire itself is not a source of
tungsten; it provides only atomic hydrogen. Film properties,
such as resistivity, roughness, density, and crystal structure,
have been evaluated by means of four-point probe, atomic
force microscope (AFM), x-ray diffraction (XRD) and
reflection (XRR), and transmission electron microscopy
(TEM).

Il. EXPERIMENT

Tungsten (W) films were deposited on top of 100 nm sili-
con dioxide (SiO,) thermally grown on Si (100) wafers.
Before deposition of W, the wafers were cleaned in fuming
(99%) HNO; and boiling 69% HNOj; to remove organic and
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metallic contaminations. Then, the substrate was dipped in
0.3% HF solution for 3 min. The procedure was reported to
provide a surface on which Si could grow with high nuclea-
tion density.**

Tungsten nucleates very slowly on SiO,.?> To circumvent
this problem, a 4-nm thin W seed layer was preformed on
SiO, before starting the actual CVD or ALD of W. The for-
mation of this seed layer consisted of (1) CVD of a thin
(5nm) layer of amorphous Si (a-Si) from trisilane (SizHg) at
325°C; and (2) converting the a-Si into W by reacting with
WF. The final thickness of the W seed layer, as measured
by spectroscopic ellipsometer (SE), was around 3 nm. More
details about the formation of this seed layer can be found
elsewhere.”° Upon this seed layer, W films were further de-
posited by one of the three methods, without vacuum break.
Finally, an approximately 5nm thick a-Si was deposited on
top of W as a capping layer, to prevent oxidation of the W
layer. As demonstrated in the earlier publications of the
group, such a capping layer can effectively protect a metallic
surface for a long time against native oxidation.”’

A. Delivery of at-H to the substrate

The cold-wall reactor used to deposit tungsten films is
schematically shown in Fig. 1. The reactor was equipped
with an in situ Woollam M-2000 SE operating in the wave-
length range between 245 and 1688 nm, combined with
COMPLETEEASE software. The SE enabled in sifu monitoring of
the deposition process in real time.

The hot-wire source of at-H (a tungsten filament) is in-
stalled on top of the reaction chamber (see Fig. 1).
Molecular hydrogen is introduced via this source at a dis-
tance of approximately 70 cm above the substrate. There is
no direct line of sight between the hot-wire and the sub-
strate.”?® WF, is supplied through the gas ring, situated
around 10 cm above the substrate.

To verify the existence of at-H and its efficient delivery
over 70cm from the source to the substrate, tellurium (Te)
etching experiments were carried out before starting the
work on W film deposition. Te reacts with at-H at room tem-
perature to form volatile tellurium hydride (TeH,):*® how-
ever, the reaction between Te and molecular hydrogen (H,)
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Fic. 1. (Color online) Schematic cross-section of the cold-wall reactor used
in this work.
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does not occur. Therefore, the observation of etching of a Te
film in hydrogen ambient at room temperature can confirm
the existence of at-H.?

Our previous work, using the same hot-wire source, has
demonstrated the high etching rate of Te by at-H, greatly
depending on the hot-wire temperature.”® To enable
HWALD, well-defined pulses of at-H must be provided
instead of a continuous flow. We therefore confirmed the
ability to reliably supply at-H for HWALD in the following
experiments (see Fig. 2). First, the Te film could not be
etched with the hot-wire off while exposed to H, flow (as
expected). Second, with hot-wire on while exposed to argon
or nitrogen, the Te film could not be etched either. The three
regimes indicated in Fig. 2 manifest that only the combina-
tion of a switched-on hot-wire with H, flow through the
hot-wire source effectively etches the Te film. The latter is
demonstrated in Fig. 2, where Te etching occurs by each
pulse of at-H of 0.1s; the etching quickly diminishes and
stops during a purge of 30s with Ar. As the figure further
indicates, there is no delay between the injection of H, and
the on-set of etching; however, etching tends to continue for
another 8 s after the 0.1s pulse of hydrogen. This is attrib-
uted to the residence time of at-H in the reaction chamber. In
conclusion, etching of Te films confirms not only the effi-
cient delivery of at-H to the substrate but also its sufficiently
long lifetime in the reactor.

