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We investigated the impact of current spreading on the resistance of short-range connections 

by performing simulations in Synopsys Sentaurus, based on a calibrated resistivity model. 

As a main case study, we considered Vertical-Horizontal-Vertical (VHV) connections, a 

novel cell routing architecture based on a two-level middle-of-line scheme, that has been 

proposed to boost the routing of 4-Track standard cells beyond the 2nm technology node. 

We analyzed the impact of vias and line geometry on VHV link resistance and we found that 

low aspect ratios (AR) lines are needed to minimize the average cell resistance. We 

performed extensive resistance simulations of various short-range connections schemes, 

beyond VHV links. We concluded that large AR lines are detrimental in all cases in which 

the link resistance is dominated by the vias. Finally, we show that ignoring current spreading 

can lead to a significant miscalculation of the link resistance in such scenarios.   

mailto:davide.tierno@imec.be


 Resistance modeling of short-range connections: impact of current spreading 

2 

1. Introduction 

To ensure the continuation of Moore’s law, it is critical to shrink the area of standard cells 

(SDC) by reducing both gate and metal pitches, which define SDC height and width, 

respectively [1, 2]. Although, due to fundamental physical limitations [3], it is becoming 

challenging to further reduce the height of each track (T), technology boosters such the fork-

sheet device architecture [4, 5], Buried Power Rail [6, 7] and Self-Aligned Gate Contacts [8, 

9] are expected to enable 5T SDC and eventually 4T SDC. Nonetheless, other challenges 

remain [10–13]. In fact, whereas in a 5T SDC a classical Horizontal Vertical Horizontal 

(HVH) routing approach could still be implemented, beyond that (i.e., for 4T SDC) such a 

scheme would leave a very small accessibility window for input and output pins, as visible 

in Fig. 1a. In fact, in a standard HVH approach, the first back-end-of-line (BEOL) metal 

levels are along the horizontal (Mint), Vertical (M1) and Horizontal (M2) direction, 

respectively, with M2 being the first metal level used for place and route. The solution 

proposed to augment pin accessibility relies on implementing a Vertical-Horizontal-Vertical 

routing scheme [14-16], hence by accessing the pins along the horizontal direction (Fig.1b), 

i.e., along the side of the SDC that has a larger aperture. This is achieved by introducing an 

additional vertical middle-of-line MOL layer (M0B in Fig. 1c) that is used for intra-cell 

routing, hence absorbing the BEOL M1 layers in the MOL. Eventually, M1 becomes the 

first metal level available for place and route, making more than 4 pins available for inter-

cell routing in a 4T SDC. The intra-cell routing is realized by additional vias, V0A and VintB 

that are used to connect M0B to front-end-of-line (FEOL) devices and to Mint, respectively. 

Chehab et al. performed a block-level analysis of a 2-level 4T-VHV scheme and showed it 

can achieve a 21% higher Power-Performance-Area (PPA) compared to the traditional 5T-

HVH FSH architecture [14]. Hence, VHV are a key scaling booster to enable 4T SDC for 

technology nodes beyond 2 nm [14-16]. In this work we first evaluate the impact of VHV 

link geometry, i.e., the dimensions of V0A, M0B and VintB, on the VHV Link Resistance 

(RLink) and SDC Resistance (RSDC). As the SDC dimensions keep scaling, and metal lines 

become shorter, RLink starts to be strongly impacted by current spreading (CS) [17]; the main 

consequence is that large AR lines do not always result in lower link resistance values. 

Eventually, in addition to [15], we performed an extensive study beyond the specific case of 

VHV links, highlighting the role of line CD and length on current spreading, providing a 
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general framework to optimize and properly evaluate the resistance of novel MOL and 

BEOL connection schemes, e.g., hybrid heights schemes [18, 19].  

