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Abstract

Micro-contact impedance spectroscopy (MCIS) is potentially a powerful tool for 

the exploration of resistive surface layers on top of a conductive bulk or substrate 

material. MCIS employs micro-contacts in contrast to conventional IS where mac-

roscopic electrodes are used. To extract the conductivity of each region accurately 

using MCIS requires the data to be corrected for geometry. Using finite element 

modeling on a system where the resistivity of the surface layer is at least a factor of 

ten greater than the bulk/substrate, we show how current flows through the two lay-

ers using two typical micro-contact configurations. This allows us to establish if and 

what is the most accurate and reliable method for extracting conductivity values for 

both regions. For a top circular micro-contact and a full bottom counter electrode, the 

surface layer conductivity (σs) can be accurately extracted using a spreading resist-

ance equation if the thickness is ~10 times the micro-contact radius; however, bulk 

conductivity (σb) values can not be accurately determined. If the contact radius is 

10 times the thickness of the resistive surface, a geometrical factor using the micro-

contact area provides accurate σs values. In this case, a spreading resistance equation 

also provides a good approximation for σb. For two top circular micro-contacts on 

thin resistive surface layers, the MCIS response from the surface layer is independ-

ent of the contact separation; however, the bulk response is dependent on the contact 

separation and at small separations contact interference occurs. As a consequence, 

there is not a single ideal experimental setup that works; to obtain accurate σs and σb 

values the micro-contact radius, surface layer thickness and the contact separation 

must all be considered together. Here we provide scenarios where accurate σs and 

σb values can be obtained that highlight the importance of experimental design and 

where appropriate equations can be employed for thin and thick resistive surface 

layers.
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1 |  INTRODUCTION

Impedance spectroscopy (IS) is a versatile technique that 

is commonly used to extract conductivity values of various 

electro-active regions in a variety of materials and devices.1,2 

A particular strength of IS is to identify and probe interfa-

cial phenomena such as resistive grain boundaries or surface 

layers in addition to the bulk (grain) response in electroce-

ramics.3,4 The experiments are usually performed in a two 

terminal configuration using macroscopic contacts that cover 

the full surfaces of the sample5; however, for local proper-

ties to be interrogated, such as a measurement across a single 

grain boundary, microscopic contacts are required.6‒10 In each 

case, the raw data need to be corrected for the electrode/sam-

ple geometry using an appropriate model in order to describe 

how current flows through the material/device. Such correc-

tions become particularly nontrivial when using micro-con-

tacts and can result in significant errors being generated in 

the measurement of properties if the wrong equation is used. 

The two most commonly applied corrections to convert a 

measured resistance (R) into a conductivity (σ) are as follows:

1. a geometric factor using the sample thickness (τ) and 

electrode area (A):

2. a spreading resistance, Rspr, for a circular micro-contact 

of electrode radius, r:

For the use of Equation (2) it is assumed there are no re-

sistive extrinsic regions that exist between the micro-contact 

and counter electrode to block the current.11

Finite element modeling (FEM) is emerging as a useful 

tool to predict and verify geometric corrections on IS data 

and to link both electrical and physical microstructures of 

the system.6,12,13 We recently reported the use of FEM to 

simulate the electrical response of a homogeneous mate-

rial, for example, a single crystal, using circular micro-con-

tacts in two configurations (top-top and top-bottom) with 

geometric and spreading resistance corrections.14 This 

allowed both the effects of confinement, (electrodes in 

close proximity to a physical boundary such as the edge 

of the sample or resistive grain boundary), and contact in-

terference, (electrodes in close proximity to one another), 

to be investigated. Furthermore, it allowed the conditions 

under which to apply either a geometric factor correction or 

spreading resistance equation to obtain accurate bulk con-

ductivity (σb) values. Confinement results in an underesti-

mation of σb, whereas for interference it is overestimated. 

Geometric correction of the data should be used when there 

is homogeneous current flow through the material, whereas 

the spreading resistance equation should be used for het-

erogeneous current flow.

Micro-contact IS (MCIS) can be used to characterize sur-

face layers in materials.15‒17 Work performed by Fleig15 mea-

sured mechanically produced highly conducting surface layers 

in AgCl using micro-contacts; however, the analysis infered a 

surface layer conductivity from changes in the bulk measure-

ment, rather than measuring the surface layer itself. Navickas 

et al18 measured yttria-stabilized zirconia thin films (YSZ) (20-

90 nm in thickness) on a Silicon substrate by MCIS, in which 

they used a geometric factor to determine the layer conduc-

tivity and the spreading resistance equation to calculate the Si 

conductivity. The size of the micro-contacts (80-200 μm) were 

much larger than the thickness of the YSZ layer in this case.

