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ABSTRACT: Ultrasmall-scale semiconductor devices (≤5 nm)
are advancing technologies, such as artificial intelligence and the
Internet of Things. However, the further scaling of these devices
poses critical challenges, such as interface properties and oxide
quality, particularly at the high-k/semiconductor interface in
metal-oxide-semiconductor (MOS) devices. Existing interlayer
(IL) methods, typically exceeding 1 nm thickness, are unsuitable
for ultrasmall-scale devices. Here, we propose a one-atom-thick
amorphous carbon monolayer (ACM) as the IL to address these
issues for MOS devices. ACM is disordered, randomly arranged,
and short of long-range periodicity with sp2 hybridized carbon
network, offering impermeability, van der Waals (vdW)
bonding, insulating behavior, and effective seeding layer. With
these advantages, we have utilized ACM vdW IL (vIL) in Al2O3/H−Ge MOS capacitors. The interface trap density was
suppressed by ∼2 orders of magnitude to 7.21 × 1010 cm−2 eV−1, with no frequency-dependent flat band shift. The slow trap
density is decreased to 2 orders of magnitude, and the C−V hysteresis width is minimized by >75%, indicating enhanced oxide
quality. These results are supported by high-resolution transmission electron microscopy and energy dispersive X-ray
spectroscopy analysis, confirming the creation of an atomically well-defined interface in the Al2O3/H−Ge heterojunction with
ACM vIL, even under high-temperature annealing conditions. Density functional theory calculations further clarify that ACM
vIL preserves the hydrogen-passivated Ge surface without altering its electronic band structure. These results demonstrate that
ACM vIL effectively improves the interface properties and enhances the oxide quality, enabling further advancements in
ultrasmall-scale MOS devices.
KEYWORDS: amorphous carbon monolayer, semiconductor interface, interface trap density, MOS capacitors, MOS interlayer

Technological advancements in the semiconductor
industry have driven a continuous reduction in device
dimensions (e.g., reaching ≤3 nm process nodes),

ensuring the validity of Moore’s law. This technological trend
aligns with the predictions of the international roadmap for
devices and systems-2023 (IRDS), which forecasts the node
range of logic devices to reach 1.5 nm by 2028 and 1 nm by
2031.1 The metal-oxide-semiconductor (MOS) structure has
been the heart of semiconductor devices, and has been
simultaneously scaled down with the devices, and the high-k
oxide thickness has been reduced to ≤2 nm.2 However, several
issues have arisen in this ultrasmall-scale regime to enhance

device performance. Among them, the oxide quality and
interface properties, specifically the oxide/semiconductor
interface in MOS field effect transistors (MOSFETs), are
critical issues. The properties of the MOS device are mainly
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governed by charges and defects within the oxide,3−5 and traps
present in interface states at the oxide/semiconductor
junction.6 Charges within the oxide can be incorporated
during the fabrication process, and via interdiffusion at
heterojunction between high-k oxide and semiconductor
materials.4,5 Similarly, interface trap states can be generated
by the defects and surface reconstruction on semiconductor
surfaces.7

To resolve these issues in MOS devices, particularly those
based on Si, next-generation Ge and III−V compound
semiconductors, various process technologies, materials, and
layer structures have been explored. Process techniques, such
as plasma-post oxidation,8 electron cyclotron resonance
preplasma oxidation,9 and forming gas annealing10,11 have
been implemented to enhance device performance. Recently,
hydrocarbon materials12 and ferroelectric materials, such as
HfZrO2,

13 HfO2−ZrO2,
14 and Hf0.5Zr0.5O2

15 have emerged as
alternatives to replace the conventional gate oxides with
higher-k values, thus decreasing gate thickness. Various
interlayer structures at oxide/semiconductor junctions have
been introduced to minimize interface trap density (Dit) and
improve long-term stability by preventing interdiffusion during
device operation. In Si−based devices, hydrogenation16,17 and
nitridation18,19 strategies have been employed to prevent
oxidation and reduce defects on semiconductor surfaces,
leading to suppressing the formation of interface trap states.
Similarly, for Ge and III−V semiconductors, approaches such

as oxidation,20 nitridation,21 and the use of crystalline silicon
interface layer (IL)22 have been utilized to enhance interface
quality.

Among these methods, ILs stand out as particularly effective
in resolving issues associated with oxide and interface quality in
ultrasmall-scale MOS devices, since they can conduct chemical
passivation to reduce the Dit, and simultaneously serve as
physical barriers to minimize interdiffusion. To fulfill this role
effectively, ILs must possess an optimal thickness to ensure
chemical stability, thereby acting as a reliable diffusion barrier.
Yet, most ILs utilized in MOS capacitors (MOSCAP) have
been relatively thick, exceeding 1 nm, attaining Dit,max in the
range of 1011 cm−2 eV−1.23−25 The best reported Dit,max value
for a Ge MOSCAP was 4.5 × 1010 cm−2 eV−1,26 achieved using
a thick GeOx IL of 4 nm. The incorporation of such thick ILs
can induce shifts in flat band voltage (VFB), series resistance,
and overall gate capacitance, affecting the MOS device
performance2 and posing considerable challenges to the
advanced downscaling of MOS devices.

