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Abstract 

 

Thin-film polymer microelectrode arrays (MEAs) facilitate the high-resolution neural recording 

with its superior mechanical compliance. However, the densely packed electrodes and 

interconnects along with the ultra-thin polymeric encapsulation/substrate layers give rise to 

non-negligible crosstalk, which could result in severe interference in the neural signal recording. 

Due to the lack of standardized characterization or modeling of crosstalk in neural electrode 

arrays, to date, crosstalk in polymer MEAs remains poorly understood. In this work, the 

crosstalk between two adjacent polymer microelectrodes is measured experimentally and 

modeled using equivalent circuits. Importantly, this study demonstrated a two-well measuring 

platform and systematically characterized the crosstalk in polymer microelectrodes with true 

isolation of the victim channel and precise control of its grounding condition. A simple, unified 

equation from detailed circuit modeling was proposed to calculate the crosstalk in different 

environments.  Finite element analysis (FEA) analysis was conducted further to explore the 

crosstalk in more aggressively scaled polymer electrode threads.  In addition to standardizing 

neural electrode array crosstalk characterization, this study not only reveals the dependence of 

the crosstalk in polymer MEAs on a variety of key device parameters but also provides general 

guidelines for the design of thin polymer MEAs for high-quality neural signal recording. 
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1. Introduction 

Thin-film polymer microelectrode array (MEA) has emerged as an increasingly 

important device in neuroscience and neural engineering by enabling the measurement of 

neuronal activities through a more mechanically compliant substrate to the soft tissue[1-3]. For 

example, researchers at Neuralink have recently developed flexible electrode “threads” with 

over thousands of electrodes, which can be implanted into the brain and target specific brain 

regions for signal recording[4]. Continued research on the polymer MEA, which includes 

higher electrode densities, larger channel count, and better-optimized encapsulation/substrate 

layers and device footprint, is essential for achieving the desired performance, such as its spatial 

resolution, signal quality, information throughput, and chronic biocompatibility[5-8]. However, 

densely packed, ever-increasing numbers of microelectrodes and interconnects in scaled MEAs 

will lead to signal crosstalk, which can cause severe interference in the signal recording[9]. In 

the state-of-art silicon (Si)-based neural probe design, the crosstalk coefficient ranging from 

0.006% to 8% has been reported, while crosstalk larger than 1% is considered as non-negligible 

in the neural signal recording[10-17]. The situation could be even worse for polymer MEAs, 

due to the limited insulation properties of polymer materials and thin encapsulation/substrate 

layers they require to achieve the mechanical compliance. While there has been existing 

crosstalk studies on Si-based neural devices, crosstalk was rarely reported in polymer MEAs. 

Moreover, how different device parameters affect the crosstalk in polymer MEAs remains also 

largely unknown to date.   

In literature, different methods are adopted to analyze the crosstalk in Si probes. 

Equivalent circuits of two parallel metal traces have been developed in multiple studies for 

analyzing the crosstalk in Si probes[11, 12]. In those circuit models, crosstalk can be 

theoretically modeled by considering the different impedances involved in the recording path, 

such as the electrode impedance, amplifier input impedance, trace shunting impedance and the 



  

4 
 

most important, coupling impedance between the lines. These impedances can be measured 

experimentally to derive the crosstalk[9]. Crosstalk can also be experimentally quantified by 

having electrical signals input to one channel and recording from the adjacent channel[10, 12]. 

However, due to the lack of a local micro-scale signal generator (a bench-test equivalent to a 

neuron), it has been challenging to measure the exact crosstalk values from real devices or test 

structures and validate the accuracy of the crosstalk circuit modeling. Moreover, different 

studies have quantified crosstalk in different individual environments, such as in the air or a 

saline solution. However, none of the prior studies have considered the fact that the crosstalk is 

affected by different electrode grounding conditions and included this consideration into the 

modeling and characterization towards the more accurate prediction of crosstalk in vivo. 

Specifically, in real in vivo settings, the victim electrodes are not grounded or encapsulated by 

insulators like in typical Si probe studies due to that they are also meant to record neuronal 

signals. In general, there is no standardized characterization or modeling of crosstalk in neural 

electrode arrays, regardless of their types. 

In this work, we holistically studied the crosstalk between adjacent microelectrodes in 

a thin Kapton thread from cross-examining newly-enabled theoretical and experimental results.  