Understanding the properties of surface layers is of inter-

est in many areas of materials science and engineering, for 

example the study of materials for the nuclear applications 

whose surfaces are damage by ion implantation. Generally, 

these surface layers are thin, typically 1 μm of a 1 mm thick 

sample (equivalent to ~0.1% of the volume for a sample) and 

the response from the surface layer is difficult to measure by 

conventional (full top, full bottom electrodes) IS which ob-

tain measurements across the full sample thickness. Previous 

investigations3,4 have shown a combination of the imaginary 

components of impedance (Z") and electric modulus (M") to 

be a convenient and effective method to analyze IS data of 

heterogeneous ceramics, especially in the case for resistive 

grain boundaries (analyzed using Z" spectra) and conductive 

grain cores (analyzed using M" spectra).

In this script, FEM simulations of circular micro-contacts 

are extended from our first analysis of a single material to now 

include a second, more resistive surface layer. This is in direct 

contact with a relatively more conductive bulk (or substrate) 

material. The aim is to understand how current flows from 

contact to contact in such a system and to establish the best 

method(s) to extract accurate values for the electrical properties 

of both regions using MCIS. Various scenarios of micro-con-

tacts are simulated, particularly for thicknesses that corre-

sponds to 0.1% of sample volume. These provide guidance for 

analyzing such data in order to establish the conductivity of the 

surface layer. This is then extended to thicker surface layers to 

determine how the method of analysis changes. For this, the IS 

response of resistive layers that are in the range corresponding 

to ~1%-50% of sample volume are simulated and the geometric 

factor and spreading resistance equations used to calculate the 

conductivity of the surface layer and the bulk, determining the 

validity and applicability of each equation.

(1)�=
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2 |  MODEL SETUP

Two electrode geometries were investigated: top-bottom 

and top-top, Figure 1. The bulk was assigned a conductiv-

ity σb = 13.6 μS/m and relative permittivity εr = 162. These 

values were determined experimentally by conventional IS 

measurements with full electrode contacts on a SrTiO3 single 

crystal at a temperature of ~300°C. The surface layer had the 

same relative permittivity but its conductivity (σs) was lower 

than the bulk, for example, σs = σb/10, σb/100, σb/1000. For 

the top-bottom (cylindrical) geometries, the thickness of the 

model was set as 100  μm, where the thickness of the sur-

face layer, τs, varied and the bulk making up the difference 

as τb = 100 μm − τs. Electrode contact areas ranged from 1% 

to 100% coverage of the surface area of the model. For the 

top-top geometries, a cube of side length 200 μm was used 

with the midpoint between the two contacts defined as the 

center of the top surface and the electrode contact areas con-

sistent with the top-bottom models. The models presented are 

simple geometrical representations of more complex systems 

that occur experimentally. The materials simulated are fully 

dense, isotropic and homogeneous with no grain boundaries, 

defects or secondary phases present. The simulations there-

fore highlight the accuracy of the local contact method under 

“ideal” conditions. The model set-ups and their validity are 

described in detail in the Supplementary information (SI) and 

further details of the FEM code used provided in Ref. [12].

3 |  RESULTS

For contacts that cover the full top and bottom surface 

(FTB), corresponding to conventional IS measurements, 

the expected response can be solved analytically because 

the current flows homogeneously through this model. The 

resistance, R, and capacitance, C, of each region can be cal-

culated individually and analytically, using Equation (1) 

and

respectively, where τ is the thickness of the region, A is the sur-

face area of the electrodes, ε0 is the permittivity of free space 

and εr is the permittivity of the material. The magnitude of the 

Debye peaks in Z" and M" spectroscopic plots for each region 

can be calculated using

The analytical solutions for a surface layer such that 

σb = 100 σs is shown in Table S1. Simulated Z" and M" spec-

tra for FTB models with various surface layer thicknesses are 

shown in Figure S2 and values calculated, as described above 

but in reverse order, Table S2. For example, the Z" and M" 

peak maxima values were used to calculate R and C, respec-

tively, using Equations (4) and (5), followed by Equations (1) 

and (3) to extract conductivity and permittivity, respectively. 

Additionally, the relationship

(3)C=�0�r

A
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F I G U R E  1  Schematic of the circular 

electrode models for (A) MFTB—micro-

contact on the top surface and full contact 

on the bottom surface, and (B) MTT—

two micro-contacts on the same surface. 

Electrodes are shown in red and this is 

consistent throughout all figures
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at the Debye peak maxima was used to extract R (and subse-

quently σ) and C (and subsequently εr) from the M" and Z" 

spectra, respectively.

