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Benefiting from the high electron mobility and ultra-thin geometric features, carbon nanotubes (CNTs) exhibit great
potential as semiconductor channel materials in micro/nano electronic devices. Diamond (Dia), with superior hardness
and chemical inertness, is an ideal substrate material for CN'T-based electronic devices. In this study, using first-principles
calculations, we systematically investigate the effect of surface reconstruction and passivation on the electronic structure
of the heterojunction formed by the Dia (100) surface and CNT, as well as the associated band alignment at the interface.
Our calculations indicate that surface reconstruction and passivation treatments could facilitate the formation of a type-
I heterojunction between Dia (100) and CNT, which meets the performance criteria required for CN'T-based electronic
applications. More importantly, oxygen passivation could result in both the conduction band offset (CBO) and valence
band offset (VBO) between Dia (100) and CNT being greater than 1.0 eV. The findings presented in this work demonstrate
the critical role of surface reconstruction and passivation in enhancing the performance of CNT-based high-performance
radio frequency (RF) and optoelectronic devices. They also provide valuable insights for optimizing CNT field-effect

transistor (FET) interfaces.

Keywords: diamond (100), 1D/3D van der Waals heterostructures, band offset
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1. Introduction

Advanced integrated circuit technologies urgently re-
quire novel channel materials to address the challenges aris-
ing from power consumption and heat dissipation. Low-
dimensional semiconductor materials, especially carbon nan-
otubes (CNTs), with high mobility and ultra-thin geomet-
ric features, host theoretical advantages in performance, en-
ergy efficiency, and miniaturization capabilities.!'3 Recent
breakthroughs in the fabrication of CNT arrays with ultra-
high semiconductor purity and high density have enabled the
development of high-speed radio frequency (RF) transistors
and ultra-miniaturized digital logic transistors, also endow-
ing CNTs with practical advantages in next-generation mi-
cro/nano devices.*®! Tt is well known that substrate mate-
rials play a critical role in electronic devices. Silicon is
widely used as a substrate for CNT-based field-effect transis-
tors (CNT-FETs).!”-") However, silicon’s sensitivity to exter-
nal factors, such as temperature and radiation, limits the device
performance. '’ Meanwhile, the inherent defects and impuri-

ties in silicon could also lead to significant interface states,

TThese authors contributed equally to this work.
fCorresponding author. E-mail: xlw@xtu.edu.cn
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thereby hindering carrier transport.l''=131 Consequently, ex-
ploring suitable substrate materials to optimize the interface
and stability of CNT-based electronic devices is crucial for en-
hancing the performance.

Benefiting from its ultra-wide bandgap, high carrier mo-
bility, and high critical breakdown electric field, diamond
(Dia) is regarded as the ultimate semiconductor material for
electronic devices.!'*!13] The high stability and low defect den-
sity of diamond also make it very suitable as a substrate ma-
terial to maximize the performance of CNTs.[!6-18 Mean-
while, owing to their intrinsic one-dimensional and three-
dimensional geometric characteristics, Dia/CNT composites
are expected to host advantages in performance enhancement,
power consumption reduction, and integration.!'>?! When
CNTs and Dia form a heterojunction, there are multiple crys-
tal plane options. Among these various crystal planes, the
Dia (100) surface stands out because of the lower surface
roughness, along with fewer defects and impurities.?3-23]
Therefore, the Dia (100) surface is the ideal choice as a
substrate material for CNT-based devices.?°->°! Notably, an
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interfacial band offset greater than 1.0 eV is essential for

[30-321 However, the pris-

device performance enhancement.
tine Dia (100)/CNT heterojunction might not meet such
requirements. 33! Accordingly, in order to design and optimize
Dia/CNT electronic devices, it is necessary to investigate the
effects of reconstruction and passivation on the energy band
structure of this heterojunction.

Motivated by the above statements, by means of first-
principles calculations based on density-functional theory
(DFT),[3*33] we systematically investigate the electronic
structure and energy band alignment of heterostructures
formed by Dia (100) surfaces and CNTs. The results show
that passivation and reconstruction can effectively modify the
band structure of diamond, thereby inducing significant adap-
tations in the band alignment of Dia (100)/CNT heterostruc-
tures. Meanwhile, it is found that different passivation types
can significantly modulate the electronic properties at the in-
terface. The CNTs lose electrons when passivated with F, O,
or OH, whereas they gain electrons under H-passivation. The
remainder of the paper is organized as follows. In the next sec-
tion, the calculation details are briefly described. In Section 3,
we systematically analyze the correction results of the two
structures under different passivation conditions and identify
the O-passivated diamond surface as the optimal configura-
tion meeting the requirements for device applications. Finally,
a comprehensive summary of our conclusions is provided in
Section 4.

