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Abstract— As structure size decreases, electron scattering and 
liner conduction effects may lead to inaccuracy in the TCR 
method. To investigate these potential issues for tungsten 
systems, resistivity, grain size, and temperature derivatives of 
sheet resistance are measured as a function of thickness for CVD 
deposited films. Liner conduction was found to impact the 
apparent temperature dependence of sheet resistance for thin W 
films. W films exhibit a dρ/dT value 39% higher than reported in 
literature for bulk. The effect of electron scattering at surfaces 
and grain boundaries on the temperature derivative of sheet 
resistance is predicted from common classical scattering models 
and it is concluded that these mechanisms do not play a 
significant role. It was also found that TCR accuracy is improved 
in W contact structures by using the derivative of resistivity 
determined from the W blanket film analysis. In addition, we 
also calculated TCR values from first principles which are in 
good agreement to our experimental results.  
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I. INTRODUCTION 

The Temperature Coefficient of Resistance (TCR) 
approach is a non-destructive method of determining cross-
sectional area and resistivity that is primarily used in the 
assessment of back end structures [1], [2]. As downscaling 
continues, the focus of the TCR method is shifting toward the 
analysis of smaller and more resistive structures, including 
middle of line (MOL) features. Under particular investigation 
are structures made from W, due to its extensive use in MOL 
applications. A number of issues may become apparent as the 
TCR approach is applied to MOL structures. This approach, 
being derived from Mathiessen’s Rule, utilizes three major 
assumptions which have the potential to be invalid in highly 
scaled and highly resistive interconnects. The approach 
assumes that i) There is only one significantly conducting 
material. As MOL contacts are scaled, electron-surface and 
electron-grain boundary scattering cause a dramatic increase in 
metal fill resistance. In this case, the measured line resistance 
and measured temperature derivative of resistance (dR/dT) 
become convolutions of the values of the liner material and the 
fill metal. ii) Phononic scattering is the only temperature 
dependent component of the resistivity. The effects of electron-
surface and electron-grain boundary scattering on metal 
resistivity are described by the well-known Fuchs-Sondheimer 
(FS) and Mayadas-Shatzkes (MS) models, respectively. Each 

model predicts a small non-phononic temperature dependence 
resulting in small deviations from Mathiessen’s rule in highly 
confined metallic conductors [3]–[5]. iii) The fill metal’s 
temperature derivative of resistivity (dρ/dT) is a constant 
equivalent to the bulk material value. This may not be the case 
due to impurity concentrations, and high tensile stress in the 
film and the above scattering effects. In this study we utilize a 
series of W films to investigate the contributions of each of 
these potential sources of inaccuracy. We also show results of 
using the TCR approach to analyze a series of W local 
interconnects and a comparison of our measured values to 
those resulting from ab-initio modeling.  

II. EXPERIMENTAL DETAILS 

Blanket metal films of W were fabricated via chemical 
vapor deposition (CVD). Film thickness ranged from 40 Å to 
300 Å. All films were deposited on a 30Å TiN liner layer, 
which was insulated from the Si substrate by > 100 nm of 
silicon dioxide. Wafers were characterized as deposited in an 
effort to minimize grain size and maximize any grain boundary 
scattering contribution to the temperature dependence of 
resistivity. In addition to the metal films, a blanket film of 
solely the 30Å TiN liner was fabricated for electrical 
characterization. Corrections for liner conduction were done 
assuming parallel resistance. Sheet resistance (Rs) was 
measured using a standard linear 4-point probe. Temperature 
derivatives were determined via Rs measurements at three 
temperatures; 25°C, 75°C, and 125°C. Thickness was extracted 
via calibrated X-ray fluorescence (XRF). Crystallinity was 
characterized using grazing incidence X-ray diffraction 
(GIXRD) and grain size values were calculated using the 
Scherrer broadening method. 

III. RESULTS AND DISCUSSION 

Figure 1 shows representative GIXRD results from a 
nominally 30 nm thick film. Analyses of the diffraction peaks 
indicate that the films are the low resistivity, α-phase of W [6]. 
The relative intensities of the four apparent peaks correspond 
to the expected intensities from a random distribution of 
polycrystalline grains with no preferred orientation.  

Figure 2 shows measured W film resistivity and grain size 
as a function of measured film thickness. Resistivity values 
shown were corrected for liner resistance. Resistivity is 
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Fig. 2. W film resistivity and mean grain size as a function of film 

thickness. 

 
Fig. 3. Measured dRs/dT plotted as a function of W film thickness. Overlaid 
curves are computed via traditional TCR approach.  

 
 

Fig. 4. Liner corrected dRs/dT plotted as a function of W blanket film 
thickness with assumed literature dρ/dT values(left) and fitted values 
(right). Curves represent traditional TCR (red), the FS model (blue), and 
the MS model (green).  

 
Fig. 1. GIXRD scan on 30 nm thick W film. 

observed to increase with decreasing film thickness, as 
expected. This increase is attributed to the combined effects of 
electron-surface and electron-grain boundary scattering. Grain 
size is observed to decrease with decreasing film thickness and 
it was extracted to predict the effects of electron-grain 
boundary scattering on the measured film dRs/dT. 

