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Abstract 

Scanning spreading resistance microscopy (SSRM) is a powerful technique for quantitative 

two-and three-dimensional carrier profiling of semiconductor devices with sub-nm spatial 

resolution. However, considering the sub-10nm dimensions of advanced devices and the 

introduction of three-dimensional architectures like FinFETs and nanowires, the measured 

spreading resistance is easily impacted by parasitic series resistances present in the system. 

The limited amount of material, presence of multiple interfaces and confined current paths 

may increase the total resistance measured by SSRM beyond the expected spreading 

resistance, which can ultimately lead to an inaccurate carrier quantification. Here, we report a 

TCAD assisted experimental study to identify the different parameters affecting the SSRM 

measurements in confined volumes. Experimentally, the two-dimensional current confinement 

is obtained by progressively thinning down uniformly doped blanket SOI wafers using scalpel 

SSRM. The concomitant SSRM provides detailed electrical information as a function of depth 

up to oxide interface. We show that the resistance is most affected by the interface traps in 

case of a heterogeneous sample, followed by the intrinsic resistance of the current carrying 

paths. Further, we show that accurate carrier quantification is ensured for typical back-contact 

distances of 1 µm if the region of interest is at least 9 times larger than the probe radius.  

Introduction 

The continuous miniaturization of device dimensions, their transition from planar to three-

dimensional (3D) architectures, and the introduction of novel materials in the gate stack, 

channel and source/drain regions have placed very stringent requirements on their metrology. 

For instance, an appropriate technique is needed to probe the active dopant density within a 

3D device (such as FinFET, tunnel FET or nanowire) such that the underlying physics of 

dopant incorporation, diffusion and activation can be understood and serve as a feedback in 
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the development of the doping process1, which is in the end very crucial in achieving high 

device performance. This implies that probing carriers in today’s sub-10 nm node requires a 

technique, which can provide a quantitative 3D distribution with sub-nm spatial resolution with 

a large dynamic range (spanning more than 5 orders of magnitude). Scanning Spreading 

Resistance Microscopy (SSRM), though inherently a 2D technique, fulfils all the 

aforementioned requirements2–7 and was recently expanded towards 3D applications8–10. In 

essence, it relies on measuring the resistance between the tip of a scanning probe and a large 

current collecting contact, created somewhere on the device of interest. The measured 

resistance is dominated by the current spreading in the nanoscale probe contact, therefore 

termed spreading resistance (Rspr), and can be proven to have a direct relation with the local 

sample resistivity (ρsample). The current confinement in this probe contact, which  provides a 

high spatial resolution, and the direct quantification in terms of ρsample are the key factors to the 

success of the SSRM technique11–14. To achieve this, one needs to ensure that the spreading 

resistance dominates the total measured resistance (RTotal), which has been achieved in the 

past by minimizing all the parasitic resistances present in a typical SSRM set-up13. For planar 

device applications, the series resistance of the conduction path towards the current collecting 

contact is negligible relative to the spreading resistance due to the relaxed dimensions. 

However, as the device dimensions are getting smaller, this assumption is no longer valid in 

many cases. The interpretation of the measurement on confined volumes, therefore, becomes 

challenging due to the increased parasitic resistances originating from the scaled geometry of 

the device and the narrow conduction paths towards the current collection contact. For 

example, the intrinsic series resistance of a long and narrow FinFET structure becomes large 

enough that it cannot be ignored anymore. Experimentally, creating a reliable current 

collecting contact on these confined structures becomes a complex task as well. In many 

cases, as a result of the complex integration schemes employed in today’s device fabrication 

process, the contact is placed at locations whereby the current needs to travel through multiple 

interfaces and junctions whose effect on RTotal cannot be ignored anymore. Moreover, the 

formation of an ideal ohmic contact on reduced contact areas and on new materials becomes 

less obvious. All these effects increase the parasitic resistance and hinder the quantification. 

Indeed, the quantification of SSRM data is based on the use of a calibration curve, obtained 

on a large uniformly doped sample where these parasitic resistances are absent. Therefore, 

the conversion based on such a calibration curve becomes inaccurate. Moreover, the relation 

between Rspr and ρsample (see eq. 1 where 𝑎 is the electrical contact radius) has been derived 

for the case where the current spreading is not restricted by the dimensions of the sample 

probed15. When the device size becomes comparable to the probe-sample nano contact, the 

direct relation between Rspr and ρsample needs to be re-evaluated.  
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 𝑅𝑠𝑝𝑟 =
𝜌𝑠𝑎𝑚𝑝𝑙𝑒

4𝑎
 

(1) 

 

As a first step towards understanding the deviation from eq.1, we conducted a fundamental 

study to identify the main contributors affecting the SSRM measurements when the sample 

dimensions are predominantly 2D, a situation typically occurring when measuring FinFET or 

GAA devices16–18. A good starting point is a thin Silicon on Insulator (SOI) sample where the 

current flow and its spreading is confined within the thickness of the top thin silicon layer. To 

establish the dependence on the Si thickness, we started from a fairly thick sample and 

gradually reduced the sample thickness by performing Scalpel SSRM measurements8 and 

thus recorded the resistance as function of the Si thickness. Further, we used finite element 

simulations to understand the experimental results. 