2. Modelling of VHV links resistance 

2.1 VHV model description 

We generated a 3D model of an entire SDC with VHV links using Sentaurus Workbench® 

[20] (SWB) by implementing a semi-damascene integration flow (Fig. 2) [21-24]. A 

barrierless Ru metallization scheme was used for all the constituting elements of the VHV 

and Mint. The reliability of such an integration scheme for Ru has been experimentally 

demonstrated [25]. Potentially, other metallization schemes based on barrierless alternative 

metals can be used instead of or in combination with Ru [26]. In this study we focused on 

Ru only because the objective was to assess solely the impact of geometry on RLink and RSDC, 

as defined in Eq. (1) and Eq. (2), respectively:  

𝑅𝐿𝑖𝑛𝑘 =   𝑅𝑉0𝐴 +  𝑅𝑀0𝐵 + 𝑅𝑉𝑖𝑛𝑡𝐵  (1) 

𝑅𝑆𝐷𝐶 =  ∑ 𝑅𝐿𝑖𝑛𝑘
𝑖

𝑛

𝑖 = 1

(2) 

 

Fig. 1 Top view of a 4T SDC with (a) HVH and (b) VHV routing schemes. (c) and (d) 

Cross sections of a VHV link along the c and d lines drawn in (b) along Mint and M0B 

respectively. 
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Hence, RLink refers to the collective resistance of the three constituting elements (RV0A, RM0B, 

RVintB) of the novel MOL connection scheme, as indicated also in Fig. 1c and Fig. 1d by 

means of a dashed line. Neither the resistance of the FEOL devices nor the contribution of 

Mint is evaluated. RSDC is the sum of all the links within a standard cell. The critical 

dimensions (CD) of V0A (12nm), M0B (17nm) and VintB (8nm) are fixed and determined 

by gate and metal pitch assumptions representative for a 2nm logic technology node. The 

lengths of the M0B lines are also fixed: 80% are 18.5nm-, 15% are 50.5nm- and 5% are 

178nm-long. The percentages refer to the occurrence of the three M0B lengths across all the 

SDCs in the design library used in [14].  

A complete overview of VHV dimensions is provided in Table I. As a consequence, the only 

free parameters that can be varied to optimize (i.e. minimize) RLink are the heights of the two 

vias and (HV0A, HVintB) and of the line (HM0B). For each M0B length, full 3D simulations 

were performed in Synopsys Sentaurus, using a calibrated resistivity model [17, 27, 28]. The 

model was calibrated using experimental Ru data [21, 24]. Rlink was evaluated for a wide 

 

Fig. 2 SWB-generated 3D model of a VHV link (dielectric elements not shown) with 

links with (a) 18.5nm-long, (b) 50.5nm-long and (c) 178nm-long M0B lines.  C1 and 

C2 indicate the positions of the contacts between which RLink was evaluated. 
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range of HV0A, HVintB and HM0B values, that are listed in Table I. A sensitivity analysis of the 

results with respect to mesh size was carried out to validate our settings for the simulations 

that are reported in the following section. 

 

Fig. 3 Resistance of VHV Links with (a) 18.5nm-, (b) 50.5nm- and (c) 178nm-long M0B 

lines for various HM0B values. For all the three cases, HVintB and HV0A were set to 4nm and 

8nm, respectively.  

2.2 Discussions of the simulation results 

The link resistance (RLink) for each of the three M0B lengths is shown in Fig. 3 as a function 

of M0B height, for a selected pair of V0A and VintB heights. Coherently with the definition 

of RLink in Eq. (1), the contacts were placed at the interface between Mint and VintB (C1 in 

