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Abstract—In this work, we applied conventional Van der Pauw
and circular transmission line method (CTLM) test structures
to determine the sheet and contact resistance of ultra-thin (1-
10 nm) tungsten films grown by Hot Wire assisted Atomic Layer
Deposition, as well as their temperature coefficient of resistance
(TCR). We finally explored the field effect (FE) in these layers.
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I. INTRODUCTION

The continuous downscaling of electronic devices poses
an increasing demand for the use of ultra-thin films in
a variety of applications such as microprocessors, image
sensors, memories, and physical unclonable-function devices
[1,2]. Both isolating and metallic layers are widely requested.
Among a variety of characteristics, film conformality,
uniformity, thickness, step coverage and resistivity may be
of crucial importance. Tungsten (W) is one of the metals
commonly adopted by industry in integrated circuits to
realize electrodes and interconnects [3]. With decreasing the
film thickness, the main challenge is to keep the sheet and
contact resistances low enough, in line with the application
demands [4]. Further, the ultra-thin metal films may be
expected to exhibit a field effect, which is not observable
in the thick layers due to the high electron density and the
related screening effect [5-10]. All this makes determining
the electrical behavior of ultra-thin W films relevant and
important.

Atomic Layer Deposition (ALD) is a deposition technique
that perfectly fits with the need for miniaturization. ALD is
known to provide high layer uniformity and conformality,
together with excellent step-coverage and precise layer-
thickness control, due to its attribute of sequential, self-
limiting surface reactions [11]. This makes ALD the method
of choice for many applications. ALD can be categorized
in two main classes: thermal ALD and radical enhanced
ALD (REALD). Many single element deposition processes
can not be executed in pure thermal mode [11,12]. Radicals
help induce reactions which would otherwise not occur.
A plasma is often used as a source of radicals. However,
there is a number of drawbacks while using a plasma.

First, a plasma can damage the wafer. Secondly, multiple
reactions take place in plasma: the wafer may be exposed
to unwanted radicals, atoms, ions, or UV photons [13].
Recently, we developed a novel approach to ALD, the
so-called Hot Wire assisted ALD (HWALD) [14]. A hot
wire takes the place of the plasma as the radical source.
HWALD has been successfully applied to deposit either α-
or β-phase crystalline W, depending on the conditions [15-19].

In this work, we apply conventional Van der Pauw and
circular transmission line method (CTLM) test structures to
determine the sheet and contact resistance and transfer length
of ultra-thin (1-10 nm) W films grown by HWALD, as well as
their temperature coefficient of resistance (TCR). We finally
explored the field effect (FE) in these layers.

II. TEST STRUCTURE FABRICATION

Highly doped p-type 4-inch (100) Si wafers were used as
substrates (see Fig. 1 for the process flow). Prior to thermal
oxidation, the wafers were ozone-steam cleaned, followed by
an 1% HF deep for 1 min. Oxidation was carried out at 1100
◦C for 45 minutes in dry oxygen, to obtain approximately 100
nm of SiO2. Protoresist was applied and patterned accordingly
to the desired electrode shapes given by the first lithography
mask. Sputtering of a 10-nm-thick titanium adhesion layer
and 40 nm thick platinum (Pt) layer was followed by a lift-off
step to pattern the Pt electrodes. A tungsten film and an a-Si
capping layer (to prevent oxidation of the W in air) were
deposited by HWALD and chemical vapor deposition (CVD),
respectively. Further patterning was performed by a second
lithography step, subsequent wet-etching of the W and a-Si
layers in a solution containing 0.67% of HF and 50% of
HNO3, and by stripping the photoresist in fuming HNO3. A
new layer of photoresist was spin-coated over the front-side
of the wafer, to protect the surface during the back-side
SiO2 removal in buffered HF. Sputtering of a 400-nm-thick
aluminum film as the back-side electrode (back gate), to
study the field effect, finalized the structures.

The HWALD deposition of W was performed from
tungsten-hexafluoride (WF6) and hydrogen (H2) precursors at
a substrate temperature of 275 ◦C. The hot-wire dissociates the
H2 into atomic hydrogen (at-H) radicals. A hot-wall reactor
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Fig. 1. Schematic of the process flow to fabricate the test structures.

was used to grow low-resistivity α-phase W films [18]. No
growth of W was observed on SiO2 directly [19]. To initiate
the HWALD growth of W, a CVD Si seed layer is grown
on top of the SiO2 by dissociation of tri-silane (Si3H8), after
which it is replaced by a W seed layer by introducing WF6 into
the reactor. Thickness of the HWALD W was monitored in-
situ by spectroscopic ellipsometry (SE). The set of thicknesses
consisted of 10-, 2.5-, 1.5- and 1.0-nm films measured by SE
in the central 1×1 cm2 area on each wafer.

