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Abstract. Accurate characterization of low-resistance ohmic contacts on 4H-SiC is crucial for device

development, but is complicated by the limitations of the standard Transfer Length Method (TLM).

TLM test structures are widely used for extracting the specific contact resistivity (�C) between metal
and semiconductor layers, as well as the sheet resistance of doped layers. The contact formation pro-

cess itself, particularly the annealing step, modifies the SiC layer under the contact. This results in a

sheet resistance below the contact (RSK) that deviates from the sheet resistance of interest between the

contacts (RSH), which invalidates a key assumption of the standard TLM evaluation of a constantRSH

throughout the whole TLM test structure. This study uses 2D TCAD simulation of TLM test structures

to investigate the influence of the contact length L, while using an advanced evaluation method for

extracting �C with the help of a third contact. Consequently, it is necessary to measure the contact

end resistance RCE, which is derived from the potential at the end of the TLM contact. The findings

provide a deeper understanding of the TLM technique’s robustness and offer valuable guidelines for

optimizing TLM test structures to ensure accurate characterization of ohmic contacts on 4H-SiC.

Introduction

In recent years, 4H-Silicon Carbide (4H-SiC) has emerged as a leading semiconductor material for

high-power, high-frequency, and high-temperature electronic devices, owing to its superior material

properties, including a wide bandgap, high critical electric field, and excellent thermal conductivity

[1]. The overall performance and energy efficiency of these devices are critically dependent on the

quality of the metal-semiconductor interface, specifically the formation of low-resistance ohmic con-

tacts. However, achieving such contacts on 4H-SiC is challenging compared to silicon, primarily due

to three factors: Its wide bandgap creates a large Schottky barrier, its chemical inertness complicates

surface preparation, and there is a lack of metals with suitable work functions [2]. To characterize

and optimize ohmic contacts, the Transfer Length Method (TLM) has become an industry-standard

technique [2]. The standard TLM evaluation allows for the extraction of the specific contact resistivity

(�C) and the sheet resistance (RSH) of the semiconductor layer between the contacts [3]. The accuracy

of these extracted parameters is highly dependent on the design of the TLM test structure and the as-

sumptions made during the analysis [4, 2].

This work presents a systematic simulation-based study using TCAD Sentaurus [5] to investigate and

quantify the impact of the contact lengthL on the extraction of contact front resistanceRCF and contact

end resistance RCE in 4H-SiC TLM test structures. Scenarios where RSK and RSH differ are analyzed,

exploring the conditions where the regular TLM analysis comes to its limits.
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Standard TLM Evaluation and Parameter Extraction

According to the standard TLM evaluation, the total resistance RT measured between two adjacent

ohmic contacts is linearly dependent on the spacing di between them, as described by the following

equation [4]:

RT = (RSH/Z)d+ 2RCF (1)

Here, RCF is the contact resistance, RSH is the sheet resistance of the doped semiconductor layer, and

Z is the contact width of the TLM test structure. The standard model relies on the assumption of a

uniform sheet resistance (RSH = RSK) [6, 7]. In this work, ideal material properties and interfaces are

assumed in the simulation, resulting in a linear relationship between RT and di (i.e., with a coefficient
of determination R2 = 1), this criterion is not always matched in real measurements. The analytical
procedure begins by determining RT from simulated current-voltage (I-V) characteristics for a range

of different contact spacings di. The resistance values are then plotted as a function of d, as shown in
Fig. 1. A linear regression applied to this data allows for the extraction of key parameters: The slope

of the fit yieldsRSH/Z, the y-axis intercept corresponds to 2RCF, and the x-axis intercept corresponds

to −2LT. LT is the distance after which the potential under the contact drops to 1/e, i.e., it describes

d

RT

-2LT

0

slope = RSH / Z

2RCF

ρC = RSH ⋅ LT
2

Fig. 1: Graphical representation of the standard TLM evaluation. The total resistance RT is plotted

against the contact spacing d. The sheet resistanceRSH is extracted from the slope of the linear fit, while

the contact resistance RCF and transfer length LT are determined from the y- and x-axis intercepts,

respectively.

the length of the contact that mainly contributes to the current flow and is calculated by the following

equation:

LT = RCF � Z/RSH (2)

The specific contact resistivity �C, which is a measure of the contact quality independent on geometry,
can be calculated either through the coth, which considers the potential distribution under the contact,
or by an approximation, which is only valid for long contacts (L � LT) [4]:

�C = RCF � LT � Z/ coth (L/LT) �C = RSH � L2
T (3)

TLM Evaluation with Contact End Resistance

To account for the discrepancy between RSK and RSH, the evaluation can be extended by additionally

measuring the contact end resistance RCE [8]. RCE describes the resistance at the trailing edge of the
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TLM contact. The contact front resistance RCF and the contact end resistance RCE can be derived as

[4]:

RCF =
V (x = 0)

