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The measured resistivity q of smooth stoichiometric epitaxial TiN(001) is 13 and 3.0 lX cm at 298

and 77 K for bulk layers but is 8 and 25 times higher when the layer thickness d is reduced to 2 nm.

The increase in q with decreasing d is attributed to diffuse electron-surface scattering and is well

described by the classical Fuchs-Sondheimer (F-S) model. This is unexpected because the F-S

model is based on the nearly free electron model, while TiN exhibits a highly non-spherical Fermi

surface and three bands crossing the Fermi-level. The measured room temperature effective

electron mean free path k for bulk scattering is 45 6 4 nm, which is an order of magnitude larger

than the free-electron prediction. This deviation is attributed to �93% of charge transport in TiN

being due to two slightly filled bands which represent only 4% of conduction electrons. The F-S

model is applicable to TiN because these two bands are nearly parabolic and nearly degenerate,

yielding a single value for k, which is estimated based on the published band structure to be 49 nm,

in excellent agreement with the experimental 45 nm. These results demonstrate that the F-S model

is applicable to metals with non-spherical Fermi-surfaces as long as the charge transport is

dominated by a single (or multiple degenerate) band(s). VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4790136]

I. INTRODUCTION

The electrical resistivity of thin films increases with

decreasing thickness d. This is due to electron scattering at

surfaces and becomes important when d approaches or

becomes smaller than the bulk electron mean free path k
associated with electron-phonon scattering. This resistivity

increase has been studied for many decades and is most com-

monly described within the theoretical framework by Fuchs

and Sondheimer (F-S),1,2 who derived an expression that

integrates over all classical electron paths to predict the re-

sistivity q of a thin film
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where qo is the bulk resistivity, j¼ d/k, and p is a phenomeno-

logical parameter which describes the electron surface scatter-

ing and ranges from p¼ 1 for specular to p¼ 0 for diffuse

scattering. The derivation of Eq. (1) assumes that all electrons

exhibit the same value for the velocity v and that their scattering

with phonons is isotropic and can therefore be described by a

single electron relaxation time s. Under these conditions, the

bulk mean free path k¼ sv can be determined from the free-

electron density n and the bulk resistivity qo using2

qok ¼ ð3p2Þ1=3 �h

e2
n�2=3: (2)

This expression is obtained within the nearly free (or quasi-

free) electron model, that is, the magnitude of the Fermi

velocity vF and the effective mass m* are the same for all elec-

trons, while m* is allowed to deviate from the free electron

mass. Equations (1) and (2) are expected to be valid when the

Fermi surface is spherical, which is approximately true for al-

kali and, to a lesser degree, noble metals. In fact, the measured

thin film resistivity vs thickness for Cu,3,4 Ag,5–7 and Au,8,9

are well described with Eq. (1) and yield values for k which

are in good agreement (within �10%) with the prediction

from Eq. (2) of k¼ 39, 53, and 38 nm, respectively.

In contrast, Eqs. (1) and (2) do not apply to metals with

non-spherical Fermi surfaces and/or with multiple bands

crossing the Fermi energy, because both vF and m* are direc-

tion and band dependent. Consequently, the value of the

electron mean free path in such a metal has no direct physi-

cal significance. Nevertheless, in an attempt to develop

methods to predict the metal resistivity as a function of sam-

ple size, we postulate the existence of an effective mean free

path k, which represents the characteristic length scale for

electron bulk scattering as observed macroscopically through

sample-size effects. More specifically, the contribution to the

resistivity of a thin film due to surface scattering is expected

to be a function of the ratio k/d, even for metals where k
does not represent a true distance between scattering events.

The existence of such a k has great technological value, par-

ticularly if it will be applicable to both the F-S model1,2 for

surface scattering and the M-S model10,11 for grain boundary

scattering. This will facilitate prediction of the resistance of

narrow metal wires, which is important for integrated circuit

design where the interconnect resistance has become a major

limiting factor for the overall computer chip performance.

In this report, we apply the concept of an effective mean

free path to titanium nitride (TiN) thin films and find that the

resistivity increase with decreasing layer thickness is well

described using Eq. (1) and a room temperature k¼ 45 6 4 nm.