When full surface contacts are used and current flows ho-

mogeneously through the model the electrical volume fraction 

can be easily compared with the physical volume fraction of 

each material. As both regions have the same surface area and 

both materials have the same εr the only factor that determines 

their physical volume fraction is the thickness of each region. 

In the first row of Table S1 the physical volume fraction of the 

surface layer and the bulk is 1 and 99%, respectively. The elec-

trical volume fractions based on calculations using M" maxima 

are in agreement with the physical volume fraction. In contrast, 

the electrical volume fraction does not equal the physical vol-

ume fraction based on calculations using Z" maxima. This is 

because Z" is related to the conductivity of the materials, which 

in this case are different. The calculated electrical volume frac-

tions using Z" and M" spectra from the simulated data are com-

pared with the physical volume fractions in Figure S3.

For a FTB model based on σb = 100 σs with εr being the 

same for both materials, Tables S1 and S2 and Figures S2 

and S3 show that M" spectra are excellent for correlating 

electrical volume fraction with the physical volume fraction. 

In contrast, as σb = 100 σs, Z" spectra are dominated by the 

most resistive region. Similar results were obtained for mod-

els where σb = 1000 σs and σb = 10 σs. As a consequence, 

the best form of data analysis for the FTB model is to use 

Z" spectra to characterize the resistive surface layer and M" 

spectra to characterize the bulk material.

The area of the top contact was then decreased, such 

that it covered 75, 50, 25, 10, and 1% of the surface of 

the model. This created a micro-contact on the top surface 

while retaining a full-bottom contact (MTFB), Figure 1A. 

Results for models where σb  =  100 σs are shown below, 

however models for σb = 1000 σs and σb = 10 σs were also 

simulated and gave similar trends. The results are presented 

in two different ways. First, fixing the surface layer thick-

ness to monitor the effect of micro-contact size on the IS 

response, Figure 2, and secondly by fixing the micro-con-

tact size to monitor the effect of surface layer thickness on 

the IS response, Figure 3.

When the thickness of the surface layer is equal to the 

bulk, that is, 50 μm, two Debye peaks are resolved in the M" 

spectroscopic plots for all contact sizes modeled, Figure 2A. 

The lower frequency peak is associated with the surface layer 

response and the higher frequency peak is associated with 

the bulk response. The M" response from the surface layer 

is the same as the bulk for full surface contacts; however, as 

the size of the top micro-contact decreases, the magnitude of 

the M" peak associated with the surface layer increases. In 

contrast, the M" response from the bulk is very similar for 

all micro-contact sizes modeled, suggesting current passes 

through the bulk in the same manner for any micro-contact 

size modeled. When the surface layer thickness is 1 μm, the 

associated M" Debye peak is small compared with that of 

the bulk and is difficult to resolve in M" spectra for larger 

contact sizes but can be easily resolved when the micro-con-

tact is 5 μm, Figure 2B. In contrast to the larger surface layer 

thickness, the bulk response increases significantly with de-

creasing micro-contact size at this surface layer thickness.

When viewing the data in Z" spectroscopic plots, the 

spectra are dominated by the resistive surface layer, Figure 

F I G U R E  2  M" and Z" spectroscopic 

plots for a 50 μm radius and 100 μm thick 

cylinder with a surface layer that is 100 

times more resistive than the bulk. Surface 

layer thickness of (A, C) 50 μm and (B, D) 

1 μm. MTFB models are labeled by the size 

of the micro-contact and the percentage 

surface area. Full top and bottom surface 

corresponds to 100% surface coverage of the 

top electrode. The inset of (C) and (D) is the 

same plot on a smaller Z" scale to highlight 

the higher frequency (bulk) response
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2C and D. The magnitude of both the bulk and surface layer 

Debye peaks increase as the micro-contact size decreases. It 

is difficult to resolve the bulk response when the surface layer 

thickness is 50 μm, Figure 2C, but it can be resolved when the 

thickness is 1 μm, Figure 2D.

The MCIS data can also be presented by fixing the con-

tact size and changing the surface layer thickness, Figure 3. 

When the micro-contact radius is 43.3 μm, covering 75% of 

the surface, Figure 3A, the bulk response dominates the M" 

spectroscopic plot for a surface layer thickness of 1 μm. As 

the thickness of the surface layer increases, its associated 

M" peak increases whereas the M" peak associated with the 

bulk response decreases. This trend is consistent when the 

micro-contact radius is reduced to 5 μm, covering 1% of the 

surface, Figure 3B. When the micro-contact is 5 μm, the 

M" response of the surface layer is easier to resolve even 

for a thickness of 1 μm, emphasizing the localizing effect 

of micro-contacts, Figure 3B.

