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A B S T R A C T

In this work, the so-called hot-wire (HW) assisted atomic layer deposition (HWALD) technique is employed to
grow high-purity α-phase tungsten (W) films at a substrate temperature of 275 °C. The films are deposited on
thermally grown silicon dioxide (SiO2) in a home-built hot-wall reactor, using alternating pulses of WF6 and HW-
generated atomic hydrogen in the self-limiting surface-reaction manner characteristic for ALD. A W seed layer,
needed to enable the HWALD-W process on a SiO2 surface, is formed prior to each deposition. In-situ spectro-
scopic ellipsometry is used to monitor the growth behavior and film properties. The films exhibit a high-purity
(99 at.%) W, according to X-ray photoelectron spectroscopy. The X-ray diffraction scans reveal the existence of
α-phase W. The resistivity measurements by means of four point probe, transfer length method test structures
and the Drude-Lorentz SE model all reveal a low resistivity of 15 μΩ·cm. The high-resolution transmission
electron microscopy analysis shows a uniform and conformal coverage of high aspect ratio structures, confirming
the effective ALD process and the sufficient diffusion of both WF6 and at-H into deep trenches.

1. Introduction

Many studies have dealt with the deposition of metallic thin films
for application in semiconductor devices [1,2]. In today's metallization
schemes, tungsten (W) vias are widely used to provide inter-level
contacts between metal layers [1]. Tungsten can conventionally be
deposited by chemical vapor deposition (CVD) or by sputtering [3,4].
However, the downscaling of device dimensions and the increase of the
scale of integration pose stringent demands on the W-film conformity,
uniformity and especially the step coverage in high aspect ratio (HAR)
structures. In this light, atomic layer deposition (ALD), due to its self-
limiting reaction mechanism [5], is rapidly strengthening its position as
a method suitable for industrial use [6].

ALD of W has been reported by using WF6 and different reductants,
for example, disilane [7–10], silane [11,12] and B2H6 [12,13]. The
reductants form an intermediate sacrificial layer (i.e. silicon (Si) or
boron (B), respectively), which can be turned into W while reacting
with WF6. However, deposition of Si or B in those cases is hardly limited
to 1-monolayer (ML) formation, thereby diminishing the self-limiting
nature of ALD. It may additionally leave Si, B and fluorine (F) im-
purities inside the films, resulting in a higher-resistivity W [13].

For ALD of metals, a common approach is to utilize plasma-en-
hanced ALD (PEALD) [6]. However, a plasma can cause damage to the
wafer through high-energy ions and UV light [14]. In addition, a

plethora of radicals and ions can be created by a plasma, enabling
numerous side-reactions often deteriorating the film quality and com-
plicating process control.

Hot-wire ALD (HWALD) is emerging alternative technique that has
the potential to overcome the mentioned limitations of PEALD, while
still enabling the formation of reactive species (radicals) at low sub-
strate temperatures. This technically-easier approach employs a fila-
ment that is heated up to a temperature in the range 1300–2000 °C to
dissociate precursor molecules. Recently, this method has been utilized
for ALD of metals such as tungsten (W), nickel (Ni) and cobalt (Co)
[15–19].

It is well known that molecular hydrogen (H2), when it comes in
contact with a tungsten wire at a temperature above 1300 °C, can cat-
alytically dissociate into atomic hydrogen (at-H) [20–22]. Importantly,
the hot wire (HW) itself is not a source of tungsten: the W vapor
pressure is rather low at temperatures below 2000 °C. Therefore the
filament is not an efficient source of W. Previously, our group has re-
ported on HWALD of W films in a cold-wall reactor using WF6 gas and
HW-generated at-H pulses [15,16]. Despite the high purity (approx.
98 at.%), the deposited W occurred in β-phase [1] possessing a re-
sistivity of ~100 μΩ·cm. In this work, we demonstrate high-purity α-
phase [1] W films with a much lower resistivity of 15 μΩ·cm, deposited
by HWALD in a hot-wall reactor. Significantly, the films can be de-
posited in trenches with an aspect ratio of 36 and a trench width of
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30 nm.