One potential solution to these challenges could be adapting
a one-atom-thick two-dimensional (2D) material as an IL. We
propose an amorphous carbon monolayer (ACM) as the IL in
MOS devices. ACM is disordered, randomly arranged, and
short of long-range periodicity with an sp2 hybridized carbon
network.27,28 The structure of ACM can be readily compared
with its counterpart single crystal graphene (SCG), as shown
in Figure 1a,b. The disordered nature of ACM is further

Figure 1. Structure and functional role of the ACM as a vIL. Plan-view HR−TEM image of the (a) ACM and (b) SCG at scale of 2 nm.
Unlike the uniform structure of the SCG, the ACM reveals a heterogeneous blend of randomly arranged pentavalent, hexavalent-, and
octavalent carbon rings with a short-range of periodicity. (c) Raman spectra of the ACM and SCG, revealing distinct structural features. The
2D peak disappeared in the ACM (vivid orange line) spectra, indicating the amorphous nature and lack of long-range periodicity. (d)
Schematic illustration of a cross-sectional view of the Al/Al2O3/ACM/H−Ge structure. The enlarged portion highlights the concept of the
ACM as vIL elucidating the features of the passivation of H−Ge, prevention of Al and Ge atoms interdiffusion, and establishment of the vdW
interface between H−Ge and Al2O3 layers. (e) Normalized C−V characteristics of the w/ACM vIL (pumpkin patch color), compared to the
w/o IL configuration (dark cyan color). The reduction in the hysteresis reveals the decrease in oxide traps near the Al2O3/H−Ge interface
via ACM vIL.
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evident in the Raman spectra with the absence of a 2D peak at
2680 cm−1, typically attributed to SCG, suggesting a lack of
long-range periodicity29 (Figure 1c). ACM offers four distinct
advantages over other ILs: As a similar manner to its
counterpart SCG, (i) ACM can be impermeable to all gases,
except for hydrogen,30 and exhibits high thermal and chemical
stability31 owing to its continuous sp2 hybridized carbon
network. Thus, it can act as a one-atom-thick diffusion barrier.
The H atoms used for passivation are covalently bonded to Ge
atoms, forming stable Ge−H bonds.32−34 These H atoms are
not in the form of free-standing H molecules or atomic H that
could diffuse through the ACM layer; instead, they are
chemically attached to the Ge surface, effectively terminating
dangling bonds and passivating the surface. (ii) ACM

generates van der Waals (vdW)35 bonding on the surfaces of
other materials, without noticeably altering the electronic
properties of underlying semiconductor surfaces. After
chemical processing of the semiconductor surface to minimize
surface states and reconstruction, the vdW bonding of ACM
effectively passivates semiconductor surfaces. In contrast to
SCG, (iii) ACM exhibits Anderson’s insulating behavior,36,37

making it suitable for use as an IL in the oxide/semiconductor
heterojunction in a MOSCAP. (iv) ACM can function as an
effective seeding layer for subsequent overlayers to be grown
and/or deposited. Its amorphous nature induces chemical
potential undulation38−40 on the surface, offering nucleation
sites for overlayer growth.41,42 Thus, high-k oxide can readily
grow on ACM IL during MOS fabrication, as evidenced by

Figure 2. Direct synthesis of ACM via growth parameter tuning. (a) Schematic illustration of the catalytic growth of single crystalline,
nanocrystalline, and amorphous carbon monolayer structures. (b) Raman spectra depicting the transition from single crystalline to
amorphous structure of graphene samples synthesized under various conditions. (c) Optimal growth conditions for the ACM achieved by
controlling synthetic parameters PCH4 and Tgrowth. The data points for I(D)/I(G) of different samples synthesized under various conditions
are extracted from (b). The solid gray line represents the plot of the I(D)/I(G) as a function of Ld, based on the equation from ref (53),
while the dashed red line is the fitted curve based on the experimental data. (d) Atomic-level structure of the ACM grown on the H−
Ge(100) at 700 °C synthesis temperature. Unlike single crystalline graphene, it lacks structural periodicity. (e) SAED patterns of the SCG to
ACM samples grown under different conditions. The ACM shows a diffused ring pattern with no diffraction spot. (f) Zoomed area of (d)
displaying a distorted structure. (g) The distorted structure comprising a mix of pentagonal, hexagonal, and heptagonal carbon rings.
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uniform wetting behavior resulting in a continuously grown
Al2O3 layer (Figure S1b) on ACM surface. In contrast, the
Al2O3 on SCG shows discrete island growth (Figure S1a). We
previously reported the method to synthesize the ACM at a
high temperature (>900 °C) with a controlled growth rate,
revealing a highly disordered structure lacking long-range
periodicity.27 However, the scope of the study was limited to
the synthesis process and basic material property character-
ization. In this work, we introduce an investigation,
demonstrating significant advancements in the amorphous
nature and insulating properties through the establishment of a
low-temperature chemical vapor deposition (LP−CVD)
process. The improved amorphous nature results in a sheet
resistance value of ∼5 orders of magnitude higher than that of
SCG (Figures S2−S4), consistent with the values reported by
Tian et al.28 These findings demonstrate that ACM exhibits
Anderson’s insulating behavior, which is crucial for its function
as an IL material, preventing short-circuiting and maintaining
the integrity of semiconductor device. We employ the Ge
MOSCAP as our model system to validate the concept of using
ACM as vdW IL (vIL). Ge, known for its superior electron and
hole mobility, as well as low operating voltages,43 has been
studied as a next-generation channel material in MOSFETs.
Yet, the chemically unstable Ge oxide readily grows on the Ge
surface,44,45 causing the generation of defects at the dielectric/
Ge interface, which results in high Dit values in Ge
MOSCAPs.46 This limitation has been the main hindrance
to the widespread industrial adaptation of Ge-based
technologies. Several IL approaches, such as Ge surface
passivation, multiple IL stack, and thick ILs have been applied
to minimize Dit. A comprehensive list of IL structures and
corresponding device performances is summarized in Table S1.
With the aforementioned four key advantages, ACM can
effectively resolve these challenges. The Ge MOSCAP with
ACM vIL (termed w/ACM vIL) is depicted in Figure 1d, with
an enlarged portion illustrating the effect of ACM vIL. The Ge
surface is hydrogen-passivated (H−Ge) to suppress the surface
reconstruction and defects, thereby maintaining the bulk
electronic band structure and preventing Fermi energy level
pinning at the interface.39,47,48 ACM preserves the H−Ge via
vdW bonding and effectively prevents the diffusion of Al atoms
into the Ge and vice versa, thereby preserving both the interface
and oxide quality. Empirical evidence of ACM vIL
effectiveness, shown in Figure 1e, demonstrates a 75%
reduction in hysteresis width and a shift in VFB toward
negative voltage, substantiating its role in mitigating oxide
traps. In the subsequent sections of this article, a detailed
analysis of the impact of ACM vIL on H−Ge MOSCAP is
provided using capacitance−voltage (C−V) and conductance−
voltage (G−V) electrical characterizations, along with the
supporting structural characterizations. Furthermore, density
functional theory (DFT) calculations are performed to
evaluate the electronic band structure of the H−Ge(100)
and ACM/H−Ge(100) surfaces.

