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Abstract— The resistivity size effect in Rh is investigated 

by quantifying electron scattering at surfaces and grain 

boundaries in polycrystalline Rh layers with thickness d = 9 – 261 

nm. Sputter deposition on SiO2/Si(001) at Ts = 20 °C, 350 °C, and 

350 °C followed by in situ stepwise annealing to 750 °C yields three 

series of 111-textured Rh layers with increasing average lateral 

grain sizes D. Electron backscatter diffraction maps show that D 

for annealed layers increases with layer thickness from D = 89–134 

nm, matching the surface morphological lateral correlation length 

 = 86 – 154 nm measured by atomic force microscopy. In situ 

transport measurements yield resistivity ρ vs d data which are 

described with a combined Fuchs-Sondheimer and Mayadas-

Shatzkes model and indicate a Rh electron mean free path  = 9.5 

 0.8 nm and a reflection coefficient R = 0.41 ± 0.05 for grain 

boundaries characterized by a rotation about the <111> axis. As-

deposited layers have considerably smaller grains, leading to a 3- 

and 6-fold increase in ρ above the bulk value for d = 10 nm and Ts 

= 350 °C and 20 °C, respectively. The overall results indicate a 

conductance benefit of Rh vs Cu for narrow interconnect lines and 

reveal the importance of Rh processing to achieve a large (>10 nm) 

grain size which is essential to realize the conductivity advantage. 

 
Index Terms—Alternative metals, back end of line (BEOL), 

grain boundary scattering, interconnects, mean free path, 

reflection coefficient, resistivity scaling, rhodium, surface 

scattering.  

I. INTRODUCTION 

he resistivity size effect refers to the increase in resistivity 

ρ of metal thin films or wires above their bulk value ρo as 

their critical dimensions (thickness or width) approach or 

become smaller than the electron-phonon scattering mean free 

path  [1]. This resistivity increase causes a significant increase 

in the signal (RC) delay and power consumption of highly-

scaled interconnects, limiting speed and power efficiency of 

integrated circuits [2]–[5] as well as emerging computing 

technologies including spintronic devices and memristor cross-

bar arrays [6]–[8]. The resistivity size effect is primarily 

attributed to electron scattering at surfaces/interfaces [9]–[15] 

and grain boundaries [16]–[19] which are typically described 

with the classical models by Fuchs and Sondheimer (FS) [9], 

[10] and Mayadas and Shatzkes (MS) [17], respectively. These 

models predict additive resistivity contributions which are 

proportional to ρoλ×(1-p)/d for surface scattering and ρoλ×R/(1-

R)D for grain boundary scattering, where p and R are the surface 

scattering specularity and grain boundary reflection 
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coefficients, and d and D are the line width and grain size, 

respectively [20], [21]. 

Rhodium has a predicted ρoλ = 3.23 ×10-16 Ωm2 which is 

smaller than that of all other elemental metals [22], making Rh 

promising for narrow high-conductivity interconnects since the 

resistivity contributions from both FS and MS models are 

proportional to the ρoλ product. Measurements on epitaxial 

layers indicate ρoλ = 4.5 ×10-16 Ωm2 for Rh(001) [23]. This is 

1.5 times smaller than ρoλ = 6.7 ×10-16 Ωm2 measured for 

Cu(001) [13], suggesting a considerable conductance advantage 

for narrow Rh lines [21]. However, the melting point of Rh 

(2237 K) is 1.6 times higher than for Cu (1358 K), limiting grain 

growth of Rh at back-end-of-line processing temperatures and 

resulting in an expected average grain size D for Rh that is 

smaller than for Cu [24]. This results in a larger expected 

resistivity contribution from scattering at Rh grain boundaries 

which may diminish or even eliminate the conductance 

advantage of Rh over Cu. In addition, the resistivity due to grain 

boundaries in Rh and Cu lines is also affected by the probability 

R for electron reflection at grain boundaries which depends on 

(a) the scattering potential at the boundary [25], (b) the 

matching of Fermi surfaces in adjacent grains [20], and (c) the 

boundary density and type [26], [27]. Thus, in order to evaluate 

the promise of Rh as an alternative metal for narrow 

interconnects, it is essential to explore the effect of the 

deposition temperature on the Rh grain orientation and size 

distribution, to experimentally quantify the grain boundary 

reflection coefficient, and to determine the resistivity size effect 

in polycrystalline Rh. 

