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ABSTRACT 

Test structures for the electrical characterization of 
ultrathin conductive (ALD) films are presented based on 
buried electrodes on which the ultrathin film is deposited. 
This work includes test structure design and fabrication, 
and the electrical characterization of ALD TiN films 
down to 4 nm. It is shown that these structures can be 
used successfully to characterize sub 10 nm films. 
 

INTRODUCTION 
Conducting thin films (sub 10 nm) have interesting 
applications in the field of diffusion barriers for copper 
metallization and phase change memories [1-4]. 
Electrical properties can be measured using the four 
probe method [5, 6]. For these thin films, van der Pauw 
structures (vdPs) and Greek Crosses (GCs) are 
commonly used [7]. However, making electrical contacts 
to these thin films, using planar technology, is extremely 
difficult; e.g. etching a via for the contact to such a film 
requires a very high selectivity. In practice, this is not 
possible. Enderling and co-workers proposed to use 
suspended Greek Crosses to overcome this problem. 
However, this is only suitable for films with a poor step 
coverage (e.g. deposited via physical vapour deposition 
(PVD)) [8]. 
In this work special test structures are presented to 
measure the electrical properties of thin films in a 
controlled way. Electrodes are fabricated, which are 
buried in a planarized dielectric film. A thin film is 

deposited on top of the electrodes by atomic layer 
deposition (ALD). The thin film is characterized using 
the predefined electrode structures, such as the 
aforementioned vdPs and GCs. The work presented here 
includes test structure design and fabrication. It is 
demonstrated that these structures can be used 
successfully to characterize 7 nm and 4 nm thick ALD 
TiN films. 
 

TEST STRUCTURE FABRICATION 
Square structures are etched in a layer of 0.5 μm 
thermally grown SiO2 on top of a standard silicon wafer 
using wet chemical etching (Fig. 1a). After an additional 
oxidation step to insulate the silicon substrate, a layer of 
70 nm TiW is sputtered and patterned to make the 
electrodes and connections (Fig. 1b). Subsequently a 
layer of 1 μm PECVD SiO2 is deposited (Fig. 1b) and the 
structure is planarized using chemical mechanical 
polishing (CMP) (Fig. 1c). On this surface the thin ALD 
TiN film is deposited which is passivated by in situ ALD 
Al2O3 and ex situ PECVD SiO2 layers (Fig. 1d). After 
patterning the ALD TiN and passivation layers (Fig. 1e), 
vias are etched towards the buried electrode connections 
and filled with aluminium to become realize contact pads 
(Fig. 1f). In this process, structures such as vdPs, GCs, 
collinear probes and contact strings have been realized. 
The schematic design and exact device dimensions of a 
vdP and GC are shown in Fig. 2. An example of a 
realized van der Pauw structure is shown in Fig. 3. 

          
           (a)                   (b)                        (c)                            (d)                                 (e)                    (f) 
 
Fig. 1.  Fabrication scheme for a van der Pauw structure (top view (top) and cross-section (bottom)). 
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(b) 

Fig. 4.  Measured Vm versus Im curves for van der Pauw (a) and 
Greek Cross (b) test structures for 7 nm ALD TiN. Dimensions 
refer to the probe-to-probe distance (van der Pauw) and the size of 
the central square of the Greek Cross. 
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Fig. 5.  Extracted resistances (Vm/Im) from van der Pauw and Greek 
Cross structures for 7 nm (a) and 4 nm (b) ALD TiN layers. 
Resistances are an average of the 4 measured orientations (see Fig. 
4). 
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Fig. 2.  Schematic design of a van der Pauw (a) and Greek Cross 
(b) device. The four contacts of the van der Pauw are situated at the 
corners of an imaginary square at a distance A that is centred with 
respect to the ALD film. The ALD film is patterned as a square 
with dimension D. X indicates the area of a single contact (2.5 μm 
× 0.1 μm for all devices). The Greek Cross is designed with the arm 
length L equal to 2.5 times the width W. This reduces the error in 
the extracted sheet resistance to < 1% while maintaining maximum 
sensitivity and minimal Joule heating in the arms of the cross [9-
11]. Dashed lines indicate the (imaginary) squares. 
 
 

 
 

 
 

Fig. 3.  Optical micrograph of a van der Pauw structure with a 
probe-to-probe distance of 50 µm. Whole structure (top) and close 
up of the electrodes (bottom). 
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EXPERIMENTAL 
The layer thickness of the ALD TiN films is determined 
using a Woollam M2000 Spectroscopic Ellipsometer 
(SE) in the energy range 0.7-5 eV. Measurements were 
taken in situ directly after deposition. From the recorded 
SE data, the ALD TiN layer thickness is derived using a 
model containing the optical constants of all sub-layers. 
The ALD TiN layer thickness and the contact area of the 
electrodes are verified by HRSEM on cross-sections of 
the sample. 
For the electrical characterization, IV-measurements were 
carried out using a HP4156B or Keithley 4200 precision 
semiconductor parameter analyser in combination with a 
Cascade Microtech probe station. For the measurements 
at elevated temperatures, the temperature controlled 
chuck of the probe station was used. 