As the surface layer thickness increases, its response in-

creases in Z" spectroscopic plots, Figure 3C and D. The Z" re-

sponse from the bulk can be extracted for small surface layer 

thicknesses and a micro-contact radius of 43.3  μm, Figure 

3C, but is more difficult to resolve for smaller micro-contact 

sizes, Figure 3D, or as the surface layer thickness increases.

As the micro-contact size decreases, the electrical vol-

ume fraction no longer represents the physical volume frac-

tion of the model. Calculated electrical volume fractions 

of the two regions using Z" and M" spectra for the MTFB 

models are shown in Figure S4. As the size of the top sur-

face electrode decreases (from right to left in Figure S4) 

the calculated electrical volume fraction from M" spectra 

increases for the surface layer and decreases for the bulk. 

This highlights the localizing effect that micro-contacts 

have on electrical measurements, in agreement with our 

previous results.14 The calculated electrical volume frac-

tions from Z" spectra is greatest for the surface layer re-

sponse for all models. This is attributed to a combination of 

the surface layer having a conductivity which is 100 times 

smaller than the bulk and also the localizing effect of the 

micro-contact.

The conductivities of the bulk and the surface layer 

were then calculated using both the geometric factor, 

Equation (1), and the spreading resistance, Equation (2), 

using the micro-contact surface area and the model surface 

area, Figure 4. For the surface layer analysis, the resistance 

values were calculated from the magnitude of the low fre-

quency Z" peak.

The FTB models (macro-contacts) extract the correct 

conductivity for the surface layer using the geometric 

factor. This is true for all thicknesses modeled, see black 

squares in Figure 4A–D. When the surface layer has a thick-

ness of 1 μm, the geometric factor using the micro-contact 

area obtains the most accurate approximation of σs and is 

within 10% error for five contact sizes modeled, Figure 4A. 

When the micro-contact radius is 5  μm, σs is not within 

10% error but the geometric factor using the micro-contact 

area still produces a better approximation. If the ratio of 

the surface layer thickness over the micro-contact radius 

is <0.1, σs is calculated within 10% error for all models, 

Figure 4B. The accuracy of the geometric factor using the 

micro-contact area decreases as the thickness of the surface 

layer increases.

F I G U R E  3  M" and Z" spectroscopic 

plots for a 50 μm radius and 100 μm 

cylinder with a surface layer that is 100 

times more resistive than the bulk. The 

radius of the contact on the top surface is 

(A, C) 43.3 μm covering 75% of the surface 

and (B, D) 5 μm covering 1% of the surface. 

Models are labeled by the surface layer 

thickness. The inset of (C) and (D) is the 

same plot on a smaller Z" scale to highlight 

the higher frequency (bulk) response
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If the geometric factor is instead based on the model area, 

there is an inaccuracy in σs at small thickness. As the surface 

layer thickness increases the accuracy improves; however, for 

the thicknesses modeled only the model with a micro-contact 

radius of 43.3 μm reaches a value within 10% of the input 

value, Figure 4C and D.

Geometric factors based on the spreading resistance equa-

tion leads to an inaccurate estimation of σs at small surface 

layer thicknesses but works well at larger thicknesses, Figure 

4E and F. For a micro-contact radius of 5 μm σs converges 

to the input value. The other contact sizes modeled appear 

to reach a converging limit before continuing to decrease 

linearly. This is attributed to increased confinement in these 

models. For example, the FTB case (black squares), which 

represents a fully confined case, decreases linearly and never 

converges.

The level of confinement in the model has a significant 

effect on the calculation of σs. In reality, for most MTFB 

measurements, confinement from the sample size will not 

be an issue as the micro-contact size will be much smaller 

than the sample (eg, for measurements of thin films or sin-

gle crystals). Figure 5 shows the calculated σs using the 

geometric factor and the spreading resistance equation for 

the least confined model (micro-contact radius  =  5  μm). 

From this analysis, three general trends emerge: (a) When 

the surface layer thickness is ~10 times smaller than the 

micro-contact radius, the geometric factor using the mi-

cro-contact radius obtains the best approximation of σs 

(black squares in Figure 5). (b) When the surface layer 

thickness is ~10 times greater than the micro-contact ra-

dius, the spreading resistance equation obtains the best 

approximation of σs (red circles in Figure 5). (c) The cross-

over for where either equation is more accurate is at a sur-

face layer thickness that is ~0.8 times the micro-contact 

radius.

Here calculations were also performed for the bulk re-

sponse and are shown in Figure 6. In this case, the capac-

itance of the bulk was calculated from the frequency and 

magnitude of the M" peak and then converted to resistance, 

using Equations (5) and (6), respectively.