In this paper, we deposit Rh on SiO2 substrates and vary the 

deposition time and temperature to obtain polycrystalline Rh 

layers with varying thickness d = 9 – 261 nm and grains with 

widths ranging from 2 – 700 nm. Deposition at Ts = 350 °C 

followed by stepwise vacuum annealing to 750 °C yields layers 

with relatively large grains which can be directly imaged with 

electron backscatter diffraction in-plane orientation maps, 

indicating an increasing average grain size D = 89 – 134 nm 

with increasing d = 23.8 – 261 nm. Analysis of the measured ρ 

vs d data with the MS model yields a Rh grain boundary 

reflection coefficient R = 0.41 ± 0.05 for a 111-textured 

microstructure. This value is only slightly larger than the range 

R = 0.26 – 0.43 reported for Cu [19], [28], [29], suggesting that 

the smaller  in Rh leads to a higher conductance for narrow (< 

10 nm) Rh interconnect lines than for comparable Cu lines, as 

long as the Rh grains are sufficiently large. However, Rh 

deposition at Ts = 20 and 350 °C without annealing leads to 

The authors are with the Department of Materials Science and Engineering, 

Rensselaer Polytechnic Institute, 110 8th St, Troy, NY 12180, USA (email: 

galld@rpi.edu). 

Electron scattering at surfaces and grain 

boundaries in Rh layers 

Atharv Jog and Daniel Gall 

T 

https://doi.org/10.1109/TED.2022.3177153


Preprint, published as: Electron scattering at surfaces and grain boundaries in Rh layers, Atharv Jog and Daniel Gall, IEEE Trans. 

Electron Devices 69, 3854 (2022). https://doi.org/10.1109/TED.2022.3177153 

 

small grains and a 3.5- and 1.8-times larger resistivity than for 

annealed Rh samples for d = 10 nm, respectively, confirming 

that a large grain size is essential to exploit the conductance 

advantage of Rh. 

II. PROCEDURE 

Rhodium layers were deposited in a three chamber ultra-high 

vacuum magnetron sputter deposition system with a 10-9 Torr 

base pressure [30], [31]. The substrates were 10×10 mm2 

SiO2/Si(001) wafers where the 100-nm thick SiO2 layer was 

grown using a plasma-enhanced chemical vapor deposition 

process. Rh depositions were performed in 4.5 mTorr 99.999% 

pure Ar using a constant power of 40 W applied to a 99.9% pure 

5-cm-diameter Rh target facing a continuously rotating 

substrate at a distance of 9 cm with a 45 tilt, yielding a 

deposition rate of 5.7 ± 0.2 nm/min. The deposition time was 

adjusted to obtain Rh layers with thickness d = 9 – 261 nm, as 

measured by x-ray reflectivity for layers with d < 75 nm and 

determined from the deposition rate for d > 75 nm. A set of 

three sample series was prepared:  The first two series are as-

deposited Rh layers grown at Ts = 20 and 350 °C. The third 

series also uses Ts = 350 °C but the layers were vacuum 

annealed immediately after deposition at an increasing 

temperature of 450, 550, 650, and 750 °C for 30 min each. This 

procedure for the third series has been previously developed for 

epitaxial growth of Rh(001) on MgO(001) and is employed to 

maximize crystalline quality and surface smoothness of 

epitaxial Rh layers [23]. After deposition (and annealing), the 

samples were allowed to cool to room temperature in vacuum 

for 12 hours, followed by transfer to an analysis chamber [32], 

[33] for in situ resistivity measurements using a 1-100 mA 

current applied to the outer probes of a linear four-point probe 

with spring loaded tips and a 1.0 mm inter-probe spacing. 

Samples were removed from the deposition chamber via a load 

lock vented to atmospheric pressure using dry N2 and were 

immersed in liquid N2 within 2 s to limit air exposure and 

possible Rh surface oxidation prior to low-temperature 

transport measurements. Resistivity measurements at 77 K 

were taken with a similar linear four-point probe with both 

sample and probe tips completely immersed in liquid N2. 