 

Experimental Details and Simulation Approach  

The samples studied in this work are commercially available blanket SOI wafers from SOITEC 

with top Si and underlying oxide thicknesses of 220.0 nm and 2.0 µm, respectively. The top Si 

layer is (100) oriented and has a uniform Boron doping of 5x1015 cm-3 (resistivity from 8.5-11.5 

Ω-cm). For the highly doped Si, the same SOI wafer was dual implanted with Phosphorus. 

The first and the second implantation steps were performed at a dose of 3.0x1015 cm-3 with 

implant energies of 80.0 and 140.0 keV, respectively. After performing rapid thermal annealing 

at 1075°C a uniform active Phosphorus doping of 5.0x1019 cm-3 was obtained. A Bruker 

Dimension ICON Atomic Force Microscope (AFM) equipped with SSRM module was used to 

carry out all the SSRM (or scalpel SSRM) measurements reported in this paper. The 

instrument was enclosed in a glovebox filled with non-reactive argon gas to provide a low 

humidity environment. We used imec boron doped Full Diamond Tips (FDT)19 with an average 

spring constant of 27N/m for all measurements. These tips are extremely hard and wear 

resistant and enable us to perform reliable SSRM measurements during the entire scalpel run. 

Both the sample structure and scalpel SSRM process are schematically depicted in figure 1a 

and 1b. Note that a current collection contact was placed far outside the thinned region by 

scratching with a diamond pen and then depositing conductive silver paste inside the groove. 

This ensures that the SSRM resistance can only be influenced by the series resistance 

through the thinned region and the changes in the current spreading but not by a change in 

back contact resistance. The material removed during the scalpel process gets accumulated 

at the sides of the scanned area and a crater of same size is formed. Celano et al.20 have 
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reported that this debris gets redeposited into the crater and reduces the removal rate. To 

overcome this issue, we started with a relatively large scan area (7x7 µm2), which was 

progressively decreased (up to 1x1 µm2) when a decrease in the removal rate is noticed. This 

results in a staircase like topography as shown in figure 2b. In order to avoid any discrepancy 

arising from an uneven removal of the material, we used only the data corresponding to a 

central area of 500x500 nm2 in all the further analysis. To ensure an accurate calculation of 

the remaining top Si layer thickness, AFM topography measurements were carried out after 

every 2-3 SSRM scans. The removed depth as measured from these topographical images is 

then divided by the number of scans to extract an average removal rate per scan. In this 

manner we obtain the removed depth corresponding to each 2D SSRM image, which after 

subtracting from the initial thickness of the top Si layer (220 nm) represents the remaining 

thickness of the top Si layer. If not stated otherwise, all the scalpel runs were performed at a 

sample bias of 0.5V (and -0.5V)  for p-type (and n-type) and the tip was always grounded. All 

the parameters that can affect the measured resistance, i.e. the force applied on the cantilever, 

the voltage applied on the sample with respect to the grounded probe and the intrinsic probe 

resistance, were kept constant during the entire scalpel run. Of course, the tip degradation 

during the scalpel process may also impact the results. This impact is avoided by measuring 

on another location with the same probe and parameters, immediately after the scalpel 

process. Only if the same resistance is recorded as in the very first scan within the 

experimental error (25%), the measurement run is included in the analysis, all others are 

discarded. During the scalpel process the surface roughness underwent a variation from 0.12 

nm (pristine surface) to 0.29 nm (after first scans) to 0.07 nm (after the final scan) as 

characterized by tapping mode AFM. This trend reflects the expected dependency on the scan 

line density20, i.e. roughness increases with scanning at low scan line density and decreases 

at high density. There is no direct between the roughness trend and the observed resistance.   

For the simulations, the Synopsys’s Sentaurus structure editor21 was used to build a cylindrical 

geometry, as depicted in figure 1c, similar to the SOI sample used in the experiments. The 

radius of the cylinder was taken as 1µm to avoid any confinement in the lateral dimensions. 

Sentaurus device simulations22 corresponding to different cylinder heights (H) were performed 

to mimic the scalpel SSRM process. Poisson’s equation along with continuity equations for 

both electrons and holes are solved to obtain the various parameters like total current, electron 

& hole density maps etc. The bias is progressively increased up to 0.5V (same as used in 

scalpel SSRM) while quasi stationary equations are solved in each step. Note that the probe 

contact is placed at the centre of the top surface of the cylinder while the back contact is at 

the cylinder’s curved surface (shown in outer grey color). As the purpose of these simulations 

is to understand the effect of different resistive components contributing into the SSRM 
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measurements, further details on the simulation such as the properties of different contacts 

and interfaces will be explained later in this text as and when necessary. 