RESULTS AND DISCUSSION
Direct Growth of the ACM on the H−Ge (100)

Surface. To fabricate the w/ACM vIL, we directly synthesize
ACM on the H−Ge(100) surface, since the Ge substrate has
sufficient catalytic activity to form a sp2 carbon network and its
extremely low carbon solubility.49−51 Carefully tuning the
synthetic conditions, such as the partial pressure of methane
gas (PCH4) and a growth temperature (Tgrowth), allows effective

control over nucleation density and growth rate. This synthetic
optimization enables the achievement of ACM with a Debye
length (Ld) of <1 nm being realized, as depicted in Figure 2a.
Initially, the crystallinity of the as-synthesized graphene was
modulated from single crystalline to nanocrystalline structure
by employing high nucleation and fast growth with increased
PCH4. Figure 2b shows representative Raman spectra of
graphene samples synthesized under different PCH4 with
varying Tgrowth. The Raman spectra of SCG synthesized at
low PCH4 exhibited typical features of large domain and high-
quality graphene, with a negligible D peak (black line in Figure
2b). Conversely, as PCH4 increased, obtained graphene samples
displayed a pronounced D peak and a decreased 2D peak
(brown line in Figure 2b). Additionally, the D’ peak,
representing intravalley phonon scattering, began to emerge.52

The intensity ratio of I(D)/I(G) was calculated at ∼2.4,
indicating the synthesis of nanocrystalline graphene (NCG)
with an average grain size of ∼5 nm, as shown in Figure 2c,
which represents I(D)/I(G) as a function of Ld.

53

To synthesize the desired ACM, adjustments were made to
Tgrowth. In an H2-containing atmosphere, high-temperature
processes above 850 °C selectively etch away the chemically
unstable defects in the carbon layer, thereby restricting the
synthesis of ideal amorphous carbon sheets.54 Therefore,
efforts were directed toward identifying optimized conditions
to minimize nanocrystalline grain size and synthesize ACM
with a random network structure by lowering the synthesis
temperature. The Raman spectra of samples synthesized under
fast growth conditions (high PCH4) with reduced Tgrowth are
represented by orange, yellow, and green solid lines in Figure
2b, corresponding to Tgrowth values of 800, 750, and 700 °C,
respectively. As Tgrowth was reduced below 850 °C, the 2D peak
disappeared completely. For samples synthesized at 800 and
750 °C, extracted I(D)/I(G) values of 1.47 and 1.23 indicated
the presence of NCG with average grain sizes of 2.3 and 1.7
nm, respectively. Notably, the grain size of NCG gradually
decreased as Tgrowth decreased. Upon further reduction of the
synthesis temperature to 700 °C, an I(D)/I(G) value of 0.85
was observed, signifying the synthesis of ACM with a grain size
of <1 nm.55,56 These results suggest that optimal growth
conditions for ACM on H−Ge(100) were successfully attained
by controlling synthetic parameters such as PCH4 and Tgrowth
(Figures 2c, S5, and Figure S6).

To confirm the atomic-level structure of our ACM grown on
the H−Ge substrate, high-resolution transmission electron
microscopy (HR−TEM) was performed. Unlike SCG, which is
free of structural defects, or nanocrystalline graphene,
possessing high crystallinity within nanosized grains, ACM
lacks structural periodicity (Figures 2d, and S7). Moreover, the
selective-area diffraction patterns (SAED) of ACM show a ring
pattern without any diffraction spot, which appears more
diffuse compared to patterns from NCG samples grown under
different conditions (Figure 2e). This observation suggests that
ACM exhibits an amorphous feature. Figure 2f,g shows a
zoomed-in view of Figure 2d, clearly displays the distorted
structure comprising a mix of pentagonal, hexagonal, and
heptagonal carbon rings.
Enhancement of Interface Properties and Oxide

Quality: C−V, G−V, and J−V Analysis. To elucidate the
impact of ACM as a vIL on the interface properties,
multifrequency C−V measurements were performed at room
temperature on the Al2O3/p-Ge MOSCAP without an IL
(termed w/o IL), and w/ACM vIL (Figure 3a,b). Gate
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voltages (VG) ranging from 2 to −2 V were applied to the
devices, sweeping from inversion to the accumulation regimes
at frequencies ranging from 1 MHz to 1 kHz. The w/o IL
configuration exhibited a weak inversion response,57 with a
hump observed in the depletion and weak inversion region.
However, incorporating the ACM vIL led to eliminating the
weak inversion response. Moreover, the C−V slope became

steep, with no frequency-dependent VFB shift observed in the
depletion region, indicating a reduction in Dit.

