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Epitaxial Ag(001) layers were deposited on MgO(001) in order to study electron surface scattering.

X-ray reflection indicates 3D layer nucleation with a high rms surface roughness of 1.0 nm for a

layer thickness d¼ 3.5 nm. X-ray diffraction shows that f111g twins form at d< 11 nm, followed by

2nd generation twinning for 11 nm< d< 120 nm. Increasing the growth temperature from 25 to

150 �C suppresses 2nd generation twinning and reduces the twin density by 2 orders of magnitude.

In situ deposition of epitaxial 2.5-nm-thick TiN(001) underlayers prior to Ag deposition results in

twin-free single-crystal Ag(001) with 10� smoother surfaces for d¼ 3.5 nm. This is attributed to a

better wetting on the higher energy TiN(001) than MgO(001) surface, resulting in the absence of 3D

nuclei with exposed f111g facets, which facilitate twin nucleation. The twinned Ag/MgO layers

have a higher resistivity q than the single crystal Ag/TiN layers at both 298 and 77 K, due to

electron scattering at grain and twin boundaries. The q for single-crystal Ag layers increases with

decreasing d, which is well explained with known surface scattering models and provides

specularity parameters for the Ag-vacuum and the Ag-air interfaces of p¼ 0.8 6 0.1 and 0.4 6 0.1,

respectively. A comparison with corresponding epitaxial Cu(001) layers shows that qAg< qCu for

d> 50 nm, consistent with known bulk values. However, qAg>qCu for d< 40 nm. This is attributed

to the larger electron mean free path for electron-phonon scattering and a correspondingly higher

resistivity contribution from surface scattering in Ag than Cu. In contrast, air exposure causes

qAg< qCu for all d, due to diffuse scattering at the oxidized Cu surface and the correspondingly

higher Cu resistivity. VC 2012 American Institute of Physics. [doi:10.1063/1.3684976]

I. INTRODUCTION

The heteroepitaxial growth of thin metal layers on ceramic

substrates represents a model interface system to study the inte-

gration of metals with ceramic materials, which is important

for applications ranging from electronic interconnects1,2 and

heterogeneous catalysis3 to optical mirrors4 and medical

implants.5 Aspects that are of particular interest and that are

examined preferentially with an epitaxial metal-ceramic inter-

face are the metal layer growth mode, morphology, crystal

quality, and strain relaxation as well as technologically impor-

tant properties, including wetting/adhesion, electromigration,

electron scattering, and oxygen and metal interdiffusion.6–10

The Ag(001)/MgO(001) system has been widely studied with

both theoretical11–16 and experimental17–21 methods as a proto-

typical metal-oxide system, which is particularly simple

because of the absence of interfacial chemical reactions at

moderate temperatures, a relatively small lattice parameter

mismatch of 2.98% between fcc Ag and rock salt MgO, and

the resulting four-fold symmetric cube-on-cube19,22 epitaxy. In

addition, Ag has gained interest as a candidate for future inter-

connect metallization,23 due to its lower bulk resistivity than

Cu, its similar electromigration resistance, and its potential to

provide a solution to the dramatic resistivity increase associ-

ated with diffuse surface and grain boundary scattering in Cu

interconnect wires with decreasing width.24,25 For the case of

Cu, most studies on electron scattering in polycrystalline

and single crystal layers report increased resistivity due to

“diffuse” electron scattering at the Cu-air interface, that is, a

Fuchs-Sondheimer specularity parameter p¼ 0.26–28 In con-

trast, epitaxial and polycrystalline Ag layers with relatively

large grain sizes exhibit partially specular surface scattering,

with the Ag-air interface showing a p � 0.5.29–31

The epitaxial growth of Ag layers on MgO(001) has been

studied by x-ray diffraction,19 x-ray absorption fine structure

analyses,32 and grazing incidence x-ray scattering.22 These

studies found that the strain due to the lattice misfit is relaxed

by misfit dislocations at the Ag-MgO interface, which form a

regular array along perpendicular <110> directions.19 Layer

growth during the nucleation stage is dominated by an island-

like 3D growth mode,19,33 which occurs despite the comparable

surface energies of Ag(001) and MgO(001) of Es¼ 1.2 and 1.1

Jm�2, respectively.34,35 Continued growth leads to island coa-

lescence, yielding a continuous layer. This occurs at a critical

thickness, also referred to as the percolation threshold, which

increases with increasing deposition temperature from 1.4 nm

at Ts¼ 100 K to >40 nm at Ts¼ 494 K.17 The microstructural

development is strongly affected by spontaneous twinning and

stacking fault formation,19 which can be attributed to the rela-

tively small Ag twinning energy of 16 mJ/m2 (Ref. 36).

TiN(001) forms thin adherent epitaxial layers on MgO(001),37

and we have recently reported that the use of a 2.5-nm-thick

TiN(001) layer on MgO(001) facilitates the epitaxial growth of
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Cu(001) by better wetting of Cu on TiN than MgO, yielding a

lower crystalline defect density and a smoother surface for

Cu(001)/TiN(001) than for Cu(001)/MgO(001).38 Similarly,

we envision that a TiN(001) interfacial layer between Ag(001)

and MgO(001) lowers the tendency for 3D Ag nucleation, since

the surface energy of Ag and MgO are both lower than that of

TiN(001), which is 1.3 Jm�2 for the bulk stoichiometric com-

pound, but even larger for the very common N-deficient TiNx

surface.39,40 The surface energy of Ag and TiN surfaces for the

respective thin films may be slightly larger than for the corre-

sponding bulk material, because surface energy for bulk con-

ductors is minimized by charge depletion at the surface, which,

however, is less energetically favorable in a thin film, espe-

cially with layer thicknesses approaching the electrostatic

screening length. However, we expect that the thickness de-

pendence of the surface energy is minor in comparison to the

increase in surface energy associated with N-deficiency at the

TiN(001) surface, facilitating wetting of Ag on TiN. In addi-

tion, TiN has a rock salt structure (like MgO) and a relatively

small lattice mismatch with Ag of �3.7%41 and therefore rep-

resents an analogous candidate for a metal-ceramic growth and

interface study. Further, TiN has remarkable properties, includ-

ing a high melting point, good thermal and chemical stability,

low electrical resistivity, high hardness, and a low diffusivity,

and is therefore used and/or proposed as a diffusion barrier

layer for Cu and Ag interconnects and as a metal gate material

in Si and GaAs devices.23,42–45

In this article, we compare epitaxial Ag growth on

MgO(001) and on TiN(001). Deposition on MgO(001) results

in rough 3D Ag(001) nucleation, which facilitates twinning

on f111g facets. The twinning rate decreases with increasing

Ag growth temperature Ts from 25 to 150 �C. In contrast,

growth on a 2.5-nm-thick TiN(001) layer on MgO(001)