 

Figure 1: a) Schematic of the scalpel SSRM set-up. b) Schematic of the scalpel-SSRM method where 

the probe is continuously scanned on the sample at very high force leading to a crater formation. A 

staircase like geometry is obtained by progressively decreasing the scan size. c) Schematic of the 

simulated cylindrical geometry. 

Results and Discussion 

A systematic study of the effects of geometrical confinement on SSRM measurements is 

conducted using scalpel SSRM where we thin down the top Si layer of the selected SOI 

sample by scanning an area at high force and simultaneously sensing the SSRM response on 

the resulting layer. The scalpel process is stopped when all the material from the top Si layer 

is etched away and the probe touches the highly resistive oxide layer underneath. As the 

current is confined within the top Si layer throughout the scalpel process, this experiment 

provides a measure of the effect of the Si thickness on the SSRM measurements. The data 

presented in figure 2 represents a complete scalpel SSRM run. The top Si layer in the 

presented sample was doped with a boron concentration of 5x 1015 cm -3. The 2D resistance 

maps obtained at successive depths are shown in figure 2a. It is evident here that with the 

increasing number of scans the total resistance measured by SSRM remains almost constant 

until the 9th scan after which it increases continuously. After converting the scan number to the 

remaining thickness (of top Si layer), we obtain the evolution, shown in figure 2b, of the 
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measured SSRM resistance as a function of top Si thickness. Each data point in this graph 

represents the average resistance measured at the central area of dimensions 500x500 nm2, 

as indicated by dotted squares in figure 2a. We notice here that as the film thickness 

decreases from 220nm to 80nm, the measured resistance remains constant. With further 

reduction in the film thickness the measured resistance shows an increase of many orders of 

magnitude. The resulting 2D and 3D topography after a scalpel run is also shown in figure 2c-

2e. Note that in figure 2b we report only one scalpel run while multiple scalpel runs, which are 

shown in figure 8a, were performed on the same sample. 

 

Figure 2: a) Multiple 2D scans obtained at different depths (or top Si film thicknesses) during scalpel 

process. The chosen dotted area at the centre is used to analyse the data. b) The average RTotal is 

plotted as a function of top Si film thickness. c) A 2D and d) 3D topography image taken at the end of 

the scalpel run is also shown. e) Line scan taken across the dashed line (in black) shows a staircase 

like geometry produced due to progressively reducing the scan size during the scalpel process.  
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Since SSRM measures the total resistance (RTotal) between the probe and the back contact, 

we can now write the different resistive components present in the current path during our 

experiment as: 

 𝑅𝑇𝑜𝑡𝑎𝑙 =  𝑅𝑠𝑝𝑟 + 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 + 𝑅𝑝𝑟𝑜𝑏𝑒 + 𝑅𝑝𝑟𝑜𝑏𝑒−𝑐𝑜𝑛𝑡𝑎𝑐𝑡 +  𝑅𝑏𝑎𝑐𝑘−𝑐𝑜𝑛𝑡𝑎𝑐𝑡 (2) 

 

where, Rspr is the spreading resistance stemming from the current flowing through a nano-

contact, Rsample is the sample resistance that depends on the sample (or device) geometry and 

measures the effect of the current path between the probe and the back contact, Rprobe is the 

probe resistance, Rprobe-contact is the contact resistance between probe and sample, and Rback-

contact is the back contact resistance. Particularly for silicon, the application of a high force 

during the measurement suppresses the contribution of Rprobe-contact by many orders of 

magnitude. This dramatic decrease in the contact resistance originates from the formation of 

the β-Sn (metallic) Si pocket underneath the probe23,24. Please note that normally the 

contribution of Rprobe-contact to the total measured resistance is negligible in a typical SSRM 

experiment. However, in our case the confinement and sample heterogeneity (Si on SiO2) may 

impact the β-Sn formation. Thus, the assumption of negligible Rprobe-contact may no longer be 

justified. Now that we have listed the different parasitic resistances present in our system, we 

can attempt to understand their individual contribution to the total resistance as measured in 

figure 2b. Since the probe (Rprobe) and back contact (Rback-contact) resistances do not change 

during the scalpel process, eq. (2) suggests that the possible contributors for the observed 

increase in the resistance can be Rsample, Rspr and (or) Rprobe-contact. However, the relative 

contributions of each of them are still unknown. To shed some light on their individual 

contributions, we simulated the SSRM set up as shown in figure 1c. Based on the work of 

Schulze et al.25 and on the measurement of Rprobe on a platinum sample, we can obtain an 

average probe radius of 3.7 nm. Therefore, the probe contact radius in all the following 

simulations is taken as 4nm.  