I(x = 0)
=

p
RSK�C
Z

coth (L/LTk) =
�C

LTkZ
coth (L/LTk) (4)

RCE =
V (x = L)

I(x = 0)
=

VCE

I
=

p
RSK�C
Z

1

sinh (L/LTk)
=

�C
LTkZ

1

sinh (L/LTk)
(5)

Here, L is the contact length, and LTk is the transfer length defined as LTk =
q

�c
RSK

. Note that LTk

is the true transfer length under the contact, which may differ from the apparent transfer length LT

extracted from the standard TLM plot, as LT is derived assumingRSK = RSH. The ratio ofRCE toRCF

depends only on L relative to LTk:
RCE

RCF

=
1

cosh (L/LTk)
(6)

This relationship, in combination with Eq. 4 and 5, allows the determination of LTk, �C, and RSK. LTk

can be calculated by rearranging the resistance ratio equation:

LTk =
L

arcosh (RCF/RCE)
(7)

With LTk known, �C is calculated without the implicit assumption of RSK = RSH, which does not

account for a differing RSK:

�c =
LTk � Z �RCE

sinh (L/LTk)
(8)

Finally, RSK is determined using the definition of LTk:

RSK =
�C
L2
Tk

(9)

The advanced analysis with RCE enables a more accurate determination of �C and an insight into the

impact of the contact fabrication on the underlying semiconductor layer.

Simulation Methodology

A three-contact TLM test structure is investigated in 2D using Synopsys TCAD Sentaurus, using stan-

dard physics models for 4H-SiC, including models for doping-dependent mobility and incomplete

ionization of dopants. The simulated structure, depicted in Fig. 2, consists of a p-type doped layer on

a lightly doped n-type epitaxial layer with a background concentration of 1�1015 cm−3. The doping of

the p-type implanted layer is fixed to a concentration of 1�1019 cm−3. The specific contact resistivity

is set to �C = 0:5m
 cm2. To investigate the impact of the contact processing, the sheet resistance

directly under the contactsRSK was independently controlled by varying the net active doping concen-

tration within the top 100 nm of this implanted layer. This setup allows for a systematic study of the

effects of a non-uniform sheet resistance (RSK 6= RSH). RCE is determined by measuring the potential

at contact C3. This potential is identical to the potential of the trailing edge (x = L) of the current-
carrying contact C2 relative to the leading edge (x = 0) of C2, where the current injection takes place.
Contact C3 is modeled as a floating voltage probe by constraining its current to zero. The resistance

value of RCE is independent on the spacing di between the contacts, but strongly dependent on L and

the sheet resistance of the layers under the contact. Current-Voltage (I-V) characteristics (Fig. 3) are

simulated across a range of contact lengths L and contact spacings di by sweeping the voltage and

measuring the current between the contacts C1 and C2. This approach addresses a significant limi-

tation of the standard TLM evaluation: The assumption of a uniform sheet resistance (RSH = RSK),

which is often invalid in practice. For instance, forming nickel silicide (NixSiy) contacts to n-type SiC
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4H-SiC
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Fig. 2: Cross-section and top view schematic of the simulated device for a TLM test structure with a

third contact, which serves as a voltage probe.
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Fig. 3: I-V characteristic for two different di and L for determining the resistance values for the

standard TLM evaluation (left) and RCE (right).

selectively consumes silicon [9], while forming TiAl-based contacts to p-type SiC consumes SiC to

form TixSiCy [10]. Both processes alter the stoichiometry and doping profile, leading to a discrepancy

(RSK 6= RSH) that can cause errors in the extracted �C.
The measurement of RCE enables the separation of the sheet resistances RSK from RSH, leading to a

more accurate determination of �C [11]. However, the ability to accurately measure RCE depends on

the geometric design. The contact length L must be carefully chosen relative to the contact length

[3] as shown in the simulation data presented in the following sections. The simulation results are

normalized to a standard device width of Z = 1µm, which corresponds to the contact width. RSK is

controlled independently of RSH by defining a separate net doping concentration in that region. This

idealized approach allows for a direct investigation of the impact of theRSK/RSH ratio on the extracted

parameters, decoupled from the complex and process-specific physics of contact formation.

The simulation procedure is designed to extract RCF and RCE. To determine RCF, the total resistance

RT between adjacent contacts is simulated for several structures with systematically varied contact
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spacings di. RCF is then extracted from the y-intercept of a linear fit of RT versus d and RSH from the

slope of the same plot, consistent with the standard TLM analysis:

RT = VCF(d)/I(d) (10)

To determineRCE, the current I between C1 and C2 is measured, and the potential difference between
the current-carrying contact C2 and the floating contact C3 is recorded. RCE is then calculated by:

RCE = VCE/I (11)

The entire procedure is repeated for different L and RSK/RSH to analyze their combined influence on

the extracted parameters.