2. Methods

2.1. Deposition set-up

The details of our home-built hot-wall reactor used for all deposi-
tions can be found elsewhere [23–26]. This 24-ml hot-wall inner reactor
is placed inside a big (several liters) cold-wall outer reactor. The system
is equipped with an in-situ Woollam M-2000 spectroscopic ellipsometer
(SE) operating in the wavelength range between 245 and 1688 nm,
combined with CompleteEASE software. The SE enables monitoring of
the deposition process in real time. The HW is installed on the side,
2–3 cm away from the wafer. Importantly, there is no direct line-of-
sight between the hot wire and the substrate. Temperature of the fila-
ment (hot wire) was determined using the known temperature coeffi-
cient of resistance (TCR) of bulk W and further verified by a pyrometer.
During a HWALD process, the temperature was maintained constantly
by applying fixed voltage to the filament. According to the required
duration of at-H pulse, either fixed H2- or Ar-flow along the filament
was maintained. Change of the gas ambient for the filament resulted in
the variation of its temperature within 2–3%, as estimated from the
current fluctuations. When molecular hydrogen (H2) is introduced via
this heated wire, it can catalytically dissociate into at-H, forming the
first precursor. The second precursor (WF6) is supplied via the lateral
gas inlets distributed around the substrate. It is essential to confirm that
WF6 does not come in contact with the hot filament, thereby generating
a flux of W-containing radicals to the wafer surface. We had therefore
performed special experiments (see ref. [15]) where the H2 flow along
the hot filament was permanently replaced by Ar flow, while keeping
standard WF6 flow to the substrate. As a result, no measurable growth
of W was detected, excluding the back-stream diffusion of WF6 to the
hot filament and its subsequent decomposition. Although at-H has to
make a 90-degree turn in order to reach the substrate, there is still an
appreciable flux of at-H to the wafer surface, as earlier confirmed by Te
etching experiments [24]. The pressure was maintained by a turbo
pump equipped with a throttle valve.

2.2. Deposition of HWALD tungsten films

The tungsten thin films were deposited on top of 100 nm silicon
dioxide (SiO2) thermally grown on p-type Si (100) wafers. Prior to
deposition, the wafers were cleaned in fuming (99%) HNO3 and boiling
69% HNO3 to remove organic and metallic contaminations, respec-
tively. Then the substrates were immersed in 0.3% HF solution for
3 min. To circumvent the very slow nucleation of tungsten on SiO2

[27], a W seed layer of an average thickness from 2 to 5 nm was pre-
formed on SiO2 at a substrate temperature of 325 °C. This included two
steps: (i) growing a few-nm-thin amorphous Si (a-Si) layer using trisi-
lane gas and (ii) subsequently exposing the a-Si to WF6 gas, forming a
solid W film and volatile silicon fluorides. The details about the seed
layer formation can be found elsewhere [15,16]. There is no funda-
mental limitation to the thickness of the HWALD W film as the process
occurs with a constant growth rate and can be continued for a long
time. We had grown up to 20 nm in this work because there was no
need for growing thicker films.

The HWALD W films were grown using sequential WF6 and at-H
pulses at substrate temperatures ranging between 220 and 350 °C, and
total pressures between 0.3 and 50 Pa. The temperature of the hot wire
was set at 1750 °C. The flow rates of WF6 and H2 were fixed at 3 sccm
and 50 sccm, respectively; an Ar purge of 50 sccm was introduced in
between the precursor pulses. The pulse and purge durations were
optimized to find the HWALD window. Finally, an approximately 10-
nm-thick capping layer of a-Si was deposited on top of HWALD W, to
prevent tungsten oxidation in air after sample unloading.

Besides planar SiO2 substrates, HAR Si pillars and Al2O3-coated Si

trenches were used to examine the step coverage of HWALD W. On the
pillars, the HWALD process was directly started without the seed layer
formation; whereas the seed layer was first formed on the Al2O3-cov-
ered substrates. Due to the narrow trenches (aspect ratio (AR) up to 36),
the a-Si thickness for the seed layer was reduced to 0.5 nm in this case.
Further, no a-Si capping layer was applied to the HAR structures after
HWALD.