Subsequent ex situ measurements were performed in air with 

the same setup after the samples were warmed to room 

temperature by blowing dry N2 onto the sample to minimize 

condensed ice/water accumulation on the Rh surface. 

Electron backscatter diffraction (EBSD) crystallographic 

orientation maps were acquired in a Carl Zeiss Ultra 1540 EsB 

SEM-FIB system with a NordlysNano detector from Oxford 

Instruments using a 60-micron aperture and a 17.4 mm working 

distance. The accelerating voltage was adjusted from 5–15 keV 

with increasing film thickness to maximize the backscatter 

electron intensity while keeping the substrate signal small. 

Kikuchi diffraction patterns were collected using a step size of 
7 nm which is chosen to optimize EBSD mapping speed and 

minimize error in the measured grain width. The Kikuchi 

diffraction patterns were analyzed using the AZTEC software 

from Oxford Instruments which applies the Hough transform to 

determine band positions and angles between detected bands 

which are then compared to a list of interplanar angles from the 

HKL structure database to identify the most likely grain 

orientation. The crystalline orientation could not be uniquely 

determined for a small fraction (3-5%) of acquired patterns, 

resulting in a < 5% uncertainty in the average grain size and an 

additional uncertainty in R of ± 0.02. The measured orientation 

matrix was converted to orientation maps and pole figures using 

the HKL Channel 5 software package, assuming that sets of 

adjacent data points (i.e. pixels) which have the same 

orientation within a 10 variation belong to the same grain. The 

average grain width parallel to the surface was then determined 

by superimposing a 20 × 20 mesh of straight lines on the 

acquired orientation map and counting the number of 

intersections between grain boundaries and these lines (mean 

linear intercept method, ASTM E112) to determine the average 

boundary-boundary distance D, which is also referred to as “the 

average grain size” within this paper. 

Atomic force microscopy (AFM) was performed using a 

Veeco Dimension 3100 Atomic Force Microscope operating in 

tapping mode using a 4 m thick silicon cantilever with a < 10 

nm tip radius and a resonance frequency of 184 kHz. 1010 

m2 micrographs were acquired for each sample and analyzed 

using the Gwyddion software. The height-height correlation 

function H(r) was extracted from the micrographs and fitted to 

the real-space scaling function H(r) = 22 [1 – exp((-r/)2)] to 

obtain values for the root mean square (rms) surface roughness 

  and the lateral correlational length  from each sample, 

following the approach described in [34]–[36]. The curve fitting 

also provides values for the exponent  which quantifies the 

scaling of the surface morphology and ranges from 0.71 to 0.87 

for the Rh surfaces in this study. These values are below unity 

and therefore indicate a local roughness that exceeds self-

similar scaling, as is typical for many thin film systems which 

exhibit a self-affine fractal surface morphology [37]. 

III. RESULTS  

X-ray diffraction (XRD) analyses on all samples in this study 

show only two detectable Rh peaks over the measured 2 = 10 

– 90 range, at 2θ = 41.1 and 89.2, matching the expected 

angles of 41.07 and 89.12 for Rh 111 and 222 reflections 

(JCPDS Card No.: 05-0685). The absence of any other peaks 

suggests a strong preferred 111 orientation in the growth 

direction for all Rh layers. The measured Rh 111 peak intensity 

increases with increasing layer thickness, as expected. It is also 

approximately 8 times more intense for Ts = 350 C (2nd series) 

than for layers of similar thickness deposited at Ts = 20 C (1st 

series), indicating that the deposition temperature increases the 

crystalline quality and/or the degree of 111 texture. The 

measured XRD intensity increases further by a factor of 5 for 

the 3rd series, confirming that the stepwise annealing up to 750 

C improves the crystalline quality of Rh layers deposited at 

350 C. 

Figure 1 shows representative EBSD results from four Rh 

layers with thickness d = 23.8, 50.3, 98, and 261 nm from the 

3rd sample series, i.e. Rh layers deposited on SiO2/Si(001) at Ts 

= 350 °C and in situ stepwise annealed to 750 °C. The colors in 

the in-plane inverse pole figure (IPF-X) orientation maps in 

Figs. 1(a-d) indicate the in-plane orientation of Rh grains along 

the horizontal x-direction, while the representative out-of-plane 

orientation map (IPF-Z) in Fig. 1(e) shows colors according to 

the grain orientation along the growth direction. It exhibits a 

predominantly monochrome blue color indicating a [111] 
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direction, as specified with the coloring scheme within the unit 

orientation triangle for a cubic crystal system depicted in Fig. 