yields twin-free Ag layers which are 10� smoother for

d¼ 3.5 nm and exhibit a 4� higher crystalline quality for

d¼ 55 nm and Ts¼ 25 �C. Electron transport measurements

show that surface scattering causes a resistivity increase with

decreasing d, which is well explained with known scattering

models. Continuous Ag(001) single-crystal films with

3.5 nm< d< 40 nm exhibit a higher room temperature resis-

tivity than corresponding Cu(001) single-crystal films when

measured in situ in vacuum. This is opposite to the bulk and

layers with d> 50 nm, where the resistivity is higher for Cu

than Ag. This is attributed to the larger electron mean free

path for electron-phonon scattering in Ag kAg¼ 53 nm46 than

in Cu kAg¼ 39 nm,24,46 resulting in a steeper increase in re-

sistivity with decreasing thickness for Ag layers. However,

due to stronger surface oxidation of Cu, the resistivity meas-

ured ex situ in ambient air for Cu layers is higher than for Ag

layers for all thicknesses.

II. EXPERIMENTAL PROCEDURES

All layers were grown in a three-chamber ultrahigh

vacuum dc magnetron sputtering system with a base

pressure< 10�9 Torr. The polished MgO(001) substrates

were cleaned with successive rinses in ultrasonic baths

of trichloroethylene, acetone, isopropyl alcohol, and de-

ionized water and thermally degassed at 800 �C in vacuum,

a procedure shown to result in sharp MgO(001) 1� 1

reflection high-energy electron diffraction patterns.47,48

The 5-cm-diameter Ag (99.99%) target was facing the sub-

strate at 20 cm distance and depositions were performed in

3.0 6 0.2 mTorr Ar (99.999%) at a constant power of

150 W, yielding a deposition rate of 3.3 Å/s. Ag layers with

thickness d¼ 3.5-1380 nm were deposited at Ts¼ 25 �C on

MgO(001) and TiN(001)/MgO(001) substrates, where

TiN(001) is a 2.5-nm-thick single-crystal TiN underlayer

that is in situ deposited at 700 �C by reactive sputtering

in 3.5 mTorr pure N2 prior to Ag deposition. In addition,

120-nm-thick Ag layers were deposited on MgO(001)

substrates at Ts¼ 25, 80, 150, and 300 �C and on 70-nm-

thick-TiN(001)/MgO(001) at Ts¼ 25 �C for crystal struc-

ture analysis and texture measurements using x-ray

diffraction. After the deposition, the layers were trans-

ported without breaking vacuum to the analysis chamber

for in situ resistivity measurements, using a linear four-

point probe operated at 0.001–100 mA. Prior to the resis-

tivity measurements, the samples were allowed to self-cool

to room temperature and thermal equilibrium was consid-

ered to be reached when the measured resistivity asymp-

totically approached a constant value that varied less than

0.1% per 1 h. The samples were removed from the vacuum

system by transferring to a load lock that was vented with

dry N2 and were next dropped into liquid N2 within 2 s after

removal from the vacuum system, followed by four-point

probe measurements at 77 K in liquid N2. 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 Ag surface.

The crystallinity, texture, and in-plane strain of Ag

layers were quantified by x-ray diffraction (XRD) using a

Panalytical X’pert PRO MPD system with a Cu Ka source, a

two-crystal Ge(220) two-bounce monochromator that gives

monochromatic Cu Ka1 radiation with 0.0068� divergence

for x�2h and x-rocking scans, and a point focus x-ray lens

(or poly-capillary optics) that provides a quasi-parallel Cu

Ka beam with a divergence of less than 0.3� for pole-figure

texture measurements to minimize defocusing effects. The

layer thicknesses were determined from the temperature de-

pendence in the resistivity and were verified using x-ray

reflectivity (XRR), which was also used to quantify layer

roughness. XRR scans were performed with the same experi-

mental setup as the XRD x–2h and x-rocking scans.

III. RESULTS

Figure 1 shows representative x-ray diffraction (XRD)

results from Ag layers on MgO(001) deposited at tempera-

tures Ts¼ 25, 80, 150, and 300 �C. All x� 2h scans from

30 to 90� 2h exhibit peaks from the MgO 002 and the Ag

002 and 111 reflections, which, as discussed below, are

due to epitaxial Ag(001) and twinned Ag grains, respec-

tively. The plot in Fig. 1(a) is a portion of x� 2h scans for

120-nm-thick Ag/MgO(001) layers showing the MgO 002

peak at 42.91� and Ag 111 and Ag 002 peaks at (i) 38.08�

and 44.32�, (ii) 38.06� and 44.27�, (iii) 38.04� and 44.23�,
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and (iv) 38.25� and 44.51� for Ag layers grown at 25, 80,