2. Methods

In this work, all calculations are performed within the
framework of the generalized gradient approximation (GGA)
of density functional theory (DFT) as implemented in Vienna
Ab-initio Simulation Package (VASP).3*371 Valence elec-
trons are described using a plane-wave basis set within the pro-
jector augmented wave (PAW) method.!*8] The DFT-D3 cor-
rection is applied to account for van der Waals interactions. [*°]
To ensure decoupling between adjacent layers, a vacuum layer
of 20-A thickness is introduced along the z-direction. The
plane-wave cutoff energy is set to 500 eV, and both lattice con-
stants and atomic positions are fully optimized utilizing the
conjugate gradient algorithm. A 4 x 1 x 1 Monkhorst—Pack k-
point grid is used for sampling the Brillouin zone.[*%*!l The
structure is relaxed until the maximum force on each atom is
below a convergence threshold of 0.01 eV A~!, with a total
energy convergence criterion of 107> eV. Finally, the elec-
tronic structure is corrected using the high-accuracy HSE06

functional, [42:43

3. Results and discussion

Due to the similar lattice constants, we constructed a het-
erojunction formed by (6,2)-CNT and Dia (100)-2 x 2 recon-

structed surface. The effect of interface orientations on the
binding energy and electronic structure of this heterojunction
is first investigated. Here, the binding energy is defined as

Epia—cNT — Epia — EcNT
E, =

; ey

Lent

where Epi,_cnT represents the energy of the heterojunc-
tion, Epj, denotes the energy of the Dia, Ecnr is the en-
ergy of the CNT, and Lcnt is the length of the CNT. In this
work, we mainly consider two orientations, i.e., parallel and
perpendicular to the channel direction. The corresponding
structures are shown in Fig. S1 of the supporting material.
The calculations indicate that the heterojunction constructed
along the channel direction holds a lower binding energy
(=5 x 1073 eV/A) compared to that along the perpendicular
direction (—4.9 x 1073 eV/A). However, as for the electronic
properties, the two construction orientations have only a slight
impact on the electronic band structure, with no significant
changes in the bandgap or charge distribution (see Fig. S2 in
the supporting materials). From the perspective of binding
energy, we will focus on the heterojunction constructed along
the channel direction in subsequent studies. Additionally, we
constructed a heterojunction formed by the (8,0)-CNT and
the Dia (100)-2 x 1 reconstructed surface, which exhibits a
lattice mismatch of 0.9%. By analyzing the binding energies
and electronic properties of these two structural models with
different degrees of lattice matching, we can effectively verify
the universality and consistency of the results. The recon-
structed Dia (100) surface has numerous dangling bonds. To
address this, we use different functional groups to passivate
the surface and study their effects on the electronic properties.
Figure 1 depicts the heterostructure with fluorine (F) pas-
sivation, while Fig. S3 in the supporting materials shows the

Fig. 1. (a) and (b) Side views of the heterojunction formed by Dia (100)-
2 x 2 reconstruction and a (6,2) carbon nanotube. (c) and (d) Side views
of the heterojunction formed by Dia (100)-2 x 1 reconstruction and a (8,0)
carbon nanotube. Brown spheres represent carbon atoms, and blue spheres
represent fluorine atoms.
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heterostructures with oxygen (O), hydroxyl (OH), and hydro-
gen (H) passivation. In Fig. 1(a), the label D indicates the
distance between the F-passivated atoms on the surface and
the CNT. The interatomic distances for atoms passivated with

other functional groups are listed in Table 1. The binding en-
ergy, charge transfer, interfacial distance, and bandgap for all
constructed heterostructures were calculated, and the results
are presented in Table 1.

Table 1. Binding energy, charge transfer, interatomic distance between the CNT and Dia, and bandgap for the Dia (100)-2 x 1 reconstruction &

(8,0) CNT under four different passivation conditions.