58 The VFB
values for w/o IL and w/ACM vIL were determined to be 0.05
and −0.28 V, respectively,59 at a frequency of 1 MHz.

Quantitative analysis to extract Dit values includes various
methods such as high−low C−V,60 Terman,61 frequency-
dependent G−V,62 deep-level transient spectroscopy,63 and

Figure 3. Enhancement of interface trap states via the ACM vIL. (a) and (b) C−V characteristics of the w/o IL and w/ACM vIL, respectively,
in the frequency range from 1 MHz to 1 kHz. The weak inversion response is highlighted in a, while it is eliminated in b with no shift in the
frequency-dependent VFB. (c) and (d) The variation of series resistance characteristics as a function of voltage from 1 MHz to 50 kHz in the
w/o IL and w/ACM vIL, respectively. The series resistance is dramatically reduced in the w/ACM vIL. (e) and (f) Frequency-dependent
normalized G−V characteristics from 1 MHz to 50 kHz in the w/o IL and w/ACM vIL, respectively. The magnitude of the conductance peak
indicates the Dit value, which is minimized in the w/ACM vIL. (g) Dit spectra as a function of gate voltage, revealing a noticeable reduction
by ∼2 orders of magnitude in the w/ACM vIL compared with the w/o IL. (h) Tabulation of the electrical properties of the w/o IL and w/
ACM vIL.
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direct-current current−voltage64 methods. Among these, the
G−V method is a direct approach for determining the interface

defects of the device because the conductive loss in the
depletion region is governed by the charging and discharging

Figure 4. ACM vIL induced quality enhancement on oxide. (a) and (b) Cross-sectional STEM images of the w/o IL and w/ACM vIL. Both
the devices exhibit an Al2O3 thickness of 20 nm, determined using the first derivatives of intensity profiles of ADF-STEM images. (c) and (d)
Hysteresis characteristics of the w/o IL and w/ACM vIL, respectively. The Vstart is varied from 2 to 1 V in steps of 0.1 V, while Vstop remains
constant. (e) Relationship between the Eox and Nst of the w/o IL and w/ACM vIL. The obtained Nst values for the w/o IL and w/ACM vIL
are in the range of 1012 and 1010 cm−2, respectively, indicating an enhancement in oxide quality. (f) Leakage current density spectra of the w/
o IL and w/ACM vIL. The leakage current is reduced by 1 order of magnitude in the w/ACM vIL. (g) and (h) Capacitance with respect to
frequency characteristics of the w/o IL and w/ACM vIL, respectively. The average value of the measured Cox for the w/o IL and w/ACM vIL
are 0.30 and 0.32 μF cm−2, respectively, aligning with the C−V measurements.
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of defects, and is therefore adapted in this work. An important
parameter for obtaining accurate conductance is the series
resistance.6,65 Correcting the series resistance from measured
parallel conductance values in the strong accumulation region
can accurately isolate the interface state portion.6 (Supporting
Section 1 provides additional discussion on the series
resistance to correct the conductance characteristics). The
w/ACM vIL showed a notable reduction in the series
resistance of the device, due to lower interface states,66

measuring 160 Ω, compared to 950 Ω for the w/o IL
configuration at 1 MHz (Figure 3c,d). Figure 3e,f show the
corrected parallel G−V characteristics of the w/o IL and w/
ACM vIL configurations in the depletion to weak inversion
regime with the measured series resistance. The conductive
peak in the G−V curves corresponds to the conductive loss of
the devices, while the loss curves demonstrate typical interface
state behavior.62 The normalized height of the conductive peak
in the w/ACM vIL configuration was 6.47 nF cm−2,
considerably lower than the 171.45 nF cm−2 in the w/o IL
configuration, indicating lower Dit for w/ACM vIL. To
quantify Dit, the conductance peak with a shoulder close to
the high-frequency region was fitted using eq 167
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where A is the electrode area, q is the elementary charge, and
(Gp/ω)peak is the maximum value of the normalized
conductance peak obtained for a given gate voltage. Figure
3g shows the extracted Dit spectra for both devices, with Dit
limited to specific VG values where a conductance peak is
observed. The obtained Dit,max values for the w/o IL and w/
ACM vIL devices were 5.26 × 1012 and 7.21 × 1010 cm−2 eV−1,
respectively, revealing ∼2 orders of magnitude decrease in Dit.
Since Dit is extracted at a high-frequency region in the G−V
method, we employed another method, the capacitance
method, which considers both low and high frequencies to
calculate Dit. The Dit using the capacitance method is
determined utilizing the equation provided below68
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where Cox is the oxide capacitance, CHF is the capacitance at
the high frequency, and CLF is the capacitance at the low
frequency. The Dit,max values obtained were 6.45 × 1012 and
9.11 × 1010 cm−2 eV−1 for w/o IL and w/ACM vIL
configurations, respectively. Although the calculated values
are slightly higher than those extracted from the conductance
method, the Dit,max of the w/ACM vIL remains ∼2 orders of
magnitude lower than that of the w/o IL.