It is important to estimate the dissociation degree of mo-
lecular hydrogen by the hot wire. We thoroughly addressed
this issue in our earlier publication.”® The accurate estima-
tion requires chemical modeling of the etching reactions
including knowing the sticking probability of at-H to the sur-
face, reaction rate constants, and also taking the decomposi-
tion of the formed TeH, (i.e., redeposition) into account.
Unfortunately, several unknown parameters of this process
make it rather difficult to estimate the amount of at-H
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Fic. 2. Etching a Te film by sequential 0.1 s pulses of at-H followed by 30 s
purge. The thickness of the remaining Te on a silicon wafer as measured by
SE is shown. Conditions: room substrate temperature, process pressure of
0.003 mbar, H, flow rate of 100 sccm, and a carrier gas (Ar) flow rate of 50
sccm. Three regimes are identified: (1) introducing molecular hydrogen
(H,), hot-wire off; (2) introducing H, via the hot-wire kept at 1750 °C; and
(3) Ar flowing through the hot-wire at 1750 °C.
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produced. However, in Ref. 28, we estimated the minimum
amount of at-H needed to maintain the experimental etching
rates. The following assumptions were made: (1) all gener-
ated at-H could reach the surface to etch Te, and (2) no rede-
position of Te occurs. Under these assumptions, it was
calculated that the dissociation degree of H, into at-H should
be at least 8%. The actually generated amount of at-H
should be higher but at least such amount is needed (assum-
ing 100% participation in the reactions, sticking probability
1, etc.) to maintain the experimental etch rates.

B. Film deposition

As mentioned, the samples were deposited either by H,-
CVD, at-H-CVD, or HWALD. One HWALD cycle con-
sisted of a 10-s pulse of at-H (H, flow of 100 sccm through
the source) followed by an Ar purge of 20s, then a 0.1-s
pulse of WFg (2 sccm), and finally another Ar purge of 30s.
Importantly, the hot-wire itself was not acting as a source of
tungsten, as no deposition of W occurred during the purge
pulses with hot-wire on. This confirms no transport of W
from the hot-wire to the surface via the gas phase. The
HWALD was conducted at 0.15 mbar and a substrate tem-
perature of 315°C. Additional details may be found in our
previous work.?® For the CVD modes, WFg and either H, or
at-H were mixed in the gas phase to form either H,-CVD or
at-H-CVD tungsten films.

The process conditions are detailed in Table I. To find the
ALD window with self-limiting surface reactions, all the
deposition parameters were carefully adjusted in our earlier
work, as described in Ref. 26. Due to the coexistence of
ALD, CVD, and etching processes, as mentioned in the ref-
erence, the choice of conditions was limited. For HWALD,
the conditions (pressure, pulse times, etc.) were optimized
such that this mode was the dominant. To enhance the CVD
modes, while suppressing the negative effect of etching, the
conditions should be adapted accordingly. Importantly, H,-
CVD W was deposited at 325°C as a very low deposition
was observed at 315°C and 0.15 mbar. It was found that, at
a pressure higher than 0.15 mbar, etching of the deposited
tungsten by fluorine dominated rather than CVD, presum-
ably due to the dissociation of WFg upon the hot-wire, result-
ing in the enhanced formation of fluorine.?® Concerning the
at-H-CVD, it only took place at a pressure much lower than
0.15 mbar. Therefore, a pressure of 0.003 mbar was chosen.

C. Film characterization

A PANalytical X’PERT MPD diffractometer was utilized
for XRD and XRR measurements. XRD and XRR patterns of
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the samples were recorded in the region of 20 = 30°-90° using
Cu Ko radiation, with a PANalytical PIXcel1D detector.

The film thickness was measured in real-time during the
deposition using the in situ spectroscopic ellipsometer
described in Sec. Il A. The measurements were taken every
2.5s. Due to the opacity of W, only the films with thickness
up to 30nm could be measured by SE. The film thickness
was verified by high-resolution scanning electron micros-
copy (HR-SEM) and XRR. Additionally, optical properties
of the films were also obtained by SE.