TiN was chosen as an example material because of its techno-

logical relevance and because its Fermi-surface is far from

spherical, such that the F-S model is not a priori applicable. In
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particular, the 5.25� 1022 cm�3 conduction electrons, corre-

sponding to one electron per TiN formula unit, partially fill the

conduction bands which have a minimum at the X-point but

are three-fold degenerate at the zone center (C-point),12–14 as

determined from the TiN band structure calculated using the

augmented-plane-wave method12 and experimentally studied

using spectroscopic ellipsometry,15 ultraviolet photoemission

spectroscopy, and electron energy loss spectroscopy.16,17 This

leads to an overall n-type transport for TiN, with a Hall-effect

carrier concentration of 8.3� 1022 cm�3 (Ref. 18), which is

1.6� higher than the conduction electron density, suggesting

that the lowest conduction band exhibits partial p-character,

while the two upper bands which are only slightly filled are n-

type with a considerably lower effective mass m*.12,18 Recent

calculations also suggest that electron correlation effects are

important and suppress the density of states near the Fermi

level, such that TiN is not far from a Mott metal-insulator tran-

sition.19 TiN is technologically important because of its high

mechanical strength, good thermal and chemical stability, high

melting point, and low electrical resistivity and is used in

applications like hard wear-resistant coatings, diffusion bar-

riers for metal interconnects in microelectronics, erosion and

corrosion resistant coatings, and optical coatings.20,21 In addi-

tion, TiN shows promise as an epitaxial wetting layer for ultra-

thin low resistivity Cu or Ag interconnects3,5 and is also

considered as metal gate material for future integrated cir-

cuits.22 The growth of epitaxial TiN(001) layers on MgO(001)

by reactive sputtering has been reported by various researchers

who studied the growth, surface morphology, mechanical

properties, and electronic transport.23–25 Deposition at Ts

¼ 500–1000 �C in a pure N2 atmosphere typically leads to stoi-

chiometric TiN layers which exhibit relatively smooth (001)

surfaces with surface mounds that transition from dendritic to

square shaped with increasing Ts and form a periodic two-

domain ripple structure along the h110i directions due to ki-

netic roughening under limited N2 growth conditions.23,26 The

lowest reported value for the room temperature resistivity of

single-crystal TiN layers is 13 lX-cm,18,23,26,27 while some

studies report slightly higher values of 16–18 lX-cm25,28 and

an order of magnitude higher for sub-stoichiometric TiNx

(x< 1) or polycrystalline TiN, due to scattering at nitrogen

vacancies and grain boundaries, respectively.23,29,30 Based on

these reports, it is critical that the mean free path of TiN is

studied using stoichiometric smooth single-crystal layers in

order to render resistivity contributions from grain boundaries,

surface roughness, and oxidation negligible. Therefore, in the

following, we first present x-ray diffraction, x-ray reflectivity,

and Rutherford back scattering analyses to establish the crys-

talline quality, surface smoothness, and composition of our

smooth stoichiometric single-crystal TiN(001) layers that were

deposited by reactive sputtering on MgO(001) substrates. Sec-

ond, we present in situ electron transport measurement results

and demonstrate the applicability of the F-S model.