The dielectric layer thickness for both devices was precisely
measured utilizing cross-sectional scanning transmission
electron microscopy (STEM), as displayed in Figure 4a,b.
Measurements from the STEM images indicated an identical
thickness of ∼20 nm for both devices. The ellipsometry
analyses also confirmed thicknesses the same as 20.2 nm for
the w/o IL and w/ACM vIL configurations, respectively.
Despite the identical dielectric thicknesses, the w/ACM vIL
device showed enhanced accumulation capacitance, increasing
from 0.30 to 0.32 μF cm−2 with less dispersion, compared to
w/o IL. Although the overall capacitance in the series
configuration of Cox and CACM (the capacitance of ACM)

should decrease, an increase in overall capacitance is observed
(a detailed explanation is provided in Supporting Section 2).
This implies the enhancement of oxide quality grown on the
ACM/H−Ge surface. To confirm the enhanced oxide quality
on ACM vIL, we measured the slow trap densities (Nst) and
gate leakage current.

Trap charges in the oxide, often referred to as slow trap
states, are typically located in the nonstoichiometric oxides
nearer to the interface. These trapped mobile charges primarily
originate from bulk traps in the oxide layer,69,70 border traps
between the interfacial transition oxide and the oxide layer,8,71

or both. Consequently, they lead to poor bias-temperature
instability (BTI) characteristics46,72 and hysteresis,73,74 affect-
ing the long-term reliability of the device. Besides oxide
reliability, they diminish channel mobility in MOSFETs
through Coulombic scattering and the loss of free carriers.75

The characteristic method for probing these Nst values in
oxides involves examining hysteresis in the C−V characteristics
as a function of the effective electric field (Eox).

76,77 When
voltage is applied across the device, charges are captured or
released from the oxide traps, leading to a change in the
magnitude of hysteresis upon the voltage sweep’s direction
change. The magnitude of this hysteresis is proportional to the
number of charges trapped and released, which is referred to as
Nst in oxides. eqs 3 and 4 are employed to quantify Nst vs Eox

E V V( )/CETox min FB= (3)

q N C Vst ox hys= (4)

where, the accumulation capacitance equivalent thickness
(CET) = 3.9ϵ0/Cox, Vmin is the starting voltage, ϵ0 is the
absolute permittivity in the free space, and ΔVhys is the change
in hysteresis voltage. The hysteresis was measured at 1
MHz9,70,78 for both devices by varying Vstart from 2 to 1 V in
steps of 0.1 V, while Vstop remained. Lowering the Vstart value
decreases the magnitude of the hysteresis, as shown in Figure
4c,d. With the measured ΔVhys and calculated Eox, Nst values
were calculated for the w/ACM vIL and w/o IL, as shown in
Figure 4e. The Nst of the w/ACM vIL and w/o IL ranged from
1010 and 1012 cm−2 in the Eox range from 80 to 220 MV cm−1,
respectively. The Nst of the w/ACM vIL is 2 orders of
magnitude lower than that of the w/o IL across all applied Eox
regions, suggesting that ACM vIL minimizes the oxide trap
density. The improved oxide quality was further supported by
leakage current characteristics. Figure 4f illustrates the leakage
current density characteristics (J−V) with an applied bias of
−2 to +2 V. The measured off-state leakage current density
was reduced by 1 order of magnitude in the w/ACM vIL,
measuring 6.65 × 10−7 A cm−2, compared to the w/o IL, which
measured 2.44 × 10−6 A cm−2. Furthermore, to investigate the
thermal stability and evaluate the role of the ACM vIL in the
dynamics of charge carriers, we performed temperature-
dependent J−V measurements for w/o IL and ACM vIL,
and the results are presented in Figure S8 (a detailed
explanation is provided in Supporting Information). Addition-
ally, the voltage-dependent capacitance−frequency character-
istics (C−F) were measured to find Cox and dielectric
permittivity for the w/o IL and w/ACM vIL devices (Figure
4g,h). The dielectric permittivity of w/o IL and w/ACM vIL
were determined to be 6.87 and 7.33, respectively, from the
measured C−F data. The MOS electrical device parameters are
tabulated in Figure 3h. The comprehensive analysis of the C−
V, G−V, Nst, and J−V decisively demonstrates that ACM vIL

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c12780
ACS Nano 2025, 19, 1056−1069

1062

https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12780/suppl_file/nn4c12780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12780/suppl_file/nn4c12780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12780/suppl_file/nn4c12780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12780/suppl_file/nn4c12780_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c12780/suppl_file/nn4c12780_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c12780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 5. STEM analysis to determine the role of ACM as a passivation layer and diffusion barrier. Cross-sectional ADF−STEM images of
the (a) As-fabricated, and (b) Post annealed at 500 °C of the w/o IL, exhibiting the interface roughness and diffusion between Al2O3 and Ge.
(e) and (f) Corresponding images of the w/ACM vIL, highlighting the flat and preserved sharp interface, even after annealing at 500 °C for 6
h. The ACM vILs are distinctly visible at the Al2O3 and H−Ge interface. Hydrogen termination of Ge is not directly observable owing to the
contrast in atomic numbers. However, the interatomic distance between the ACM and the topmost Ge atom is measured as 3.9−4.2 Å. (c),
(d), (g) and (h) EDS line profiles of the respective MOSCAPs. The line profiles for the w/o IL ((c) and (d)) show notable interdiffusion,
made evident by the atomic fractions of the Al and Ge across the interface. For the w/ACM vIL ((g) and (h)) a pronounced carbon peak
(pale yellow) at the interface indicates its presence, while the decreased atomic fractions of the Al and Ge reflect the efficiency of ACM as a
diffusion barrier, enhancing the reliability of the MOSCAP.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c12780
ACS Nano 2025, 19, 1056−1069