Figure 3 shows cross-sectional HR-SEM images of a
HWALD tungsten sample with a capping layer of approxi-
mately 5 nm. Thicknesses of the W seed layer and HWALD W
layer, determined by SE, are roughly 3 and 13 nm, respectively.
Figure 3(a) presents the normal InLens image where the a-Si
capping layer cannot be distinguished; the total thickness of all
sublayers (approx. 20 nm by SE) is in agreement with the value
of 17 nm obtained by HR-SEM. The energy selective backscat-
tered (ESB) image in Fig. 3(b) exhibits a better contrast
between the a-Si and the W layer underneath, giving a total
thickness of the two tungsten layers (bright-gray) of approx.
12 nm. Furthermore, Fig. 3(a) indicates a remarkable surface
roughness (see further Sec. III B). Considering the roughness
of a few nanometers and different measurement positions on
the wafer for SE and HR-SEM, the thickness determined by
SE is in good agreement with that measured by HR-SEM.

Table II compares thicknesses of samples deposited by
three different methods. The thicknesses measured by XRR
are smaller than those obtained by SE. To note, the SE meas-
ured in the center of the wafer, sometimes without having a-
Si capping layer on W, whereas the XRR measurements
were always done on the wafer with the capping layer and
on an area adjacent to the center of the wafer. Both differen-
ces may have caused the small discrepancy in thickness. We
conclude from Table IT and Fig. 3 that thicknesses measured
by SE, HR-SEM, and XRR are in good agreement. This con-
firms the validity of SE for measuring W films within their
transparency range, i.e., up to 30 nm.

The film resistivity was examined by an automatic four-
point probe stage of Polytec. The film surface morphology
was characterized by a Bruker Fastscan/ICON model AFM.
Further, TEM and energy filtered TEM (EFTEM) were uti-
lized to characterize grown films.

lll. RESULTS AND DISCUSSION
A. Resistivity and density

The resistivity results are shown in Table III. To avoid
misunderstanding, it should be emphasized that we have

TasLE I. Deposition conditions for samples made by three different methods. The film thickness was measured by in situ SE.

Deposition method ~ Process Pressure (mbar)

Substrate temperature (°C)  Hot-wire temperature (°C)

Gas flow rate Hy/WFg (sccm) Growth rate®

H,-CVD W 0.15 325
At-H-CVD W 0.003 315
HWALD W 0.15 315

25 100/2 1.430 nm/min
1750 100/2 0.104 nm/min
1750 100/2 0.006 nm/cycle

“Growth rate was measured by SE at the center of the wafer.

JVST A - Vacuum, Surfaces, and Films
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EHT = 2.00 kV
WD = 28mm
Mag = 443.14 KX

Signal A = InLens
Photo No. = 19869
| Probe = 130 pA

EHT = 2.00 kV
WD= 28mm
Mag = 443.14 KX

Signal A=ESB
Photo No. = 19873
| Probe = 130 pA

FiG. 3. Cross-sectional HR-SEM images of a HWALD tungsten film. The
tungsten layer is covered by an approximately 5nm thick a-Si layer. (a)
The standard Inlens detection, showing the total thickness of all tungsten
and a-Si sublayers of approximately 17 nm. (b) The result of energy selec-
tive backscattered detection, where approximately 12nm thick W layers
(bright-gray) can be visualized. P, is the measured thickness (i.e., length of
the [-line), and Py is the angle between the [-line and the substrate
surface.

carried out many experiments and many films thinner than
10nm were grown. The stable spectroscopic ellipsometer
model indicated comparable film properties including resis-
tivity for all samples, which meant that films were deposited
in a repeatable process. Finally, to demonstrate the
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TaBLE II. Comparison of thicknesses measured by SE and XRR at the center
of the wafer.