150, and 300 �C, respectively. The plot for Ts¼ 300 �C
shows an additional, relatively broad peak at 50.5�, which is

likely due to a silver oxide reflection with reported peak

positions of 54.7� for cubic Ag2O and 50.5� for orthorhom-

bic Ag2O3,49,50 indicating a possible temperature activated

reaction of Ag with the MgO substrate. The out-of-plane lat-

tice constant a\, obtained from the Ag 002 peak maxima, is

0.4092, 0.4092, 0.4094, and 0.4074 nm for Ts¼ 25, 80, 150,

and 300 �C, respectively. The corresponding in-plane lattice

constant ajj ¼ 0.4081, 0.4081, 0.4080, and 0.4096 nm is cal-

culated from a\ using the reported bulk Poisson ratio

�Ag¼ 0.37 (Ref. 51) and lattice constant aAg¼ 0.4086 nm.52

For Ag layers grown at 25–150 �C, the values of ajj indicate

a small-to-negligible compressive stress, indicating that the

misfit with MgO of (aMgO� aAg)/aMgO¼ 2.97% is fully

relaxed. In contrast, the layer with Ts¼ 300 �C indicates a

twice-as-large tensile stress, which may be attributed to the

differential thermal contraction during cooling to room

temperature after deposition with a thermal expansion

coefficient of aAg¼ 15� 10�6 K�1 (Ref. 53) and aMgO

¼ 9-13� 10�6 K�1 (Ref. 54). In addition, the formation of a

silver oxide and the related microstructural changes may

also contribute to the different strain state for Ts¼ 300 �C.

In order to quantitatively discuss the crystalline quality

from the XRD data, the x-ray coherence length n, the 002

versus 111 peak intensity ratio, and the rocking curve width

C are plotted versus Ts in Figs. 1(b)–1(d), respectively. The

x-ray coherence length is obtained from the full-width-at-

half-maximum (FWHM) r of the Ag 002 peak using

n ¼ k
rcosh, where 2h is the Bragg’s angle for the Ag 002

peak.55 n increases from 38 to 59 nm with increasing

Ts¼ 25–150 �C, as shown in Fig. 1(b) for 120-nm-thick-Ag

layers, indicating a decrease in strain variation and/or crys-

talline defects with increasing deposition temperature. How-

ever, increasing Ts further to 300 �C reduces n to 37 nm,

indicating a lower crystal quality which we attribute to a

chemical reaction at the Ag-MgO interface, consistent with

the extra peak in Fig. 1(a). Figure 1(c) is a plot of the maxi-

mum intensity ratio I002/I111 of the Ag 002 to Ag 111 reflec-

tions. It increases by 6 orders of magnitude, from 0.01 for

Ts¼ 25 �C to 104 for Ts¼ 150 �C, indicating an increasing

dominance of the epitaxial 002 orientation. However, I002/

I111 decreases back to 400 for Ts¼ 300 �C, indicating poorer

(001) epitaxy, consistent with the data in Fig. 1(b). XRD x
rocking curves from the Ag-111 and Ag-002 reflections are

obtained using a constant 2h¼ 38.11� and 44.23�, respec-

tively. The FWHMs C111 and C002 of these rocking curves

are plotted in Fig. 1(d). C002 decreases by a factor of 6, from

1.16� for Ts¼ 25 �C to 0.18� for Ts¼ 150 �C, but increases

again to C002¼ 0.5� for Ts¼ 300 �C, fully consistent with the

above data, indicating that temperature-induced diffusion

facilitates an improved crystalline quality, but that a too high

temperature results in a layer-substrate reaction and a related

decrease in crystalline quality. In contrast, C111 decreases

monotonically from 12.2� to 1.5� for Ts¼ 25 to 300 �C, indi-

cating a continuous decrease in twinning with increasing Ts.

Here, we note, consistent with the pole figure analyses

below, that twinning should theoretically result in a double

peak feature in the 111 rocking curve. However, experimen-

tal broadening likely results in the merging of the twin peaks,

yielding a single broad peak that widens with increasing

twin density.

Figure 2 shows representative XRD pole figures used

for the texture analysis of the Ag layers deposited on

MgO(001). They are obtained using a constant 2h¼ 38.11�,
corresponding to the Ag 111 reflection. The pole figure in

Fig. 2(a) is from a 120-nm-thick layer grown at Ts¼ 150 �C.

It exhibits four strong peaks at a tilt of w¼ 55� and polar

angles of /¼ 45�, 135�, 225�, and 315�. They originate from

a cube-on-cube epitaxial growth with Ag(001)jjMgO(001)

and Ag[100]jjMgO[100]. The plot also shows four peaks at

FIG. 1. (Color online) (a) XRD x�2h scans from 55-nm-thick Ag/

MgO(001) layers deposited at Ts¼ 25, 80, 150, and 300 �C. (b) X-ray coher-

ence length n calculated from the full-width-at-half-maximum (FWHM) of

the Ag 002 x�2h peak, (c) intensity ratio I002/I111 of the Ag 002 to Ag 111

reflections in the x�2h spectra, and (d) FWHM of Ag-111 and Ag-002 x
rocking curves C111 and C002, respectively, vs Ts.
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w¼ 16� and eight peaks at w¼ 79�, which have a 150� and

1000� lower average intensity, respectively, than the strong

reflections at w¼ 55�. These secondary peaks are attributed

to twinning, as illustrated in Fig. 2(d), which shows the cal-

culated 111 pole figure for an (001)-oriented fcc crystal with

first and second generation f111g twinning, similar to what

has been described for first generation twinning in Fe-Pd

films in Ref. 56. The peak positions are calculated using

multiple 60� rotations of the cubic unit cell about <111>
directions. Each of these rotations results in three new reflec-

tions in the pole figure. That is, the original epitaxial orienta-

tion results in 4 reflections, the first generation twinning

yields 12 additional reflections, and rotation about the new

<111> directions yields 24 additional second generation

twinning reflections, as indicated by squares, triangles, and

stars, respectively. Comparing Figs. 2(a) with 2(d) shows

excellent agreement of the peak positions for the epitaxial

orientation and the first generation twinning. The fact that

the measured twinning peaks are 2-3 orders of magnitudes

weaker than the epitaxial peaks and that second generation

twinning peaks could not be detected indicates that this

120 nm Ag/MgO layer with Ts¼ 150 �C is primarily an

epitaxial layer with a relatively low (but clearly detectable)

density of twins. This is also confirmed by a Ag 002 pole fig-

ure (not shown) from the same sample using a constant

2h¼ 44.23�, showing a single strong epitaxial peak at the

origin and 1000�weaker four-fold symmetric twinning

reflections at w¼ 48� and 70�.
Figure 2(b) shows the measured Ag 111 pole figure for a