First, with a novel two-well, three-environment setup, we systematically measured the crosstalk 

between two flexible microelectrodes with true isolation of the victim channel from the signal 

input from the two wells, and as a function of different interconnect distances, different 

thicknesses of the SU8 encapsulation layer, as well as different grounding conditions the victim 

channel is placed in, namely dry, floating wet and wet with varying shunt impedances.  We then 

modeled the crosstalk by equivalent circuits under a unified framework using the coupling 

impedance between electrodes and their interconnects, which was further validated by the 

frequency dependence of the experimental crosstalk results from the two-well setup and three 

different environments. We further leveraged Finite Element Analysis (FEA) to simulate the 
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coupling impedance between electrodes and their interconnects and predicted the crosstalk in 

more aggressively scaled polymer MEAs at in vivo settings as a function of key device 

parameters. This study not only standardizes the crosstalk evaluation for general MEAs but also 

specifically sheds light on the dependence of the crosstalk in polymer MEAs on a variety of 

important device parameters and provides the guidelines to the design of polymer MEAs for 

high-quality neural interfaces.  

 
2. Results and discussion 

2.1. The Two-Well Setup  

To investigate the crosstalk from electrodes on polymer MEAs, we fabricated two 

adjacent microelectrodes on a Kapton substrate with SU8 encapsulation as a model system. 

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was electro-deposited 

on the Au electrode site to reduce the site impedance to values relevant to practical 

neuroelectrodes. The lengths of the interconnect of the two model electrodes are different to 

isolate the input signals to only one of them. The two electrodes were then placed into a 

customized measurement platform to measure the crosstalk (Figure 1a, b). The measurement 

platform consists of two polycarbonate wells, with O-rings placed on the top of the well to 

prevent any leakages when containing liquid solutions. Figure S1 in ESM shows optical 

images of the measurement setup. Although crosstalk from Si probes and circuit modeling has 

been widely reported in previous studies, the measurement often incurs fabrication of test 

devices with the victim channel electrodes encapsulated or grounded, which miss-counted the 

coupling from the electrode site impedance. However, as a matter of fact, the victim electrode 

is also functional in the real in vivo settings, not grounded or encapsulated.  The crosstalk values 

are also reported either in air ambient or saline without consistent standards regarding the 

victim-electrode grounding[11, 12]. The customized two-well platform in the present study 

enables measuring the crosstalk with true isolation of the victim channel from the signal input 
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and precise control of its grounding condition separately. Specifically, as shown in Figure 1a, 

the electrode with a shorter trace (victim trace) resided in Well 1, and the electrode with a longer 

trace (aggressor trace) was inside Well 2. The length of the trace overlap is fixed to be 14 mm 

for this study, while the two wells have the same diameters of 14.5 mm to contain the major 

trace overlap in Well 2. The length of trace overlap outside the Well 2 did not exceed 1 mm 

throughout the measurement to ensure the accuracy of the result. Test signals were input into 

Well 2 while both contact pads of the two electrodes were connected to different channels of 

the data acquisition system (DAQ). As only the site of the aggressor electrode was inside Well 

2, the output from the victim electrode will not include the input signals but only the crosstalk 

from the aggressor electrode. The overlapping part of two electrode traces is primarily placed 

in Well 1, where its environment can be controlled from different grounding. The site area is 

6400 μm2 (80×80 μm2) for both microelectrodes, while the gap between the two traces and the 

thicknesses of SU8 layer are varied to examine their effects. The impedance of the electrode is 

about 10 kΩ after PEDOT: PSS coating. Data acquired from the pad connected with the victim 

trace therefore yields the crosstalk signal in controlled environments (Figure 1c).  

Characterizing the crosstalk effect of high-density, multi-electrode arrays using electrical 

signals is challenging considering the electrode spacings which are usually too small to isolate 

the input to a single channel. Thus, determining crosstalk effect using the simple 2-trace system 

with the 2-well measuring platform will be helpful in predicting the crosstalk for the real 

devices and guiding the device design. The 2-well platform can also be customized to test the 

devices with different shapes such as the ones with curved or multi-crossed interconnects. 

In this study, we have investigated the crosstalk effect in environments of dry, floating 

wet, and wet with shunt conditions, respectively, where dry environment means the medium in 

Well 1 is air while floating wet environment indicates there is PBS solution in Well 1 with  

floating ground. If the PBS solution in Well 1 is connected to the ground through certain 

resistance (Zsh), we name it as wet with shunt condition. These three different environments 
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cover all the grounding scenarios a microelectrode might experience during signal recording 

from the bench testing to in vivo settings. Therefore, measuring the crosstalk from all three 

environments is important to derive the comprehensive crosstalk information from the devices. 

