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  1 
Abstract—MoS2 is one of the transition metal 2 

dichalcogenides (TMDCs) that has been extensively 3 
studied as a next-generation semiconductor material due 4 
to its high carrier mobility in the monolayer limit. However, 5 
the atomically thin nature of MoS2 poses challenges for 6 
capacitance characteristics measurements by 7 
metal-oxide-semiconductor (MOS) capacitors, leading to 8 
limited research on the characteristics of their interfaces. 9 
In this study, we fabricated MOS capacitors with different 10 
device areas using a monolayer MoS2 synthesized by 11 
chemical vapor deposition and Al2O3 insulator deposited 12 
by atomic layer deposition and performed 13 
capacitance-voltage measurements. We propose the use of 14 
a ring-shaped capacitor which is beneficial for small 2D 15 
crystals such as exfoliated TMDCs or materials that cannot 16 
yet be synthesized on a large scale, and extracted interface 17 
trap densities on the order of 1012 eV-1 cm-2 for devices with 18 
different areas, indicating that under the present 19 
measurement conditions, series and access resistances 20 
do not dominate the extraction of interface trap density 21 
using the conductance method.  22 
Index Terms— conductance method, interface states, 23 
metal-oxide-semiconductor capacitors, monolayer MoS2, 24 
two-dimensional transition metal dichalcogenides  25 

I. INTRODUCTION 26 
INCE the discovery of high-performance transistors 27 

based on mechanically exfoliated monolayer MoS2 [1], it 28 
has become a prototypical material for two-dimensional (2D) 29 
semiconductor research. Its atomically thin body, combined 30 
with an optical bandgap of approximately 1.8–1.9 eV [2] and 31 
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reasonably high carrier mobility [3], [4], affords strong 32 
electrostatic control [5], [6] and mitigates short channel effects 33 
[7], [8], motivating extensive device and interface studies. 34 
Conventional capacitance-voltage (C–V) measurements on 35 
ultrathin 2D materials MOS capacitors [9]-[11] exhibit 36 
additional frequency-dispersion arising from transverse electric 37 
field distributions, parasitic capacitances, and resistance 38 
associated with carrier supply from the contact electrodes and 39 
lateral carrier transport in the MoS₂ region (Racc), all of which 40 
complicate the accurate extraction of interface trap density (Dit) 41 
[12]. Among various characterization techniques, the 42 
conductance method is widely regarded as a reliable approach 43 
for evaluating Dit in MOS structures [12]-[15], as it enables the 44 
analysis of voltage and frequency dependence of the 45 
conductance in MOS capacitors to analyze the impact of 46 
interface states. In this study, we focus on establishing the 47 
repeatability and reliability of the conductance method for 48 
monolayer MoS2 MOS capacitors. A ring-shaped capacitor 49 
geometry is introduced to obtain a sufficiently large 50 
gate-modulated capacitance even from small-area 2D crystals, 51 
while enabling the influence of Racc to be evaluated through the 52 
diameter dependence of the C–V, C–f, and conductance 53 
characteristics. This approach allows reproducible Dit 54 
extraction and clarifies the measurement conditions under 55 
which Racc does not dominate the conductance response.  56 