120 nm Ag/MgO layer deposited at Ts¼ 25 �C. It exhibits

four-fold symmetric peaks from the Ag(001) epitaxial layer

and from first generation twins, but also additional peaks at

positions close to the second generation twinning reflections

predicted in Fig. 2(d) at w¼ 34�, 45�, and 71�, indicating

multiple twinning for this layer. All peaks due to the epitax-

ial layer as well as the twins have comparable intensity, sug-

gesting an approximately 100� higher twin density for Ag

layers deposited at Ts¼ 25 �C than at Ts¼ 150 �C. A

002 pole figure for the same sample (not shown) exhibits a

reflection at w¼ 0� as well as four-fold symmetric reflections

corresponding to two generations of (111) twinning at

w¼ 22�, 40�, 70�, and 62�.
In order to gain information regarding the growth stage

at which twinning is likely to occur, pole figure measure-

ments were performed on layers for which the nucleation

and initial coalescence are complete, but which are

10� thinner than those shown in Figs. 2(a) and 2(b). The Ag

111 pole figure (not shown) from an 11-nm-thick layer

grown at Ts¼ 150 �C is similar to Fig. 2(a). It exhibits the

epitaxial four-fold symmetric reflections at w¼ 55� and

twinning peaks at w¼ 79� and 16� that are � 25� and

�100�weaker than those at w¼ 55�, respectively. This

indicates that the onset for twinning occurs at thicknesses

below 11 nm for Ag/MgO layers grown at Ts¼ 150 �C.

Figure 2(c) shows the corresponding pole figure for

Ts¼ 25 �C. It is comparable to those for layers grown at

Ts¼ 150 �C, exhibiting peaks from epitaxial Ag as well as

first generation twinning. However, it does not show any sec-

ond generation twinning, which is in stark contrast to the

pole figure in Fig. 2(b) from a thicker layer grown at the

same temperature. That is, the onset for second generation

twinning for Ag/MgO(001) deposition at Ts¼ 25 �C occurs

at > 11 nm and < 120 nm.

Figure 3 shows representative XRD results from a 55-

nm-thick Ag layer deposited on 70 nm TiN(001)/MgO(001) at

Ts¼ 25 �C. The plots include, for comparison, the data from

the 120-nm-thick Ag layer with the same Ts, but grown

directly on MgO(001), as already presented in Figs. 1 and

2(b). The x�2h scan from the Ag/TiN(001)/MgO(001) layer

in Fig. 3(a) shows TiN 002, MgO 002, and Ag 002 peaks at

42.22�, 42.91�, and 44.36�, respectively, but exhibits no Ag

111 peak. This is in contrast to the data in the same figure

from the Ag layer grown directly on MgO(001), indicating

the absence of considerable twinning in Ag grown on TiN.

The peak maximum for the Ag 002 peak of the Ag/TiN/MgO

layer corresponds to a measured out-of-plane Ag lattice con-

stant of 0.4080 nm, which is 0.14% below the reported lattice

constant for bulk Ag, 0.4086 nm,52 indicating a slight biaxial

tensile stress causing an in-plane strain of ejj ¼ 0.0012 deter-

mined using a Poisson ration mAg¼ 0.37.51 This small tensile

stress is opposite to the small compressive stress for Ag grown

directly on MgO(001), as discussed above, which may be

attributed to the larger misfit with TiN of (aTiN� aAg)/

aTiN¼ 3.63%, where the reported relaxed TiN lattice constant

aTiN¼ 0.4240 nm.41 The FWHM of the Ag 002 peak in

FIG. 2. (Color online) XRD pole figures obtained using a constant

2h¼ 38.11�, corresponding to the Ag 111 reflection, from Ag(001)/

MgO(001) layers with thickness d and growth temperature Ts of (a)

d¼ 120 nm, Ts¼ 150 �C, (b) d¼ 120 nm, Ts¼ 25 �C, and (c) d¼ 11 nm,

Ts¼ 25 �C. (d) Calculated 111 pole figure for a (001) epitaxial film with first

and second generation f111g twinning calculated using multiple 60� rota-

tions of the epitaxially grown unit cell about the< 111> directions. Squares:

4 reflections at w¼ 54.7� from cubic (001) epitaxy; triangles: 12 reflections

at w¼ 78.9� and 15.7� from first generation twinning; and stars: 24 reflec-

tions at w¼ 33.5�, 45.0�, and 71.3� from second generation twinning.
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Fig. 3(a) is 0.30�, corresponding to an x-ray coherence length

n of 32 nm. This is smaller than the nominal layer thickness of

55 nm, indicating some residual strain variation and/or crystal-

line defects within the Ag layer. n¼ 32 nm for the 55 nm Ag/

TiN layer is close to the n¼ 38 nm for the 2.2� thicker

120 nm Ag/MgO layer, shown in Fig. 1(b), indicating higher

crystalline quality for the epitaxial Ag layer grown on

TiN(001) than on MgO(001). Figure 3(b) is a plot of the Ag

002 x rocking curves for the same 55 nm Ag/TiN and 120 nm

Ag/MgO samples used for Fig. 3(a). The FWHM are 0.60�

and 1.2�, respectively, indicating a considerably higher crys-

talline quality. Considering the 2� smaller thickness and the

2� smaller rocking curve width, we estimate an approxi-

mately 4� better grain alignment for Ag/TiN than for Ag/

MgO at Ts¼ 25 �C. The XRD pole figure in Fig. 3(c) is

obtained from the Ag/TiN layer, using a constant 2h¼ 38.12�,
corresponding to the Ag 111 reflection. It exhibits four-fold

symmetric peaks at a tilt w¼ 55� and polar angles u¼ 45�,
135�, 225�, and 315�, confirming a cube-on-cube epitaxial

relationship of the Ag layers with the MgO substrates and the

TiN wetting layer: Ag(001)jjTiN(001)jjMgO(001) and

Ag[100]jjTiN[100]jjMgO[100]. In contrast to the pole figures

from Ag/MgO layers, no intensity is detected that could be

attributed to twins in the Ag layer. This is also consistent with

a corresponding Ag 002 pole figure (not shown), which is

obtained using a constant 2h¼ 44.30� and shows only a single

peak at the origin. We attribute the absence of twinning, as

discussed below, to the smoother 001 growth front and, in

turn, to the absence of f111g facets available for twin nuclea-

tion, particularly during the Ag nucleation stage.