1(i). That is, the IPF-Z orientation map indicates a [111] out-of-

plane direction for all (> 97%) grains, confirming the 111-

texture detected by XRD analyses. All four IPF-X maps (a-d) 

exhibit a broad range of colors ranging from green to purple, 

suggesting a random in-plane orientation. The random in-plane 

orientation is confirmed by Rh{111} pole figures which depict 

an annulus of continuous intensity at a 70° tilt, as shown in Fig. 

1(f) for the d = 23.8 nm sample.  

 

 
Figure 1. (a)-(d) Representative inverse pole figure orientation maps along the 

transverse direction for Rh layers with thickness d = 23.8-261 nm grown on 

SiO2 at Ts = 350 C and stepwise annealed to 750 C, (e) out-of-plane 

orientation map for the same area shown in (a), (f) Rh{111} pole figure for the 

same d = 23.8 nm sample, (i) the unit orientation triangle indicating the coloring 
scheme, and (j) the measured average lateral grain size D vs d. 

 

The map in Fig. 1(a) from a 23.8-nm-thick Rh layer shows 

grains with widths ranging from 24 – 396 nm. A quantitative 

data analysis using a larger (2 × 2 μm2) micrograph than what 

is shown in the figure yields an average grain size D = 89  6 

nm. We note that throughout this paper, the average grain size 

D refers to the grain width parallel to the substrate surface and, 

more specifically, is defined as the average distance between 

neighboring grain boundaries along a straight line parallel to the 

surface. The micrograph in Fig. 1(b), from a two times thicker 

layer with d = 50.3 nm, shows a large range of grain sizes from 

61 – 480 nm. Data analysis yields D = 93  5 nm which is 

slightly larger than for d = 23.8 nm and indicates grain 

broadening as the film thickness increases. This trend becomes 

more pronounced as d increases to 98 and 261 nm, yielding D 

= 112  11 and 134  14 nm for the in-plane orientation maps 

shown in Figs. 1(c) and (d). This D vs d dependence of the 

annealed layers is summarized in the plot in Fig. 1(j). The 

dashed line through the data points is the result from curve 

fitting using a power law D  da, where the growth exponent a 

is a free fitting parameter and found to be a = 0.18  0.02. Such 

a low a is common for thin film deposition at low homologous 

temperatures [38], [39] and may be attributed in our study to the 

processing that includes stepwise annealing. The plotted curve 

in Fig. 1(j) is used in Section IV as input parameter to the 

Mayadas-Shatzkes model for evaluating the resistivity as a 

function of thickness. 

Figure 2 shows four 1.5  1.5 m2 AFM micrographs from 

Rh layers deposited at Ts = 350 C and annealed. The 

micrograph in Fig. 2(a) is from the surface of a 23.8 nm thick 

layer which exhibits 25 – 350 nm wide mounds. Some mounds 

are rounded but most exhibit sharp straight edges indicating that 

they are terminated by crystalline facets and are likely the end 

of individual columnar grains that extrude out of the surface. 

This interpretation suggests that the width of the surface 

mounds measured by AFM can be used as an indication of the 

lateral width of the columnar Rh grains. In fact, the observed 

width distribution of grains in Fig. 1(a) and surface mounds in 

Fig. 2(a) are comparable and the deduced average widths of 89 

and 86 nm, respectively, match very well. The micrograph is 

quantitatively analyzed by determining the rms roughness  = 

3.3  0.8 nm and lateral correlational length   = 86  9 nm from 

the height-height correlation function, which is obtained from a 

55 m2 area as described in Section II. The micrograph from 

the Rh layer with d = 50.3 nm in Fig. 2(b) exhibits a similar 

surface morphology, with a slightly (6%) larger roughness  = 

3.5  0.1 nm and a nearly identical lateral correlation length   

= 85  6 nm as for the layer with d = 23.8 nm. The increase in 

roughness becomes more pronounced for the d = 98 and 261 

nm layers shown in Figs. 2(c) and (d). These micrographs 

exhibit 70 – 370 and 85 – 530 nm wide mounds, yielding  = 

5.9  0.5 and 5.7  0.4 nm, and   = 154  39 and 117  24 nm, 

respectively. We note that the two thickest layers exhibit 

relatively large error bars in  and  which are caused by the 

large crystalline facets >300 nm that terminate their surfaces 

and result in a low fit quality of the measured height-height 

correlation functions. Correspondingly,  and   for these two 

layers are identical within experimental uncertainty. 