II. SAMPLE PREPARATION AND CHARACTERIZATION

All TiN(001) layers were grown in a three-chamber

ultrahigh vacuum dc magnetron sputtering system31 with a

base pressure <10�9 Torr. The polished MgO(001) sub-

strates were cleaned with successive rinses in ultrasonic

baths of trichloroethylene, acetone, isopropyl alcohol, and

de-ionized water and thermally degassed at 800 �C in vac-

uum. TiN depositions were done using a 5-cm-diameter Ti

(99.99%) target that was positioned 10 cm from the substrate

at a 45� tilt, a constant pressure of 3.5 6 0.2 mTorr of pure

N2 (99.999%), a constant target power of 200 W yielding a

deposition rate of 0.75 Å/s, a substrate temperature of

700 �C, and deposition times of 30 s–4.5 h to achieve the

desired thicknesses d¼ 2–1200 nm. After the deposition, the

layers were transported without breaking vacuum to the anal-

ysis chamber for in situ resistivity measurements with a

spring loaded linear four point probe operated at 0.001–

100 mA. The samples were allowed to self-cool to room tem-

perature and thermal equilibrium was considered to be

reached when the measured resistivity asymptotically

approached a constant value that varied less than 0.1% per

1 h. The samples were then removed from the vacuum sys-

tem by transferring to a load lock that was vented with dry

N2 and were next dropped into liquid N2 within 2 s after re-

moval from the vacuum system to minimize surface oxida-

tion followed by four point probe measurements at 77 K in

liquid N2.32 After removal from liquid N2, another four point

probe measurement in air at room temperature (25 �C) was

performed. For this purpose, the samples were blown dry

with dry N2 to minimize ice or water buildup on the TiN sur-

face. The ex situ room temperature resistivity measurements

in ambient air yielded identical (60%–5% deviation) q val-

ues as those measured in situ for all samples, suggesting that

surface oxidation during air exposure in these experiments is

too small to cause a measureable effect on the resistivity.

Figure 1 shows representative x-ray diffraction (XRD)

results from a 500-nm-thick-TiN/MgO(001) layer. The only

observable peaks in x-2h scans from 30� to 90� 2h are from

the TiN 002 and MgO 002 reflections at 42.412� and 42.910�,
respectively, indicating a well developed 001 preferred orien-

tation of TiN. The plot in Fig. 1(a) is a small portion of a

x-2h scan, obtained using a Panalytical X’pert PRO MPD

system with a Cu Ka source and a two-crystal Ge(220) two-

bounce monochromator which yields kKa1¼ 1.5406 Å with a

0.0068� divergence. The TiN peak maximum corresponds to a

measured out-of-plane lattice constant of 0.4258 nm, which is

above the reported bulk value of 0.4240 nm,23 indicating a

residual biaxial compressive stress which is attributed to a

combination of the misfit in the TiN and MgO lattice constant

(0.68% at room temperature) and thermal expansion coeffi-

cients which are aTiN¼ 9.3� 10�6 K�1 (Ref. 33) and

aMgO¼ 1.3� 10�5 K�1 (Ref. 34). The full-width-at-half-max-

imum (FWHM) for the TiN 002 peak is 0.08� (corrected for

instrument broadening), corresponding to an out-of-plane

x-ray coherence length of 119 nm, which is below the layer

thickness of 500 nm and indicates residual strain variations

and/or crystalline defects within the TiN layer. The corre-

sponding TiN 002 x-rocking curve is plotted in Fig. 1(b),

showing a relatively narrow peak indicating strong alignment

of the TiN along 001. Its FWHM of 0.24� corresponds to an

in-plane x-ray coherence length of 51 nm. XRD pole figures

were acquired using constant 2h values corresponding to TiN

002 and TiN 111 reflections at 42.41� and 36.51�,
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respectively, and a point focus poly-capillary x-ray lens that

provides a beam divergence <0.3�. They exhibit only a single

peak for TiN 002 at the origin (not shown) and four peaks at a

tilt-angle w¼ 54.7� for TiN 111, presented in Fig. 1(c) as

/-scan. The peaks are four-fold symmetric at polar angles

/¼ 45�, 135�, 225�, and 315� and exhibit an average FWHM

of 0.5�. The pole figure analyses confirm a cube-on-cube epi-

taxial relationship of the TiN layer with the MgO substrate:

TiN(001)kMgO(001) and TiN[100]kMgO[100], in agreement

with previous reports.23–25

Figure 1(d) shows a high resolution reciprocal space

map (HR RSM), measured around the TiN and MgO 313

reflections using a monochromatic parallel x-ray source and

a PIXcel line detector positioned at a small (<20�) angle to

reduce the beam width. The RSM is plotted as isointensity

contours in logarithmic scale in a plane of the reciprocal

space with coordinates k|| parallel and k? perpendicular to

the sample surface, pointing along the [110] and [001] crys-

talline directions, respectively. The FWHM for the TiN 313

peak along the x and x-2h scan directions for the TiN/MgO

layer is 0.20� and 0.14�, respectively, indicating a strong

alignment of the TiN(001) to the MgO(001) substrate. The

in-plane and out-of-plane TiN lattice constants obtained

from the RSM are ajj ¼
ffiffiffiffiffi
10
p

=kjj ¼ 0.4224 nm and

a? ¼ 3=k? ¼ 0.4249 nm, which is in good agreement with

the a? value obtained from x-2h scans. Using the reported

relaxed TiN lattice constant of 0.4240 nm, the in-plane e||

and orthogonal e? strains in the epitaxial TiN layers are cal-

culated to be e||¼�0.35% and e?¼ 0.19%, which yields a

Poisson ratio � ¼ e?=ejj
ðe?=ejjÞ�2

¼ 0.21, respectively, which is

close to the previously reported value of 0.22 for textured

TiN coatings.35

X-ray reflectivity is used to quantitatively determine the

TiN surface roughness over large lateral length scales and was

obtained with the same experimental setup used for XRD x-

2h scans. Figure 2(a) shows a representative low-angle h-2h
reflectivity scan from an epitaxial-TiN(001)/MgO(001) layer

with a nominal thickness d¼ 8 nm. The plot includes a

“simulated” curve, which is moved by two orders of magni-

tude for clarity purposes and is obtained by data fitting,

assuming a Gaussian distribution to model surface and inter-

face roughness and using the recursive theory of Parrat which

is based on the Fresnel reflectivity formalism.36 The model

assumes a constant mass density qm¼ 5.43 and 3.58 g/cm3 for

TiN and MgO,37 respectively, and free fitting parameters for

the TiN layer thickness, the TiN-air, and the TiN-MgO inter-

face roughness. The model fit yields d¼ 8.0 6 0.1 nm, in

excellent agreement to the expected thickness of 8 nm

obtained from the deposition rate calibrated using Rutherford

backscattering spectroscopy. The root-mean-square (rms) sur-

face roughness for the TiN-air boundary is 0.48 6 0.02 nm.

This relatively small roughness may affect the electron surface

scattering specularity but has a negligible geometric rough-

ness effect on the layer resistivity.38–41

Figure 2(b) shows a representative Rutherford back scatter-

ing spectrum used to confirm the stoichiometric composition

and to determine the TiN layer thickness. It was obtained using

2 MeV 4Heþ ions incident at an angle of 6� relative to the

FIG. 1. X-ray diffraction (a) x-2h scan,

(b) x-rocking curve from the TiN 002

reflection, (c) TiN-111 /-scan at a tilt

angle w¼ 54.7� and 2h¼ 36.51�, and (d)

HR RSM around the TiN 313 and MgO

313 peaks, from a 500-nm-thick TiN

layer on MgO(001).
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surface normal of a 180-nm-thick-TiN(001)/MgO(001) layer,

with the detector set at a 166� scattering angle. The solid line

through the data points is obtained from analysis with the

RUMP simulation program, and the arrows indicate the ener-

gies of the Heþ-ions scattered from the surface atoms of TiN

and MgO layers, marked as Ti, N, Mg, and O.42 The analysis

provides a value for the N:Ti ratio of 0.99 6 0.02, indicating

stoichiometric composition within the experimental uncertainty.

The areal density for TiN is 950 6 20� 1015 molecules/cm2,

which yields d¼ 180 6 3 nm, assuming fully dense TiN with a

lattice parameter aTiN¼ 0.4240 nm. The thickness determina-

tion from RBS analyses of multiple samples provides a value

for the deposition rate of 0.75 6 0.02 Å/s.

III. RESULTS AND DISCUSSION

Figure 3 is a plot of the resistivity q of single crystal

TiN(001) vs layer thickness d¼ 2-1200 nm measured both in
situ in vacuum at 298 K and in liquid nitrogen at 77 K. The

thickest layer with d¼ 1200 nm exhibits q¼ 13 lX-cm at

298 K, in agreement with the lowest reported resistivity for

bulk single-crystal TiN q298K
o ¼ 13 lX-cm,18,23,26,27 and

approximately one order of magnitude lower than those of

polycrystalline TiN thin films.28–30 At 77 K, q¼ 6.9 lX-cm

for d¼ 64 nm and q¼ 3.0 lX-cm for d¼ 1200 nm. These

values are within the range of reported resistivities of 6.5

and 3.0 lX-cm for 100 6 50 and 150 6 50 nm thick

TiN(001) on Si(001) at 77 K.43,44 As d decreases to 2 nm, the

TiN resistivity increases to reach 100 and 74 lX-cm in vac-

uum and liquid nitrogen, respectively. This increase is attrib-

uted to diffuse electron scattering at the bottom and top

surfaces, where the bottom surface corresponds to the TiN-

MgO interface and the top surface to the TiN-vacuum and

TiN-liquid N2 boundary for measurements at 298 (vacuum)