Discussion of Simulation Results

Fig. 4 compares the ideal case (RSK = RSH) with a uniform sheet resistance across the TLM test struc-

ture with a more realistic scenario where the sheet resistance under the contact is higher (RSK > RSH).

The specific contact resistivity �C and sheet resistance values extracted from these linear fits show
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Fig. 4: Standard TLM evaluation plot: R is shown in dependence on di for different contact lengths
L, for L = 5µm also the case of RSK > RSH is shown.

good agreement with the input parameters of the simulation for the ideal case, confirming the validity

of the model and the extraction methodology.

When RSK > RSH, the total measured resistance increases, resulting in a significantly larger y-

intercept. A standard TLM analysis would erroneously attribute this entire increase to a higher RCF,

leading to an inaccurate calculation of the specific contact resistivity �C. These simulations underscore
the necessity of measuring RCE to correctly separate the different resistance contributions. As seen in

Fig. 4, using a contact length L shorter than LT results in a higher extracted RCF. Meanwhile, increas-

ing L reduces the contact resistance only up to a certain limit, with similar y-axis intercepts observed

for L = 5µm and L = 20µm in Fig. 4).

Impact of contact length L on extracted resistances. L has a significant effect on the extracted

values of RCE. This relationship is illustrated in Fig. 5, which shows the simulated resistances as a

function of L. The data reveals a design trade-off for accurate parameter extraction. While RCF re-

mains largely independent of the contact length for L > LT, RCE shows a strong dependence.
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For short contacts (L � LT), RCE is easily measurable, but becomes sensitive to manufacturing varia-

tions inL. In contrast, for long contacts (L � LT),RCE diminishes exponentially and approaches zero.

Thus, a correct extraction of RCE is not possible due to measurement limitations. The observed trend
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Fig. 5: Dependence of RCF and RCE on the contact length L shown for different RSH and RSK. RCE is

approaching zero and thus not measurable for largeL. Meanwhile,RCF shows an asymptotic approach

to a fixed value for large L. The distance between contact C2 and C3 is equal to the one between C1
and C2 in this simulation, the value of RCE is independent of the spacing di.

in Fig. 5 reveals a fundamental trade-off. For L � LT the current transfer is essentially completed

well before the physical end of the contact. Consequently, VCE (and thus RCE) becomes vanishingly

small. In an experimental setting, this small voltage would be lost in the measurement noise, making

an accurate extraction of RCE impossible. Without a reliable RCE value, the separation of RSK from

RSH is not possible. For short contacts, small absolute variations represent large percentual variation in

L, making the extracted values ofRCE highly susceptible to manufacturing tolerances, leading to poor

statistical reproducibility across a wafer. Consequently, an effective design requires aL comparable to

the contact’s specific LT. This is a critical consideration for 4H-SiC, where LT can vary significantly

(e.g., LT � 0:5µm for contacts to n-type SiC vs. LT � 4µm for contacts to p-type SiC - this data was

extracted by using the standard TLM evaluation) [12].

Comparison between �C values from both analyses. To quantify the error introduced by the stan-

dard TLM evaluation, we compared �C obtained from the two different sets of equations explained in

the previous section: For the standard analysis, �C is calculated using the standard TLM evaluation

with and without the approximation for the coth according to Eq. 3, which assumes a uniform sheet

resistance (RSK = RSH). In contrast, for the TLM analysis with RCE, �C is calculated using the more

comprehensive model that incorporates the measured RCE, as described in Eq. 8.

The results are plotted in Fig. 6. For the more realistic scenario with RSK > RSH, the standard analy-

sis significantly overestimates the true �C (grey dotted line). In contrast, the TLM analysis with RCE,

which accounts for the non-uniformity, extracts �C more accurately. This result confirms that the

RCE measurement is essential for the accurate characterization of real ohmic contacts. For the case of

RSK = RSH, both methods yield similar results as expected.
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Fig. 6: �C determination with different evaluation routines are shown. The �C determination with

RCE is more accurate for RSK > RSH, while there is no significant difference for the ideal case of

RSK = RSH.

Conclusion

Through 2D TCAD simulations, this work has quantitatively demonstrated that the contact length L is

a critical design parameter for the accurate characterization of 4H-SiC ohmic contacts using RCE, i.e.,

the determination of �C and the decoupling ofRSK andRSH. This implies that TLM test structures must

be carefully designed: Lmust be within the range of the transfer length. This makes L a critical design

parameter, as LT is not a fixed value. Contacts to n- and p-type 4H-SiC require different L, as their
respective processing conditions and contact schemes yield significantly different transfer lengths LT.

LT strongly depends on the contact material and the semiconductor doping. Therefore, an optimized

TLM design for different contacts and materials is required. Measuring RCE is essential for correctly

determining the specific contact resistivity (�C) in realistic scenarios where the sheet resistance is non-
uniform (RSK 6= RSH). Adopting these guidelines will enable the design of more accurate TLM test

structures.
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