Specifically, crosstalk in dry condition is measured when the victim electrode and 

interconnects are placed in air ambient. In the in vivo setting, this scenario can resemble 

crosstalk from the non implanted electrodes. While theoretically being an open circuit, non-

implanted electrodes may record similar neural signals as in implanted ones if there is a strong 

crosstalk effect. Crosstalk in floating wet condition is measured when the victim electrode and 

overlapping interconnects are immersed in PBS solution with no ground connections (floating 

ground). For in vivo, it represents the crosstalk from the implanted electrodes with no or poor 

grounding connections made on the implanting model. The last environment, namely the wet 

condition with a shunt is really designed to mimic the realistic in vivo recording environment, 

where the electrodes are operating in wet tissue with a certain impedance between the victim 

trace electrode and the ground[18, 19]. Notably, the wet with shunt condition also includes the 

circuit components in dry conditions, as certain devices may have densely-packed interconnects 

that will be left outside the tissue during the recording.  

 

2.2. Equivalent circuits 

To understand the crosstalk from the two-well measurements, we performed an 

equivalent circuit analysis of the three different environments in Well 1. The equivalent circuit 

elements include the intrinsic coupling impedance between the two electrode traces inside the 

encapsulation layer (Zdry), the impedance from electrode trace to the wet medium through the 

encapsulation layer (Zwet), electrode site impedance (Zs), amplifier input impedance (Zin)  and 

shunt impedance (Zsh). Solution resistance (Zsol) is also included but considered negligible in 

the circuit modelling. The equivalent circuits for the three environments are different, as shown 

in Figure 2a and 2b, resulted from these different electrical settings. Here, the definition of the 
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crosstalk is the root mean square (RMS) of output signal amplitude (Vo2) from the victim trace 

divided by the RMS of input signal amplitude to the aggressor trace (Vi1). Simplified equations 

from the equivalent circuits for calculating crosstalk are summarized in Figure 2c. The 

assumption here includes a much smaller electrode site impedance (Zs) compared to the Zwet 

and Zin. Interestingly, the equations of all three environments can be unified under the coupling 

impedance (Zc) between the two electrodes and their interconnects in Well 1, as below. 

                                     𝐶𝑟𝑜𝑠𝑠𝑡𝑎𝑙𝑘 =  
𝑍𝑖𝑛||𝑍𝑠ℎ

𝑍𝑖𝑛||𝑍𝑠ℎ+𝑍𝑐
                                   (1) 

Here Zc represents different circuit elements in the three different environments 

(Figure  2c). In the dry environment, this coupling impedance only originates from the SU8 

encapsulation layer and the two electrode traces in Well 1; thus Zc equals to Zdry (assuming that 

the impedance from the air is infinite). While in the other two environments, Zc is contributed 

not only from Zdry, but also from the additional impedances due to the surrounding PBS solution, 

which includes the Zwet and Zs, the latter of which can be neglected with high-performance 

MEAs. Zc can be experimentally measured using a potentiostat with a two-electrode 

configuration, while the input impedance (Zin) comes from the data acquisition system and can 

be measured too. Zc highly depends on the encapsulation layer and device substrates, including 

the types and thicknesses of the materials. If Zs and Zsh are both non-negligible, the circuit result 

will become more complicated than Equation 1 and the crosstalk value will eventually be 

influenced by both of these two values. 

It’s also worthwhile to note that the circuit modeling here is also applicable to other 

MEAs, such as conventional Si probes. Compared to the circuit modeling in previous work, 

here we considered for the first time victim electrode shunt paths and their changes from 

different grounding conditions to study the crosstalk effect. While some of the previous work 

modelled the recording path with victim channel grounded and derived the simplified crosstalk 

equations for the Si probes[11, 12], the circuit modelling and hence the crosstalk value will be 
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significantly different if a non-negligible shunt impedance (Zsh) is present, which is likely the 

case in vivo. Thus, we propose the circuit modelling in wet with shunt condition should be 

adopted as the standard for characterizing the in vivo crosstalk of general microelectrode arrays 

since all the necessary circuit elements in the real in vivo setting are considered and well-placed. 

In this study, we also expeirmentally validated this victim-shunt-incorporated crosstalk 

modeling through changing the different grounding conditions and shunt resistances in Well 1 

which hosted the victim electrode, as shown in the following analysis. 