Nevertheless, the overall AFM data suggest that the surface 

mounds become taller and wider with increasing d. This is 

attributed to kinetic roughening and columnar broadening 

which is typical for thin film growth at temperatures below half 

of the melting point [36], [40], [41]. Applying a power-law 

analysis to the measured  vs d and  vs d data yields growth 
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exponents of 0.25  0.12 and 0.15  0.17, suggesting a more 

pronounced vertical roughening than lateral mound widening 

which may be attributed to Ehrlich-Schwoebel barriers. We 

note that the error bars in the growth exponents are quite large. 

Nevertheless, the latter value can be directly compared to the 

exponent a = 0.18  0.02 from Fig. 1(j). The good agreement 

suggests that the lateral correlation length measured by AFM is 

directly correlated to the grain width, confirming the 

interpretation that each observed surface mound indicates a 

columnar grain and that the surface morphology reflects the 

lateral grain size distribution near the top of the film. 

The surface roughness has a negligible effect on the 

resistivity size effect for all layers in this study. More 

specifically, we use the measured surface morphological 

parameters  and  to apply the step-reflection model [42] to 

our polycrystalline Rh layers and find that the resistivity 

corrections are <2% for all samples. This is because  is 20-26 

times larger than , corresponding to relatively small average 

slopes of 12°-16° in the surface roughness and a 

correspondingly small step density.  

 

 
Figure 2. Representative AFM micrographs for Rh layers with thickness d = 

23.8–261 nm deposited on SiO2/Si(001) substrates at Ts = 350 C and stepwise 

annealed to 750 C. 

Figure 3 is a plot of the resistivity ρ as a function of d 

measured in situ at 295 K from the three series of Rh layers. In 

addition, data from our previous study on epitaxial (single 

crystal) Rh(001)/MgO(001) layers [23] is plotted as open black 

squares. The plotted data are also summarized in Table 1. The 

measured ρ increases with decreasing d for all sample series. 

This increase is attributed to increasing electron scattering at 

surfaces and grain boundaries. The red diamonds show the 

measured resistivity from Rh layers grown on SiO2/Si(001) 

substrates at Ts = 350 C and annealed to 750 °C. The resistivity 

of the thickest layer with d = 261  6 nm is ρ = 4.91 ± 0.11 

cm and is within 4% of the Rh bulk resistivity, suggesting 

negligible surface and grain boundary scattering in this layer. 

The resistivity increases to ρ = 5.20  0.11, 5.55  0.12, and 

6.16  0.20 cm with decreasing Rh film thickness d = 98  

2, 50.3  0.3, and 23.8  0.8 nm. Reducing the thickness further 

to d = 12.2  0.5 nm leads to a dramatic 255% increase in ρ to 

16.7  0.6 cm. This latter increase is due to a partially 

discontinuous microstructure for this thinnest layer of this 

series, as indicated by scanning electron micrographs which 

suggest incomplete coalescence and AFM micrographs (not 

shown) which reveal 250-nm-wide 11-nm-deep depressions 

indicating only partial substrate coverage. We attribute the 

discontinuous microstructure to the larger surface energy for 

metallic Rh than ceramic SiO2, causing dewetting during 

annealing at 750 °C, similar to what has been reported for 5-

nm-thick Ir/MgO(001) layers [30]. The discontinuous layer is 

represented by an open symbol in Fig. 3 and is not considered 

during the quantitative resistivity data analyses in Section IV. 