Sample Thickness by in situ SE (nm) Thickness by XRR (nm)
H,-CVD W 10.2 9.7
At-H-CVD W 24.6 20.2
HWALD W 139 11.2

comparisons, only three typical and representative films
were selected. The resistivity we measured was comparable
with that reported for bulk CVD-W films. Moreover, the
thinnest H,-CVD film (10 nm) showed the lowest resistivity,
and a comparable resistivity was obtained for a 20-nm at-H-
CVD film. In contrast, a 13-nm HWALD W film showed a
resistivity nearly five times as high as that of the CVD sam-
ples. These results revealed that thickness was not the key
factor to determine resistivity in our experiment.

The lowest resistivity was obtained with H,-CVD W;
however, the reader is reminded that this W layer was depos-
ited at a slightly higher substrate temperature (Table I). In
the literature, the lowest resistivity obtained by CVD with
WF¢ and H, varies between 8 and 18 ,uQ~cm.23 However, in
these reports, the deposition temperature was above 400 °C.
The resistivity of at-H-CVD W was slightly higher but still
comparable, taking the slightly lower growth temperature
into account (Tables III and I).

The density of the tungsten films was obtained by XRR
measurements. As W deposition and the seed layer forma-
tion were two different processes, the densities and thick-
nesses of these two layers were fitted separately. The
obtained density of W seed layer was around 17.3 g/cm®.
The density of bulk tungsten ranges from 15.8 to 19.25 g/
cm’, depending on its crystal phase,”*=*! while most industri-
ally manufactured o-phase W exhibits the highest density of
19.25 g/em®. W films realized by at-H-CVD possessed the
highest density, close to that of «-W (Table III). The density
of H,-CVD W was 2.3% lower. HWALD W exhibited the
lowest density and the highest resistivity. The possible rea-
sons for this will be discussed in Sec. III D.

B. Surface roughness

Roughness of the seed and capping layers contributes to
the resulting film roughness. It is known that a thicker a-Si
seed layer will lead to a rougher surface of W after the reac-
tion between WF, and a-Si.*” In order to estimate the rough-
ness of the surface before the depositions under study, a

TagLE III. Density (from XRR) and resistivity (by four-point probe) values
of W films deposited by three different methods.

Sample Density® (g/cm?) Resistivity” (uQ-cm)
H, CVDW 18.75 20
At-H-CVD W 19.19 28
HWALD W 17.15 100

“All measurements were taken at the center of the wafer.
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SiO, substrate, a 5-nm a-Si layer, and a W seed layer
obtained after converting the a-Si into the W were measured
by AFM (Fig. 4). Further, the roughness evolution during the
subsequent deposition of W films was measured by AFM
(Fig. 5). As the measurements have been done in air, one
should realize that such thin layers will (partially) oxidize;
although this may slightly affect the roughness, still compar-
isons between different depositions are possible.

Figure 4 shows a smooth surface of a HF-treated SiO,
substrate (RMS =0.25nm), a-Si layer (RMS =0.018 nm)
and a rougher W seed layer (RMS = 1.67 nm). In Fig. 5, the
AFM images of the three W depositions are presented. It can
be seen that at-H-CVD provided the smoothest film. The H,-
CVD film exhibits a rougher surface, probably due to the
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5.1nm

(c)
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higher substrate temperature. The roughness profiles of H,-
CVD W and HWALD W both exhibit sharp height varia-
tions with peak-valley difference reaching 20nm. In con-
trast, the profile of at-H-CVD W shows a much smaller
difference. As the at-H-CVD film is approximately twice as
thick as the other two films, its relative roughness is even
lower. While further analyzing Fig. 5, it can be concluded
that H,-CVD W exhibits the smallest correlation length and
at-H-CVD W has the biggest. This can be related to (1) a dif-
ference in the nucleation site density and (2) either vertically
or laterally dominant growth. Atomic hydrogen obviously
plays a crucial role in the growth mechanism, smoothing the
film surface for at-H-CVD. The big thickness peak-to-valley
variations which are comparable with the film thickness are

SiO, after 0.3% HF treatment
RMS =0.250 nm
510=100 nm

5

Vertical dimension (nm)

10 T T T T
0 100 200 300 400 500

Lateral dimension (nm)