 

 

2.3. Crosstalk analysis 

To quantify the crosstalk in polymer MEAs and understand its physics, the crosstalk 

measured from the two-well setup and modeled from the equivalent circuits was compared. The 

electrode with the longer interconnect  (aggressor trace) was connected to the working electrode 

while the electrode with the shorter interconnect (victim trace) was connected to the counter 

electrode to measure the total coupling impedance (Zc) in both dry (air in Well 1) and wet (PBS 

in Well 1) environments. The input impedance Zin was measured to be 13 MΩ consistently in 

the Intan recording system, which we leveraged as the data acquisition system to measure 

signals. Impedance was always measured at 1 kHz if not specified. Impedance at 1 kHz has 

been widely accepted for characterizing neural electrodes[20, 21]. Zsh was added to the 

measuring system using DC resistors from 47 kΩ to 2 MΩ, which covers a wide range of the 

in vivo microelectrode shunt impedance to the ground[22]. For all three environments, the 

measured and calculated crosstalk reveals high consistency with each other across a wide band 

of frequencies from 1 Hz to 5000 Hz. While it might not be an apparent trend for dry and wet 

environments, the frequency dependence of the crosstalk can be clearly observed when the 

shunt impedance is included in the system (Figure 3a, b). The crosstalk increases with both 
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higher frequency and higher shunt impedance, indicating the threat of the crosstalk effect rises 

with higher-frequency band signal recording and poorer grounding.  

These dependencies on both shunt impedance and frequency can be explained by the 

equivalent circuit models we have developed (Figure 2). For shunt, if assuming Zsh is much 

smaller than the input impedance Zin, the crosstalk equation can be further simplified to 

1/(1+Zc/Zsh), which is consistent with the observed trend – higher Zsh leading to increasing 

crosstalk. This trend implies the significance of having a low-impedance path from the 

microelectrodes to the ground in terms of decreasing the crosstalk effect.  On the other hand, 

the circuit elements in the crosstalk equation, namely Zin and Zc, are both frequency-dependent. 

Zin originates from the parasitic capacitance in the amplifier circuits, thus is inversely 

proportional to the frequency[23]. Zc is more complicated and environment-dependent. 

Experimental results indicate that Zc in both dry and wet environments are highly capacitive, as 

the exponents of the fitting curves in Figure 3c are both close to -1.  Overall, our circuit 

modeling demonstrates good consistency with the experimental results for crosstalk in all three 

environments and in a wide range of frequency, validating the accuracy of the crosstalk 

modeling using the proposed unified equation. In the device design, if one can measure or 

simulate the coupling impedance Zc and is aware of the values of Zin and Zsh, the crosstalk in all 

three environments can then be calculated. Since the desired parameters are not difficult to 

derive, the proposed crosstalk modeling can provide designers with the convenience and 

guidance to probe into the crosstalk effect at the device design stage.   

We further investigated how parameters such as the gap between neighboring 

interconnect and encapsulation layer thickness affect the crosstalk. As is known, device 

parameters can have a substantial influence on the crosstalk. To this end, we fabricated 

electrodes with different gaps between their interconnects ranging from 5 to 40 μm and different 

SU8 encapsulation thicknesses from 5 to 20 μm. The gap between the two traces exhibits a 
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different impact on the crosstalk in dry and wet environments (Figure S2a in ESM). The 

crosstalk in the dry environment decreases with larger gaps due to a larger Zdry, consistent with 

the modeling, as Zdry is highly capacitive. Meanwhile, we observed minimal change of the 

crosstalk in wet environments with various gaps, both with and without a shunt. This is also 

expected from our crosstalk equation since the total coupling impedance (Zc) in this case is 

dominated by the impedance from electrode traces to the PBS solution (Zwet), due to the much 

larger Zdry in parallel and negligible solution impedance (Zsol) in series. Since Zwet is mainly 

related to the thickness of the encapsulation layer, the crosstalk is not expected to change 

significantly with just the gap variation (Figure S2a in ESM). On the other hand, crosstalk 

shows opposite trends in dry and wet environments as a function of the SU8 thicknesses (Figure 

S2b in ESM). For the dry environment, Zdry decreases with a thicker SU8 layer, though only 

slightly, due to a larger capacitance between the traces from the fringing effect within the 

thicker SU8 layer, which eventually results in larger crosstalk. However, in wet environments 

both with and without a shunt, Zwet becomes larger with a thicker SU8 layer insulating the 

electrode traces due to decreased parallel-plate capacitance. The increase in Zwet leads to smaller 

crosstalk in wet environments due to a larger coupling impedance Zc (Figure S2c in ESM). In 

our measurements, the crosstalk in the floating wet environment has been the largest among all 

three environments. With a 10 μm gap and 5 μm SU8 thickness in our test devices, the crosstalk 

can reach 56% at 1 kHz in the floating wet condition, while the value of the other two 

environments stays below 20% (Figure S2b), showing clear differences. When the shunt 

impedance is included, the crosstalk becomes dependent on the given shunt impedance value, 

which can be even smaller than the crosstalk in dry condition if the shunt impedance is small. 