and 77 K, respectively. The bottom TiN-MgO interface is

expected to yield completely diffuse electron scattering,

based on results from other metal-MgO interfaces,3,5 while

the top TiN-vacuum or TiN-liquid N2 interfaces also yield

diffuse scattering, because complete or partial specular scat-

tering would be removed by sub-monolayer oxidation during

air exposure,39 resulting in an increase in the resistivity

which, however, is not observed when comparing measured

in situ and ex situ data. The difference in the resistivity for a

given sample measured at 298 K (vacuum) and 77 K

increases with decreasing d from 10 lX-cm at d¼ 1200 nm

to 26 lX-cm at d¼ 2 nm, suggesting that the effect of elec-

tron scattering at surfaces and phonons is not additive. This

is because surface and phonon scattering do not lead to indi-

vidual and independent relaxation times and, therefore, Mat-

thiessen’s Rule does not apply.45 However, this result on

TiN is in contrast to similar experiments on metals with

nearly spherical Fermi surfaces like Cu and Ag, where no

deviation from Matthiessen’s Rule is observed.3,5

The solid lines in Fig. 3 are the result of a quantitative

analysis of the resistivity data by directly applying Eq. (1).

The curve through the room temperature data is obtained

using qo¼ 13 lX-cm as measured for d¼ 1200 nm and p¼ 0

based on completely diffuse surface scattering, as discussed

above. Therefore, the only fitting parameter is the effective

room temperature bulk electron mean free path, which we

find to be k¼ 45 6 4 nm. The fit through the low-temperature

data uses the fact that the product qok is temperature inde-

pendent and therefore already known from the room tempera-

ture analysis. Consequently, a single independent fitting

FIG. 2. (a) Measured and simulated x-

ray reflectivity from a 8-nm-thick-

TiN(001)/MgO(001) layer. (b) A typical

RBS spectrum from an epitaxial 180-

nm-thick TiN/MgO(001) layer. The

solid line is the expected spectrum, as

analyzed using the RUMP simulation

program.

FIG. 3. Resistivity q of epitaxial TiN(001) layers versus layer thickness d at

298 K and 77 K. The solid lines represent the values calculated with Eq. (1)

using k¼ 45 and 217 nm.
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parameter yields values for both qo
77K¼ 2.7 lX-cm and

k77K¼ 217 nm. There is good agreement between the meas-

ured data with the plotted curves for both temperatures. This

suggests not only that the F-S model together with the con-

cept of an effective k describes the resistivity in TiN layer

well but also that this k is proportional to 1/qo, as would be

expected for a true mean free path.

The obtained values for k of 45 and 217 nm at 298 and

77 K have comparable magnitudes as those reported for Cu (39

and 313 nm) and Ag (53 and 300 nm).3,5 These latter values are

in perfect agreement with the k calculated with Eq. (2), using the

measured bulk resistivities for Cu and Ag and their conduction

electron density. However, applying Eq. (2) to TiN with a con-

duction electron density n¼ 5.25� 1022 cm�3 for one electron

per TiN formula unit and a room temperature qo¼ 13lX-cm

yields k¼ 7.0 nm, which is almost an order-of-magnitude

smaller than the value obtained from our data fit. This large

discrepancy illustrates that the free or nearly free electron

models fail to describe electron transport in TiN, as dis-

cussed in the following with three brief comments (i-iii) and

a discussion involving multiple bands: (i) if our assumption

of purely diffuse scattering at the TiN surfaces would be

incorrect, then p > 0 and the experimental k > 45 nm, mak-

ing the deviation from the free electron model even larger.