Firstly, the behaviour of the spreading resistance is investigated. For this purpose, both the 

contacts (i.e. probe contact and back contact) are modelled as perfectly ohmic and the 

presence of the underlying oxide layer is ignored. The active dopant concentration in the Si 

layer is taken same as in the SOI sample used above i.e. 5.0x1015 cm -3. While this is an 

extremely simple representation of the actual SSRM circuit, it helps us to isolate the behaviour 

of the spreading resistance from any other effects originating from the Si/SiO2 interface and 

non-ideal ohmic contacts. Now, we can rewrite the eq. (2) for the simulated geometry as: 

 

 𝑅𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =  𝑅𝑠𝑝𝑟 + 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 (3) 
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Note here that we omitted the terms Rprobe because we did not simulate the probe geometry. 

This remains a constant anyway and as discussed earlier, we do not analyse the 

measurements that show significant tip degradation during scalpel process. Since the current 

will flow radially from the circular probe contact towards the outer surface of the cylinder (see 

figure 1c), the Rsample can thus be defined as the resistance of the region where current lines 

become parallel to the top surface of cylinder. With this definition of Rsample, we ignore the 

region where the current lines are spreading as this is incorporated in Rspr. A schematic of the 

cross-section of the cylinder is shown in the inset of figure 3a. Therefore, the maximum value 

of Rsample will be the resistance of a hollow cylinder with inner and outer radii as “a” and “R” 

respectively. In that case Rsample can analytically be calculated as: 

 

 
𝑅𝑠𝑎𝑚𝑝𝑙𝑒 =

𝜌𝑠𝑎𝑚𝑝𝑙𝑒

2𝜋𝐻
ln

𝑅

𝑎
 

(4) 

 

Using eq. (3) and (4), we calculate Rspr as:  

 

 
𝑅𝑠𝑝𝑟 = 𝑅𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 − 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 =  𝑅𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 −

𝜌𝑠𝑎𝑚𝑝𝑙𝑒

2𝜋𝐻
ln

𝑅

𝑎
  

(5) 

 

Figure 3a represents the variation of Rspr, Rsample and Rsimulation with top Si thickness. It is evident 

here that although the total resistance of the simulated structure increases with decreasing 

film thickness, the spreading resistance rather shows a continuous decrease. This is not 

surprising because we know that the spreading resistance is the result of the constriction to 

the current flow in a point contact when the current enters a very large area. As the film 

thickness approaches the size of the probe contact, the probe contact is no longer seen as a 

constriction to the current flow. In this case, current spreading occurs only at the immediate 

vicinity of the probe contact. While a monotonic decrease in Rspr is seen, the decrease 

becomes more significant below a critical thickness of 50nm. This critical thickness is not a 

constant value and rather depends on the probe radius. In other words, the relevant parameter 

would be the ratio of film thickness to the probe radius i.e. H/a. To assess the relative change 

of Rspr we normalized it with respect to the theoretical spreading resistance as defined by eq. 

(1) for a semi-infinite thickness of Si. This normalized Rspr (Rspr,norm) is plotted against the 

normalized Si film thickness, H/a in Figure 3b. Figure 3b clearly shows that as the ratio H/a 
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approaches unity i.e. film thickness is of the size of probe radius, Rspr,norm decreases by more 

than 80%, hence can no longer be represented by eq. (1).   Note that, although for thick Si 

films (large H/a ratio) we expect Rspr,norm to be close to unity, its maximum value was calculated 

to be only 60% of the theoretical value. This difference can be explained by the following two 

reasons. First, eq. (1) is derived for a disc shaped constriction whereas the probe contact was 

simulated as hemispherical. Changing the contact shape from disc to hemisphere leads to a 

36% reduction in the Rspr. Second, due to the difference in placing the back contact i.e. at the 

curved surface of the cylinder in simulations vs at the bottom surface of the cylinder in the 

derivation of eq. (1), further leads to a 4% reduction in Rspr. Nevertheless, as shown in fig 3a, 

the dominance of Rspr remains intact for large H/a and a direct correlation with ρsample can be 

assumed. The decrease in Rspr with Si thickness is purely geometrical effect, hence samples 

with all doping levels will be impacted equally. Since Rspr decreases with film thickness, it 

cannot be the reason for the increase of the total resistance, hence other terms will become 

more important. It is indeed clear from Fig 3a that Rsample becomes comparable (or even greater 

than) to Rspr below 35 nm (H/a ratio below 9) indicating that at such small dimensions the 

measured resistance in SSRM is no longer dominated by Rspr but rather by the series 

resistance experienced by the current flow towards the back contact. As this resistance scales 

with the length of the current path, the critical thickness, Hcritical at which Rspr becomes equal to 