Fig. 2b) and at the interface between V0A and the FEOL (C2 in Fig. 2b). The analysis is 

limited to the smallest HV0A and HVintB values in order to emphasize the impact of HM0B, and 

thus of the line AR, while minimizing the impact of the vias on RLink. We observed a negative 

correlation between RLink and HM0B for 50.5nm- (Fig. 3b) and 178nm-lines (Fig. 3c) but, 

unexpectedly, a positive correlation for the 18.5nm-long lines (Fig. 3a). The different 

response obtained for the three lengths of M0B is better understood by analyzing the current 

density and potential distribution within the lines. The cross-sectional plots of the shortest 

and tallest 178nm-long M0B lines are shown in Fig. 4a and Fig.4b, respectively. In both 

cases, the current density is very uniform along the line length and the potential is uniformly 

distributed, indicating that the current flows mainly parallel to the line-length.  
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Fig. 4 Current density distribution within VHV Links with (a), (b) 18.5nm- and (c), (d) 

178nm-long M0B lines. The black lines depict equipotential voltage values between the 

two ends of the VHV Link. The two extreme values for HM0B are shown for the two M0B 

lengths, i.e. 8 nm in (a) and (c), 36 nm in (b) and (d). The red arrows clearly highlight the 

main direction of the current flow, i.e. parallel to M0B length in (a) and (b) and orthogonal 

to M0B length in (c) and (d). 

A quite different response is instead observed for links with 18.5nm-long M0B lines, that 

are shown in Fig. 4c and Fig. 4d for HM0B = 8 nm and HM0B = 36nm, respectively. In fact, it 

can be seen that the current density as well as the voltage varies mainly along the height of 

the structure, i.e. orthogonal to the line length. Hence, by increasing the height of M0B the 

current path is also increased and so the link resistance. In these links, we clearly observed 

a large impact of current spreading [17], visible in a 10x increase in current density between 

the via-like conjunction points and the dead-end edges of the line (dark blue areas in Fig. 4c 

and Fig. 4d). To summarize, we observed two competing behaviors for the two (three) M0B 

line lengths, in VHV links with shorter M0B lines, RLink is dominated by VintB and V0A 

resistances (RVias), with M0B behaving like a third via in between. Moreover, we observed 

a large current spreading effect, i.e. a not uniform current density at the via-line conjunction 

points. For links with longer M0B lines instead, line resistance becomes the dominant 

contribution to RLink, hence benefiting from large HM0B values, i.e. larger line AR. Finally, 

we explicitly investigated the impact of HV0A and HVintB on RLink, as shown in Fig.5, by 

increasing the height of the two vias, RLink increases for all line lengths. In links with 178nm-

HM0B = 

36 nm

HM0B = 

8 nm

Current Density

[a.u.]

J

J

(c) (d)

J

HM0B = 8 nm

Current Density 

[a.u.]

HM0B = 36 nm

J

(a)

(b)



 Resistance modeling of short-range connections: impact of current spreading 

7 

long lines, M0B remains the major contribution to RLink even for the largest HV0A and HVintB 

values, while the via-like behavior observed for systems with 18.5nm-long M0B lines, is 

enhanced by increasing the height of the two vias. It should be noted that VintB has a larger 

impact than V0A on RLink due to the smaller dimensions of the former. Hence, we concluded 

that HV0A and HVintB should be maintained as short as possible to minimize RLink. 

 

Fig. 5 Resistance of VHV Links with (a) 18.5nm-, (b) 50.5nm- and (c) 178nm- M0B lines. 

With respect Fig. 3, all HV0A and HVint values listed in Table I are plotted. The variation of 

HV0A and HVint does not alter the opposite behaviors observed for links with 18.5nm- and 

178nm-long M0B lines. (d) Weighted Average Cell Resistance (RSDC) based on Eq. (3). 

2.2.1 Overall Cell Resistance Optimization 

In order to find the optimal M0B height value that minimize the resistance value of the 

overall standard cell (RSDC), we calculated the weighted cell resistance considering the line 
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lengths distribution across all SDCs: 

RSDC = 0.8 ∙ Rlink
18.5nm + 0.15 ∙ Rlink

50.5nm ∙ 0.05 × Rlink
178nm (3) 

As shown in Fig. 5d, RSDC can be minimized for small HM0B values, i.e. HM0B∈ [12, 24] nm, 

and thus for low AR (ARHM0B ∈ [0.7, 1.4]). Such unexpected outcome is caused by the 

overwhelming presence (80%) of links with 18.5nm-long M0B lines. It should also be noted 

that for different length distributions, different minima are observed.  