II. EXPERIMENTAL 57 
Figure 1(a) illustrates the fabrication process flow, while 58 

Figure 1(b) and 1(c) present the schematic diagram and optical 59 
micrograph of the fabricated devices, respectively. The 60 
fabrication process began with the deposition of a metal gate on 61 
a glass substrate. Lift-off resist, polymethyl methacrylate 62 
(PMMA) A5, and Aqua Save were spin-coated to prevent 63 
electron charge-up. Following electron beam lithography 64 
(EBL), a 5-nm-thick Ti followed by a 10-nm-thick Pd was 65 
deposited using electron beam evaporation. The lift-off process 66 
was performed in N-Methyl-2-pyrrolidone. Subsequently, 67 
12.4-nm-thick of Al2O3 was grown at 300°C by atomic layer 68 
deposition (ALD) using trimethylaluminum and H₂O as 69 
precursors. Al2O3 thickness was confirmed by spectroscopic 70 
ellipsometry. The CVD-grown monolayer MoS2 was then 71 
transferred onto Al2O3 using polystyrene (PS) as the carrier 72 
polymer [16]. The transfer process involved spin-coating PS 73 
onto the as-grown MoS2, followed by baking at 80°C for 15 74 
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minutes to enhance adhesion. Water was introduced at the 1 
interface between MoS2 and the growth substrate to initiate the 2 
lift-off process. Once detached, the MoS2-PS assembly was 3 
dried and transferred onto the target substrate. To improve 4 
adhesion and eliminate wrinkles, the transferred MoS2 was 5 
baked at 80 °C for 1 hour, followed by 150 °C for 30 minutes. 6 
Finally, the PS layer was removed using toluene. After MoS2 7 
transfer, PMMA A5 and Aqua Save were spin-coated for the 8 
MoS2 etching process. Following patterning via EBL, the 9 
samples underwent O2 plasma etching, after which the resist 10 
was removed using acetone. For contact metal deposition, 11 
PMMA and Aqua Save were spin-coated before patterning via 12 
EBL. A 10-nm-thick In followed by a 30-nm-thick Au was 13 
deposited using electron beam evaporation, followed by a 14 
lift-off process in acetone. The devices were fabricated in two 15 
batches using an identical fabrication process. Batch 1 16 
consisted of devices with ring diameters of 10, 15, and 20 µm, 17 
while Batch 2 included devices with ring diameters of 20, 30, 18 
and 40 µm. The fabricated devices were annealed in a vacuum 19 
at 523 K for 1 hour to improve contact properties. 20 
Multi-frequency C–V and conductance measurements were 21 
conducted on bottom-gated MOS capacitors using an HP 22 
4824A LCR meter under vacuum at 300 K.    23 

 24 

III. RESULTS AND DISCUSSION 25 
Figure 2 shows the normalized multi-frequency forward and 26 

backward C–V curves (1 MHz to 60 kHz) for devices with ring 27 
diameters of 10, 15, 20 µm. 28 

  29 
The C–f mapping in Figure 3(a) shows that the high-frequency 30 
capacitance roll-off becomes more pronounced with increasing 31 
device diameter, suggesting an additional RC delay associated 32 
with lateral carrier supply. In contrast, the weaker and less 33 
diameter-dependent dispersion observed in smaller-diameter 34 
devices indicates that the influence of Racc is not dominant 35 
under these measurement conditions. Therefore, the C–f 36 
mapping supports the validity of the conductance-based Dit 37 
extraction in the smaller-diameter devices by confirming that 38 

the measured admittance response is not dominated by lateral 39 
access resistance. Figure 3(b) shows a simplified equivalent 40 
circuit used to illustrate the main capacitance and resistance 41 
components in the measured admittance response. In the 42 
depletion region, the minimum capacitance (Cmin) is 43 
determined by the series combination of the depletion 44 
capacitance of MoS2 (CD) and the oxide capacitance (Cox), in 45 
parallel with the overlap capacitance (Cov) originating from the 46 
overlap between gate and contact. The Cov does not scale with 47 
the device diameter. As the ring diameter decreases, the 48 
contribution of Cov to Cmin increases, which results in a 49 
corresponding increase in Cmin. The apparent flat-band voltage 50 
(VFB) was estimated from the linear extrapolation of the 1/C2–V 51 
characteristics at 1 MHz, where C is the measured capacitance 52 
after subtracting Cmin to reduce the influence of the offset 53 
capacitance. The fixed charge (Qox) was then calculated (Figure 54 
3(c)). The forward and backward sweeps exhibited a small VFB 55 
shift (ΔVFB~0.05 V), corresponding to a charge-equivalent 56 
hysteresis of ΔQox ~ 1.8×10-8 C/cm2. The extracted slow trap 57 
density (ΔNst) showed ΔNst < 1.2×1011 cm-2. This minimal 58 
hysteresis and small ΔNst quantitatively indicate a low density 59 
of slow traps in the fabricated devices. 60 