As we mentioned, in the real in vivo recording, the circuit scenario is closest to the wet with 

shunt condition, as the animals are usually grounded with external/internal reference electrodes 

that are not far away from the electrodes and some interconnect. Therefore, the shunt impedance 

from electrodes to the ground plays an important role in determining the crosstalk value.  
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2.4. Simulation of the coupling impedance and crosstalk prediction 

Flexible MEAs are now fabricated with highly scaled form factors, ultra-thin polymer 

layers and aggressive feature sizes to achieve better mechanical compliance to the tissue and 

higher density of electrodes. Though having the size and pitch of the electrodes comparable to 

the size of neurons (usually over 10 μm) is sufficient for achieving single-unit recording, it is 

necessary to scale the electrode interconnects to even sub-micron levels for realizing MEAs 

with high density and large throughput. State-of-art polymer MEAs with high densities and 

flexibility achieved electrode interconnects and spacings from 0.2 to 2 μm and polymer 

thicknesses both as the substrate and encapsulation layers from 0.8 to 2 μm[4, 24, 25]. Polymer 

MEAs have limited insulation capability from the polymer substrate and encapsulation layers 

compared to Si, silicon oxides, and nitrides, which are used to protect the Si-based MEAs[11]. 

Polymers such as Polyimide, Polydimethylsiloxane (PDMS), and Parylene C are also known 

for the degradation of insulation properties in long-term studies[26-28]. As a result, polymer 

MEAs are facing a more significant threat from crosstalk than the Si-based devices during 

scaling and miniaturization. 

To predict the crosstalk in polymer MEAs as they scale, it is highly beneficial to 

simulate the coupling impedance Zc. In this work, we utilized the COMSOL 5.2a Finite Element 

Analysis (FEA) software to conduct a series of simulations. A 2D model with customized mesh 

sizes was adopted, consisting of two electrode traces, the encapsulation layer, the substrate layer, 

and a large circular ambient with infinite element domain at the outer boundary (Figure S3 in 

ESM). The simulation protocol is to tie the input voltage to one electrode trace and ground one 

end of the other electrode trace. In this way, we can derive the electrostatic potential around the 

electrodes (Figure 4a). The coupling capacitance between the two traces was then derived and 

used to calculate the crosstalk in different environments. The microelectrode site impedance is 

assumed to be negligible in this simulation since the site impedance of high-performance MEAs 
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is normally much smaller than the coupling impedance (In our fabricated devices, averaged 

microelectrode impedance is 10 kΩ at 1 kHz, while the typical value of coupling impedance is 

over 5 MΩ). The accuracy of this simulation model was validated with the device parameters 

adopted in the previous experiments. Here, the model accuracy is defined as below: 

                                          𝑀𝑜𝑑𝑒𝑙 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = 1 −
|𝐶𝑠𝑖𝑚− 𝐶𝑒𝑥𝑝|

 𝐶𝑒𝑥𝑝
                                      (2) 

where Csim represents the simulation-derived crosstalk, and Cexp refers to the experimental 

results. 

The simulated crosstalk as a function of trace gaps and SU8 thicknesses shows similar 

value and trends with the experimental results, with an overall model accuracy above 90% 

(Figure 4b, c). The model accuracy deviates with smaller gaps due to the inaccurate 

computation at the model edges in the FEA analysis. A finer mesh size will increase the model 

accuracy but will elongate the simulation time. More detailed validation results, including the 

crosstalk simulation with various shunt impedances, can be found in Figure S4 in ESM.  

To further validate the accuracy of our crosstalk prediction at the nanoscale, we also 

sampled reported crosstalk values from state-of-the-art Si-based MEAs and conducted crosstalk 

simulation using their device parameters and the model developed here (Figure 4d). As details 

are shown in Table S1 in ESM, the simulated crosstalk results are comparable to the reported 

values, but some are with certain discrepancies. The accuracy of the simulation can be further 

improved by knowing more specific information from the reported devices. Also, in the 

simulation model, the device structure of the Si probes is usually simplified. The variations in 

the device parameters, structures and even adopted material properties could certainly cause the 

discrepancies in the simulations. 