The purple circles in Fig. 3 show the resistivity of Rh layers 

deposited at Ts = 350 C without annealing. The thickest layer 

in this series with d = 103  3 nm has a resistivity of 6.17  0.18 

cm. This is 31% higher than the bulk resistivity which is 

primarily due to electron scattering at grain boundaries. A 

decreasing thickness causes a continuous resistivity increase to 

ρ = 15.6  0.3 for d = 9.2 ± 0.2 nm. This increase is 

approximately four times steeper than for the annealed layers 

(red) and indicates an increasing resistivity contribution from 

grain boundaries, suggesting a decreasing average grain size D 

with decreasing d, as discussed quantitatively in Section IV. We 

note that even the thinnest layer in this series is continuous, 

indicating that the 350 C growth temperature is insufficient to 

overcome kinetic barriers for dewetting.  

The resistivity of Rh layers deposited at Ts = 20 C is plotted 

as blue triangles. It is well above the bulk resistivity for all 

thicknesses. Even the relatively thick layer with d = 101  2 nm 

has a resistivity ρ = 16.1  0.3 cm which is 243% above the 

bulk value, indicating a dominant resistivity contribution from 

electron scattering at grain boundaries and/or other crystalline 

defects. The measured ρ increases with decreasing d. This 

increase is relatively small for d > 20 nm because electron 

scattering is dominated by grain boundaries but becomes 

considerable for d < 20 nm due to increasing electron scattering 

at both surfaces and grain boundaries, as discussed 

quantitatively in Section IV.   

 

 
Figure 3. Resistivity ρ as a function of thickness d for Rh layers grown on 

amorphous SiO2 substrates at Ts = 20 C (blue triangles), Ts = 350 C (purple 

circles), and Ts = 350 C and annealed to 750 C (red diamonds). The black 

open squares are for epitaxial Rh(001)/MgO(001) layers from [23]. 
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Table 1 includes the resistivity measured at 77 K from the 

three series of Rh layers. The values are lower than for 295 K, 

due to the reduced electron-phonon scattering at 77 K, but the 

increase in ρ with decreasing d is nearly independent of 

temperature. Thus, the resistivity difference ρ between the two 

temperatures is nearly thickness independent. The ρ values are 

also listed in Table 1 for all samples. They are in good 

agreement with the reported ρ = 4.25 µΩcm for bulk Rh, 

suggesting that the resistivity contributions from electron 

scattering at surfaces, grain boundaries, and phonons are nearly 

additive and follow Matthiessen’s rule and only deviate for the 

thinnest layers with d = 12.8 and 9.1 nm grown at Ts = 20 °C 

and with d = 12.2 nm grown at Ts = 350 °C and annealed. We 

note that the relative importance of both surface and grain 

boundary scattering increases with decreasing temperature. For 

example, the measured resistivity at 77 K for thickest layers in 

the 3 series are 25, 4.5, and 2.0 times larger than the reported 

bulk resistivity at 77 K, but only 3.4, 1.3, and 1.1 times larger 

at room temperature. 

Table 1 also includes the ex situ room-temperature resistivity 

values. They are measured after sample removal from the 

deposition system, as described in Section II. The values are 

slightly larger than the in situ ρ measured before air exposure. 

However, the increase is smaller than the experimental 

uncertainty for most samples such that we conclude that air 

exposure has a small to negligible effect on electron scattering 

at Rh surfaces. The negligible resistivity increase may be 

attributed to the large electronegativity of Rh, similar to what 

has been reported for Ru [43], Ir [30] and W [44]. In contrast, 

thin films of less electronegative metals like Ni [45], Co [46],  

Ag [47], Cu [48], and Nb [49] show more pronounced 

resistivity increases upon air exposure [50]. We note that our x-

ray reflectivity measurements indicate no detectable Rh surface 

oxide, consistent with our previous studies indicating negligible 

surface oxidation during both vacuum annealing and air 

exposure [23, 50]. The negligible increase in resistivity on air 

exposure is promising for potential liner-free Rh interconnects, 

which would be in direct contact with an oxidizing dielectric 

[51]. 

d (nm) 

ρ (µΩcm)  