 61 
In this study, Cox was extracted from the C–V characteristics. In 62 
the depletion region, the measured capacitance primarily 63 
reflects the Cov. In the accumulation region, both Cox and Cov 64 
contribute to the total measured capacitance [17]. To minimize 65 
the influence of the overlap capacitance in calculating Dit, Cox 66 
was defined as the difference between Cmax in accumulation and 67 
Cmin in depletion measured at 60 kHz. From the obtained Cox 68 
value, the dielectric constant k = Cox·d/ε0 and the equivalent 69 
oxide thickness EOT = εSiO2/Cox were calculated, yielding k = 70 
5.7 ± 0.4 and EOT = 8.5 ± 0.6 nm, where d is the Al2O3 71 
thickness, ε0 is the vacuum permittivity, and εSiO2 = 3.9ε0. 72 

Following C–V measurements, conductance measurements 73 
were performed to evaluate Dit. Gp/Aωq is plotted as a function 74 
of frequency for devices with ring diameters of 10, 15, 20, 30, 75 
and 40 µm (Figure 4). Due to the inherently low capacitance of 76 
small ring capacitors, it is challenging to obtain reliable G–f 77 
curves, especially in the low-frequency region, as the signal 78 
amplitude becomes comparable to the noise level of the LCR 79 
meter. The measured conductance (Gm) is converted to a 80 
parallel conductance (Gp) using the following relation [18]: 81 
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Here, Cm is the measured capacitance. Gp is normalized with 83 
the area (A), frequency (ω), and charge (q). The dispersion of 84 
curves indicates that a smaller device area affects both 85 
capacitance and conductance measurements, especially at low 86 
frequencies (Figure 4(a)). 87 

 
Fig. 3 (a) Measured C–f mapping, (b) Simplified equivalent circuit 
diagram, (c) Extracted VFB and Qox for each device. 

 
Fig. 2 Measured multi-frequency C–V characteristics for devices with 
the diameters of (a) 10 µm, (b) 15 µm, and (c) 20 µm. 

 
Fig. 1 (a) Fabrication process flow for device fabrication, (b) Schematic 
illustration of the device structure, and (c) Optical microscopy image. 
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Dit is calculated by using the following relation [18],  1 
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 3 
Regardless of the ring diameter, the Dit values ranged from 1012 4 
to 1013 eV-1 cm-2 at the energy position of ~0.6 eV below the 5 
conduction band (Figure 4(f)). The energy level of the trap 6 
states was calculated using the following equation [12]: 7 
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Here, ΔE represents the energy difference between the 9 
minimum of the conduction band and the position of the Fermi 10 
level. NDOS is the density of states in the conduction band per 11 
unit area, and σvth denotes the carrier capture probability for a 12 
trap at a specific energy level. Based on previous research [12], 13 
the parameters were set as follows: NDOS=4.5×1013 cm-2, 14 
vth=1.4×107 cm/s, σMoS2=10−7 cm. The Dit values were observed 15 
near the conduction band and increased as they approached the 16 
band edge. The extracted Dit values were consistent across 17 
devices with different ring diameters (Figure 4(f)). This result, 18 
together with the C–f mapping in Fig. 3(a), indicates that Racc 19 
becomes detectable as a high-frequency capacitance roll-off in 20 
larger-diameter devices, whereas it does not dominate the 21 
conductance response used for Dit extraction under the present 22 
measurement conditions. Therefore, the diameter-independent 23 
Dit values confirm that the conductance method can provide 24 
reliable and reproducible Dit extraction in the ring-shaped MoS2 25 
MOS capacitors, while the diameter dependence of the C–f 26 
characteristics provides a useful indicator of access resistance 27 
related distortion. Furthermore, the results of devices with a 20 28 
µm diameter fabricated in Batch 1 and Batch 2 were compared. 29 
The Dit values extracted via the conductance method remained 30 
consistent (Figure 4(f)). These results indicate that, although 31 
there are variations in the 1L MoS2 device fabrication process, 32 
such as transfer-induced variations, the conductance method 33 
consistently yields reliable Dit values. This confirms the 34 
applicability of this method for characterizing the interface 35 
properties of Al2O3/MoS2 MOS capacitors, ensuring stable and 36 
reproducible evaluation of interface trap density.  37 