A-Si layer
RMS= 0.018 nm
d=5nm
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0 100 200 300 400 500
Lateral dimension (nm)
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RMS=1.67 nm
d=3.8nm
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L
o
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FiG. 4. (Color online) Surface morphology of (a) SiO, substrate dipped in 0.3% HF, (b) 5-nm a-Si layer, and (c) W seed layer formed by reaction between the
a-Si and WF¢. Roughness (RMS) was measured by AFM and is shown on the right-side graphs; the thickness d was obtained by SE. The graphs illustrate the

height variation along the black lines drawn on the left-side AFM images.
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FiG. 5. (Color online) Surface morphology of (a) H,-CVD W deposited at 325 °C, (b) at-H-CVD W deposited at 315°C, and (¢c) HWALD W deposited at
315°C (see Table I for other conditions). The roughness (RMS) was measured by AFM and is shown on the right-side graphs; the thickness d was obtained by
SE; the correlation length s was extracted by the NANOSCOPE ANALYSIs software. The graphs illustrate the height variation along the black lines drawn on the

left-side AFM images.

noticeable, especially in Figs. 5(a) and 5(c). However, the
latter has a resistivity, which is five times that of the former.
Thus, the difference in resistivity is not due to the high thick-
ness variations. Nevertheless, this high variation will result
in the lower mass density measured, especially for HWALD
films. But only a relatively small difference in density is
observed in our case.

C. Film composition

The compositional depth profile of the HWALD W film,
measured by x-ray photoelectron spectroscopy (XPS), is pre-
sented in Fig. 6. No peak of fluorine (F) was found in the
spectrum, indicating a good removal of F by at-H. In the
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depth profile, three layers consisting of a-Si capping layer,
deposited W, and SiO, underneath can be identified. The
capping layer was oxidized on the top surface, but the oxy-
gen concentration declined quickly while going deeper into
the layer. The concentration of W in the HWALD W layer
reached 99 at. % with an oxygen signal below the detection
limit.

In Fig. 7(a), a depth profile of the Ols-peak signal is dem-
onstrated. Oxygen was observed at the surface and rapidly
disappeared in the capping layer, consistent with the results
of Fig. 6. It is noticeable that the Ols peak, present at the
W-Si0, interface, corresponds to both Si—O and W-O bond-
ing. In other words, at the W-SiO, interface, an O-to-W
bond signal is clearly present. Likewise, the W4f peak of
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Fic. 6. (Color online) Compositional depth profile of a HWALD W film
obtained by x-ray photoelectron spectroscopy.

tungsten with a binding energy of 32.1 eV, corresponding to
bond of W-to-O of SiO,, can be noticed [Fig. 7(b)]. This
implies the reaction between W of the film and O of SiO, at
the interface.
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FiG. 7. (Color online) (a) Depth profile of the Ols signal. An oxygen signal
is present in the top capping layer and the SiO, substrate. A clear signal of
O-to-W bond was observed at the W=SiO, interface. (b) The depth profile
of the W4f signal. At the W-SiO, interface, some tungsten oxidation
occurred.
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D. Crystallinity

Apart from the amorphous phase, tungsten is known to
exist in a, f5, and 7 crystal phases.>'*® o-W is the most stable
phase; it has a body centered cubic lattice with a lattice con-
stant of 0.316 nm.>* The f-phase exhibits a cubic AsB (A 15)
crystal structure and is formed by WsW or W50 clusters™=°
with a lattice constant between 0.503 and 0.504nm.>’ It is
reported that the f-phase is metastable and can be transformed
into the a-phase upon annealing at 650750 °C.**° In addi-
tion, the y-phase has only been found at the beginning of sput-
tering and readily forms «-W.? For applications in
semiconductor devices, «-W is more desired attributed to its
low resistivity; while f-W is adopted in transition edge sen-
sors due to its superconducting properties where transition
temperatures is as high as 4 K.>"4°