Rsample ,will depend on the distance between the probe contact and the back contact which is 

represented by radius “R” of the cylinder in our simulations. In figure 4 we show the variation 

of Hcritical/a as a function of back contact distance (or cylinder radius “R”). This shows that by 

reducing the distance to back contact, the dominance of Rspr over Rsample can be ensured. This, 

however, puts very stringent requirements on the location accuracy of the back contact as 

1µm from the cross section is the minimum that can be routinely achieved. From the results 

in figure 3a it is important to note that, although Rsample increases by more than 2 orders of 

magnitude, the increase is definitely not enough to explain the huge increase (6 orders of 

magnitude) of the resistance observed in the scalpel experiment shown in figure 2b.  
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Figure3: a) Variation of total simulated resistance (Rsimulation), spreading resistance (Rspr) and bulk 

sample resistance (Rsample) as a function of top Si thickness for an ideal ohmic probe-sample contact. 

Rsample becomes comparable (or even greater than) to Rspr for a film thickness of 35nm (or less). Inset 

represents the cross-section of the simulated cylinder. Within a thin film, current lines become parallel 

to top (and bottom) cylinder surface for r>a, hence the resistance of the corresponding hollow cylinder 

represents Rsample, which does not contribute to Rspr. b) Variation of Rspr,norm with decreasing film 

thickness (i.e. decreasing H/a ratio) reveals that Rspr becomes negligible when film thickness 

approaches to the probe contact dimensions. A zoomed-in graph is shown in the inset.  

 

Figure 4: Variation of Hcritical/a ratio as a function of cylinder radius R 

As the results of the previous section show that Rspr and Rsample are not the main contributors 

to the huge increase in RTotal, additional phenomena need to be explored. As discussed 

previously, Rprobe-contact is very low in standard SSRM as the application of a high force leads 

to a structural phase transformation in the underlying Si23. This phase transformation is a 

mechanical phenomenon, which depends on the mechanical properties and the stress 

distribution within the indented system. If the confinement and/or heterogeneity of the system 

leads to a different stress distribution, the afore mentioned phase transformation might not 
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happen, thus impacting Rprobe-contact significantly. With respect to the present scalpel 

experiment, two effects need to be considered. Firstly, it is possible that with decreasing film 

thickness, the intrinsic elastic properties of Si will change. Secondly, the final stress distribution 

is the result of a complex interplay between the top Si layer and the underlying SiO2 layer that 

may also impact the mechanical response of the top Si layer towards the applied force26. As 

the ß-Sn transformation leads to a dramatic change in Rprobe-contact, the measurement of 

resistance-force curves becomes a very sensitive way to assess the occurrence of the phase 

transformation. To probe the impact of film thickness on the phase transformation, we thus 

used resistance force curves. For this purpose, we first bevelled the SOI sample to obtain a 

large area with varying thicknesses and then collected resistance-force curves on the bevelled 

surface. The Beam-exit cross-sectional polishing (BEXP)27–29, a variant Ar-ion milling 

technique, was used to obtain a smooth surface on the bevel with an angle of 8°. A schematic 

of such a cross-sectioned surface along with the measurement procedure is shown in figure 

5a. As depicted, an area of 2x2 µm2 on the bevel is divided in 128x128 pixels in X and Y 

directions. Resistance-force curves i.e. the evolution of measured resistance as a function of 

applied force on the cantilever, are measured on these pixels for various film thicknesses. In 

figure 5b we show the resistance force curves obtained on all these 128x128 points, where 

each force curve represents the average of 128 resistance-force curves taken along the Y 

direction. This way we obtain 128 resistance-force curves each representing a different 

thickness of the top Si layer. The thickness at each of these pixels can be calculated using the 

bevel angle and the maximum film thickness. When all these 128 curves are plotted together 

(see figure 5b), a similar behaviour is observed for all the film thicknesses above 11nm. An 

average of all the resistance force curves obtained for thicknesses larger than 11nm is also 

overlaid in a solid red line. Since a sharp transition from high to low resistance at a critical 

force (here ~ 1µN) represents the drop in Rprobe-contact, we conclude that despite a very different 

behaviour for less than 10nm thick Si films, no change can be expected in Rprobe-contact for film 

thicknesses greater than 11nm as long as the applied force is maintained at a value greater 

than the critical force. Looking closely at figure 2b, it is found that during scalpel measurements 

RTotal starts increasing for film thicknesses smaller than 80nm. In fact, RTotal was measured to 

be already 4 orders of magnitude higher at 10nm thick film, which, as inferred from figure 5b, 

cannot be attributed to Rprobe-contact. 
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Figure 5: a) Schematic of the bevelled SOI sample. To avoid the rounding effects and protect the 

concerned area, an extra 400nm of oxide layer was deposited before polishing. b) Resistance force 

curves at various Si thicknesses are plotted. Multiple curves (thinner lines) for film thickness greater 

than 11nm are averaged to obtain the thick solid red curve. The thickness for each curve is indicated in 

the corresponding color.  