Finally, we compared Dit obtained from the ring capacitor 38 
and FETs (Lch = 0.5 µm, 2 µm; Wch = 60 µm) (Figure 5). A good 39 
agreement was observed between the ring capacitor with a 40 

diameter of 20 µm and the FET with Lch = 0.5 µm. On the other 41 
hand, for the FET devices, Dit increased with longer channel 42 
lengths, even within the same batch, consistent with the 43 
calculation in a previous study [19], which showed that the 44 
channel resistance can affect accurate Dit measurements when 45 
the channel length is larger than 1 μm. Moreover, for shorter Lch, 46 
a larger Wch is required to achieve a sufficiently large capacitor 47 
area to improve the signal-to-noise ratio, making the 48 
measurement difficult when exfoliated flakes or non-large-area 49 
CVD-grown crystals are used. In contrast, the ring-shaped 50 
capacitor provides sufficient area for reliable C–V and 51 
conductance measurements even from small-area 2D crystals, 52 
and its diameter dependence enables evaluation of the effect of 53 
Racc on the C–V and conductance characteristics. 54 

 55 
The obtained Dit values (1012-1013 eV-1 cm-2) are comparable 56 

to those reported for other TMDC/high-k interfaces (Table 1). 57 
In addition, this study confirms the reliability and 58 
reproducibility of the conductance method, indicating the 59 
ring-shaped capacitor structure enables accurate Dit extraction 60 
even from small-area monolayer 2D crystals. 61 

 62 

IV. CONCLUSION 63 
In this study, C–V characteristics of Al2O3/MoS2 MOS 64 

capacitors with varying ring diameters of electrodes were 65 
investigated. The results demonstrated that frequency 66 
dispersion decreased as the device area was reduced. Dit was 67 
extracted using the conductance method, and the values were 68 
observed to increase near the band edge, ranging from 1012 to 69 
1013 cm-2 eV-1. Notably, the extracted Dit values remained 70 
consistent regardless of the electrode size, indicating that the 71 
device area in the current experimental setup does not influence 72 
Dit extraction. Moreover, comparison of conductance 73 
measurements for devices fabricated in different batches but 74 
with the same electrode area showed similar Dit values. These 75 
findings confirm the reliability and repeatability of the 76 
conductance method for evaluating interface states in 77 
insulator/MoS2 MOS capacitors. Importantly, the ring-shaped 78 
capacitor is advantageous for using small 2D crystals, such as 79 
exfoliated TMDCs or materials not yet producible on a large 80 
scale, making it a promising structure for extending this 81 
approach to a broader class of 2D materials. We have also 82 
confirmed that this method can be applied to small-area 83 
exfoliated MoS2 flakes, further supporting its applicability to 84 
interface-state evaluation of 2D semiconductor systems. 85 

 
Fig. 4 Measured Gp/Aωq versus log(frequency) for MOS capacitors with 
ring diameters of (a) 10 µm, (b) 15 µm, (c) 20 µm, (d) 30 µm, and (e) 40 
µm, (f) Extracted Dit for devices with different diameters. 

Table. 1 Summary of reported Dit values for TMDC/high-k interfaces. 
Mat. Dielectric Layers (L) Method Dit (cm-2 eV-1) ref. 
MoS2 Al2O3 1-L (CVD) conductance 1012-1013 this work 
MoS2 HfO2 1-L (CVD) conductance 1012-1013 [12] 
MoS2 HfO2 Few-L (exf.) CV 2×1011-2×1012 [20] 
WSe2 Al2O3 Multi-L (exf.) CV ~1011 [21] 
WS2 Al2O3 Multi-L (exf.) CV ~4×1011 [22] 

 

 
Fig. 5 (a) Optical microscopy image of FET, (b) Extracted Dit for ring 
capacitor (D = 20 µm) and FETs (Lch = 0.5 µm, 2 µm; Wch = 60 µm). 