F I G U R E  4  Calculated conductivity 

of a surface layer that is 100 times more 

resistive than the bulk for the MTFB models 

using (A, B) the geometric factor using the 

micro-contact area, (C, D) the geometric 

factor using the model area and (E, F) the 

spreading resistance equation. Each are 

plotted against the surface layer thickness 

and the ratio of the thickness over the micro-

contact radius. The gray box represents the 

input conductivity ± 10%. All values are 

shown on a log scale
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The geometric factor using the micro-contact area returns 

inaccurate σb values for all micro-contact sizes modeled and 

becomes significantly worse as the micro-contact size de-

creases, Figure 6A and B. The geometric factor using the 

model area gives the most accurate σb values at large surface 

layer thicknesses for each micro-contact size modeled, Figure 

6C and D. Using the spreading resistance, Equation (2), σb 

values converge at small surface layer thicknesses, Figure 6E 

and F. When the surface layer thickness is small the geomet-

ric factor using the micro-contact area gives the best approx-

imation for σs, Figure 4A and B.

Analogous plots for the calculated relative permittivity 

of each region showed similar trends to those for the cal-

culated conductivity and so are not shown here. The per-

mittivity can therefore be calculated to a similar accuracy 

using the methods discussed above. However, it should be 

noted that in this study the permittivity of both regions was 

equal. To test the generality of the results given here, fur-

ther study of models, where the permittivities are different 

are required.

Current density plots for a number of the MTFB models 

where σb  =  100 σs are shown in Figure 7. When the mi-

cro-contact has a radius of 5 μm, covering 1% of the top 

surface, and the surface layer has a thickness of τs = 50 μm, 

Figure 7A, the current is able to spread out to the full model 

area within the surface layer. The current flow enters the 

bulk over an area equal to the full model area and so re-

mains homogeneous throughout the bulk. This is consistent 

for the larger micro-contact sizes modeled and this surface 

layer thickness.

When τs = 10 μm and rmc = 5 μm, Figure 7B, the current 

begins to spread out in the surface layer, but the layer is not 

thick enough for it to fully spread out to the full model area 

in this layer such as in Figure 7A. The current density in the 

bulk is inhomogeneous and there is a small amount of spread-

ing from directly underneath the micro-contact. For the same 

thickness but with a larger contact size of rmc  =  25  μm, 

Figure 7C, there is a small amount of spreading again, how-

ever, the current density is homogeneous directly underneath 

the micro-contact.

When τs = 1 μm and rmc = 5 μm, Figure 7D and E, the 

magnitude of the current density in the surface layer sig-

nificantly decreases away from the micro-contact. The cur-

rent density in the bulk is inhomogeneous and is spreading 

from the region directly beneath the micro-contact. This 

shows similarities to the current density plots for a single 

material.14

Calculations were then performed for the micro-top-top 

geometry (MTT), Figure 1B. Simulations set the surface 

layer to be 10, 100 and 1000 times more resistive than the 

bulk. Again, similar results were obtained; however, only 

the results for σb = 100 σs are shown for conciseness. The 

simulated impedance response for a micro-contact radius 

of 5 μm is shown in Figure 8. The data are again compared 

by fixing the surface layer thickness and changing the mi-

cro-contact separation, Figure 8A and B, and by fixing the 

contact separation and varying the surface layer thickness, 

Figure 8C and D.

When the surface layer thickness is fixed at 1 μm and the 

separation of the micro-contact is varied, the response from 

the surface layer changes very little in both the M" and Z" 

plots, Figure 8A and B, respectively. This demonstrates the 

current takes a similar path through the surface layer and is 

independent of the micro-contact separation. In contrast, the 

M" response associated with the bulk increases with increas-

ing separation, Figure 8A, but the changes are difficult to 

resolve in the Z" spectra as the surface layer dominates the 

response, Figure 8B.

For a fixed micro-contact separation, the electrical re-

sponse changes as a function of the thickness of the sur-

face layer. As the thickness of the surface layer increases, 

its response increases, whereas the response from the bulk 

decreases. This is observed in both the M" and Z" plots, 

Figure 8C and D, respectively, as expected. When the 

thickness of the surface layer is 50 μm (10 times greater 

than the micro-contact radius), it is difficult to resolve 

any response from the bulk at all, yellow left triangles in 

Figure 8C.

The surface conductivity σs was extracted using both the 

spreading resistance equation and the geometric factor based 

on the micro-contact surface area, Figure 9. For the surface 

layer analysis, the resistance values were calculated from the 

magnitude of the low frequency Z" peaks.