Structure Ey (eV/A) Bader—CNT (e/nm) Distance (A) Band gap (eV)
2 x 1F/ (8,0) CNT -0.207 -0.052 3.15 0.66
2 x 1-0/ (8,0) CNT 0.206 0.006 2.99 0.65
2 x 1-OH/ (8,0) CNT 0.199 0.017 3.23 0.48
2 x 1-H/ (8,0) CNT 0.222 +0.006 2.94 0.38

The calculations show that the binding energy between
the passivated Dia surface and the CNT is relatively weak.
Bader charge analysis*¥! reveals that the charge transfer be-
tween the CNT and Dia (100) is also limited, further indicat-
ing that their interaction is primarily driven by van der Waals
forces. Notably, electrons are transferred to the CNT only
when the surface is passivated with H, whereas in other passi-
vation cases, electrons transfer from the CNT to the Dia. Fig-
ure 2 shows the charge transfer distribution, where the yellow

Isosurfaces: 4X10-°

1x10-4

and cyan regions represent charge accumulation (p > 0) and
depletion (p < 0), respectively.[*3#6] The results demonstrate
that the type of passivation significantly affects the direction
of charge transfer, providing a theoretical basis for modulat-
ing the electronic properties at the interface. Additionally, we
performed detailed calculations and analyses for the 2 x 2 re-
constructed surface, and the specific results are provided in
Table S1 and Fig. S4.

9x10-5

1x10-4

Fig. 2. Charge density difference isosurfaces for the hybrid structures of diamond (100)-2 x 1 surface and (8,0) carbon nanotube with four
different capping terminations: (a) F-capping, (b) H-capping, (c) O-capping, and (d) OH-capping. Yellow and cyan regions represent electron

accumulation and depletion, respectively.

Energy (eV)
=

xr xXr X

Fig. 3. Electronic band structures of the hybrid system consisting of a dia-
mond (100)-2 x 1 surface and an (8,0) carbon nanotube with four different
passivation species: (a) F-, (b) O-, (c) OH-, and (d) H-terminations. In all
panels, the band structures are plotted along the high-symmetry path I'-X in
the Brillouin zone. The red lines represent the projected bands of the dia-
mond component, and the blue lines represent those of the carbon nanotube
component. The Fermi level is set to 0 eV (dashed line).

Based on the relaxed structure, the PBE functional was
used to investigate the electronic band structures of the 2 x 1

reconstructed Dia (100) surface and carbon nanotube (CNT)
heterostructures under different passivation treatments. Fig-
ure 3 illustrates the projected band structures of these het-
erostructures under various passivation conditions, where the
red and blue lines represent the passivated Dia (100) surface
and the (8,0) CNT, respectively. It can be clearly observed
that all Dia/CNT heterostructures exhibit a direct bandgap,
with the corresponding bandgap values listed in Table 1. It
should also be noted that the heterostructure composed of F-
and O-passivated Dia (100) surfaces with CNT belongs to the
type-I heterostructure, and the bandgap is determined solely
by the CNT (see Figs. 3(a) and 3(b)). (A type-I heterostruc-
ture refers to a band alignment configuration between two ma-
terials, where the CBM and VBM of one material completely
enclose those of the other material, resulting in a nested band
structure.) In contrast, the heterostructure constituted by the
OH- and H-passivated Dia (100) surface with CNT belongs
to the type-II heterostructure. Its band gap is determined by
both the Dia (100) surface and CNT. Additionally, we per-
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formed projected band structure calculations for the Dia (100)
surface with a 2 x 2 reconstruction under different passivation
treatments. The results are shown in Fig. S5 in supporting
materials. Unlike the 2 x 1 reconstruction, the 2 x 2 recon-
struction of the Dia (100) surface exhibits an indirect band gap
under all passivation conditions. Specifically, the F-, O-, and
OH-passivated Dia (100) surfaces with (6,2) CNT form type-I
heterostructures, whereas the H-passivation leads to a type-II
heterostructure. The bandgap data for these systems are pre-
sented in Table S1. For type-I heterostructures, both the CBM
and VBM are provided by CNT. In type-II heterostructures,
the CBM is contributed by CNT, while the VBM is primarily
determined by the passivated Dia (100) surface.