 

3. Extensive study beyond VHV links 

3.1 Description of the upgraded model 

Eventually, we performed an extensive study by varying all the geometrical parameters 

of the via-line-via system, i.e. line and vias CD, line and vias height and line length in our 

Synopsys Sentaurus 3D model. The only simplification we made was to use the same CD 

for the line and the two vias in order to facilitate the assessment of their impact on the 

resistance of the link. The objective of upgrading the model was to better understand the 

impact of vias resistance and current spreading on short connections, as well as developing 

a framework that can be used beyond VHV links, e.g. for hybrid-height lines [18, 19]. The 

full set of dimensions is reported in Table II. The considered CDs are relevant for metal 

pitches ranging from 40 nm to 16 nm, i.e. for technology nodes down to A2 [30]. The 

extended study confirmed the substantial impact of RVias on RLink when lines are shorter than 

50nm. However, the outcome varies significantly depending on the CD of the line (and vias). 

In Fig. 6, the resistance values of links with various CDs and line lengths are plotted. For all 

CDs we observed the same two competing behaviors discussed above for VHV links: as the 

line length becomes shorter, large line AR are detrimental for the overall link resistance. In 

other words, whenever the line is “sufficiently short”, small AR should be preferred to 

minimize the link resistance.  
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Fig. 6 Resistance of via-line-via links with (a) CD = 8 nm, (b) CD = 12 nm, (c) CD = 14 

nm and (d) CD = 20 nm against the line AR. For all CDs, the two competing behaviors 

discussed in Fig. 3 for VHV links are visible. The orange empty symbols indicate the line 

length for which the resistance of the line becomes dominant over RVias and an increase in 

AR becomes beneficial for the overall link resistance.   

As discussed above, we attribute the via-like behavior of short lines to the fact that current 

flows mainly orthogonal to the line length due to current spreading at the via-line junction 

points. Interestingly, we noticed that for the smaller CDs the via-like behavior appears to be 

negligible for very short lines (see Fig. 6a). Such a difference can be explained with the large 

increase in metal resistivity as feature sizes decrease [27, 29]. In fact, the smaller the line 

CD, the larger the line resistance (for a given length), the larger its impact on the link 

resistance. On the contrary, as the line contribution decreases the direct impact of vias on 

link resistance becomes dominant. For example, 20nm-CD lines exhibit the via-like behavior 

for all the simulated lengths up to 100 nm (Fig. 6d). Finally, it should be noted that the trends 

we observed, although studied for a wide range of CDs and lengths, are valid for the systems 

with a VHV-like configuration, i.e. with the two vias at opposite sides and at opposite ends 
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of the metal line. We expect the magnitude of the effect to be larger if the vias were to be on 

the same side of the metal line [31]. 

 

3.2 Sizing the effect of current spreading 

All the cases considered and discussed so far show that, when dealing with a routing 

scheme based on a (short) line in between two vias, the overall link resistance does not 

correspond to the arithmetic sum of the resistances of the individual components, taken 

separately. In such systems, the current flows orthogonal to the line length rather than along 

it, mainly due to current spreading (see Fig. 4). Moreover, the current density within the line 

is quite not uniform and not the entire volume of the metal lines is fully used, resulting in a 

twisted current path that is difficult to predict a priori. Consequently, the effective resistance 

differs from the nominal one, given by the arithmetic sum of the resistances of the individual 

components. Based on the simulations performed in the extensive studied, we quantified the 

difference between the nominal and the effective (RLink) resistance for the line-via-line 

system. The nominal resistance (RNominal) is defined as follows: 