F I G U R E  5  Calculated conductivity of a surface layer that is 100 

times more resistive than the bulk for the least confined MTFB model 

(micro-contact radius of 5 μm), using the geometric factor using the 

micro-contact area or the spreading resistance equation. The gray box 

represents the input conductivity ±10%
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The geometric factor using the micro-contact area provides 

the best approximation of σs if the surface layer thickness is small 

(filled symbols to the left of plots in Figure 9). As the surface 

layer thickness increases (moving to the right of plots in Figure 

9) the accuracy of this equation decreases. Conversely, the 

spreading resistance equation overestimates σs at small surface 

layer thicknesses. As the thickness increases, the accuracy of 

this equation increases (open symbols in Figure 9). The spread-

ing resistance equation becomes a better approximation for σs 

when the surface layer thickness is ~0.8 times the micro-contact 

radius and this is consistent for all micro-contact sizes modeled, 

Figure 9B, D and F. As the surface layer thickness increases 

further, the accuracy of using the spreading resistance equation 

increases and converges to within 10% of the input conductivity.

When the surface layer thickness is less than (or equal to) 

0.8 times the micro-contact radius, the calculated σs values 

are independent of separation. In contrast, when the surface 

layer thickness is >0.8 times the micro-contact radius, the 

calculated σs values begin to deviate, and are dependent on 

the separation of the micro-contacts.

The conductivity and relative permittivity were then cal-

culated for the bulk response using the spreading resistance 

equations and are shown in Figure 10. A geometric factor 

was not used, as this was shown previously not to be valid for 

similar types of measurements.14 In this case, the capacitance 

of the bulk was calculated from the frequency and magni-

tude of the M" peak and then converted to resistance, using 

Equations (5) and (6), respectively.

The spreading resistance equation returns accurate σb 

values when the surface layer thickness is much smaller than 

the micro-contact radius, Figure 10A. As the surface layer 

thickness increases, the accuracy of the spreading resistance 

equation decreases. A similar trend can be observed for the 

calculated relative permittivity of the bulk, Figure 10B.

Current density plots for a number of the MTT models where 

σb = 100 σs are shown in Figure 11. When the micro-contact 

F I G U R E  6  Calculated conductivity of 

the bulk beneath a surface layer that is 100 

times more resistive than the bulk for the 

MTFB models using (A, B) the geometric 

factor using the micro-contact area, (C, D) 

the geometric factor using the model area 

and (E, F) the spreading resistance equation. 

Each is plotted against the surface layer 

thickness and the ratio of the thickness over 

the micro-contact radius. The gray box 

represents the input conductivity ±10%. 

All values are shown on a log scale
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F I G U R E  7  Current density plots 

of a two-layer model using the (quarter) 

MTFB geometry where the surface layer is 

100 times more resistive than the bulk. (A) 

rmc = 5 μm, τs = 50 μm, (B) rmc = 5 μm, 

τs = 10 μm, (C) rmc = 25 μm, τs = 10 μm, 

(D) rmc = 5 μm, τs = 1 μm, (E) top left 

corner of (D) on a smaller scale. Black and 

white represents regions of low and high 

current density, respectively

F I G U R E  8  Simulated impedance 

data for a surface layer that is 100 times 

more resistive than the bulk using the 

MTT geometry. (A) M" spectroscopic 

plots and (B) Z" spectroscopic plots for a 

restive surface layer that is 1 μm thick and 

micro-contact radius of 5 μm for a range of 

contact separations. (c) M" spectroscopic 

plots and (d) Z" spectroscopic plots for a 

micro-contact radius of 5 μm and contact 

separation of 20 μm for a range of surface 

layer thicknesses
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radius is 2.5 μm and the surface layer thickness is 50 μm, the 

surface layer is sufficiently large for the current to spread out 

freely and unconfined, Figure 11A. The current density profile 

in the surface layer is thus very similar to the current density 

in a single homogeneous material using the MTT geometry.14

When the micro-contact radius and the surface layer 

thickness are both 10 μm, shown in Figure 11B, the cur-

rent begins to spread out in the surface layer but cannot 

spread out as freely as shown in Figure 11A. This leads 

to the current density in the bulk being inhomogeneous 

with some spreading from the regions directly beneath the 

micro-contacts.

When the micro-contact radius is 5 μm and the surface layer 

thickness is 1 μm, Figure 11C and D, spreading occurs in the bulk 

and looks similar to the current density in the surface layer for 

large thicknesses (Figure 11A) or a single homogeneous mate-

rial.14 The current density in the bulk shows the current is spread-

ing from an area that is similar to the micro-contact, Figure 11D.