X-ray reflectivity (XRR) is used to obtain a quantitative

measure of the Ag surface roughness over large lateral length

scales. Figure 4(a) shows representative low angle h� 2h
reflectivity scans from two epitaxial Ag layers with a nomi-

nal thickness d¼ 3.5 nm. They are grown on MgO(001) sub-

strates at Ts¼ 25 �C with and without a 2.5-nm-thick

TiN(001) interlayer. The fringes in the spectra are due to in-

terference from reflections at the Ag-air, Ag-TiN, Ag-MgO,

and/or TiN-MgO interfaces. They provide values for the

average Ag layer thickness of 3.40 6 0.04 and 3.7 6 0.2 nm

for Ag/TiN/MgO and Ag/MgO, respectively. The larger

uncertainty for the Ag layer grown directly on MgO is due

to the larger surface roughness, as quantified below. These

values are close to 3.5 nm, the expected thickness based on

the deposition rate determined using temperature-dependent

resistivity measurements on thicker layers. The fringes for

the Ag/TiN/MgO provide the average TiN interlayer thick-

ness and Ag-TiN interface roughness of 2.62 6 0.07 and

0.16 nm, respectively, and also confirm smooth Ag-MgO and

TiN-MgO interfaces for Ag/MgO and Ag/TiN/MgO layers

with rms roughness of 0.15 and 0.20 nm, respectively.

The rate of decrease in the measured reflected intensity

with increasing incident angle h provides information on the

surface roughness. The intensity decrease is less steep for the

Ag/TiN/MgO than for the Ag/MgO sample, indicating a

smaller surface roughness, which also results in the more

pronounced interference effects for the Ag/TiN/MgO sam-

ple. Fitting the measured data using the recursive method by

Parratt57 and assuming a Gaussian distribution for the inter-

face position to model surface and interface roughness pro-

vides values for the rms surface roughness of 0.12 and

1.0 nm with and without the TiN interlayer, respectively.

That is, the 3.5-nm-thick Ag layer grown on TiN(001) is

�10� smoother than if grown directly on MgO(001). This

difference decreases with increasing layer thickness d, as

FIG. 3. (Color online) XRD (a) x�2h scans and (b) x rocking curves from

a 55-nm-thick Ag layer on 70 nm TiN(001)/MgO(001) and 120-nm-thick Ag

layer on MgO(001) with Ts¼ 25 �C. (c) XRD Ag 111 pole figure from the

same Ag/TiN/MgO layer as in (a) and (b).
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shown in Fig. 4(b), which is a plot of the surface roughness,

as determined by XRR, versus d of Ag layers deposited on

TiN and on MgO at Ts¼ 25 �C. The roughness for Ag/TiN/

MgO layers increases from 0.12 nm at d¼ 3.5 nm to 0.28 nm

at d¼ 10.6 nm to 0.3 nm at d¼ 53 nm. In contrast, Ag/MgO

layers exhibit a roughness that decreases from 1.0 nm at

d¼ 3.8 nm to 0.5 nm at d¼ 11.8 nm to 0.4 nm at d¼ 54 nm.

These opposite trends are attributed to kinetic roughening

and coalescence of 3D islands, respectively, as discussed in

more detail in Sec. IV. While there is a dramatic difference

in roughness for Ag/TiN and Ag/MgO at the nucleation

stage, continued deposition reduces the effects of the sub-

strate, leading to a similar surface roughness of 0.3–0.4 nm

at d¼ 53–54 nm for both Ag/TiN and Ag/MgO.