 

All the measurements and simulations done so far have indicated that none of the resistive 

components included in eq. (2) can lead to the observed large increase in RTotal. However, we 

have not yet considered the effect of Si/SiO2 interface on the RTotal. Moreover, as previously 

reported30 the contact between the probe and the sample (Si in our case) in SSRM is not 

perfectly ohmic but rather Schottky type, which also changes the total measured resistance. 

Both effects are studied individually through simulations by incorporating the Si/SiO2 interface 

and by considering the probe-sample contact as a Schottky contact with a probe contact work 

function taken at 0.75 eV higher than the Si valence band. The simulation results, shown in 

figure 6a, reveal that the onset of the resistance increase is changed by the insertion of an 

ideal oxide interface, while the incorporation of Schottky type probe contact leads to an upward 

shift of the resistance. One must note that although both factors only have a limited impact on 

the resistance value, they do influence the carrier distribution in the film. Figure 6b shows the 

2D hole density map for a free standing 50nm thick Si film (with ohmic probe contact) whereby 

a uniform distribution of holes is observed. The addition of a SiO2 layer underneath the Si film, 

as shown in figure 6c, leads to a non-uniform distribution of carriers (holes) with a decrease 

below the probe and above the oxide interface. It is commonly known that when two materials 

with different Fermi levels are placed in contact with each other, charge is transferred until 

their Fermi levels align. The total amount of transferred charge is a constant value determined 

by the work function difference (from 0.32 eV-0.42 eV for p-Si) between the two materials (Si 

and oxide in this case). This implies that for a thick Si layer the depletion thickness is negligible 
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and its effect on the overall current is minimal as it can easily flow far from the depleted layer. 

In this case Rsimulation does not show any significant dependence on the presence of the Si/SiO2 

interface above the critical thickness of 20nm (see the zoomed in graph in the inset of figure 

6a). However, when reducing the thickness of the Si film on top of the oxide, the transferred 

charge is redistributing. Therefore, in thin layers (<20nm) the absence of the bulk material 

forces the current to flow through the depletion layer, resulting in a higher overall resistance 

of the system. This is illustrated in figure 7a where we show the hole density maps as 

simulated for 20nm, 10nm and 5nm Si films when oxide is present underneath them. The 5nm 

film is significantly depleted as compared to the 20nm film effectively reducing the conductive 

film thickness and giving rise to a 50% increase in Rsimulation. The distribution of hole density 

along the dotted black and white lines (in figure7a) for various film thicknesses is also 

presented in figure 7b and 7c. It is evident from this graph that due to the charge transfer 

phenomenon occurring at the Si/SiO2 interface a thin film will be far more depleted than a 

thicker film.  

 

Figure 6: a) Rsimulation as a function of Si film thickness. With the introduction of oxide layer underneath, 

an early onset of resistance increase is observed (green triangles). Overall Rsimulation is increased in the 

presence of oxide (as compared to the resistance of a free-standing Si film shown in red circles. Addition 

of a Schottky type contact into this system (blue squares) led to an overall upward shift of Rsimulation.  b) 

Hole density maps for 50nm thick Si film with (b) and (c) without oxide layer (shown in maroon). Regions 

near probe contact are slightly depleted when the oxide interface is introduced. These simulations are 

performed at a bias of 0.5V (same as in experiments).  
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Figure 7: a) Hole density maps for 20nm, 10nm and 5nm Si films shows the distribution of depleted 

regions near the Si/SiO2 interface. The line profiles for hole density along b) black and c) white dotted 

lines show that reducing Si film thickness causes the redistribution of carriers in a way that the extent 

of depletion increases. 

So far, we have only considered the ideal Si/SiO2 interface. A point which still needs to be 

considered is the effect of interface states with a characteristic concentration (Dit) and energy 

distribution. We added to our simulations the concentrations (Dit) of donor and acceptor type 

traps as 3x1011 eV-1cm-2 and 5x1012 eV-1cm-2, respectively. The Dit   distribution within the 

bandgap was taken as Gaussian type with donor peak at Ev+0.16 eV and acceptor peak at Ec-

0.1 eV with sigma values equal to 0.1 eV. These values are in line with the commonly reported 

values for interface traps between silicon and thermally grown silicon dioxide31–33. The 

dependence of Rsimulation (total resistance of the simulated system with Schottky type probe 

contact) on film thickness is now compared with the experimental data in figure 8. We see that 

upon introducing these traps, the simulation shows good agreement with the experimental 

data. Figures 8b, 8c and 8d represent the hole density maps in the presence of underlying 

oxide layer for 5nm, 10nm and 20nm thick films, respectively. As the film thickness is reduced, 

the extent of the depletion region is increased. In fact, the entire film is depleted i.e. the carrier 

concentration is reduced by more than ~2 orders of magnitude, in the 5nm case.  
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Figure 8: a) The total simulated resistance, Rsimulation for various Si film thicknesses is compared with 

experimentally obtained results (RTotal) (in green diamonds). The simulated model is in good agreement 

with the experiments when interface traps (pink circles) are introduced. A hole density map within a b) 

5nm, c) 10nm & d) 20nm Si film shows that as the film thickness is reduced, the layers get severely 

depleted, which eventually give rise to a very high Rsimulation.  