With the confidence from the high model accuracy, we simulated the crosstalk with the 

change of trace gaps, SU8 thicknesses, and trace widths using nanoscale parameters. The 

selected trace gaps, SU8 thicknesses, and trace widths are from 0.1 to 1 μm, 0.15 to 1 μm, and 
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0.1 to 2 μm, respectively. The length of electrode traces is fixed to be 10 mm. All of these 

parameters are chosen based on the literature reporting state-of-art Si-based MEAs fabricated 

with complementary metal-oxide-semiconductor (CMOS) technologies[10, 13, 14]. Unlike the 

weak dependence in less-scaled devices, the crosstalk in scaled devices increases significantly 

with decreasing trace gaps for all dry, floating wet, and wet with shunt environments 

(Figure 4e), since Zwet is now comparable to Zdry, not dominating Zc anymore. The blue area 

with two dashed line boundaries in Figure 4e displays the fluctuation of the crosstalk with 

different shunt impedances ranging from 0.5 MΩ to 10 MΩ. Clearly, better grounding is highly 

beneficial for reducing the crosstalk in scaled MEAs. The SU8-encapsulation thickness 

dependence is also different than that of the less-scaled devices, mainly in wet conditions. 

Specifically, the crosstalk remains largely the same before the encapsulation gets ultra-scaled 

(in our simulation conditions, less than 300 nm), where a thinner SU8 layer increases the 

crosstalk in wet environments (both with and without a shunt) (Figure 4f). This invariance 

could be attributed to the opposite changes in Zdry and Zwet, which are at similar orders, with Zdry 

increasing with the thinner insulation due to the fringing effect and Zwet decreasing because of 

a larger capacitance between the trace and the wet medium.  Ultimately Zwet would dominate in 

the parallel network since it’s smaller, and its continued decrease as encapsulation thinning will 

lead to crosstalk rising. Some other device parameters have also been studied using the 

simulation model. For example, reducing the interconnect trace widths decreases the crosstalk 

in all three environments, as shown in Figure 4g, due to less fringing capacitance introduced. 

Larger Au layer thicknesses (from 50 to 300 nm) increase crosstalk (Figure 4h), while the 

change of Polyimide substrate thickness from 1 to 25 μm does not worsen the crosstalk 

(Figure 4i) at a given SU8 thickness of 500 nm, as the coupling impedance is dominated by the 

insulation layer. 

Finally, we conclude and propose the following guidelines on key device parameters 

around current fabrication feature sizes to minimize the crosstalk in scaled MEAs, especially 
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those polymer ones. We note that these guidelines are primarily from minimizing the crosstalk 

perspective at in vivo settings and should be cross considered with other desires in device 

performance, too, such as the electrode impedance, density, and chronic performance, etc. 

1. A highly important design consideration, perhaps more effective than tuning the 

device dimensional parameters in minimizing the crosstalk, and more critical in 

polymer MEAs than in Si probes, is to have proper electrode grounding, to minimize 

the victim channel’s shunt impedance and its influence. Local and even multiple 

grounds should be utilized for high-throughput devices with multiple electrodes. 

2. While it is conventional to have low electrode impedance in high performance 

MEAs, there are still controversies in whether impedance matters in neuronal 

recording[29]. The guideline above also indicates that low electrode impedance is 

still important, now for achieving small crosstalk, in addition to low noises. High 

electrode impedance is simply equivalent to poor grounding. 

3. From the interconnect and electrode density point of view, narrower interconnect 

width will lead to less crosstalk from reduced parallel-plate capacitance, thus is to 

the advantage of scaling, but narrower interconnect gap will increase crosstalk from 

elevated fringing capacitance. Eventually, one could co-scale the interconnect width 

and gap during electrode array scaling while not be penalized in the crosstalk.   

4. Decreasing interconnect thickness can serve as an effective means to reduce the 

crosstalk from decreasing the fringing capacitance between interconnect lines.   

5. Surprisingly, scaling down of the encapsulation or substrate thickness, even to the            

deep sub-micron regime, will not increase the crosstalk significantly, if the 

electrodes are of sufficiently low impedance and have access to proper grounding.  

This thickness independence can be leveraged to significantly scale down the entire 

thickness of the probe to reduce the insertion footprint and therefore reduce the acute 

tissue damage and improve the chronic biocompatibility.  Note that this thickness 
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scaling does have a limit when the interconnect impedance from the parallel plate 

coupling with the biofluid is approaching the channel shunt impedance. 