 Figure 3 shows measured film dRs/dT values plotted 
alongside values corrected for liner conduction. Liner 
conduction is found to be significant in thin W films where a 
42% difference is observed between corrected and non-
corrected values at a thickness of 4.3 nm. The overlaid dashed 
magenta curve represents dRs/dT values resulting from purely 
geometric confinement (traditional TCR approach) assuming a 
W bulk literature dρ/dT value of 0.023 µΩcm/K [7]. This curve 
does not provide an adequate fit to the measured data, 
underestimating dRs/dT values for both corrected and non-
corrected data points. Fitting the value of dρ/dT to liner 
corrected data results in a best fit value of 0.032 µΩcm/K, 
indicating that CVD deposited polycrystalline W exhibits a 
dρ/dT value 39% higher than the literature value. Fitting to the 
non-liner corrected values decreases the quality of fit.  

Shown in figure 4 are dRs/dT curves computed as a 
function of thickness via numerical integration for the FS 
model and the MS model. For W, mean free path (λ) and grain 
boundary reflection coefficient (R) values are assumed to be 
19.1 nm and 0.5, respectively [8]–[9]. All surface specularities 
are assumed equal to zero. Grain sizes are taken from the 
experimental measurements described in section II. Curves are 
plotted for literature and fitted values of dρ/dT. Overlaid 
measured values are corrected for liner conduction. All models 
under predict dRs/dT values when utilizing literature dρ/dT 
values. When using fitted dρ/dT values, all models are 
observed to agree with measurement at high thicknesses, as 
there is no deviation from traditional TCR due to the minimal 
effects of electron surface and grain boundary scattering. The 
FS and MS models are observed to predict little deviation from 
purely geometric confinement in the studied thickness range. 
For 5 nm of W, the FS and MS models predict a 12% and 5% 
deviation, respectively. However, predicted deviations for both 
models increase further with decreasing thickness and more 
investigation into the temperature dependence of thinner 
samples is necessary to determine model prediction accuracy. 
Within the thickness range studied, the small deviation 
predicted by the FS and MS models combined with the ability 
for the traditional TCR approach to adequately describe the 
measured data indicates that electron surface and grain 
boundary scattering have negligible effects on the measured 

temperature dependence of sheet resistance. 

The cross-sectional area of four W MOL local interconnect 
structures were determined via TEM cross section and TCR 
analysis as shown in figure 5. CD 1 (critical dimension) 
features are from a nominally 36 nm pitch line, where CD 2, 
CD 3, and CD 4 represent more relaxed geometries. TCR 
analysis assuming the W literature dρ/dT value underestimates 
line area by 27-36%. However, if the dρ/dT value determined 
from blanket film measurements is used, much better 
agreement is obtained, with a maximum difference of 10%, 
observed in CD 3. The TCR areas calculated here do not 
include a correction for liner conduction. However, from the 
blanket film measurements, liner conduction is expected to be 
negligible at these dimensions. 
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Fig. 5. Left. W local interconnect area determined via TEM cross section, 
TCR method assuming bulk dρ/dT, and measured dρ/dT from blanket films 
Right: TEM images of four W local interconnects analyzed in this study. 

We also calculate the TCR values for bulk W using ab-
initio Density Functional Theory (DFT) based non-equilibrium 
Green's function (NEGF) based transport calculations. For this 
purpose, we used the special thermal displacement (STD) 
method by Zacharias et al. [10]. This method provides a simple 
and efficient way of calculating electron-phonon coupling by 
using a single (one-shot) frozen-phonon calculation in a 
supercell of the bulk material. In this approach, we essentially 
determine the one-dimensional resistivity by performing a 
series of calculations at finite temperature and later extract the 
TCR values. All the calculations were performed using the 
local density approximation to DFT [11-12]. The STD method 
generates a single distorted structure that mimics electron-
phonon coupling as illustrated in Figure 6a. The transmission 
spectra calculated using NEGF method for these device 
configurations yields the resistance values at given temperature 
(300 K) forming a single data point in the graph shown in 
Figure 6b. We further calculate the 1-dimensional resistivity of 
W by changing the length of the STD region. Although, the 
calculated value of bulk resistivity for W along the (100) 
direction is 18.7 µΩ-cm and it overestimates the experimental 
counterpart (5.75 µΩ-cm). We believe that such an 
overestimation is consequence of the type of exchange-
correlation used and finite size of supercell used in the 
simulations. Another set of calculations at 500 K results in 
elevated resistivity of 26.1 µΩ-cm. These two sets of 
calculations lead to a TCR value of 0.037 µΩ-cm/K.  

 

 
Fig. 6. a) Schematic illustration of STD method and structures used in the 
calculations b) Calculated values of resistance as a function of increasing length 
of STD region at 300 K. 

IV. CONCLUSIONS 

The resistivity, grain size, and temperature derivatives of 
sheet resistance were measured as a function of thickness for 
W films on TiN. Liner conduction was found to have a non-
negligible impact on measured dRs/dT values for thin W films. 
CVD deposited W is measured to have a dρ/dT value 39% 
larger than the bulk literature value. FS and MS models predict 
small deviations in the expected temperature dependence in 
thickness range studied. It is concluded that electron scattering 
at surfaces and grain boundaries does not play a significant role 
in the measured temperature dependence over the film 
thickness range studied. W MOL structures were characterized 
with the TCR method and by utilizing the dρ/dT value obtained 
from the blanket film study, the accuracy of the measurement 
was greatly improved. Furthermore, the TCR values extracted 
using ab-initio DFT+NEGF based transmission calculations are 
in reasonable agreement with experiments and can be used to 
probe the impact of grain boundaries, impurities in W films as 
future work.   

Material dρ/dT [Ref] dρ/dT [Expt.] dρ/dT [ab-initio] 
W 0.023 µΩcm/K [7] 0.032 µΩcm/K 0.037 µΩcm/K 
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