To further investigate the impact of passivating atoms on
the electronic properties of the CNT/Dia (100) heterojunction,
the band shifts for the four passivation treatments are investi-
gated by means of the vacuum level alignment method. Anal-
ysis of the electrostatic potential profile of the Dia (100)/CNT
heterojunction reveals no notable difference in electrostatic
potential between the CNT and the Dia (100) surface (see
Fig. S6). Due to the absence of a potential difference, the
heterojunction’s band structure results from the direct super-
position of Dia and CNT bands. Thus, the impact of pas-
sivation atoms on the heterojunction’s band structure can be
predicted by their influence on Dia’s band structure. Further
analysis reveals that passivation treatments significantly affect
the band alignment of the heterostructure. For the heterostruc-
ture formed by CNT and F/O-passivated Dia (100) surfaces,
a type-I band alignment is observed, whereas a type-II band

C(100)-2x1 & F

h&w Jl

(100)-2x1 & OH

11}

Xr Xr X

alignment occurs in the OH/H-passivation cases. To accu-
rately determine the CBO and VBO of the functionalized Dia
(100)/CNT heterojunctions, we systematically investigated the
band alignment for both type-I and type-II heterostructures.
The band alignment results indicate that the electronic energy
levels of these type-I and type-II heterostructures are in excel-
lent agreement with the Anderson model. The band alignment
equation of the Anderson model!*”#8! is defined as

E¢pm = EceMm — Evaces )

E{/BM - EVBM - EEvace- (3)

Here, Ecgm, EveMm, and Egyace represent the CBM, VBM, and
vacuum levels, respectively, as directly calculated. E(gy; and
E{g\ denote the positions of the CBM and VBM after vac-
uum level correction. The definitions of the CBO and VBO
are given by

CBO = |Ecym-pia — ECBM_oNT| - 4
VBO = |Eypyi_pia — Evem—cnr| - (%)

Here, CBO refers to the conduction band offset, while VBO
refers to the valence band offset. E(gyi_ i, a0d E{ gy pia F€P-
resent the corrected CBM and VBM positions for the Dia sur-
face, while E(gy_cnt and Eypgy_ent correspond to the cor-
rected CBM and VBM positions for the CNT surface. This
result reveals the precise band alignment characteristics of
the Dia (100)/CNT heterostructure under different passivation
conditions, providing a theoretical basis for further tuning its
electronic properties.

(b) C(100)-2x1 & O

(d) C(100)-2x1 & H

Fig. 4. The left figure shows the band structures of diamond (100)-2 x 1 (a) F, (b) O, (c) OH, and (d) H passivated systems, composite
systems, and (8,0) carbon nanotubes under vacuum alignment. Red and blue lines represent the electronic contributions from diamond and
carbon nanotube components, respectively. The right figure shows the corresponding vacuum-corrected band structures, where the red and blue
regions represent the valence band and conduction band of diamond and carbon nanotubes, respectively.

Based on the aforementioned band alignment, the energy
band diagram is illustrated in Fig. 4. Due to the practical re-
quirements of CNT-FET devices, in this work we focus ex-

clusively on type-I heterojunction structures. As shown in

Figs. 4(a) and 4(b), the type-I heterojunctions are formed by
F/O-passivation, with CBO values of 0.61 eV/1.61 eV and
VBO values of 3.22 eV/1.53 eV, respectively. For sensor ap-
plications, the CBO and VBO at the gate are crucial for de-
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vice performance. Larger CBO and VBO values could reduce
electron-hole recombination and escape effects, thereby effec-
tively suppressing the leakage current and electron tunneling
phenomena. This, in turn, enhances the sensitivity and signal-
to-noise ratio (SNR) of the sensor device.[**% Furthermore,
larger CBO and VBO values can alleviate issues such as band
bending and interface state density, which can reduce carrier
loss and scattering, leading to lower power consumption and
improved long-term device stability. Therefore, to optimize
the performance of the Dia (100)/CNT type-I heterojunction
system, it is essential to ensure that both the CBO and VBO
are greater than 1.0 eV. This requirement ensures improved
device performance and stability.