2.3. Ex-situ analysis

The film thickness at the wafer center was measured real-time by SE
during each deposition experiment. For thickness mapping, ex-situ SE
was employed. The thickness was verified by high-resolution scanning
electron microscopy (HR-SEM) [15] and high-resolution transmission
electron microscopy (HR-TEM) for 10-nm-thick layers. The optical
functions of HWALD W were obtained by SE and parameterized using a
Drude-Lorentz description consisting of a Drude term and two Lorentz
oscillators, where the resistivity can be extracted from the Drude term
[28,29]. In the SE models, it was possible to distinguish between
properties of the W seed layer and HWALD W film grown on top of the
seed layer. In the text below, when not mentioned explicitly, “HWALD”
refers only to the W film deposited by HWALD on top of the seed layer.
To note, the SE data additionally allow to reliably obtain the film
crystallinity (i.e. either α- or β-phase), without the need for an external
X-ray diffraction (XRD) analysis [25].

The crystallinity was measured by X-ray diffraction (XRD) with a
PANalytical X'PERT MPD diffractometer. The XRD patterns were re-
corded in a θ-2θ scan mode for 2θ = 34–90° using Cu Kα radiation. The
film surface morphology was characterized by a Bruker Fastscan/ICON
atomic force microscope (AFM) in tapping mode. The film composition
was obtained by X-ray photoelectron spectroscopy (XPS) using a PHI
Quantera SXM spectrometer. The X-ray source irradiation was set at Al
Kα line with an energy of 1486.6 eV. A Multipak software was used for
data processing. All peak positions in the XPS spectra were calibrated
with respect to the known reference binding energy of aliphatic carbon
C1s at 284.8 eV.

2.4. Resistivity measurement

In addition to the SE measurements, the resistivity was electrically
measured with an automatic Polytec four point probe (FPP) stage for
blanket films. Furthermore, Transfer Length Method (TLM) [30] test
structures were realized to measure W resistivity in the thickness range
0.65–5 nm. The TLM (also called Shockley method [31]) allows to re-
liably obtain contact and sheet resistances by measuring the potential
difference between pairs of contacts at a given applied current and
plotting this as a function of the pair distance. Two masks were applied:
(i) defining Pt electrodes by lift-off and (ii) patterning both the HWALD
W and capping a-Si layers by conventional photolithography and
etching. The TLM fabrication details can be found in the previous work
that focused on the properties of titanium nitride thin films [32,33]. To
note, all the layers (including the W seed layer) were deposited on the
pre-formed Pt electrodes. To etch a-Si at room temperature, HF (50%),
HNO3 (69%) and deionized H2O were mixed at 1:50:40 ratios, respec-
tively; W was patterned in a 31% H2O2 solution at 50 °C. The TLM
structures were characterized using a Karl-Suss PM8 probe station and a
Keithley 4200 semiconductor characterization system.

3. Results and discussion

3.1. HWALD window

The precursor exposure and purge times are the key parameters
determining the ALD window. A properly-tuned ALD process reveals
self-limiting surface reactions, leading to a time-independent growth
rate per cycle (GPC). As shown in Fig. 1 (a), the GPC sharply increased
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with the at-H exposure time rising from 2 to 4 s, and remained constant
for the exposures longer than 6 s. With respect to the post-at-H purge
time, the GPC stabilized for the exposures longer than 6 s (Fig. 1 (b)),
pointing to the efficient removal of at-H prior to each WF6 pulse and
thus avoiding CVD reactions. Fig. 1 (c) and (d) further illustrates the
influence of the pulse- and purge-time of WF6. The GPC was only
slightly influenced by WF6 pulse times from 0.3 s to 2 s. The GPC
however started growing as the pulse time was longer than 2 s, pre-
sumably due to an incomplete removal of WF6 by the 7-s purge step,
thus causing CVD. Also, the GPC gradually increased as the post-WF6
purge time exceeded 2 s, as shown in Fig. 1 (d). A shorter post-WF6
purge time was inadequate to remove all WF6, leading to a strong
suppression of the GPC by the co-existent etching of the deposited W
film [15]. The increase of net GPC, while going from 2 to 7 s of the post-
WF6 purge time, is therefore related to the diminishing contribution of
etching. The latter is due to the better removal of WF6 from the reaction
chamber. Based on Fig. 1, a standard HWALD cycle was chosen to
consist of a 7 s pulse of at-H followed by a 0.5 s pulse of WF6. An Ar
purge of 7 s was introduced in between the precursor pulses.