295 K 
77 K 

ρ 

(µΩcm) In situ Ex situ 

Ts = 20 C  

9.1 ± 0.5 28.9 ± 1.6    31.5 ± 1.8  26.5 ± 2.0 2.4 

12.8 ± 0.7  21.8 ± 1.2 24.5 ± 1.3  19.4 ± 1.0  2.4 

24.2 ± 0.3  17.3 ± 0.2  17.8 ± 0.2  13.1 ± 0.2  4.2 

50.4 ± 0.4  16.3 ± 0.1  16.5 ± 0.1  11.6 ± 0.1 4.7 

101 ± 2 16.1 ± 0.3 16.5 ± 0.4  11.2 ± 0.2  4.9 

Ts = 350 C 

9.2 ± 0.2 15.6  0.3 16.3  0.4 11.3  0.3 4.3 

12.8 ± 0.2  10.9  0.2 11.2  0.2 6.5  0.1 4.4 

25.4 ± 0.3  8.42  0.20 8.39  0.21 3.93  0.09 4.49 

50.7 ± 0.9  6.92  0.12 7.07  0.14 2.6  0.04 4.32 

103 ± 3  6.17  0.18 6.49  0.19 2.04  0.06 4.13 

Ts = 350 C, annealed to 750 C 

12.2 ± 0.5 16.7  0.6 17.1  0.8 5.6  0.2 11.1 

23.8 ± 0.8  6.16  0.20 5.99  0.20 1.68  0.06 4.48 

50.3 ± 0.3  5.55  0.12 5.54  0.12 1.32  0.05 4.23 

98 ± 2  5.20  0.11 5.25  0.13 1.04  0.03 4.16 

261 ± 6  4.91  0.11 4.92  0.19 0.87  0.04 4.04 

Table 1: Thickness d, resistivity ρ measured in situ and ex situ at 295 K and 

immersed in liquid nitrogen at 77 K, and the difference ρ between resistivities 

at 295 K (measured in situ) and 77 K, for 111-textured Rh layers.  

IV. DISCUSSION 

We now discuss the measured resistivity size effect in Rh 

layers using the semiclassical transport models by Fuchs and 

Sondheimer (FS) for surface scattering [9], [10] and Mayadas 

and Shatzkes (MS) for grain boundary scattering [17]. The 

combined FS and MS model quantifies the resistivity scaling 

using three parameters: (1) the electron-phonon scattering mean 

free path λ, (2) the surface scattering specularity p, and (3) the 

grain boundary reflection coefficient R. Measured ρ vs d data 

typically cannot uniquely determine all three parameters λ, p, 

and R. Thus, we start our analysis using the data from the 

epitaxial layers [23] plotted as squares in Fig. 3. The absence of 

grain boundaries in these layers makes ρ independent of R. In 

addition, we arbitrarily set p = 0 such that the only remaining 

fitting parameter is λ. The p = 0 condition corresponds to either 

assuming completely diffuse surface scattering or alternatively 

means that λ represents a lower bound to the bulk electron mean 

free path. Data fitting yields the dashed black line in Fig. 3 and 

a corresponding  = 9.5  0.8 nm, as previously reported [23].  

Secondly, we interpret the resistivity scaling in 

polycrystalline layers by keeping  fixed at 9.5 nm. More 

specifically, the ρ vs d data from the annealed polycrystalline 

layers are described using the combined FS and MS model 

where  = 9.5 nm and the thickness dependent grain size is set 

to the measured D vs d plotted as dashed line in Fig. 1(j). 

Correspondingly, the only remaining fitting parameter is the Rh 

grain boundary reflection coefficient R. Data fitting yields the 

red line in Fig. 3 and R = 0.41 0.05. We note that this measured 

R is for a microstructure with a strong <111> texture. That is, 

the grain boundaries are characterized by neighboring grains 

which have their <111> direction pointing in the same direction 

(which is perpendicular to the transport direction) but are 

rotated by a random angle about the common <111> axis. This 

measured R = 0.41  0.05 is within the range of reported first-

principles predictions R = 0.13, 0.56, 0.50, and 0.36 for the 

reflection coefficient of high-symmetry Rh grain boundaries 

(3, 5, 9, and 11) [27] and 39% smaller than the estimated 

R = 0.67 for completely random Rh grain boundaries [21]. Our 

measured R = 0.41 can also be compared to values measured 

for Cu, which range from R = 0.26 [28] to 0.30 [19] to 0.43 [29]. 