 

3. Conclusion  

In this work, we developed a novel two-well, three-environment platform, and 

holistically characterized the crosstalk in polymer MEAs with true isolation of the victim 

electrode. Equivalent circuit modeling unveiled the crosstalk effect originating from different 

circuit elements and generated a unified equation for calculating crosstalk in polymer MEAs 

under different electrode grounding conditions, namely dry, floating wet, and wet with a shunt. 

Systematic studies of the crosstalk in two adjacent electrode traces revealed that the crosstalk 

value matches well with the modeling in all different environments, validating our approach. 

Furthermore, we simulated the coupling impedance and predicted the crosstalk for nanoscale 

polymer MEAs, which provides the guidelines for designing thin-film polymer MEAs with 

minimal crosstalk. We propose here this coupling impedance-based crosstalk calculation in wet 

with shunt environment as the standard for characterizing the in vivo crosstalk of microelectrode 

array. We believe the crosstalk measurement and characterization demonstrated in this work is 

applicable to all polymer based MEAs and our conclusions can be extended to those devices as 

well. Future work will include the crosstalk dependence studies of different materials, long-

term crosstalk characterizations of various polymer MEAs, as well as the device designs to 

reduce the crosstalk effect on polymer MEAs. We believe the study here not only standardizes 

the crosstalk evaluation for general MEAs but also provides general guidelines for the design 

of polymer MEAs specifically for high-quality neural interfaces.  

 

4. Experimental Section  

Materials and Tools: All the chemicals used in this work were purchased from Thermo Fisher 

Scientific. All materials were used as received. The impedance measurement was conducted 
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using Gamry Potentiostat 600+ (Gamry Instruments). Crosstalk signals were acquired with 

Intan RHD2164 amplifier and 512-ch recording controller (Intan Technologies). MATLAB 

R2019a (Mathworks, Inc) was used for data processing. Device simulation was completed using 

COMSOL 5.2a (COMSOL, Inc). 

Device Fabrication: The fabrication began with the depositions of 5 nm of Cr and 70 nm of Au 

on the half-mil thick Kapton substrate, which were at the rates of 0.5 and 1 A/s, respectively. 

Photoresist (S1818, Shipley) spin-coated the Au layer using 3000 rpm for 30 s. Then, 

photolithography defined the electrode and interconnect patterns with UV exposure and 

development, followed by wet etching of Au and chromium layers with Au and chrome etchants, 

respectively. Acetone, isopropyl alcohol (IPA), and DI water removed the remaining 

photoresist. SU-8 2005/2010/2020 spin-coated the patterned Au electrodes using 3000 rpm for 

30 s for contact area isolation. After soft baking at 95 °C for 2 min, UV exposed the SU-8 for 

7 s, followed by a postexposure baking at 95 °C for 3 min. For development, sonication in SU-

8 developer for 30 s and rinsing with fresh SU-8 developer and IPA yielded clear SU-8 patterns. 

Hard bake at 200 °C for 20 min finalized the process. The thickness of SU-8 was from 5 μm to 

40 μm, with multiple time of SU8 spin-coating used for the thicknesses over 20 μm. The 

fabricated electrode had a 10 mm length, 100 μm width, and 2 mm × 2 mm contact pad size. 

PEDOT: PSS was then electroplated to the electrode surface for decreasing the impedance. We 

followed the electrodeposition process that has been described specifically in the previous 

work[30]. 

Crosstalk Measurement: The crosstalk measurement was conducted using the customized 

platform which includes 2 polycarbonate wells both with O-ring contact. The 2 electrodes were 

placed into the wells and secured using the O-rings on the top. The electrode site of the longer 

trace (Aggressor electrode) was placed in the well connected to the input sinewave signals 

provided by a Digilent function genarator (Digilent, Inc). The electrode site of the shorter trace 

(Victim electrode) was placed in the second well. PBS solution was used in both wells as the 
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medium to deliver the input signals and for the crosstalk measurement in wet environments. 

The contact pads of the 2 electrodes were connected to the Intan RHD 2164 amplifier and 512-

ch Intan recording controller for data sampling with the sampling frequency at 20 kHz. The 

collected data were then analyzed in MATLAB R2019a software to calculate the crosstalk 

coefficients. A picture of measurement setup is shown in Figure S1 in ESM for details. 

Impedance Measurement: Capacitance were derived with Gamry Potentiostat 600+ (Gamry 

Instrument) using a 2-electrode environment. The 2 electrodes were placed into the customized 

platform same as the crosstalk measurement, with PBS solutions added to both wells. The 

working electrode was connected to the Aggressor electrode while the counter electrode was 

connected to the victim electrode, also shorted to the reference electrode. The Electrochemical 

impedance spectroscopy (EIS) was then conducted with sweeping frequency from 1 to 100 kHz 

with a 10 mV RMS AC voltage.  