First Author et al.: Title 9 

REFERENCES 1 
[1] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A. Kis, 2 

“Single-layer MoS2 transistors,” Nature Nanotechnology, vol. 6, no. 3, 3 
pp. 147-150, Feb. 2011, DOI. 10.1038/nnano.2010.279. 4 

[2] M. Amani, D. Lien, D. Kiriya, J. Xiao, A. Azcatl, J. Noh, S. R. 5 
Madhvapathy, R. Addou, K. Santosh, M. Dubey, K. Cho, R. M. Wallace, 6 
S. Lee, J. He, J. W. Ager III, X. Zhang, E. Yablonovitch, and A. Javey, 7 
“Near-unity photoluminescence quantum yield in MoS2,” Science, vol. 8 
350, no. 6264, pp. 1065-1068, Nov. 2015, DOI. 9 
10.1126/science.aad2114. 10 

[3] M. Schmidt, M.C. Lemme, H.D.B. Gottlob, F. Driussi, L. Selmi, and H. 11 
Kurz, “Mobility extraction in SOI MOSFETs with sub 1nm body 12 
thickness,” Solid State Electron., vol. 53, pp. 1246-1251, Oct. 2009, DOI. 13 
10.1016/j.sse.2009.09.017. 14 

[4] W. Liu, J. Kang, D. Sarkar, Y. Khatami, and D. Jena, “High-performance 15 
few-layer-MoS2 field-effect-transistor with record low 16 
contact-resistance,” in Proc. IEEE Int. Electron Devices Meeting (IEDM), 17 
pp. 19.4.1–19.4.4. Dec. 2013, DOI. 10.1109/IEDM.2013.6724660. 18 

[5] A. K A Lu, G. Pourtois, M. Luisier, I. P. Radu, and Michel Houssa, “On 19 
the electrostatic control achieved in transistors based on multilayered 20 
MoS2: A first-principles study,” J. Appl. Phys., vol. 121, no. 4, pp. 21 
044505, 2017, DOI. 10.1063/1.4974960. 22 

[6] S. Das, H.-Y. Chen, A. V. Penumatcha, and J. Appenzeller, “High 23 
performance multilayer MoS2 transistors with scandium contacts,” Nano 24 
Lett., vol. 13, no. 1, pp. 100–105, 2013, DOI. 10.1021/nl303583v. 25 

[7] H. Liu and P. D. Ye, “MoS2 dual-gate MOSFET with 26 
atomic-layer-deposited Al2O3 as top-gate dielectric,” IEEE Electron 27 
Device Lett., vol. 33, no. 4, pp. 546–548, Apr. 2012, DOI. 28 
10.1109/LED.2012.2184520. 29 

[8] M. Amani, M. L. Chin, A. G. Birdwell, T. P. O’Regan, S. Najmaei, Z. Liu, 30 
P. M. Ajayan, J. Lou, and M. Dubey, “Electrical performance of 31 
monolayer MoS2 field-effect transistors prepared by chemical vapor 32 
deposition,” Appl. Phys. Lett., vol. 102, no. 19, pp. 193506, May 2013, 33 
DOI. 10.1063/1.4804546. 34 

[9] W. Zhu, T. Low, Y.-H. Lee, H. Wang, D. B. Farmer, J. Kong, F. Xia, and 35 
P. Avouris, “Electronic transport and device prospects of monolayer 36 
molybdenum disulphide grown by chemical vapour deposition,” Nat. 37 
Commun., vol. 5, no. 1, pp. 3087, Jan 2014, DOI. 10.1038/ncomms4087. 38 

[10] A. Gaur, Y. Balaji, D. Lin, C Adelmann, J. Van Houdt, M. Heyns, D. 39 
Mocuta, and I. Radu, “Demonstration of 2e12 cm−2 eV−1 2D-oxide 40 
interface trap density on back-gated MoS2 flake devices with 2.5 nm 41 
EOT”, Microelectron. Eng., vol. 178, pp. 145–149, Jun. 2017, DOI. 42 
10.1016/j.mee.2017.05.006. 43 

[11] H. Bae, C.-K. Kim, and Y.-K. Choi, “Characterization of intrinsic subgap 44 
density-of-states in exfoliated MoS2 FETs using a multi-frequency 45 
capacitance-conductance technique”, AIP Adv., vol 7, no. 7, pp. 075304, 46 
Jul. 2017, DOI. 10.1063/1.4985752 47 

[12] A. Gaur, D. Chiappe, D. Lin, D. Cott, I. Asselberghs, M. Heyns, and I. 48 
Radu, “Analysis of admittance measurements of MOS capacitors on 49 
CVD grown bilayer MoS2,” 2D Mater., vol. 6, no. 3, pp. 035035, May 50 
2019, DOI. 10.1088/2053-1583/ab20fb. 51 