 

Figure 9: a)The variation of total resistance is studied on another SOI sample with relatively higher 

doping level i.e. 5x1019 cm-3, both experimentally (RTotal in green diamonds) and through simulation 

(Rsimulation in pink circles). A good match between them is observed when interface traps are applied to 

the model. A negative thickness (shown in blue diamonds) represents a scan within the oxide layer. A 

zoom in graph is also presented in the inset. b) Scalpel experiments are performed on high doped 

sample under different bias conditions i.e. forward (red squares) and reverse bias (blue triangles). The 

similar behaviour of high doped Si under the two different polarities is explained by tunnelling current, 
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which is dominant in reverse bias condition. The inset shows that the simulations show a good 

agreement with the experimental data when the tunnelling model is incorporated. 

The density of these traps affects the onset of resistance increase and an early onset of 

resistance increase is observed (not shown here) if higher traps are present. Furthermore, we 

verified this effect by performing a similar scalpel SSRM experiments on another, similarly 

grown, SOI sample with relatively higher doping level (n-type Si with doping ~5x1019 cm-3). As 

expected, (see figure 9a) the effect is now reduced i.e. the measured resistance remained 

constant down to a thickness of 10nm. Also, simulations were run using the same trap density 

as specified previously and again a very good agreement is found. Since these trap densities 

are prone to change with growth parameters of the oxide interface  , a different depth profile is 

expected in case of a differently processed sample.  

Note that in figure 8a, RTotal shows a small increase from 220 nm to 200 nm. This increase is 

related to the surface states effect, where the high concentration of surface states provides 

an additional surface current, predominantly affecting the measurements on low doped p-Si34. 

As the difference in the surface states is maximum for the first two scans (pristine versus 

scanned), this increase is mostly seen in the second scan. For the subsequent scans, the 

concentration of surface states reaches to a steady state due to which the effect is no longer 

seen.  

 

The high doped sample used in this study is n-type, and since the work function of the probe 

contact (or work function of the metallic ß-Sn pocket) is 0.75 eV higher than the valence band, 

the effective Schottky barrier height for n-type Si becomes 0.35 eV. Furthermore, it has been 

noticed that despite the tip-sample contact shows rectifying behaviour for low doped Si 

samples, the high doped Si (both p- and n-type) shows an ohmic like behaviour. Figure 9b 

shows the comparison between the scalpel data obtained for high doped (5.0x1019 cm-3) n-Si 

in forward (-0.5 V applied to the sample) and reverse bias conditions (0.5 V applied to the 

sample). It is clearly seen that high doped n-Si shows near identical behaviour for both forward 

and reverse bias condition. Although it is not indicated here, high doped p-Si also exhibit 

similar behaviour as explained in another study35. This near ohmic behaviour of tip-sample 

contact in high doped Si is explained in figure 10 with the help of energy band diagrams. In 

forward bias condition (see figure 10 a), we see that the Schottky barrier disappears (at 0.5V 

bias), and thus electrons can easily flow from the conduction band (EC) to the ß-Sn. For smaller 

sample bias, the barrier height is lowered, and thermionic emission of electrons over the 

reduced barrier occurs from the conduction band to the ß-Sn. However, the higher conductivity 

in reverse bias can be attributed to the quantum mechanical tunnelling of electrons. In figure 

10b, we see that due to the sharp band bending the free electrons can tunnel through the 
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narrow barrier from ß-Sn to the conduction band. As the band banding is gradual in low doped 

Si, such tunnelling current is not efficient, thus higher resistance is observed. All scalpel 

experiments (both p-Si and n-Si) presented in figure 8a and 9a were performed under forward 

bias condition, thus no additional tunnelling model was required in the simulation. However, 

one must extend the model to account for tunnelling current while studying high doped 

samples under reverse bias condition. An example is given in figure 9b, where we show that 

the simulated model is in quantitative agreement with the experimental data in reverse bias 

case only when the tunnelling through the Schottky barrier is implemented. Note that the 

SSRM measurements in high doped regions are significantly affected by the tip resistance. 

Therefore, we added the average tip resistance (3.55 log(Ω)), as measured on a metal 

surface, to Rsimulation before comparing it directly with the experimental data.    

 

 

Figure 10: The energy band diagrams for n-Si at a) forward (-0.5 V is applied to the sample) and b) 

reverse bias conditions (0.5 V is applied to the sample). These band diagrams are obtained when work 

function of metallic ß-Sn pocket is taken as 4.42 eV. 