The as-defined ALD window represents the GPC behavior under
clean-reactor conditions. Although the GPC was reasonably in-
dependent of the pulse/purge durations within the as-defined ALD
window, its absolute value could still vary between 0.01 and 0.021 nm/
cycle from experiment to experiment. This means that the practically-
obtained GPC effectively depended on the pre-deposition history.
Performing a large number of experiments without efficient cleaning
steps of the chamber from the residual WF6 or fluorine after each ex-
periment led to overall lowering of the GPC. This presumably occurred
due to the etching of the deposited W film by fluorine-containing

compounds mentioned above. As elaborated in our previous work [15],
such compounds can likely adsorb on non-heated parts of the reaction
chamber, interfering with the deposition process and resulting in a
memory effect. Their background pressure can finally prohibit the film
growth, making etching dominant over deposition.

To limit the memory effect, the overall WF6 dose has to be mini-
mized. Fig. 2 illustrates the influence of WF6 over-dose on the growth
rates. When the WF6 flow rate increased from 3 sccm (standard recipe)
to 10 sccm, the GPC gradually reduced from 0.02 to 0.01 nm/cycle with
increasing the pulse time (Fig. 2 (a)). Moreover, with this flow rate, a
linear growth (i.e., constant GPC) could only be maintained for 60 cy-
cles: the GPC decreased afterwards upon the accumulation of WF6 in
the chamber (Fig. 2 (b)). In our previous work [15] HWALD W was
deposited in a cold-wall reactor. This led to excess background pressure
of fluorine-containing compounds and possibly resulted in the growth
of β-phase W. Employing a hot-wall reactor in this work presumably
enabled α-phase W (see further sections). To note, etching was much
less prominent in the hot-wall reactor, given that the flow rate of WF6
was limited to 3 sccm. Lowering the net GPC due to etching can for
example be seen in Fig. 1 (d) while shortening the post-WF6-purge
pulses.

The GPC variations with substrate temperature (Ts) are presented in
Fig. 3 (a). Only a weak dependence is observed for Ts > 275 °C. Fur-
thermore, the GPC hardly depends on the total process pressure in the
range from 1 to 50 Pa (Fig. 3 (b)). To avoid the mentioned accumula-
tion of fluorine-containing species and thus minimize the parasitic etch
effect, a total pressure of 50 Pa was chosen for the HWALD-W process.

Based on these findings, the standard HWALD conditions were
fixed for further experiments at a substrate temperature of 275 °C and a

a b

c d

Fig. 1. GPC versus the pulse/purge exposure time for determining the HWALD window. Influence of: (a) at-H pulse time, (b) post-at-H purge time, (c) WF6 pulse time and (d) post-WF6
purge time. Other conditions: pressure of 50 Pa, substrate temperature of 275 °C, HW temperature of 1750 °C, H2 and WF6 flow rates of 50 and 3 sccm, respectively. The fixed settings are
shown in the legend of each graph.
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a b

Fig. 2. The influence of WF6 over-dose on the growth rates of HWALDW. (a) GPC versus WF6 pulse time for WF6 flow increased to 10 sccm; (b) GPC evolution during the HWALD process.
The WF6 pulse/purge times are shown on each graph. The at-H pulse/purge times are kept at 7 s each. Other conditions: pressure of 50 Pa, substrate temperature of 275 °C, HW
temperature of 1750 °C, and H2 flow rate of 50 sccm.

a b

Fig. 3. Determining the HWALD window. The influence on GPC of: (a) substrate temperature at a pressure of 50 Pa, (b) total process pressure at a substrate temperature of 275 °C. Other
conditions: HW temperature of 1750 °C, standard pulse durations, H2 and WF6 flow rates of 50 and 3 sccm, respectively.