III. TEST STRUCTURE DESIGN

Each wafer is subdivided into segments. The segment
layout is shown in Fig. 2a. Each segment consists of several
Van der Pauw, CTLM, Greek-cross and Hall structures of
various dimensions. As shown in Fig. 2b, the segments were
evenly distributed across the wafer surface.

For each type of structure, a number of considerations
was made in the design process. Only the considerations for
the Van der Pauw and CTLM structures will be discussed
in detail, since all results presented in this work involve
measurements on these structures. The Van der Pauw
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Fig. 2. (a) The repeating wafer segment with different test structures. (b) The
wafer layout including all the segments.

equation for the sheet resistance holds for the ideal case of
infinitesimally small contacts at the circumference of the
sample [20,21]. In practice, this condition is not met and a
correction factor should be included. The design of the Van
der Pauw structures used in this work, is based on and bares
close resemblance to the symmetrical octagon analytically
treated by [22], due to the fact that the electrodes are
positioned at the corners of the structure (see Fig. 3a). Small
deviations of the electrode’s placement can be expected due
to the alignment inaccuracy during fabrication. Further, the
transfer length (LT ) should be considered. LT is the length
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Fig. 3. Schematic representation of the typical test structures used in
this work. (a) The Van der Pauw structure. (b) the CTLM structure. The
dimensions are not to scale.

over which the electrical current is transferred between the
electrodes and the W sheet. The ratio between contact length
and the total length of the structures at the circumference
of the structure is kept around 0.1 for each structure, which
means that the Van der Pauw equation should hold with high
accuracy [22].

The CTLM structures as designed for this work have a
circular inner electrode, separated from the outer electrode by
a gap Wg (variable), as shown in Fig. 3b. By choosing a radius
for the inner electrode (Rel) much larger than 4LT and Wg ,
the values for the sheet resistance (Rsh), the contact resistance
(RC) and LT can be extracted from the corresponding resis-
tance versus Wg plot [23,24]. It is assumed that the electrode
resistance is negligible and the sheet resistance on top of the
electrodes and within the gap is identical [25,26].

IV. ELECTRICAL MEASUREMENT RESULTS

A. Sheet resistance

The sheet resistance (Rsh) of the W films was measured
using Van der Pauw structures. Fig. 4 shows the cumulative
Rsh plots of the differently-thick W films. It can be seen
that Rsh increases with decreasing film thickness. Further,
significant variations of Rsh are obtained across each wafer.
For the thinner layers, the variations of Rsh are presumably
due to small thickness non-uniformity of the W. As has been
demonstrated in our earlier work [18,27], Rsh of ultra-thin
metallic layers can be extremely sensitive to very small
thickness variations, even on a sub-nm scale. For the 10-nm-
thick W film, the variations of Rsh are attributed mainly to a
change in W crystallinity across the wafer. The bottom half
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Fig. 4. The sheet-resistance variations across differently thick (as measured
in the central 1×1 cm2 area on each wafer) wafers. The middle-box line
indicates the median, the lower and upper edges of each box show the data
points statistically falling into the 25% to 75% range, respectively. The error
bars indicate the most extreme data excluded from the 25%-75% range but
still not classified as outliers. The several outliers are plotted individually
using the (+) symbol.

shows significantly larger Rsh, compared to the top half of
the wafer. X-ray diffraction (XRD) measurements have been
performed to determine the crystal-phases present in the two
spatial regimes (see Fig. 5). The tungsten peaks within the
measurement range are located at 40.2◦ [(110) plane], 58.2◦

[(200) plane] and 73.2◦ [(211) plane] for α-W [28], and at
35.5◦ [(002) plane], 39.8◦ [(012) plane] and 43.8◦ [(112)
plane] for β-W [29,30]. It is difficult to distinguish the peaks
around ∼40◦ due to possible overlap. However, the peaks at
35.5◦, 58.2◦ and 73.2◦ suggest that the top-half of the wafer
contains primarily α-W, while the bottom-half of the wafer
contains primarily β-W. The resistivity of the 10-nm-thick
α-W is estimated at ρ = 32 µΩ · cm, which is roughly six
times larger than the bulk resistivity for α-W (5.6 µΩ · cm,
[31]) and smaller than the bulk resistivity for β-W (100-1290
µΩ · cm, [32-34]).

Due to the difficulty to measure the local (i.e., determining
the electrical behavior) film thickness for each individual de-
vice, all thin-film properties in the remainder of this work are
plotted against the sheet resistance and not the film resistivity.