Figure 8 demonstrates the XRD patterns of W films de-
posited by the three mentioned methods. The strongest peak
at 69° corresponds to the (100) Si substrate. Because of the
high intensity of this Si peak, three peaks of the § phase in
the range of 60°-70° are not visible. The distinguishable
peaks of tungsten are located at 40.2° [(110) plane], 58.2°
[(200) plane], 73.2° [(211) plane] and 87.1° [(220) plane] for
«-W,** and at 35.5° [(002) plane], 39.8° [(012) plane], 43.8°
[(112) plane], 86.2° [(024) plane], and 88.7° [(124) plane]
for f-W.2* It is apparent from the graph that the unique
peaks of -W are only present in HWALD W, whereas four
peaks of o-W can be observed in both CVD-films. Based on
this measurement, it can be concluded that the HWALD W
forms the f§ phase in contrast to o-W obtained by both CVD
methods.

The lattice constants of the three films in Fig. 8 have been
calculated from the diffraction peak positions, revealing
0.505 = 0.001 nm for HWALD W, 0.315 = 0.001 nm for at-
H-CVD, and 0.316 = 0.001 nm for H,-CVD. These values
are consistent with the lattice constants reported for o and f
phases in the literature. In addition, the density of bulk a-W
is reported to be higher,*~*' with a typical value of 19.31 g/
cm’, whereas that of the f-phase is 19.1 g/em®. f-W is also
known to possess a high resistivity, above 100 and up to

——CVD by molecular H, and WF_
AN

——CVD by atomic H and WF,
N

]

@ ——ALD by atomic H and WF, I

3 J\&
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FiG. 8. (Color online) XRD patterns of W films deposited by three different
methods. The diffraction peak positions and the corresponding attribution to
o- and f-phases are shown (Refs. 23, 33, and 41).
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1290 uQ-cm,****** compared to 5.6 uQ-cm for o-W. The
lower density and higher resistivity of our HWALD film are
in good agreement with the properties of -W. Remarkably,
our HWALD f-W films resemble the best examples of -W
grown up to date.

Further, based on the XRD peak patterns and Scherrer’s
equation,*> we evaluated the grain sizes. To note, only grains
with planes oriented parallel to the substrate could be
observed by a 0-20 scan. The calculated grain size of H,-
CVD W, at-H-CVD W and HWALD W ranged from 8.3 to
14.1nm, 7.0 to 21.6nm, and 5.2 to 10.3 nm, respectively.
Hence, HWALD possessed the smallest value and narrowest
range of grain size. A smaller grain size suggests a larger
number of grain boundaries in the film. This can contribute
to a higher electrical resistivity of the HWALD S-W com-
pared to the CVD a-W.

Impurities, especially oxygen, can enhance the formation
and stability of f-W.**° For example, f-W is mostly
formed during hydrogen reduction of tungsten oxides.’'™?
In addition, a transition from the f§ to the o phase can be
achieved by annealing above 700 °C due to the removal of
incorporated oxygen and enhancing the mobility of W
atoms.>®>? On the other hand, in practice, oxygen is com-
monly present in PVD and CVD chambers, in residual
(mainly water vapor) gases. Our experiments were con-
ducted at a background pressure of 10~/ mbar, giving the
impinging flux of background residuals of about 0.1 mono-
layer/s.>* The deposition rate of HWALD W was approxi-
mately 0.02 monolayer/cycle with a total purge time of 50 s
per cycle. This results in the arrival flux of background resid-
uals to the substrate of 5 monolayer/cycle.

Considering the low growth rate (0.006 nm/cycle for
HWALD compared to 1.43nm/min for H,-CVD and
0.104 nm/min for at-H-CVD) and long purge time, the films
are therefore expected to be contaminated by oxygen.
Namely, when the film is exposed to at-H after a WFg pulse,
fluorine adsorbed on the surface can (partially) be removed,
leaving a reactive surface of tungsten, possibly with dangling
bonds. During the following purge pulse, the background
residuals such as water will arrive at the surface in quantities
sufficient to fully oxidize it. The film (presumably up to sev-
eral monolayers below the surface) can further be reduced
back to tungsten by the upcoming at-H pulses. This growth
mechanism via intermediate oxidation should result, based
on the literature, in f-tungsten instead of «-tungsten. To
note, compositional analysis of the HWALD fS-W by XPS
(Fig. 6) reveals a high-purity tungsten, with the share of W
approaching 99 at. %. This implies that oxygen is efficiently
removed during exposures to at-H, i.e., by reduction
reaction.