a b

Fig. 4. (a) Surface morphology (by AFM) of HWALD W deposited by the standard recipe. (b) The height variation along the black line drawn in (a); the 1.44-nm RMS and the correlation
length of 17 nm were extracted by Nanoscope Analysis software.
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total pressure of 50 Pa. Each ALD cycle consisted of 0.5-s-WF6 and 7-s-
at-H pulses with the corresponding 7-s-Ar purges in between. The flow
rates of H2 and WF6 were kept at 50 and 3 sccm, respectively. The wire
temperature was kept at 1750 °C, consistent with our previous experi-
ments [15].

3.2. Surface roughness and film composition

In our earlier work [16], the reported root mean square (RMS)
roughness of a standard W seed layer and an a-Si capping layer revealed
the values of 1.67 and 0.02 nm, respectively. Fig. 4 shows the surface
morphology and roughness of a 9-nm-thick HWALD tungsten film ob-
tained in this work. The RMS of 1.44 nm is comparable with that of the
seed layer, indicating that the seed layer is the main contributor to the
total roughness. The maximum thickness variation is 8.2 nm according
to Fig. 4.

A typical XPS sputter-depth profile of an HWALD W film is shown in
Fig. 5. The layers of a-Si (capping), deposited W and underlying SiO2

can be clearly identified. Oxygen was only found at the surface of the
capping layer. The fluorine signal was below the detection limit
through the entire film thickness, indicating an efficient removal of F by
at-H. The high concentration of W, reaching 99 at.%, revealed the high-
purity W deposited by HWALD.

3.3. Crystallinity

Tungsten is known to exist in α, β and γ crystal phases [34,35].
Among them, α is the most stable phase; β-phase is metastable and is
normally formed by W3W or W3O clusters [36,37]. Moreover, β-phase
can be transformed into α-phase by annealing above 600 °C [38,39].
Finally, γ-phase has only been found at the beginning of sputtering and
can readily recrystallize into α-W [1]. α-W possesses a body centered
cubic lattice with a lattice constant of 0.316 nm [40], whereas β-phase
has a cubic A3B (A 15) crystal structure with a lattice constant of
0.504 nm [41]. Bulk β-phase W is known to possess a higher resistivity,
normally above 100 and up to 1290 μΩ·cm [36,37,42], compared to
5.6 μΩ·cm of bulk α-phase W [1].

The XRD patterns of W films deposited by HWALD in two different
(i.e., cold-wall versus hot-wall) reactor configurations are compared in
Fig. 6. To note, only crystals with crystal planes oriented parallel to the
substrate can be observed by a θ-2θ scan. The strongest peak at around
69° corresponds to the Si (100) substrate. This intense peak overlaps

Fig. 5. Compositional XPS depth profile of an HWALD W film grown by the standard
deposition recipe.

Fig. 6. A comparison of typical XRD patterns of HWALD W films deposited in two dif-
ferent reactor configurations. The diffraction peak positions and the crystal planes of α-
and β-phases are shown by the corresponding vertical lines [1,34,43].

Fig. 7. HRTEM cross-sectional images of a HWALD W film without a-Si capping layer. The film roughness can be seen in (a) and the individual crystal grains in (b). No indications of oxide
formation were found.
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with the three peaks of β phase in the range of 60°–70°, making them
invisible. The four distinguishable peaks, unique for the α-phase [34],
are located at 40.2° ((110) plane), 58.2° ((200) plane), 73.2° ((211)
plane) and 87.1° ((220) plane). The peaks of β-W are located at 35.5°
((002) plane), 39.8° ((012) plane), 43.8° ((112) plane), 86.2° ((024)
plane) and 88.7° ((124) plane) [1,43]. From Fig. 6, it can be concluded
that only the peaks of α-phase are present in the HWALD W of the hot-
wall reactor, whereas only the peaks of β-phase W appear in the cold-
wall reactor films. Apparently, with the same precursors and deposition
methods used, the film crystallinity depends on the actual hardware
configuration.