[13] N. Taoka, M. Yokoyama, S. Kim, R. Suzuki, R. Iida, M. Takenaka, and S. 52 
Takagi, “Influence of interface traps inside the conduction band on the 53 
capacitance-voltage characteristics of InGaAs 54 
metal-oxide-semiconductor capacitors,” Appl. Phys. Express, vol. 9, no. 55 
11, pp. 111202, Oct. 2016, DOI. 10.7567/APEX.9.111202. 56 

[14] D. Dev, A. Krishnaprasad, H. Kalita, S. Das, V. Rodriguez, J. C. Flores, L. 57 
Zhai, and T. Roy, “High quality gate dielectric/MoS2 interfaces probed by 58 
the conductance method,” Appl. Phys. Lett., vol. 112, no. 23, pp. 232101, 59 
Jun. 2018, DOI. 10.1063/1.5028404. 60 

[15] S. Kochowski, K. Nitsch, and R. Paszkiewicz, “Electrical properties of 61 
SiO₂-(n) GaAs interface on the basis of measurements of MIS structure 62 
capacitance and conductance,” Thin Solid Films, vol. 348, nos. 1-2, pp. 63 
180-187, Jul. 1999, DOI. 10.1016/S0040-6090(99)00033-4. 64 

[16] A. Gurarslan, Y. Yu, L. Su, Y. Yu, F. Suarez, S. Yao, Y. Zhu, M. Ozturk, 65 
Y. Zhang, and L. Cao, “Surface-energy-assisted perfect transfer of 66 
centimeter-scale monolayer and few-layer MoS2 films onto arbitrary 67 
substrates,” ACS Nano, vol. 8, no. 11, pp. 11522-11528, Oct. 2014, DOI. 68 
10.1021/nn5057673. 69 

[17] D. K. Schroder, “Mobility,” in Semiconductor Material and Device 70 
Characterization, 2nd ed. Hoboken, NJ, USA: Wiley, 1998, pp. 509-568. 71 

[18] E. H. Nicollian and J. R. Brews, “Extraction of Interface Trap Properties 72 
from the Conductance,” in MOS (Metal Oxide Semiconductor) Physics 73 
and Technology, Hoboken, NJ, USA: Wiley, 2002, pp. 176-234. 74 

[19] N. Fang, and K. Nagashio, “Accumulation-Mode Two-Dimensional 75 
Field-Effect Transistor: Operation Mechanism and Thickness Scaling 76 
Rule”, ACS Appl. Mater. Interfaces, vol. 10, no. 38, pp. 32355-32364, 77 
Sep. 2018, DOI. 10.1021/acsami.8b10687.  78 

[20] P. Zhao, A. Azcatl, Y. Y Gomeniuk, P. Bolshakov, M. Schmidt, S. J 79 
McDonnell, C. L Hinkle, P. K Hurley, R. M Wallace, and C. D Young, 80 
“Probing Interface Defects in Top-Gated MoS2 Transistors with 81 
Impedance Spectroscopy,” ACS Appl. Mater. Interfaces, vol. 9, no. 28, pp. 82 
24348-24356, Jul. 2016, DOI. 10.1021/acsami.7b06204. 83 

[21] M. Kang, H. I. Yang, and W. Choi, “Electrical properties of Al2O3/WSe2 84 
interface based on capacitance-voltage characteristics,” J. Phys. D, vol. 85 
53, no. 32, 32LT01, Jun. 2020, DOI. 10.1088/1361-6463/ab8de6. 86 

[22] K. Intonti, E. Coleman, A. Blake, C. Lyons, A. Hydes, A. D. Bartolomeo, 87 
F. Gity, and P. K. Hurley, “Role of interface and bulk traps on the 88 
capacitance–voltage characteristics of WS2/Al2O3/Si capacitors,” 89 
Solid-State Electronics, vol. 207, 108697, Sep. 2023, DOI. 90 
10.1016/j.sse.2023.108697. 91 


	I. INTRODUCTION
	II. EXPERIMENTAL
	III. RESULTS AND DISCUSSION
	IV. Conclusion
	References