  

Note that, since the Si surface is continuously scanned under high stress conditions, leading 

to a significant surface damage34,  a question can be asked if this surface damage also causes 

the increase in the measured resistance. For this, we must understand that the SSRM 

measurements are taken under high load conditions at which Si undergoes a metallic phase 

transformation and provides a low resistance path to the current flow. The damaged layer 

present on the top is simultaneously removed during scanning, thus its impact on the 

measured resistance is unlikely. Moreover, the scalpel SSRM performed on a uniformly doped 

blanket Si wafer (without oxide interface) shows no such increase in the resistance36, which 

further confirms that the introduced damage does not increase the resistance measured during 

the scalpel process.  
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From the above results we can state that the quality of Si interface will play an important role 

in determining the SSRM results in a confined geometry. We have shown that as the material 

is eroded away, the extent of the depletion increases and eventually leads to a fully depleted 

layer. Therefore, it can be concluded that interface traps alter the effective carrier 

concentration measurement in a confined geometry. On a side note, this is only true if the 

scalpel process disrupts the depleted region near the interface, i.e. scalpeling towards the 

interface. When, for instance, measuring perpendicular to the Si/SiO2 interface, one will still 

measure the impact of the interface traps, but it would reflect the actual carrier density as it is 

not impacted by the scalpeling measurement itself. Back to our results, the interface effect has 

a major impact mainly on low doped regions because of a thicker depletion region. Moreover, 

in the absense of traps, Rsample plays a significant role and dominates over Rspr , typically for 

H/a ratio smaller than 9. For H/a ratio larger than 9, the increase in Rsample leads to an overall 

increase in the RTotal by less than 25%, which is a nominal error in SSRM measurements, 

meaning that below this critical ratio, the carrier quantification will not be realiable if calibrated 

against a bulk sample. Although for a fixed probe contact radius this critical Hcritical/a ratio (see 

figure 4) can be decreased (i.e. the critical thickness below which the Rsample dominates over 

Rspr is reduced) by placing the back contact closer to the probe contact. The practical limit for 

this distance is defined by the limitations of the FIB process, which is typically used to make 

back contacts as close as possible to the device under test. As this effect is purely geometrical, 

this limit in the film thickness will affect the measurements on all doping levels equally. Below 

10nm, an additional increase in resistance would also be observed originating from the probe-

contact. It is speculated that the mechanical response of the thin films towards high pressure 

changes (as amorphous SiO2 is a softer material compared to crystalline Si), leading to more 

of a gradual decrease (as a function of force) in resistance instead of a very sharp decrease 

usually observed in thicker (>10nm) films when inducing the phase transformation. The 

quantification of carriers in films thinner than 10nm would require a calibration curve obtained 

at the same thickness and same material present underneath. As the mechanical response of 

a heterogeneous system depends on the elastic properties of the materials present and also 

their configuration during the resistance measurement i.e. soft film on hard substrate or hard 

film on soft substrate26, the limitation arising from the increase in Rprobe-contact (below 10nm in 

figure 5b) might vary for a different system. Since SiO2 is softer than Si, we expect that a better 

tolerance is achievable i.e. no increase in Rprobe-contact even below 10nm if a material harder 

than Si is placed underneath. The extension of this technique towards 3D devices, which have 

multiple interfaces, becomes more complex as the electrical response of the probed region 

will depend on the mechanical properties of the surrounding material (or combination of 

different materials).  
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Conclusion 

In this work we have conducted a detailed study to understand the role of various resistive 

components that can affect SSRM measurements on 2D confined volumes. We have shown 

that the interface traps are the main contributor to the observed increase in resistance in thin 

layers. The reason for this was found to be the formation of a depletion region near the 

interface whose thickness varies with Si film thickness and original carrier concentration, 

ultimately leading to very high measured resistances obscuring the spreading resistance. The 

intrinsic resistance of the sample affects the SSRM measurements as well, although less 

significant. Furthermore, we observed that for a thin film, the dominance of Rspr can be ensured 

by maintaining the ratio of film thickness to probe contact larger than 9 in case the back contact 

is located 1um away from the area of interest. This implies that, in order to probe a very thin 

layer quantitatively, the probe radius must be at least 9 times smaller than the film thickness 

or by placing the back contact closer. Additionally, Rprobe-contact is shown to increase significantly 

below 10nm thickness in the Si/SiO2 system. This effect is attributed to the change in the 

mechanical response of the system towards the ß-Sn phase transformation and thus Rprobe-

contact depends on the thickness of the Si layer and on the elastic properties of the 

underlying/surrounding material. Overall, we have shown that many different phenomena play 

when performing SSRM measurements on confined volumes and hence, we need to be 

careful in interpreting the SSRM data originating from state-of-the-art devices.  
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