4 |  DISCUSSION

Analytical approaches for current flow in FTB contact ge-

ometries is relatively simple due to the homogeneous current 

F I G U R E  9  Calculated conductivity 

of a surface layer that is 100 times more 

resistive than the bulk for the MTT models 

using the geometric factor using the micro-

contact area (solid symbols) or the spreading 

resistance equation (open symbols). (A, 

B) micro-contact radius = 2.5 μm, (C, D) 

micro-contact radius = 5 μm, (E, F) micro-

contact radius = 10 μm. s/r in the legend 

is the ratio of the micro-contact separation 

over the micro-contact radius. The gray 

box represents the input conductivity 

±10%

F I G U R E  1 0  (A) Calculated 

conductivity and (B) relative permittivity for 

the bulk beneath a surface layer that is 100 

times more resistive than the bulk for the 

MTT models using the spreading resistance 

equation. The gray box represents the input 

values ±10%
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flow in such systems. This allowed validation of our FEM 

method and the calculated electrical properties from these 

simulations (Table S2) and are in agreement with the ana-

lytical solution (Table S1). However, when micro-contacts 

are used, current flow is no longer homogeneous and the ap-

proach of using a single analytical solution is difficult.

When using the MTFB geometry, if the surface layer thick-

ness is large, the Z" and M" response from the bulk does not 

change significantly for the different micro-contact sizes mod-

eled, Figure 2A and C. This suggests current flow is similar in 

this region for each micro-contact size modeled. The current 

density plot for the smallest micro-contact size modeled (5 μm) 

and a surface layer thickness of 50 μm, Figure 7A, shows the 

current flow to be homogeneous throughout the bulk. This is 

due to the current spreading out completely to fill the model 

before it reaches the bulk of the model. This will therefore also 

be true of the larger contact sizes modeled and is the reason 

why the Z" and M" response associated with the bulk does not 

change significantly with varying micro-contact sizes.

For the model with the least amount of confinement and a 

micro-contact radius of 5 μm, the current density spreads from 

the micro-contact, Figure 7A. Because of this, the spreading 

resistance equation obtains the best approximation of σs, Figure 

4F. Due to computational restrictions, this model still has some 

confinement compared with an experimental sample (such as 

a surface layer on a single crystal where the confinement could 

be deemed negligible); however, our results demonstrate if 

the surface layer thickness is at least 10 times greater than the 

micro-contact radius, the spreading resistance will produce σs 

values within 10% of the input value, Figure 5.

If the surface layer thickness is similar to the micro-contact 

radius, calculations of both σs and σb become difficult, Figures 

4 and 6, respectively. The current spreads out in the surface 

layer but due to confinement cannot spread out as freely as for 

the thicker surface layer, Figure 7B, causing the accuracy of 

the spreading resistance equation to reduce. Because the cur-

rent is spreading out over a larger area than the micro-contact 

area, the geometric factor using the micro-contact area is also 

inaccurate, Figure 5. At a surface layer thickness of 0.8 times 

the micro-contact radius there is a cross-over for which equa-

tion is most accurate. At thicknesses greater than this value the 

spreading resistance equation returns the most accurate values 

for σs. Lower than this value the geometric factor using the 

micro-contact area returns the most accurate values for σs. It is 

also difficult to calculate σb, as it is unknown over what area 

the current enters the bulk. Where possible, surface layer thick-

nesses similar to the micro-contact radius should be avoided.

If the surface layer thickness is 10 times smaller than the 

micro-contact radius the geometric factor using the micro-con-

tact area gives the best approximation of σs, Figures 4B and 5. 

This is because the current is confined and unable to spread 

out in the limited thickness of the surface layer. This leads to 

the area the majority of the current passes through the surface 

layer being similar to the micro-contact area, Figure 7D and 

E, that is, the majority of the current passes through a cylinder 

that has length of the surface layer thickness and an area of the 

micro-contact. The majority of the current enters the bulk over 

the same area and therefore spreads out from this point, Figure 

7D and E; the spreading resistance equation therefore gives the 

most accurate σb, Figure 6F. For the larger micro-contact sizes 

F I G U R E  1 1  Current density plots of 

a two-layer model using the MTT geometry 

where the surface layer is 100 times more 

resistive than the bulk. (A) rmc = 2.5 μm, 

τs = 50 μm, separation = 80 μm, 

(B) rmc = 10 μm, τs = 10 μm, 

separation = 80 μm, (C) rmc = 5 μm, 

τs = 1 μm, separation = 80 μm, (D) a larger 

scale image of one of the micro-contacts in 

(C). Black and white represents regions of 

low and high current density, respectively. 

Red represents the micro-contacts. Scale 

bar is in units of A/m
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modeled, there is a significant amount of confinement, which 

as explained in Ref. [14], increases the measured resistance and 

thus an underestimate of σb is obtained in this case. Where pos-

sible, the micro-contact radius should be at least 10 times the 

surface layer thickness for accurate conductivities of both the 

surface layer and bulk to be obtained.