The lattice constants of both α- and β-phases have been calculated
from the diffraction peak positions shown in Fig. 6. The values reveal
0.505 ± 0.001 nm for the cold-wall reactor film and
0.315 ± 0.001 nm for the hot-wall reactor W. These values are con-
sistent with the lattice constants reported for the α- and β-phases in the
literature. Furthermore, the crystal grain sizes were evaluated by
HighScore Plus software, using Scherrer's equation [44]. The calculated
grains ranged in size from 5.2 to 10.3 nm and from 10 to 32 nm for the
cold-wall and hot-wall reactor films, respectively.

Cross-sectional HRTEM images of a hot-wall HWALD W film without
a-Si capping layer are presented in Fig. 7. (To avoid any confusion: if
not mentioned explicitly in the text, all HWALD W films discussed in
the remainder of this article were deposited in the hot-wall reactor.) In
Fig. 7 (a), a rough film can be observed with the film thickness varying
between 12 and 16 nm. The individual crystal grains of the same film
are shown in Fig. 7 (b) at a higher magnification. The visual grain size
can be estimated at approximately 20 nm. The d-spacing values ob-
tained by reduced Fast-Fourier transform method are 0.220 and
0.157 nm, corresponding to α-W [1]. Remarkably, the analysis reveals
only pure-W (i.e., no oxygen) crystals in the film bulk, even without any
protection by the capping a-Si layer. This indicates a weak and slow
oxidation of the HWALD W film in air.

The cross-sectional HRTEM images of a pre-formed W seed layer are
depicted in Fig. 8. Different from the continuous film in Fig. 7 (a), the W

Fig. 8. HRTEM cross-sectional images of a pre-formed W seed layer. The film dis-
continuity can be seen in (a) and the crystallinity in (b) and (c).

a

b

Fig. 9. (a) I-V curves measured by means of TLM on a 0.9 nm HWALD W film for various
gap spacing L between two Pt electrodes. (b) The extracted total resistance R versus L for
a 5 nm HWALD W film.

M. Yang et al. Thin Solid Films 646 (2018) 199–208

204



seed layer consists of separated clusters with a thickness varying be-
tween 1 and 6 nm. As XRD could not provide reliable information on
the seed layer crystallinity due to the small thickness, the crystal grains
were evaluated with HRTEM, as shown in Fig. 8 (b) and (c). In most
film areas, the W clusters were dominantly amorphous. A few crystal-
lites were however found (see Fig. 8 (c)) with d-spacing values of 0.228,
0.135 nm, 0.216 and 0.186 nm. While the first two values correspond to
β-W, the latter two likely indicate tungsten oxide [45]. Despite the
differences in crystallinity between the seed layer and the HWALD W
layer formed on top of it, no clear interface between these two layers
can be detected in Fig. 7 (b). This implies that crystallinity of the seed
layer can likely turn into α-phase during the subsequent HWALD step.

3.4. Resistivity and uniformity

Resistivity of W films was measured (i) electrically by the FPP
method, (ii) electrically by means of TLM structures and (iii) optically
by using the Drude-Lorentz SE model. While the entire film thickness
(i.e., including the seed layer) is probed by FPP, SE allows to obtain
resistivity solely of the HWALD layer by building a proper model. The
FFP measurements on a 9 nm HWALD W film (plus a 4 nm seed layer)
revealed a resistivity of 15 μΩ·cm. The SE analysis, solely applied to the
same HWALD film produced a very similar value, consistent with α-W.
It has been reported that the lowest resistivity obtained for CVD W,
grown at 400 °C from WF6 and H2 precursors, can vary between 8 and
18 μΩ·cm [1]. Therefore, the HWALD W possesses a remarkably low
resistivity, competing with that of CVD W. One can further emphasize
the small film thickness and the reduced process temperature in our
case. To bear in mind, all HWALD W films earlier deposited in the cold-
wall reactor possessed β-phase and a higher resistivity of 100 μΩ·cm
[16], upon the same seed layer. Moreover, the smaller grain size of the
β-phase films implies a larger number of grain boundaries per unit film
area. This can also contribute to their higher electrical resistivity
compared to the α-phase W.