1063

https://pubs.acs.org/doi/10.1021/acsnano.4c12780?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c12780?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c12780?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c12780?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c12780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


considerably enhances the interface quality between Al2O3 and
H−Ge and improves the quality of the oxide on the ACM/H−
Ge surface.
ACM as an Effective One-Atom-Thick Diffusion

Barrier: STEM Analysis. To investigate the role of ACM as
a passivation layer for the H−Ge surface and a diffusion barrier
between the gate oxide and the semiconductor, STEM was
employed. The w/o IL and w/ACM vIL were annealed at 500
°C in an Ar atmosphere for 6 h to evaluate the function of the
diffusion barrier. Figure 5a,b,e,f show cross-sectional annular
dark-field (ADF) STEM images of the as-fabricated and
annealed w/o IL (Figure 5a,b), and w/ACM vIL (Figure 5e,f),
respectively. A distinct carbon monolayer is observable at the
interface between Al2O3 and the H−Ge substrate, sustaining a
highly flat interface, regardless of the 500 °C annealing (Figure
5e,f). Hydrogen termination on the Ge surface was not
detectable in the ADF−STEM images owing to the low atomic
number of hydrogen, as the atomic number mainly dominates
the image contrast. Nevertheless, our DFT calculation
confirms that the thermodynamically stable interatomic
distance between the ACM and the topmost H−Ge atom
(∼4 Å) corresponds to the measured interatomic distance
between the ACM and the topmost H−Ge atom of (3.9−4.2
Å). This indirectly confirms that the ACM serves as a
passivation layer for the H-terminated Ge. In contrast to the
w/ACM vIL shown in Figure 5e,f, the interface between the
Al2O3 and the Ge substrate in the w/o IL (Figure 5a,b)
exhibits poor quality, showing severe roughness of the Ge
substrate toward the Al2O3 in both the as-fabricated MOSCAP
and the annealed MOSCAP, which substantially degrades the
performance of the MOSCAP.

In addition to the atomic resolution ADF−STEM images,
the energy dispersive X-ray spectroscopy (EDS) line profiles
from Al2O3 to the H−Ge substrate reveal that ACM serves as
an effective diffusion barrier. Figure 5c,d,g,h show the EDS line

profiles of the MOSCAPs, acquired from the same cross-
sectional specimen as shown in Figure 5a,b,e,f, respectively.
The line profiles of the w/o ACM shown in Figure 5c,d, reveal
relatively high atomic fractions of Al (orange) and Ge
(reddish-brown) across the interface, indicated by a black
dotted line. This means interdiffusion occurs during both
MOSCAP fabrication and heat treatment steps. In contrast, in
the line profiles of the w/ACM vIL shown in Figure 5g,h, a
sharp increase in the atomic fraction of carbon appears at the
interface, corresponding to the location of the ACM in the
ADF−STEM images. Compared to Figure 5a,b, the
interdiffusion between Al2O3 and the H−Ge substrate is
suppressed, showing relatively low atomic fractions of Al and
H−Ge across the ACM interface. The STEM and EDS results
confirm that ACM acts as an excellent diffusion barrier and
creates a vdW interface on the H−Ge surface, eventually
ensuring the reliability of the MOSCAP. To validate the
thermal stability of the ACM vIL, we evaluated the electrical
performance of both w/o IL and w/ACM vIL following
annealing at 500 °C for 6 h, as shown in Figure S9. The results
indicate that the w/ACM vIL retained its performance
postannealing, confirming that the ACM vIL provides excellent
thermal stability, essential for maintaining device reliability
during high-temperature processing.
Effect of ACM vIL on the Electronic Band Structure of

the H−Ge Surface: DFT Calculations. Utilizing DFT
calculations, we developed band structures for Ge(100) with
various terminations to validate our experimental findings. The
computational methodology involved preparing a mirrored
Ge(100) slab to ensure the accuracy of the band structure
through a hybrid functional approach. Similar to surface
reconstructions observed in Si(100), the Ge(100) surface
atoms exhibited Ge−Ge buckling or dimerization tendencies.
While p(2 × 1) or c(4 × 2) reconstructions generally exhibited
greater stability than asymmetric ones (referred to as a(2 ×

Figure 6. Effect of ACM on the electronic band structure of the H−Ge. (a) Band structure of the Ge(100) with the a(2 × 1) reconstruction,
showing a small bandgap at the γ point. (b) The H−Ge(100) system showing the disappearance of gap states upon the unbuckling of the
surface Ge dimer, resulting in a wider bandgap, compared to the buckled Ge(100) system. (c) The ACM/H−Ge(100) system indicating a
distinct state within the bandgap, different from Ge buckling. (d) Illustration of the ACM structure, consisting of penta-, hexa-, and octa-
carbon rings. The visualization at the bottom of each graph depicts the respective atomic configuration. The dashed line with sky blue color
represented the top of the valence band.
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1)),79 we opted for a(2 × 1) owing to the substantial
computational resources required for precise band structure
calculations using the PBE0 hybrid functional. Detailed
explanations about structural modeling and input parameters
for calculation were denoted in Figure S12. In the H−Ge(100)
system, strategic placement of H atoms on the entire buckled
Ge atoms aimed to unbuckle them. Shifting focus to ACM
modeling, we used high-temperature molecular dynamics and
quenching to develop a random structure corresponding to an
ACM with penta, hexa, and octa-carbon rings. This randomly
generated structure is believed to capture the amorphous
nature of ACM, emphasized using the opened bandgap in
Figure 6d. Subsequently, the ACM was attached to the top of
the H−Ge(100) slab, forming the ACM/H−Ge(100) system.