Similar trends can be observed when using two micro-con-

tacts on the same surface (MTT). The crossover where either 

the geometric factor using the micro-contact area or the spread-

ing resistance equation returns the most accurate σs occurs at 

a surface layer thickness that is 0.8 times the micro-contact 

radius, Figure 9, consistent with the MTFB results.

If the surface layer thickness is greater than this value, 

the spreading resistance equation is more accurate, Figure 

9. When this is the case, the calculated σs is also dependent 

on the contact separation, as in Ref. [14]. To obtain accurate 

conductivities one must consider the micro-contact radius, 

the surface layer thickness and the contact separation. As a 

consequence, it is difficult to suggest one single ideal experi-

mental setup that would work in all cases.

From Ref. [14] an s/r of 8 for a single, homogeneous ma-

terial was proposed to obtain conductivities within 10% of the 

input value. If the micro-contact radius is 10 times smaller than 

the surface layer thickness, the spreading resistance equation 

should obtain σs values to a similar accuracy. Current den-

sity plots, Figure 11A, show the current spreads from the two 

micro-contacts in a similar way to how spreading occurs in a 

homogeneous material.14 The current density in the bulk is in-

homogeneous, and greatest near the interface. It is difficult to 

suggest a geometry that describes this, thus bulk conductivi-

ties cannot be calculated with large surface layer thicknesses, 

Figure 10A.

If the surface layer thickness is smaller than 0.8 times the 

micro-contact radius, the geometric factor using the micro-con-

tact area returns the most accurate surface layer conductivity, 

Figure 9, particularly if the thickness is 10 times smaller than 

the micro-contact radius. When the surface layer thickness is 

<0.8 times the micro-contact radius, the Z" and M" response 

associated with the surface is independent of contact separa-

tion, Figure 8A and B, and in Figure 9 where the data points 

overlap for the different s/r values modeled. This suggests cur-

rent takes the same path through the surface layer for all con-

tact separations modeled. The current density in the bulk looks 

similar to that observed for spreading from two micro-contacts 

in a homogeneous material, Figure 11C and D, and as such the 

spreading resistance equation returns the most accurate bulk 

conductivity, Figure 10A. The bulk response is dependent on 

the contact separation, Figure 9A and B, in the same way that 

a homogeneous material is; at small separations, contact in-

terference occurs and therefore conductivity is overestimated.

The results obtained in this study can be summarized in 

Figure 12 which shows the different contact geometries and 

the best method for calculation of the respective conductivi-

ties when there is no sample confinement. If the surface layer 

thickness is greater than 10 times the micro-contact radius, 

the spreading resistance equation should be used to obtain 

accurate σs values, Figure 12A and B. For MTFB, if there 

is no confinement, σb cannot be obtained, Figure 12A, and 

they cannot be obtained for the MTT case either, Figure 12B.

If the surface layer thickness is at least 10 times smaller 

than the micro-contact area, the geometric factor using the 

micro-contact area can be used to obtain accurate σs values 

and the spreading resistance equation can be used to obtain 

accurate σb values, Figure 12C and D.

F I G U R E  1 2  (A, C) MTFB and 

(B, D) MTT contact geometries for an 

unconfined case when the surface layer 

thickness is (A, B) greater than the micro-

contact radius and (C, D) smaller than the 

micro-contact radius. The equations to be 

used to calculate the conductivity of each 

region is also shown
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The materials simulated here are isotropic and homoge-

neous and the current is confined using a fixed rigid bound-

ary condition, however, experimentally this may not be the 

case. Work is in progress to simulate the placement of MTT 

local contacts on a single irregular shaped grain of polycrys-

talline material which incorporates a “softening” of the cur-

rent confinement around it. This will allow the significance 

of conductive grain boundaries and secondary phases on 

micro contact IS measurements to be assessed.

5 |  CONCLUSIONS

The electrical response of a sample with a resistive surface 

layer has been simulated for different micro-contact geom-

etries. If the thickness of the surface layer is ~10 times larger 

than the radius of the micro-contact, the spreading resist-

ance equation provides the most accurate approximation of 

the surface layer conductivity. For an unconfined sample, 

the conductivity of the bulk cannot be calculated as the area 

where current enters the bulk remains unknown.

If the thickness of the surface layer is ~10 times smaller than 

the radius of the micro-contact, the geometric factor using the 

micro-contact area provides the most accurate approximation of 

the surface layer conductivity. As a consequence, current enters 

the bulk over an area that is comparable to the micro-contact 

radius; therefore, the spreading resistance equation provides the 

most accurate approximation of the bulk conductivity.

When using two micro-contacts on a thin resistive surface 

layer, the response from the surface layer is independent of 

the contact separation. The response from the bulk is depen-

dent on the contact separation and at small separations con-

tact interference occurs, in a similar way to that of a single, 

homogeneous material.
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