 
 

RESULTS 
A.  Measurements at room temperature 
For a 7 nm ALD TiN layer, IV-curves are measured from 
van der Pauw (Fig. 4a) and Greek Cross structures (Fig. 
4b) having probe-to-probe distances (vdP) or central 
squares (GC) in the range of 10 × 10 to 100 × 100 μm2. 
All devices are measured over all 4 orientations. From 
(solely) the slope of both sets of IV-curves, the 
(‘measured’) resistance (Rm = Vm/Im) is calculated and 
averaged over the 4 orientations. The results are shown in 
Fig. 5a. In Fig. 5b Rm values are shown for a 4 nm ALD 
TiN layer. Values of Rm values extracted from a van der 
Pauw device with a probe-to-probe distance of 300 µm 
are included in the graphs  
For van der Pauw structures, a relatively large spread in 
the IV-characteristics (Fig. 4a) is observed for different 
device dimensions and also between different 
orientations of a single device. For Greek Crosses (Fig. 
4b) this is not the case. 
From Fig. 5 it is observed that resistances extracted from 
van der Pauw structures (except for the 300 µm device) 
are significantly lower than those extracted from Greek 

Crosses. A slight increase in Rm is observed for larger 
devices. The reduced measured resistance may be related 
to the finite contact area (~2,5 × 0.1 μm2) of the 
electrodes (i.e. not point-like contacts) in the van der 
Pauw structures [5, 13, 14]. 
Furthermore, an increase is observed in Rm extracted 
from van der Pauw structures for larger devices. This is 
most likely due to the fact that the edge of the ALD layer 
is situated further away from the electrodes for smaller 
devices, thereby violating one of van der Pauw’s 
boundary conditions that the contacts should be at the 
circumference of the sample [5]. This is supported by 
measurements on the 300 × 300 μm2 van der Pauw 
device in which the electrodes are close to the ALD layer 
edge: they yield virtually the same values for Rm as 
extracted from Greek Crosses. 
For Greek Cross devices, the sheet resistance (R□) can be 
calculated from Rm using a correction factor of π/ln(2) 
[7]. The resistivity (ρ) is calculated from R□ and the layer 
thickness (averaged over all 5 devices). Values of 131 
and 288 μΩcm are obtained for 7 and 4 nm ALD TiN 
respectively. These results are shown in Fig. 6 together 
with results from literature [12]. The error in ρ originates 
from uncertainty in the ALD TiN layer thickness. Our 
extracted resistivity values are slightly higher than the 
literature values, but still realistic [2, 12, 15]. The 
difference is may be due to differences in material 
composition and/or the uncertainty in the layer thickness.  
For van der Pauw devices it is more difficult to extract 
R□. As mentioned above, the contacts have finite size and 
are not placed at the circumference of the sample, so a 
correction factor larger than the standard correction 
factor of π/ln(2) has to be used. This factor cannot be 
derived easily in an analytical way, but might be obtained 
from finite element modelling [16]. This is beyond the 
scope of our present work. 
 
 
B.  Measurements at elevated temperatures 
Both van der Pauw and Greek Cross devices can be used 
for measurements at different temperatures to find the 
temperature coefficient of resistance (TCR) of the ALD 
TiN film. For a 7 nm ALD TiN film, resistance 
measurements in the range of 25 - 175 ºC are shown in 
Fig. 7. In Fig. 7a the measured resistance Rm of a 75 µm 
van der Pauw and a 75 µm Greek Cross device are 
shown. A linear fit through the data can be described as: 

 0mR aT R= +     (1) 

with Rm the Vm/Im [Ω] and T the temperature [ºC]. The 
temperature coefficient of resistance (β or TCR) [ºC] can 
be extracted from the fit parameters a and R0 by rewriting 
(1): 

 0
0

(1 ) 1m
m

RR R T T
R

β β= + → = +  (2) 

with β = a/R0 [17]. 
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Fig. 6.  Resistivity versus layer thickness for ALD TiN films. 
Literature values are reprinted from [12]. The uncertainty in our data is 
due to uncertainties in the layer thickness, as derived from 
spectroscopic ellipsometer (SE) measurements. 
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In Fig. 7b Rm/R0 is plotted versus temperature for the 
same devices as in Fig. 7a. Although the absolute Rm 
values of the van der Pauw and the Greek Cross differ, it 
is observed that the normalized resistance values yield 
the same TCR (3.59 × 10-4 /ºC) for both devices. 
In Fig. 8 TCR values for van der Pauw and Greek Cross 
devices with dimensions in the range of 10-300 µm are 
shown. It is observed that the spread in TCR values 
obtained from Greek Crosses is very low (within ~1% of 
their average value). For van der Pauw devices a larger 
spread (7% at maximum) in TCR values is observed. 
This spread might be related to a spread in device 
properties across the wafer; the 75 and 100 µm vdP & 
GC devices were positioned close to each other 
(neighbouring devices) and yield virtually equal TCR 
values (within 0.8% of their average value). All other 
devices were measured at different locations across the 
wafer (i.e. not within the same die). It appears van der 
Pauw devices are more sensitive to this spread in device 
properties than Greek Crosses. 
The extracted TCR from Greek Cross devices of 3.5 × 
10-4 /ºC is roughly 40% lower than the literature value of 
5.5 × 10-4 /ºC, measured by Langereis and co-workers on 
an ALD TiN layer that is deposited under similar 

conditions [12, 18]. The difference is most likely due to a 
reduction of the TCR as a result of enhanced surface 
scattering which occurs for extremely thin films. 
Langereis and co-workers used a 33 nm thick film for the 
determination of their TCR which is significantly thicker 
than our 7 nm film [12, 18]. 

 
CONCLUSIONS 

Test structures for the electrical characterization of 
ultrathin conductive films are presented based on buried 
electrodes on which the ultrathin film is deposited. 
Electrical measurements on Greek Cross structures yield 
resistance values which are independent of the device 
dimensions (10 × 10 to 100 × 100 μm2) and the extracted 
values for the resistivity of 288 and 133 μΩcm for 4 and 
7 nm ALD TiN layers, respectively, are realistic. Both 
van der Pauw and Greek Cross devices can be used for 
the extraction of the temperature coefficient of resistance 
(TCR) of ALD TiN. For a 7 nm ALD TiN layer, a TCR 
value of 3.5 × 10-4 /ºC is found. 
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