The TLM resistivity measurements were carried out for several
HWALD-W film thicknesses: 0.65, 0.9, 1.3, 2.5 and 5 nm. All the films
were passivated by highly-resistive a-Si capping layers, which exhibited
a non-linear conduction, orders of magnitude lower compared to that of
the W films. Fig. 9 (a) represents linear current-voltage (I-V) curves of

the 0.9-nm film on a standard W seed layer. Such linear behavior was
observed for all thicknesses, indicating well-established current paths in
the films and an ohmic contact between the W film and the Pt contact
pads. The resistance of only the seed layer equaled the capping layer
resistance, thereby confirming the earlier conclusion that the W islands
seen in Fig. 8 (a) were hardly connected to each other. After growing
the 0.65-nm HWALD film on top of the seed layer, the electrical con-
ductance was significantly increased, suggesting the dominant con-
tribution of this film to the conductivity. Fig. 9 (b) shows the total re-
sistance (R) as a function of gap spacing (L) for the thickest 5-nm film
on the seed layer. A sheet resistance of 17 Ω/□ can be obtained from
the slope of this linear fit. Calculating the resistivity reveals 17 μΩ·cm,
taking the thicknesses of both seed and HWALD W layer into account.

Likewise, the resistivity for all five film thicknesses was calculated
(see Fig. 10) and compared with the values extracted from in-situ SE
measurements. To note, the SE resistivity was measured at a substrate
temperature of 275 °C, whereas the TLM measurements were carried
out at room temperature. Our previous work [46] performed for ultra-
thin TiN films showed only a little disagreement between SE resistivity
values measured for the same film at room temperature and at 350 °C.
For the films shown in Fig. 10, one can see a good agreement between
the electrically- and optically-measured resistivity for the thicknesses
exceeding 1.3 nm. However, for the thinner films, the electrical re-
sistivity is orders of magnitude higher than the corresponding optical

Fig. 10. A comparison of the resistivity obtained by optical (SE, red circles) and electrical
(TLM, black squares) methods. To note, the SE measurements were carried out at a
substrate temperature of 275 °C, whereas the TLM measurements were performed at room
temperature. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 11. (a) Resistivity and (b) thickness mapping of a HWALD W film deposited at
standard conditions.
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value. As explained by H. D. Liu [47] and A. Alkhatib [48], this large
disagreement can occur due to the absence of the actual current flow in
case of optical measurements. Optical measurements exclude numerous
electron scattering/trapping effects at the film surface and/or grain
boundaries. These effects however play a crucial role during the

physical transport of electrons under applied electric field. A decreasing
film thickness leads to a significant contribution of the film surface in
terms of scattering and trapping, and quantization effects may enter the
stage, all increasing the resistivity. With increasing thickness, the re-
sistivity gradually stabilizes as both the concentration of conduction
electrons and their mobility approach the bulk values.

In order to evaluate film uniformity, ex-situ SE was adopted to map
the resistivity and the film thickness across the wafer. As seen in Fig. 11,
a 9 nm (measured by in-situ SE in the wafer center) HWALD film was

a

b

c

Fig. 12. (a) Growth of W on the reference flat Si substrate. The dashed line splits the W
growth into 2 regimes (stages) due to (i) direct chemical reaction between WF6 and Si
substrate (left) and (ii) HWALD process (right). A similar growth behavior is expected for
the Si pillars. SEM images of the Si-pillar structures with an aspect ratio of 9, before (b)
and after (c) the deposition of a roughly 20 nm of W. Both normal InLens ((c), left) and
energy filtered backscattering ((c), right) images are shown.

Fig. 13. (a) TEM images of a 13 nm W film grown by HWALD inside Al2O3-coated Si
trenches. Close-ups of the top-corner and the trench-bottom are shown in (b) and (c),
respectively.
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examined. The average resistivity of 15.10 ± 0.35 μΩ·cm was mea-
sured, giving a variation within 4.7% across the wafer (Fig. 11 (a)). The
thickness measurements revealed 9.17 ± 0.80 nm, or a 17% variation
(Fig. 11 (b)). The thickness distribution could be related to the effect of
the underlying seed layer and the surface roughness.