(ii) The discrepancy cannot be directly explained by the TiN

electron effective mass m*, because for the simple case of

parabolic bands, the increase in qo is compensated by a

decrease in k, such that Eq. (2) remains valid, consistent

with elaborations by Sondheimer,2 indicating that the model

is valid for quasi-free electrons. In addition, the TiN effec-

tive mass is close to the free electron mass me, with a

reported value of m*¼ 1.1 � me.
18 (iii) Using Eq. (2) and

the experimental k¼ 45 nm and qo¼ 13 lX cm, we calculate

an effective carrier density n*¼ 3.2� 1021 cm�3, which is

16 times smaller than n¼ 5.25� 1022 cm�3. A single

approximately parabolic band with a carrier density n* could

explain the results in this study. However, this explanation is

inconsistent with reported Hall effect measurements on TiN

which yield apparent carrier densities of 5� 1022 and 8.3

� 1022 cm�3 (Refs. 18 and 28), more than an order of magni-

tude larger than n*. In addition, Hall carrier densities larger

than n suggest mixed n- and p-type transport, consistent with

the following discussion.

We attribute the large difference (by nearly an order of

magnitude) between the measured effective mean free path

and the k obtained from Eq. (2), to electron transport in multi-

ple bands in TiN. The published TiN band structure14 shows

that the majority of the conduction electrons occupy one band,

while two other (nearly degenerate) bands are only slightly

filled. By measuring the slope and the position of these

slightly filled bands at the Fermi level in Ref. 14, we obtain

approximate values for the Fermi velocity vF¼ 7� 105 m/s

and the wave vector kF¼ 3� 109 m�1, respectively, and in

turn values for ms*¼ 0.5 me and ns¼ 1.0� 1021 cm�3, where

the latter value corresponds to the number of electrons in each

of these slightly filled bands, such that in total 4% of the

5.25� 1022 cm�3 conduction electrons are in these upper two

bands. Using the measured effective mean free path k¼ 45 nm

and the Fermi velocity, we calculate a carrier relaxation time

s¼ 6.4� 10�14 s, which yields a conductivity from these two

upper bands of r¼ nse
2s/m*¼ 7.2� 106 X�1 m�1. This value

is just 7% less than 7.7� 106 X�1 m�1, the experimentally

measured conductivity corresponding to q¼ 13 lX cm. There-

fore, approximately 93% of the electron transport in TiN is

due to carriers in slightly filled bands that contain a total of

only 4% of the conduction electrons. The remaining majority

of electrons occupy a band that has a larger effective mass, a

mixed n and p character, and that contributes only little to the

overall conduction.

This explanation also provides insight into why the concept

of an effective k together with the F-S model is applicable to

TiN: Electron transport in TiN occurs almost exclusively in two

upper bands, while the third band contributes very little to con-

duction. Therefore, surface scattering of electrons in this third

band has little impact on the overall thin film resistivity, and the

resistivity increase with decreasing TiN layer thickness is well

approximated by only considering the upper two bands. These

are nearly parabolic, such that they, if considered independ-

ently, are well described with the nearly free electron model

and, in turn, with the F-S model. These two bands are also

nearly degenerate below and at the Fermi level, such that they

exhibit approximately the same Fermi surface, Fermi velocity,

and effective mass. Consequently, the total conduction due to

both bands resembles the conduction of a single band with the

same Fermi velocity and mean free path, but double the carrier

density. As a quantitative validation of this argument, we ap-

proximate conduction in TiN to be solely due to two identical

parabolic upper bands which act as parallel conductors, each

containing ns¼ 1.0� 1021 cm�3 electrons as directly obtained

from the published band structure14 as discussed above, and

each providing half of the experimentally measured conductiv-

ity, such that their individual resistivity qos¼ 2� qo¼ 26 lX
cm. Using Eq. (2) and ns and qos for these two individual bands,

we calculate a value for k of 49 nm. This is in excellent agree-

ment with the experimentally measured 45 nm.

IV. CONCLUSIONS

In conclusion, the resistivity increase with decreasing

thickness for smooth stoichiometric single-crystal TiN(001)

layers is well described with the F-S model for surface scat-

tering, despite that the TiN band structure is not quasi-free-

electron like. The experimentally determined effective bulk

mean free paths at 298 and 77 K are 45 and 217 nm, respec-

tively, which is nearly an order of magnitude larger than pre-

dicted from the free electron model. This deviation is

attributed to the majority of conduction in TiN being due to

two slightly filled bands which represent only 4% of conduc-

tion electrons. The F-S model is applicable to TiN because

these two bands are nearly parabolic and nearly degenerate,

such that the charge carriers that dominate transport have the

same Fermi velocity and mean free path.
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