As shown in Figure 6, we developed band structures for each
system discussed in the preceding paragraph. The Ge(100)
surface, characterized by the a(2 × 1) reconstruction, exhibited
a small bandgap at the γ point (Figure 6a). Upon unbuckling
the surface Ge dimer, we observed the disappearance of gap
states, while other states remained unaffected (Figure 6b),
resulting in a broader bandgap, compared to the buckled
Ge(100) system. This observation precisely corroborates our
experimental findings. Essentially, we can assert that Ge−Ge
buckling on the surface considerably contributes to the high
conductivity of gap states. In the case of the ACM/H−
Ge(100), a new state within the bandgap is also observed
(Figure 6c), distinct from the effects of Ge buckling. While
surface reconstruction on Ge(100) would uniformly occur
across the entire surface, the generation of the gap state via
ACM was entirely contingent on the local structure.
Consequently, electrons in the gap state exhibit localization,
providing no discernible benefit to the conductivity of the
system. The DFT study confirms that ACM vdW bonding on
the H−Ge(100) surface does not alter the electronic band
structure of the H−Ge(100) based on Figure 6b,c, suggesting
that ACM can be utilized as an effective IL in a MOSCAP.

CONCLUSIONS
We report the potential of one-atom-thick ACM as a vIL in
addressing the critical challenges of interface and oxide quality
in the Al2O3/H−Ge MOSCAPs, contributing to the down-
scaling of semiconductor devices. Direct synthesis of ACM on
the H−Ge surface revealed superior passivation and the H−Ge
surface was preserved without inducing surface reconstruction.
By utilizing the advantages of the ACM, such as imperme-
ability, vdW bonding on other material surfaces, insulating
characteristics, and its function as a seeding layer, we observed
a significant improvement in the interfacial properties with a
Dit,max of 7.21 × 1010 cm−2 eV−1, compiles with the ITRS
recommendations for ultrasmall-scale devices. Other key
parameters, including the C−V hysteresis width, Nst, and
leakage currents, are reduced in the w/ACM vIL, demonstrat-
ing the enhanced quality of the Al2O3 on the ACM without
interdiffusion. Furthermore, DFT calculations clarify that
ACM does not alter the electronic band structure of H−
Ge(100), suggesting the ACM as an effective IL. Additionally,
cross-sectional ADF-STEM images of 5 nm thick Al2O3 with
the ACM vIL (Figure S10) showed a sharp and well-defined
interface, confirming the preservation of interface integrity at
reduced oxide thicknesses. Moreover, devices incorporating a 5
nm thick high-k dielectric HfO2 with the ACM vIL (Figure
S11) exhibited similar improved performance as the 20 nm
thick Al2O3 with the ACM vIL. These results suggest that the

ACM vIL works effectively for ultrasmall-scale devices and is
compatible with other high-k dielectrics. Nobel laureate
Herbert Kroemer stated that “the interface is the device”.80

Indeed, the ACM vIL acts as a multifunctional device
component in the high-k/H−Ge MOSCAP. Our approach
using ACM vIL proposes a pathway to improve device
properties at ultrasmall-scale.

METHODS
Synthesis of the ACM on the H−Ge Surface. The ACM was

synthesized on Ga-doped p-type Ge(100) substrates with a resistivity
of 0.5−1.0 Ω cm using a customized LP−CVD system operating at
850 to 700 °C. Before synthesis, the substrates were cleaned via
sonication in acetone, isopropyl alcohol, and deionized water to
remove organic residues. Next, the native oxide was removed by
immersing the substrates in a 2% hydrogen fluoride solution, and then
dried them in the air using an N2 blower. These H-terminated
substrates were loaded into the LP−CVD chamber, which was then
evacuated to 6 × 10−6 Torr, and heated to the desired deposition
temperature. The growth rate of the ACM was increased by stabilizing
the chamber environment with H2 gas for 15 min. ACM was then
synthesized using a mixture of CH4 and H2 gas (ultrahigh purity
grade, 99.999%) at a working pressure of 20 Torr for 30 min. Finally,
the CH4 supply was turned off, and the chamber was rapidly cooled to
40 °C in the presence of H2 gas to prevent the crystallization of the
H−Ge surface.
Fabrication of the MOSCAP. The Al2O3 dielectric layer was