To obtain more accurate electronic properties, the HSE06
functional is utilized to refine the band structure of the Dia
(100)/CNT heterojunction. As shown in Fig. 5, the HSE06
functional not only effectively corrects the band gap but also
significantly alters the positions of the CBM and VBM. The

(=) ~2

—

—10
r xXr

CBO and VBO values obtained using the PBE functional are
0.61 eV and 3.22 eV, respectively, while those corrected by the
HSEOQ06 functional increase to 0.86 eV and 3.91 eV. In other
words, the HSE(Q6 functional leads to significant changes in
both the CBO and VBO values. Generally, the HSE06 func-
tional provides more accurate predictions of the CBO and
VBO for real material systems, which is crucial for assess-
ing their performance in sensor applications. For the type-
I heterojunction, the introduction of HSE06 did not alter the
heterojunction type. However, for the type-II heterojunction,
the HSEQ6 correction leads to different outcomes. As shown
in Fig. S7, the PBE calculation predicts the H-passivated Dia
(100)/CNT heterojunction to be type-I, with CBO and VBO
values of 3.18 eV and 0.28 eV, respectively. After HSEO6
correction, the heterojunction transforms into a type-II hetero-
junction. Therefore, the HSEO6 method not only adjusts the
values of CBO and VBO but may also change the type of the

heterojunction.
HSE PBE
() 07
—2 4
% ooq{ W e VY
R
| —6 1
R
_8 —
—10 4

X

Fig. 5. (a) Band structures of Dia (100)-2 x 1 reconstruction and (8,0) CNT with F termination, calculated using both HSE06 and PBE methods,
(b) along with alignment and correction. Red and blue indicate the contributions from diamond and carbon nanotubes, respectively.

C(100)-2x1 C(100)-2x2

—10 4
(80) F OOHH F O OH H (6.2)

Fig. 6. The corrected alignment of Dia (100)-2 x 1 reconstruction
& (8,0) carbon nanotubes and Dia (100)-2 x 2 reconstruction & (6,2)
carbon nanotubes with four different passivation treatments, based on
HSEO06 calculations.

Given the results presented above, to obtain more accu-
rate results, we recalculated the CBM and VBM positions for
Dia (100) and CNT with different passivation treatments us-
ing the HSEO6 functional and the vacuum level alignment ap-
proach. These recalculated results were used to reorder the

band structures of the heterostructures. As mentioned ear-

lier, for optimal device performance, the electronic structure
should host a type-I heterojunction characterized by CBO and
VBO offsets greater than 1.0 eV. From Fig. 6, it is clear that
only three heterojunctions satisfy this requirement: O/OH-
type passivation with a 2 x 2 reconstructed Dia (100) surface,
and O-type passivation with both 2 x 2 and 2 X 1 reconstructed
Dia (100) surfaces. Regardless of the surface reconstruction,
the O-passivated structures exhibit CBO and VBO values sig-
nificantly greater than 1.0 eV. Therefore, the heterojunction
system formed by CNT and the O-passivated Dia (100) surface
is the most reliable approach for designing Dia/CNT electronic
devices.

4. Conclusion

In summary, we systematically investigated the electronic
structure and band alignment of the reconstructed Dia (100)
surface passivated with F, O, OH, and H, as well as its inter-
action with CNTs, using first-principles methods. The con-
structed heterostructures primarily consist of type-I and type-
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IT heterojunctions, which are consistent with the Anderson
model. Our results demonstrate that surface passivation can
effectively modulate the direction of charge transfer between
the CNT and the Dia surface. Specifically, in the H-passivated
Dia heterostructure, the CNT gains electrons, whereas in other
passivation cases, electrons transfer from CNT to Dia. All het-
erostructures exhibit semiconductor behavior. After HSE06
corrections, not only do the CBO and VBO values change, but
the heterojunction type may also shift. However, the electronic
structure of the composite system can be predicted through
vacuum energy level alignment by calculating only the indi-
vidual electronic structures. Notably, for the O-passivated sur-
face, the CBO and VBO of the heterostructure formed with
CNT exceed 1 eV, regardless of the reconstruction type. This
indicates effective confinement of electron-hole pairs in these
systems, significantly reducing leakage current in related de-
vices. The experimental integration of Dia (100)/CNT het-
erostructures, with their excellent thermal stability and ap-
propriate lattice mismatch, shows great promise for nanoelec-
tronic applications. Our work provides a feasible strategy for
achieving large band offsets and valuable insights for develop-
ing high-power CNT-based field-effect transistors.
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