This suggests that Rh has a slightly larger grain boundary 

reflection coefficient than Cu, which may be attributed to the 

more spherical Fermi surface of Cu [20]. We also note that our 

measured R = 0.41 is determined using  = 9.5 nm which 

represents a lower bound for the electron mean free path. Thus, 

if the “true” Rh mean free path is larger than this lower bound 

value, the measured R would be correspondingly larger and 

may even match the theoretically predicted/estimated 0.67 for 

random boundaries. However, independent of this discussion 

which may result in some uncertainty in the value for R, the 

measured resistivity of the polycrystalline layers grown at 350 

°C and annealed to 750 °C (red in Fig. 3) is consistently larger 

than for epitaxial Rh(001) layers (black in Fig. 3) of comparable 

thickness deposited under the same conditions. Quantitative 

comparison indicates that electron scattering at grain 

boundaries in these layers causes a (10 ± 3)% contribution to 

the resistivity. 

Thirdly, we discuss the polycrystalline layers deposited at Ts 

= 20 and 350 °C without annealing. Their grain size is 

considerably smaller, and their crystalline quality is reduced in 
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comparison to the annealed layers. Thus, their grain structure 

could not be reliably imaged by EBSD and, therefore, no direct 

measurement of D is available for these two Rh layer series. 

Consequently, data analysis is done by keeping R fixed at 0.41 

while treating the grain size as a free variable. The assumption 

of a fixed R = 0.41 (from the annealed series) is done because 

all three series exhibit the same 111-texture and, therefore, the 

same rotation angles that define the grain boundaries. Data 

fitting yields the blue and purple lines in Fig. 3 and an estimate 

of the grain size vs layer thickness for these two series. More 

specifically, D increases from 2 to 4 nm with increasing d = 9.1 

– 101 nm for Ts = 20 °C, and from D = 5 – 36 nm for d = 9.2 – 

103 nm for layers deposited at 350 °C. These deduced grain 

sizes are approximately 33 – 45 and 4 – 18 times smaller than 

for the annealed series, causing the dramatic 6- and 3-fold 

increase in ρ at d = 10 nm for Ts = 20 °C and 350 °C, 

respectively. We note that some of the larger ρ for the as-

deposited layers may also be attributed to a larger density of 

point and line defects within Rh grains, consistent with the 

smaller measured Rh 111 diffracted intensity in XRD analyses. 

V. CONCLUSIONS 

Polycrystalline Rh layers were deposited on SiO2/Si(001) 

substrates at Ts =  20 °C, 350 °C, and 350 °C followed by in situ 

stepwise annealing to 750 °C in order to quantify the 

dependence of deposition temperature on the microstructure 

and the resistivity size effect. EBSD in-plane orientation maps 

of annealed layers indicate a 111-textured microstructure with 

an increasing D = 89 – 134 nm with increasing layer thickness 

d = 23.8 – 261 nm. The surface morphology measured by 

atomic force microscopy yields lateral correlation lengths that 

match the grain size, indicating that each surface mound 

represents one single-crystal column within a columnar 

microstructure. Fitting the measured ρ vs d data with the MS 

model yields a reflection coefficient R = 0.41 ± 0.05 for grain 

boundaries characterized by a random rotation about the <111> 

axis perpendicular to the transport direction. The as-deposited 

layers exhibit a much more pronounced resistivity size effect 

which is attributed to the grain size being 33 – 45 and 4 – 18 

times smaller for Ts = 20 and 350 °C, respectively, than for the 

annealed layers.  

The overall results indicate a considerable conductance 

benefit of Rh over Cu in the limit of narrow wires. This benefit 

is primarily due to the 4.1 times smaller electron mean free path 

in Rh. However, some of the benefit is negated by the (slightly) 

larger grain boundary reflection coefficient. More importantly, 

Rh deposition without annealing leads to relatively small grains 

and a 3-6 fold resistivity increase such that small-grain Rh 

interconnect lines are non-competitive, with a larger expected 

resistivity than corresponding Cu lines. Thus, Rh processing 

methods that lead to sufficiently large (> 10 nm) grains will 

need to be developed in order to exploit the Rh conductivity 

benefits. 
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