Figure 5 shows the resistivity q versus Ag layer thick-

ness d¼ 3.5–1380 nm measured both in vacuum at 298 K

and in liquid nitrogen at 77 K. The data is from two sample

sets: single-crystal Ag layers deposited at Ts¼ 25 �C on

TiN(001) and highly-twinned epitaxial Ag deposited at

Ts¼ 25 �C on MgO(001). The thickest Ag layers with

d¼ 1380 nm exhibit room temperature q values of 1.64 and

1.71 lX-cm, respectively, close to the reported Ag bulk

resistivity q298K
o ¼ 1.61 lX-cm.58 The approximately 5%

higher resistivity for the layer grown directly on MgO is

attributed to electron scattering at grain and twin boundaries,

which both form due to considerable twinning in that sam-

ple. At 77 K, q¼ 0.28 lX-cm for the 1380 nm Ag/TiN layer,

which is in good agreement with the reported bulk value

of q77K
o ¼ 0.283 lX-cm.59 However, the corresponding

Ag/MgO layer has a 43% higher resistivity of 0.40 lX-cm at

77 K, which is again attributed to additional scattering at

grain and twin boundaries. That is, grain and twin boundary

scattering cause a larger relative contribution to q at lower

temperatures, which is attributed to the larger mean free path

for electron-phonon scattering. However, their absolute con-

tribution of �0.1 lX-cm remains independent of tempera-

ture, consistent with Matthiessen’s rule, which predicts

additive contributions to the resistivity from temperature-

dependent electron-phonon scattering and temperature-

independent grain boundaries scattering. As d decreases to

3.5 nm, the resistivity for Ag/TiN and Ag/MgO layers

monotonously increases to 7.25 and 14 lX-cm at 298 K and

5.2 and 9 lX-cm at 77 K, respectively. The resistivity

increase with decreasing d is due to electron scattering at

external interfaces, in particular, the Ag-vacuum, Ag-liquid

N2, Ag-TiN, and Ag-MgO interfaces. In addition, the surface

roughness becomes more important as d decreases, causing

an additional contribution to the resistivity at low d, as dis-

cussed in more detail in Sec. IV. The contribution to the

electrical current from the 2.5-nm-thick TiN layer is negligi-

ble, since such a TiN layer without Ag exhibits a measured

resistivity of 98 and 74 lX-cm at 298 and 77 K, respectively,

which is 14� times larger than that of the thinnest

Ag layers.60 In addition, the �0.3% decrease in Ag layer

thickness due to thermal contraction during cooling to 77 K,

calculated using a thermal expansion coefficient of aAg¼ 15

� 10�6 K�1 (Ref. 53), results in a negligible correction of

� 0.3% for q77 K in Fig. 5. Also, the thermal expansion coef-

ficient of Ag is similar to those for MgO and TiN, aMgO

FIG. 4. (Color online) (a) Low angle h�2h x-

ray reflectivity scans from 3.5-nm-thick

Ag(001) layers grown on 2.5 nm TiN/

MgO(001) and on MgO(001) at Ts¼ 25 �C. (b)

Measured Ag rms surface roughness vs layer

thickness d for Ag/TiN and Ag/MgO layers de-

posited at Ts¼ 25 �C.

FIG. 5. (Color online) Resistivity q measured in vacuum at 298 K and in liq-

uid nitrogen at 77 K vs Ag layer thickness d of single-crystal Ag(001)/

TiN(001) and twinned epitaxial Ag(001)/MgO(001) layers deposited at

25 �C.
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¼ 9–13� 10�6 K�1 (Ref. 54) and aTiN¼ 9.3� 10�6 K�1

(Ref. 61). Thus, we expect strain and associated crystalline

defects due to differential thermal contraction to have negli-

gible effects on the Ag resistivity.

IV. DISCUSSION

In this section, we discuss first the microstructural data,

in particular, the surface roughness and twin formation dur-

ing epitaxial growth of Ag on MgO(001) and TiN(001), and,

secondly, electron transport in narrow Ag layers, including a

comparison to data from epitaxial Cu. The x-ray diffraction

results in Fig. 1 show that the crystalline quality of 120-nm-

thick Ag layers grown on MgO(001) increases and then

decreases with increasing growth temperature, exhibiting the

highest quality at Ts¼ 150 �C, for which the coherence

length is comparable to the layer thickness, the XRD Ag 002

peak intensity is 104 times stronger than the Ag 111 inten-

sity, and the rocking curve width is relatively narrow

(C002¼ 0.18). The pole figure analyses in Fig. 2 confirm the

highest crystalline quality for Ts¼ 150 �C and show that the

Ag/MgO(001) layers exhibit an epitaxial cube-on-cube rela-

tionship with Ag(001)jjMgO(001) and Ag[100]jjMgO[100].

However, they also reveal twinning on f111g planes, which

is the primary cause for the limited crystalline quality and

the presence for misoriented non-epitaxial grains. Further,

pole figures from thin layers indicate that twinning occurs in

the nucleation or early stages of layer growth (d< 11 nm),

while growth at low temperature results in additional second

generation twinning during continued growth at thicknesses

larger than 11 nm, leading to a twin density for d¼ 120 nm

that is approximately 100� higher for Ts¼ 25 �C than for

Ts¼ 150 �C.

The nucleation of twins is attributed to low-energy 111

facets at the growth front. Ag atoms that are deposited on a

111 facet have a non-negligible probability to incorporate at

an hcp-stacking site, which, similarly to the “correct” fcc

site, provides bonding to three surface atoms that are

arranged in a close-packed triangle and therefore exhibits a

comparable binding energy. Subsequently, deposited Ag

atoms form a close-packed array around the atom on the hcp

site, which represents the nucleation of a twin. The f111g
planes of Ag layers with a cube-on-cube epitaxy with the

MgO(001) substrate are tilted by an angle of 54.7� relative to

the (001) substrate surface. That is, in order for the Ag

growth front to exhibit 111 facets, the surface needs to be

relatively rough. Thus, the observation from pole figure anal-

yses of twinning at d< 11 nm suggests that the Ag nuclei on

the MgO(001) surface are 3-dimensional, exhibiting 111 fac-

ets and a large overall surface roughness. This is confirmed

by XRR results presented in Fig. 4, which show that Ag(001)

deposited on MgO(001) exhibits a rough surface in the early

stages of growth. For example, the 3.5-nm-thick Ag layer de-

posited at 25 �C exhibits an rms surface roughness of 1.0 nm.

This corresponds to a peak-to-valley height difference of

2.8 nm, which is nearly as large as the nominal layer thick-

ness of 3.5 nm and suggests a partially discontinuous nuclea-

tion layer, which is expected to be terminated by low-energy

111 facets, which, in turn, promote twin nucleation. How-

ever, as layer growth continues beyond the nucleation stage,

the surface roughness decreases by a factor of two to 0.5 nm

at d¼ 11.8 nm, which is attributed to coalescence of the

3-dimensional nuclei to form a continuous layer. Conse-

quently, the probability for the nucleation of new twins is

also reduced after the coalescence stage, which provides

some insight into why the XRD intensity ratio from epitaxial

versus twinned grains for d¼ 11 and 120 nm in Figs. 2(a)

and 2(c) are similar. The cause for the nucleation of 2nd

generation twins at Ts¼ 25 �C is, however, not evident and

cannot be conclusively answered within this study. It may be

associated with the limited surface diffusion at low Ts, which

facilitates a rough surface morphology and/or an enhanced

chance for wrong stacking on residual 111 facets.