3.5. Step coverage on HAR substrates

To test the step coverage, the HWALD films were deposited on HAR
Si pillars and in HAR Al2O3 trenches. It was not necessary to pre-form
the seed layer on Si pillars. To enable in-situ SE, a flat Si substrate was
placed under the SE light spot, next to the corresponding HAR struc-
ture. In Fig. 12 (a), two growth regimes (stages) can be observed. The
first regime results in the very fast growth of W up to roughly 11 nm.
Although the precursor pulses still followed the optimized recipe, the
growth obviously did not occur in ALD mode. The WF6 could efficiently
react with Si of the substrate (or Si of the pillars), forming metallic W
and volatile SiF4. The role of at-H as a reducing agent was minimized in
this regime. In the second regime, the diffusion of WF6 through the as-
grown W became the limiting factor, shifting the film formation me-
chanism to the HWALD mode with a typical growth rate of 0.012 nm/
cycle.

Fig. 12 (b) shows cross-sectional SEM images of original pillars
before deposition, possessing a diameter of 30 nm and an aspect ratio of
about 9. In Fig. 12 (c), both InLens and energy filtered backscattering
images, after deposition, indicate a conformal coverage of the pillars by
W. This is visualized by the high contrast between the W layer and Si of
the substrate, with the bright layer corresponding to W. After the de-
position, the pillar diameter has expanded to 50 nm. The 11-nm W
formed in the first growth regime is expected to consume approx. 9 nm
of Si, giving a net pillar-diameter increase from 30 to 34 nm after the
first stage. Adding 2 × 9 nm to the diameter after the second stage was
fairly consistent with the measured diameter expansion to 50 nm. In
addition, a layer of W (~10–20 nm) was formed at the bottom, in
agreement with the total film thickness as expected from Fig. 12 (a).
The pillar deformation after deposition presumably occurred due to the
built-in stress.

A W layer of 13 nm (as measured by in-situ SE on a separate flat
Al2O3-coated substrate placed next to the structure of interest) was
further deposited into Al2O3-coated Si trenches with an aspect ratio of
36, see Fig. 13. Due to the difficult nucleation of W on Al2O3, a W seed
layer was pre-formed as described in the Experimental section. How-
ever, thickness of the a-Si nucleation layer was limited to 0.5 nm only,
in view of the narrow trenches. In Fig. 13 (a), one can see a uniform and
conformal coverage of the Al2O3 surface with HWALD W layer all the
way down to the bottom. Figs. 13 (b) and (c) shows the zoomed-in TEM
images taken at different depths, clearly indicating the thickness uni-
formity. The average thickness of the W layer at the bottom (approx.
13 nm, see Fig. 13 (c)), was very much comparable to that at the top
(11–13 nm, see Fig. 13 (b)), indicating the effective ALD process and
the sufficient diffusion of both WF6 and at-H into the trenches.

4. Conclusions

HWALD W films have been deposited in a home-built hot-wall re-
actor using WF6 gas and HW-generated atomic hydrogen as precursors.
The XPS analysis revealed high-purity films, reaching 99 at.% of W. The
fluorine signal was below the detection limit through the entire film
thickness, indicating an efficient removal of F by at-H. The lattice
constants calculated from the XRD diffraction peak positions showed α-
phase W. This was consistent with the d-spacing values of α-W obtained
from HRTEM images. Despite the differences in crystallinity between
the W seed layer (amorphous- and β-phase W) and the HWALD W layer
(α-W) formed on top of it, no clear interface between these two layers
could be detected, implying that the seed layer was likely turned into α-
phase W during the subsequent HWALD step. The resistivity

measurements by means of FPP, TLM structures and the Drude-Lorentz
SE model all reveal a low resistivity of 15 μΩ·cm for the HWALD W. The
HRTEM analysis of the films grown on HAR structures (up to 36)
showed the uniform and conformal coverage, confirming the effective
ALD process and the sufficient diffusion of both WF6 and at-H into deep
trenches.
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