Device Simulation: The finite element analysis software simulated the coupling capacitance 

between 2 electrode traces in Micro/Nanoscale devices. A 2D simulation model was built with 

localized mesh sizes. The model includes a large, circular ambient wrapped with an infinite 

element domain, a layer of device substrate, 2 electrode traces and an encapsulation layer. 

While the mesh size for the ambient domain ranges from 10 to 100 μm, it narrows to a range 

from 0.01 to 0.5 μm in the device layers. An input of 1 V was applied though one of the elctrode 

traces and the other electrode trace is grounded. The coupling capacitance was then computed 

using the model and converted to impedance afterwards. The crosstalk was then calculated 

using the equations in Figure 2c. 

 

Electronic Supplementary Material: Supplementary material (Setup of crosstalk 

measurement; Measured crosstalk with variation of trace gaps and encapsulation layer 

thicknesses; FEA simulation model; Measured crosstalk with different shunt resistance; 

Summary of crosstalk studies of the state-of-the-art Si probes with simulated results.) is 
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available in the online version of this article at http: 

//dx.doi.org/10.1007/*********************** 
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Figure 1. Crosstalk measurements of a polymer MEA using a two-well setup for wet 

conditions. (a) Illustration of the crosstalk measurement wet setup.  (b)  Electrodes 

configuration for the crosstalk measurement. (c)  Measured crosstalk waveform in different 

environments compared to the input signal (black).  
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Figure 2. Circuit modelling of the crosstalk under different measurement condition. (a) 

Illustration of the 2-electrode crosstalk measurement circuits and components. Zdry: coupling 

impedance between the two traces in air ambient. Zwet: coupling impedance between the trace 

and the wet medium through encapsulation. Zsh: shunt resistance from a single electrode to the 

ground. Zsol: solution resistance of the wet medium. Zin：Input impedance from the data 

acquisition system. Zs: site impedance of the microelectrode. (b) Equivalent circuits of the 

crosstalk measurement setup. (c) Table of simplified equations to calculate crosstalk in 

different conditions. Zc: Total coupling impedance between the 2 electrodes. 
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Figure 3. Dependence of crosstalk results on measurement conditions and device 

parameters. (a) The frequency spectrum of measured and calculated crosstalk in dry, floating 

wet and wet w/ shunt conditions. Solid line: measured crosstalk; Dashed line: calculated 

crosstalk using measured coupling impedance (Zdry，Zc). (b) Measured and calculated crosstalk 

with different shunt resistance. Solid line: measured crosstalk; Dashed line: calculated crosstalk 

using measured coupling impedance (Zdry ， Zc). (c) Frequency spectrum of the coupling 

impedance Zdry and Zc,. Dashed line: fitting curves, fitted equations shown in the panel. 

Electrode trace width: 100 μm, trace overlap length: 14 mm. 
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Figure 4. Coupling impedance simulation and crosstalk projection. (a) Simulation Model 

built in COMSOL with electrostatic potential mapping. (b) Simulated coupling impedance as a 

function of the gap between the 2 electrode traces in different conditions, with derived crosstalk 

model accuracy compared to the measured values. Left axis: Simulated coupling impedance; 

Right axis: Crosstalk model accuracy. (c) Simulated coupling impedance as a function of the 

thickness of encapsulation layer (SU8) in different conditions, with derived crosstalk model 

accuracy compared to the measured values. Left axis: Simulated coupling impedance; Right 

axis: Crosstalk model accuracy. (d) Comparison between the crosstalk values reported from 

the state-of-art Si probes and the simulated values using our model. The black stars denote the 

simulated values[10-12, 16]. (e) FEA derived crosstalk as a function of trace gaps in nanoscale 

devices. Blue region: crosstalk with shunt resistance ranging from 0.5 to 10 MΩ. (f) FEA 

derived crosstalk as a function of the encapsulation layer (SU8) thickness in nanoscale devices. 

Blue region: crosstalk with shunt resistance ranging from 0.5 to 10 MΩ. (g) FEA derived 



  

26 
 

crosstalk as a function of the Au trace widths in the nanoscale devices. (h) FEA derived 

crosstalk as a function of the Au trace thickness in the nanoscale devices. (i) FEA derived 

crosstalk as a function of the substrate thickness in the nanoscale devices. Blue region: crosstalk 

with shunt resistance ranging from 0.5 to 10 MΩ.  

 

 

 

 

 