In contrast, Ag layers deposited on TiN(001) buffer

layers are much smoother. This is particularly true for small

thicknesses, where the surface morphology is dominated by

layer nucleation. For example, a 3.5-nm-thick Ag layer

grown on TiN(001) exhibits a 10� lower surface roughness

of 0.12 nm than the corresponding Ag layer grown on

MgO(001). Thus, this layer is continuous and has a smooth

Ag(001) growth front with likely a negligible density of 111

facets. The (001) surface favors defect free fcc stacking and,

consequently, the Ag layer grown on TiN(001) shows no in-

dication of twinning as seen from pole figure analyses pre-

sented in Fig. 3. During continued growth, the roughness of

the Ag/TiN layers increases due to stochastic processes and

kinetic barriers for surface diffusion, as commonly observed

during thin film growth.62 However, for the investigated

thickness range of d� 1380 nm, it is always insufficient to

cause considerable twin nucleation. Therefore, we attribute

the large difference in the microstructural evolution of Ag

grown on MgO(001) and TiN(001) to the nucleation stage.

Growth on MgO(001) leads to dewetting and the formation

of 3D Ag nuclei, which expose 111 facets that facilitate twin

nucleation. In contrast, Ag deposition on TiN(001) results in

a relatively smooth 2D nucleation layer. This is attributed to

the larger surface energy of TiN(001), which is 1.3 Jm–2

for the stoichiometric compound and even larger for the

common N-deficient TiNx surface39,40 than that of

MgO(001), which is 1.1 Jm�2.35

The electron transport in the Ag layers is directly

affected by the substrate-induced microstructural differen-

ces, particularly the twinning in Ag grown on MgO, which

yields grain boundaries and twin boundaries that cause elec-

tron scattering. This is experimentally demonstrated by com-

paring the measured resistivity of Ag layers deposited on

MgO(001) and TiN(001) with equal thickness d and equal

Ts¼ 25 �C. The difference Dq in the resistivity between the

two sample sets is nearly independent of the measuring

temperature of 298 and 77 K, confirming that the scattering

centers due to the crystalline defects are temperature inde-

pendent. This is particularly true at large thickness

d¼ 1380 nm, where surface scattering is negligible and

Dq¼ 0.10 6 0.03 lX-cm is therefore attributed solely to

electron scattering at twin and grain boundaries in the

Ag/MgO(001) layer. However, as d decreases to 50 and

3.5 nm, Dq increases to 0.23 6 0.03 and 5 6 2 lX-cm. That

is, the resistivity of the Ag/MgO layers increases faster with
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decreasing d than that of Ag/TiN. This is attributed to the

larger surface roughness of the Ag/MgO layers as quantified

by XRR, which causes more diffuse surface scattering

and also an effective resistivity increase associated with a

varying cross-sectional area.27 We note here that electron

scattering at grain boundaries and surfaces is not perfectly

additive.38 Consequently, when d is reduced such that sur-

face scattering becomes an increasingly dominant contribu-

tion, Dq is no longer expected to be T-independent, because

surface scattering is affected by the T-dependent mean free

path. However, this effect cannot be conclusively observed

from our data, since the experimental uncertainty and the

roughness effects are comparable or larger than the expected

deviation of �5% at room temperature.38

In the following, we discuss the resistivity data for the

highest quality Ag(001) layers from this study, that is, Ag

layers grown on TiN(001) buffer layers, and compare it to

the corresponding data for epitaxial Cu(001) layers. Figure 6

shows the measured resistivity q versus layer thickness d
for both single crystal Ag(001) and Cu(001) layers deposited

on 2.5 nm TiN(001)/MgO(001) at Ts¼ 25 �C with

d¼ 3.5–1380 nm and d¼ 4–830 nm, respectively. The data

for the latter has already been reported in Ref. 38, where we

have shown that the wetting of Cu on TiN(001) yields a

4� higher crystalline quality and a 9� lower surface rough-

ness than for Cu grown on MgO(001), similar to the Ag

results in this study. The plotted q in Fig. 6 is measured in
situ in vacuum at 298 K, while the inset shows the corre-

sponding data from the same samples when measured ex situ
in ambient air. The thickest layers with d¼ 1380 nm for Ag

and d¼ 830 nm for Cu exhibit q¼ 1.64 6 0.03 lX-cm and

q¼ 1.70 6 0.03 lX-cm, which are in good agreement with

the reported bulk values at 298 K of q298K
Ag ¼ 1.610 lX-cm

and q298K
Cu ¼ 1.712 lX-cm, respectively, indicating a negligi-

ble effect of surface scattering for large d. As d decreases, q
increases for both Ag and Cu, but not at equal rates. In fact,

the bulk resistivity of Ag is 6% lower than that of Cu, there

is a crossover thickness of �50 nm where both materials

have an identical q¼ 2.10 6 0.10 lX-cm, and the resistivity

of Ag is higher than that of Cu for d< 40 nm, with the thin-

nest layers showing q¼ 7.2 6 0.3 lX-cm for 3.5 nm Ag and

q¼ 6.4 6 0.3 lX-cm for 4 nm Cu. The increase in q with

decreasing d is attributed to electron scattering at the bottom

and top surfaces, where the bottom surfaces correspond to

the Cu-TiN and the Ag-TiN interfaces and the top surfaces

correspond to the Cu-vacuum and Ag-vacuum boundaries.

The steeper increase in q with decreasing d for the Ag versus

the Cu layers is attributed to a larger resistivity contribution

from surface scattering. This is associated with the higher

room temperature electron-phonon scattering mean free path

k, which is 53 nm for Ag and 39 nm for Cu, as calculated

using the Fermi free electron model and the experimental

bulk resistivity qo. The effect of k is illustrated with the solid

and dashed lines in Fig. 6, which show the expected resistiv-

ity for Ag and Cu, respectively, as obtained using a variant

of the Fuchs and Sondheimer (FS) model,63,64 which predicts

the effect of surface scattering on the resistivity q for a thin

film of thickness d with different specularity parameters p1

and p2 for the top and bottom surfaces,24

q ¼ qo 1� 3

4j

ð1

1

1

t3
� 1

t5

� �
2ð1� p1p2e�jtÞð1� e�jtÞ � ðp1 þ p2Þð1� e�jtÞ2

1� p1p2e�2jt
dt

2
4

3
5
�1

; (1)

where j¼ d/k. The lines in Fig. 6 are obtained by numeri-

cally integrating Eq. (1) using k¼ 39 and 53 nm and

qo¼ 1.71 and 1.62 lX-cm for Cu and Ag layers, respectively.