deposited on both ACM/H−Ge and Ge wafers using a thermal
atomic layer deposition (ALD) reactor (CN1 Co.). After cleaning the
Ge substrates, the samples were transferred to the ALD reactor.
Initially, the chamber was evacuated to a pressure of 7.6 × 10−3 Torr,
and trimethyl aluminum (TMA) and H2O were used as precursors
and reactants for Al2O3 depositions. Before the reaction, pretreatment
passivation was performed using H2 gas to suppress the surface states
of the Ge substrate. The doses of TMA, Ar, and H2O were applied for
0.1, 15, and 0.1 s, respectively, in the reactor at 150 °C for Al2O3
deposition. To fabricate the MOSCAP structure, a 100 nm thick Al
layer was deposited via thermal evaporation to form circular gates
with a diameter of 300 μm, and a bottom contact was deposited with
10 nm thick Ti and 100 nm thick Al layers. Finally, postdeposition
annealing was performed in a tubular furnace at 350 °C for 30 min in
an Ar atmosphere.
Plan-View HR-TEM. To analyze the microstructure of both

graphene and ACM, we employed an Au-assisted transfer method to
transfer them onto a perforated silicon nitride TEM grid. Initially, a
30 nm thick gold film was deposited onto the surface of the ACM
grown on the H−Ge substrate using e-beam evaporation
(WOOSUNG Hi-vac). Subsequently, the Au-coated specimen was
gently floated onto a mixture of hydrofluoric acid and hydrogen
peroxide to detach the Au/ACM film from the H−Ge substrate. The
film was then rinsed by floating it on DI water more than three times.
Next, we scooped the film onto a grid with a hole diameter of 1 μm
and dried it in a 70 °C dry oven for 6 h. Finally, the fabricated grid
was immersed in a gold etchant (Sigma-Aldrich) to remove the Au
film, and it was rinsed in DI water several times. The prepared
graphene and ACM were analyzed using an aberration-corrected
ThermoFisher Titan cubed G2 60−300 operating at 80 kV, equipped
with a monochromator. The microscope provides sub angstrom
resolution at 80 kV and ∼ −13 μm of spherical aberration. The typical
electron beam densities were adjusted to ∼5 × 105 e− nm−2. Atomic
images were obtained using a white atom contrast to capture the
actual atom positions under properly focused conditions, which is
essential for direct image interpretation.
Cross-Sectional TEM Sample Preparation and STEM/EDS

Analysis. To acquire a cross-sectional view of the sample, we
prepared a STEM specimen utilizing a focused ion beam (Thermo-
Fisher Helios 450HP FIB). Initially, a carbon protection layer was
applied to the surface of the MOSCAPs to preserve their
microstructure from ion milling. Subsequently, we employed a Ga
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ion beam with 30 kV accelerating voltage and 2.1 nA beam current to
etch the remaining area and create a cross-sectional lamella. The
lamella was then carefully lifted out from the MOSCAPs, and affixed
to the side wall of the TEM half grid post, to mitigate potential
contamination from the FIB grid. To render the lamella electron
beam transparent, we further thinned it to <100 nm. Finally, a Ga ion
beam of 5 kV accelerating voltage with 44 pA current was applied to
polish the damaged layers on the lamella. The ADF−STEM images
were obtained using an aberration-corrected ThermoFisher Titan
cubed G2 60−300 operating at 200 kV, with a convergence angle of
26.6 mrad and probe current of ∼60 pA. The ADF−STEM images
were generated by stacking a series of seven single-scanned images
using the drift-corrected frame imaging function in Velox software
(ThermoFisher). For acquiring an elemental line profile along the
metal/oxide/semiconductor structure, the Super-X system of the
TEM was utilized, and EDS line profile data were obtained by
integrating the signal of the STEM−EDS images using Velox software.
Raman Spectroscopy. The ACM samples grown on H−Ge

substrates were transferred to SiO2 (300 nm)/Si substrates using an
Au-assisted transfer method, as detailed in the plan-view HR−TEM
section, to characterize the microstructure of the ACM through
Raman spectroscopy (WITec alpha300 R), which was equipped with
a 532 nm laser. Raman spectra were appropriately calibrated with
reference to the 520 cm−1 peak of Si. The laser power was adjusted to
∼0.8 mW to prevent potential damage to the ACM, and the exposure
time was set to 1 min to ensure an adequate response.
Electrical Property Characterization. Electrical measurements

were conducted in ambient conditions in a dark shield probe station
(MS TECH Co.). C−V and C−F measurements were carried out
using a precision LCR meter (Keysight E4980A, 20 Hz−5 MHz). The
G−V measurements in parallel mode utilized a dedicated DC source
unit within the precision LCR meter. The J−V characteristics were
determined using a semiconductor parameter analyzer (HP4155B).
Computational Details. The plane-wave based DFT calculations

in this research were performed using the Vienna ab initio simulation
package.81 The generalized gradient approximation level of the
Perdew−Burke−Ernzerhof (PBE) exchange−correlation function-
al82,83 was used for geometry optimization. To determine the accurate
band structure, the PBE0 hybrid functional84,85 was employed. A
cutoff energy of 400 eV was utilized, and the Brillouin zone was
sampled at 5 × 5 × 1 based on the γ-centered scheme. Convergence
criteria for electronic and geometric optimizations were set to 10−6 eV
and 10−2 eVÅ−1, respectively. The Ge(001) slab model, identical to
our experimental setup, was developed with the middle layer mirrored
along the z-direction to ensure identical termination of both the top
and bottom layers. The middle five layers were fixed in their bulk
position among the 13 atomic layers, and the entire slab was centered
within a 20 Å vacuum gap, as shown in Figure S12. We also prepared
H-terminated Ge(001) slab (noted as H/Ge(001)) and the ACM
with the H-terminated Ge(001) slab (recorded as ACM/H/Ge(001))
to compare band structure changes.
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