𝑅𝑁𝑜𝑚𝑖𝑛𝑎𝑙 =  𝑅𝑙𝑖𝑛𝑒 +  𝑅𝑣𝑖𝑎
𝑏𝑜𝑡𝑡𝑜𝑚 +  𝑅𝑣𝑖𝑎

𝑡𝑜𝑝    (4) 

where 𝑅𝑙𝑖𝑛𝑒, 𝑅𝑣𝑖𝑎
𝑏𝑜𝑡𝑡𝑜𝑚 and 𝑅𝑣𝑖𝑎

𝑡𝑜𝑝
 are the resistance values for the line, top and bottom vias, 

respectively, obtained by simulating the resistance of the individual elements. In Fig. 7a, we 

plotted the ratio between the two values (RLink/RNominal) for the entire data set. We observed 

(again) a large impact of line AR and line length on RLink/RNominal, resulting in the 

overestimation or underestimation of the link resistance. On the one hand, we observed that 

RLink is larger than RNominal for shorter-, large AR-lines; for example, for systems with a 

20nm-long line and AR 6, RLink is 30% larger on average than the expected RNominal. Such 

an underestimation of RLink may have a significant impact on system performances. On the 

other hand, AR 1 lines result in RLink values smaller RNominal for similar lengths. As expected, 

the difference diminishes significantly for longer metal lines; the difference is ~5% for 

systems with 600nm-long lines and AR < 6. Interestingly, the smallest difference between 

RLink and RNominal is observed AR 2 lines. We expect the difference to become entirely 

negligible for lines longer than 1 µm (0.99 < RLink/RNominal < 1.01) [31]. As discussed above, 

the impact of current spreading depends on the feature size as well, as visible by comparing 
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Fig. 7b and Fig. 7c, that show the analysis done for the smallest (8 nm) and largest (20 nm) 

simulated CD. 

 

4. Conclusions 

We performed an extensive study on various short-range connection schemes and 

concluded that, depending on the link length, large AR metal lines can be detrimental when 

the resistance is dominated by the vias. In fact, current spreading strongly impacts current 

flow at via-line conjunction points and hence the current path. The most noticeable effect is 

the via-like behavior observed for short lines. Consequently, the effective resistance differs 

from the nominal one, given by the arithmetic sum of the resistances of the individual 

components. In the simplified approach that is typically used, the current is simply assumed 

to flow along the via/line with a 90° turn when crossing from one element into the other but 

in reality, that is not the case. As the length of the metal line increases, the impact of current 

spreading diminishes and the RLink/RNominal ratio tends to 1, i.e. the two values coincide. 

Finally, we showed that neglecting this effect in such scenarios can lead to a significant 

miscalculation of the resistance of short-rage connections that may have an impact on system 

performances. 
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Fig. 7 Ratio between effective and nominal link resistance (see Eq. (4)) for various line 

lengths and line AR. The RLink/RNominal ratio quantifies the impact of current spreading on 

link resistance. The RLink/RNominal is shown for (a) the entire data set, (b) for systems with 

8nm-wide features and (c) for systems with 20nm-wide features. 
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line lengths and line AR. The RLink/RNominal ratio quantifies the impact of current 
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Table I.  Dimensions of the constituting elements of the VHV links   

 

Element CD [nm] Simulated Height Values [nm] 

V0A 12 8, 12, 16 

VintB 8 4, 12, 16 

M0B 17 

8, 10, 11, 12, 13, 14, 15, 16,  

17, 18, 19, 20, 21, 22, 23, 24,  

26, 28, 30, 32, 34, 36 

 

Table II.  Dimensions of the constituting elements of the generic via-line-via links 

used for the extensive study. 

  

Element CD [nm] Length AR 

Line 
8, 10, 12, 14, 

16, 18, 20 

20, 30, 40, 50, 75, 

100, 200, 400, 600 
1, 2, 3, 6 

Top Via 
8, 10, 12, 14, 

16, 18, 20 
 1, 2, 4 

Bottom Via 
8, 10, 12, 14, 

16, 18, 20 
 1, 2, 4 

 