They are plotted for the extreme cases of completely diffuse

(p1¼ 0) and completely specular (p1¼ 1) electron scattering

at the top Cu-vacuum and Ag-vacuum boundaries, with the

shaded area between the lines indicating the possible range

where 0� p1� 1. The parameter p2 is set to zero, because the

bottom Cu-TiN and Ag-TiN interfaces are expected to yield

completely diffuse electron scattering,24,65 since metallic TiN

at the Cu or Ag surface perturb the flat periodic potential of

atomically smooth Cu or Ag, effectively introducing addi-

tional scattering centers to electron waves traveling toward

this boundary and causing destructive interference of the

FIG. 6. (Color online) Resistivity q measured in situ in vacuum and ex situ
in ambient air (inset) at 298 K vs layer thickness d of single-crystal Ag(001)

and Cu(001) layers deposited on TiN(001)/MgO(001) at Ts¼ 25 �C. The

dashed and solid lines are the resistivity values for Ag and Cu, respectively,

calculated by numerically integrating Eq. (1) for p2¼ 0 and p1¼ 0 and 1, as

labeled.
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scattered electron wave.38 Fitting of the data points provides

values for p1 of 0.6 6 0.2 and 0.8 6 0.1 at the Cu-vacuum

and Ag-vacuum boundaries, respectively. The smaller p1

value for the Cu-vacuum boundary is primarily attributed to

the �2� larger atomic roughness of the Cu surface, as

observed by the XRR measurements (not shown) for layers

with d� 55 nm.38

The ex situ measured resistivity shown in the inset

exhibits a similar overall trend as the in situ data. It also

shows good quantitative agreement for large thicknesses

with q¼ 1.63 6 0.03 lX-cm for the 1380-nm-thick Ag layer

and q¼ 1.72 6 0.03 lX-cm for the 830-nm-thick Cu layer.

These values are (within experimental uncertainty) equal to

both the in situ measured values as well as reported bulk

resistivities, confirming that surface scattering is negligible

for large d. However, for small d, the resistivity of the air-

exposed layers is higher than that of the in situ data. This is

attributed to a reduced specularity for electron surface scat-

tering. Fitting of the ex situ resistivity with Eq. (1) provides

values for p1 of 0.4 6 0.1 for the Ag-air and of 0.0 6 0.1 for

the Cu-air interfaces. The value for the Ag-air interface indi-

cates partial specular scattering. It is close to the previously

reported approximate p � 0.5.29–31 This latter value was

obtained from resistivity measurements on epitaxial and

large grain Ag layers and using an approximate FS model,

where q=qo ¼ 1þ 0:375ð1� pÞk=d,63 assuming equal elec-

tron scattering for top and bottom Ag surfaces. We attribute

the reduction in p1 to adsorbed oxygen and/or water mole-

cules. For the case of Cu(001), the change is more dramatic:

The Cu-air surface exhibits completely diffuse electron scat-

tering (p1¼ 0). This is attributed to Cu surface oxidation,

which is facilitated by the higher reactivity of Cu(001) in

comparison to the relatively inert Ag(001) surface. It is con-

sistent with previous reports that indicate completely diffuse

electron scattering at air-exposed Cu surfaces.26,38,66,67 In

addition, oxygen exposure of the Cu surface may cause an

increased roughness and/or a reduced effective Cu thickness,

which further increases the Cu resistivity for small d. The

stronger increase in q upon air-exposure for Cu than for Ag

causes the Cu resistivity to be higher than that of Ag, for all

thicknesses, which is contrary to the in situ data.

V. CONCLUSIONS

X-ray diffraction analyses from epitaxial Ag(001) layers

deposited on MgO(001) show that increasing the growth

temperature Ts from 25 to 150 �C yields a higher crystalline

quality with a 6.4� higher grain alignment and a 1.6� larger

x-ray coherence length. This is attributed to a decreasing

tendency for twinning. Twinning occurs during the nuclea-

tion stage at thicknesses below 11 nm. In addition, second

generation twinning is observed for layers grown at

Ts¼ 25 �C and occurs at d> 11 nm. X-ray reflectivity meas-

urements indicate a relatively high rms surface roughness of

1.0 nm for a 3.5-nm-thick Ag/MgO(001) layer with

Ts¼ 25 �C. However, deposition of a TiN(001) layer prior to

Ag deposition leads to a 10� smaller Ag surface roughness,

which is attributed to TiN effectively acting as a wetting

layer on MgO(001). In addition, Ag layers grown on

TiN(001) are twin free and exhibit a 4� higher crystalline

quality than comparable layers grown directly on MgO(001).

The suppression of twinning is attributed to the smoother

Ag(001) growth front with lower or negligible available

f111g facets for twinning.

The resistivity measured both at 298 K and 77 K is

higher for Ag layers grown on MgO(001) than if grown on

TiN(001)/MgO(001). This is attributed to electron scattering

at twin boundaries and grain boundaries, which both form

due to twinning. The difference in the measured resistivities

is nearly independent of temperature, but increases with

decreasing d, due to the increasing effect of surface rough-

ness, which is higher for Ag directly grown on MgO(001). A

comparison of the in situ measured room temperature resis-

tivity of single crystal twin-free Ag(001) and Cu(001) layers

shows that Ag has a lower resistivity than Cu for d> 50 nm,

but a higher resistivity for d< 40 nm. This cross-over is due

to the 5% lower bulk resistivity, but the 36% higher electron

mean free path for electron-phonon scattering for Ag. A

larger mean free path results in a higher relative resistivity

contribution from surface scattering, resulting in a stronger

increase of q with decreasing d for Ag than for Cu. However,

the resistivity of Ag is lower than that of Cu for all thick-

nesses when measured in ambient air. This is because Cu

surface oxidation causes completely diffuse surface scatter-

ing at the Cu-air interface and a correspondingly higher q for

air-exposed Cu layers.
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