B. Contact resistance and transfer length

To measure the contact resistance and the transfer length,
the CTLM structures with 10-nm- and 2.5-nm-thick HWALD
W layers were analysed. From Fig. 6a, one might suggest
a slight increase of the RC with increasing Rsh, which can
be explained by increased current crowding and quantum
confinement in the thinner layers. However, no conclusive
observation can yet be drawn due to large scattering of the
data points. The transfer length is shown to increase sharply
with decreasing sheet resistance (see Fig. 6b). This can be
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Fig. 5. 2Θ X-ray diffraction measurements for the top- and bottom-half of
the 10 nm HWALD W wafer.

explained by the relative change of the magnitude of Rsh with
respect to the resistance of the electrodes. For higher Rsh, the
current will be transferred between electrode and sheet over
a shorter length scale near the edge of the electrode, thereby
taking the least resistance path.

C. Temperature coefficient of resistance

The temperature coefficient of resistance (TCR) was ob-
tained from Van der Pauw structures. Standard sheet resistance
measurements were performed at temperatures ranging from
-60 to +200 ◦C. The current-voltage (IV) measurements of
a selected structure are shown in Fig. 7a. The negative bias
range is largely excluded from the plot, to better visualize
the change in Rsh with temperature. Fig. 7b and 7c show the
evolution of Rsh as a function of temperature for structures
with differently-thick W films. The magnitude of the TCR
is determined by TCR = 1/Rsh,T=0◦C × (∆Rsh/∆T ), where
∆Rsh is the change in Rsh due to a change in temperature ∆T
and Rsh,T=0◦C is Rsh measured at T = 0◦C. The TCR values
change from positive to negative with decreasing the film
thickness from 10 to 1 nm. Metals normally exhibit a positive
TCR, which is explained by increased phonon scattering at
elevated temperatures [35]. The observed negative TCR of the
thinnest films can be attributed to for example the dominant
hopping-type conductance in the percolated but still not-fully-
closed W film [36]. Fig. 8 gives an overview of the measured
TCR for structures with various film thicknesses. It can be seen
that the 2.5 nm layer corresponds to the transition region; for
this film the TCR is small and can be either positive or negative
(significant variations observed across the wafer). The largest
TCR of 1.1·10−3, measured on a 10-nm-thick structure, is still
significantly smaller than the value of the TCR for bulk W (4.5
·10−3, [37]). It shows that thin-film effects already play a role
for this thickness, though not dominantly.
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Fig. 6. The (a) contact resistance and (b) transfer length as a function of the
sheet resistance. The blue circles correspond to the structures with the 10 nm
W, while the red circles represent the structures having the 2.5 nm film.

D. Field effect

The field effect (FE) measurements were conducted by
applying a constant current bias (0.1 - 10 µA) between two
adjacent Van der Pauw terminals, while measuring the voltage
difference between the other two terminals as a function of the
voltage (Vg , swept from -10 V to 10 V and back) applied to
the back gate. This allowed to monitor the Rsh modulation
as a function of the back-gate electric field. Fig. 9a gives
an example of such a Rsh-Vg dependence, showing a little
hysteresis. The FE (in V−1) was defined accordingly to FE
= 1/Rsh(Vg = 0)×(∆ Rsh/Vg), where the ∆Rsh represents
the corresponding change of Rsh due to the applied Vg , and
Rsh(Vg=0) is Rsh measured at zero Vg . Fig. 9b gives an
overview of all FE measurements that were conducted. One
can see that the FE increases with increasing sheet resistance.
This is expected as the higher Rsh can be directly related



to the lower electron concentration. The devices with the
lowest sheet resistance exhibit near zero FE. The largest field
effect observed at ∼4.6·10−4 V−1 is of typical magnitude
for metals [5-10]. The temperature dependence of the field
effect has also been investigated. Fig. 9c shows the results of
FE measurements on six different structures at temperatures
ranging between 40 and 160 ◦C. No clear dependence of the
FE on temperature has been observed.

V. CONCLUSIONS

In this paper, for the first time to the best of our knowledge,
we measured the Rsh, RC , LT , TCR and FE of 1-10 nm thick
tungsten films grown by the novel Hot Wire assisted ALD
technique. From fundamental point of view, this is important
for exploring the impact of film thickness on film’s electrical
behavior, whereas practically this knowledge is crucial for the
existing and foreseen applications. Especially the remarkable
transition from positive to negative TCR around 2.5 nm layer
thickness and the observed field effect with a magnitude
typical for metals, stand out.
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Fig. 7. Temperature dependent sheet resistance measurements. (a) IV curves
of a selected 1.5-nm-thick structure. (b) Sheet resistance of a selected 10-
nm-thick structure showing a positive TCR. (c) Sheet resistance of a selected
1.5-nm-thick structure showing a negative TCR.
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Fig. 9. (a) The change of the sheet resistance of a selected 1-nm-thick
structure while sweeping the back-gate voltage Vg from -10 V to 10 V
and backwards; the flat curve with a sharp increase at ∼8 V corresponds
to the gate leakage current Ig . (b) The observed field effect as a function of
the sheet resistance, for the indicated film thicknesses (wafers) and various
structure positions on each wafer. (c) The observed field effect as a function
of temperature for various structures.