Cross-sectional HRTEM images of HWALD W with a-Si
capping layer are presented in Fig. 9. In Fig. 9(a), a rough film
can be observed with a film thickness varying between 10 and
18 nm. This height variation is in agreement with the AFM
results in Fig. 5(c). Figure 9(b) shows the same film at a higher
magnification and exposes individual crystal grains. The visual
grain size in Fig. 9(b) is on the order of 10 nm; the film rough-
ness is probably determined by different grain sizes and
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FiG. 9. Representative HRTEM cross-sectional images of a HWALD W film
with a 5-nm a-Si capping layer. Individual crystal grains can be clearly seen
in (a) and (b). The close-up of one grain and d-spacing, as calculated by
FFT, are displayed in (c).
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® Carbon
® Silicon
= Oxygen

FiG. 10. (Color online) EFTEM images of a HWALD W film with a-Si capping layer: (a)—(c) present element mapping on gray scale (brighter regions denote
higher concentrations); (d) is the elemental mapping combining carbon, silicon, and oxygen.

orientations. Figure 9(c) shows a close-up view of one grain.
The d-spacing values calculated by fast Fourier transform
(FFT) are 0.1361 £ 0.0005 and 0.2553 = 0.0012 nm, respec-
tively. This corresponds to (123) and (012) planes of -W,
which confirms the XRD results of Fig. 8.

No obvious interfacial layer between the W seed layer
and the HWALD W layer is visible; the grains continue
from the SiO, layer to top surface. This phenomenon indi-
cates that the seed layer is likely to have the same crystal
structure and is f-W as well. It has been reported that tung-
sten layer can absorb oxygen from surrounding SiO, during
W CVD at a substrate temperature of 300°C.>> On the other
hand, a W seed layer was proven to react with O at the
W-=Si0, interface in our case, shown in Fig. 7, implying that
the W seed layer in our case can, in principle, incorporate
oxygen from the SiO, beneath, thereby forming the metasta-
ble f phase.

EFTEM was employed to provide mapping of carbon, sil-
icon, and oxygen in the HWALD W sample with a-Si cap-
ping layer. Fig. 10 shows the concentrations of mapped
elements. The 5-nm thin capping layer can be clearly seen in
Fig. 10(a). The visual appearance of Si inside the W layer is
due to comparable energy loss peaks of Si and W. Oxygen is
absent in the W layer and is only visible in the SiO, substrate
and the oxidized capping layer, which is consistent with

JVST A - Vacuum, Surfaces, and Films

XPS results (Fig. 6). The Red-green-blue image in Fig. 10(d)
combines all the elements. Together with the XPS results
(Fig. 6), this confirms the high purity of the W layer.

IV. SUMMARY AND CONCLUSIONS

In this work, we characterized and compared tungsten
(W) layers deposited by three different methods: (1) thermal
CVD with molecular hydrogen and WF¢ gas, (2) thermal
CVD by atomic hydrogen and WFg, and (3) hot-wire assisted
thermal ALD using atomic hydrogen and WF¢. Before the
deposition, a 3-nm W layer was formed as a seed layer. An
in situ spectroscopic ellipsometer was adopted to monitor
the thickness of grown films. Among the three methods, W
obtained by HWALD possessed the highest resistivity of
100 uQ-cm and the lowest density of 17.15 g/em®, related to
its appearance in the crystalline f-phase. In contrast, both
CVD methods resulted in «-phase W with a resistivity
around 20 uQ-cm and a density of roughly 19 g/cm®. XPS
revealed a reaction between W and SiO, at the interface of
the seed layer and the substrate. Besides, no obvious interfa-
cial layer could be seen between HWALD W and the seed
layer of W. Remarkably, the grown HWALD f-W films pos-
sessed the lowest resistivity values in the range known for /-
W up to date.
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