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Abstract: Diamond is considered as the most promising next-generation semiconductor material due
to its excellent physical characteristics. It has been more than three decades since the discovery of a
special structure named n-diamond. However, despite extensive efforts, its crystallographic structure
and properties are still unclear yet. Here, we show that sub-disordered structures in diamond provide
an explanation for the structural feature of n-diamond. Monocrystalline diamond with sub-disordered
structures is synthesized via the chemical vapor deposition method. Atomic-resolution scanning
transmission electron microscopy characterizations combined with the picometer-precision peak
finder technology and diffraction simulations reveal that picometer-scale shifts of atoms within cells
of diamond govern the sub-disordered structures. First principles calculations indicate that the
bandgap of diamond decreases rapidly with the increasing of shifting distance, in accordance with
experimental results. These findings clarify the crystallographic structure and electronic properties of
n-diamond, and provide new insights into the bandgap adjustment in diamond.
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Diamond is the hardest natural material, and has great potential applications in high-frequency and
high-power electronic devices due to its ultrawide bandgap, high carrier mobility and excellent
thermal conductivity!=. Diamond is also considered as the most promising material for quantum
technologies because of the nitrogen-vacancy centers, which have unique spin and optical
properties®®. With the continuous innovation of the diamond preparation technology, a variety of
new structures have been observed in diamond, exhibiting extraordinary performances compared to
the best-known traditional cubic structure. For instance, the reported paracrystalline diamond’
synthesized from zero-dimensional fullerene exhibits preeminent oxidation resistance (950 K of the
onset oxidation temperature) and highly isotropous Vickers hardness (116 GPa). The nanotwinned
structure®” in diamond improves the hardness up to 200 GPa without sacrificing fracture toughness.
The hierarchically structured diamond'® containing non-3C polytypes (such as 2H, 4H, 9R or 15R)
composites exceptional toughness. Furthermore, a special diamond structure (named n-diamond) has
been observed for over three decades!!, which has attracted much attention due to its special
structural features and potential applications. The electron diffraction pattern of this structure matchs
well with that of traditional cubic diamond apart from additional forbidden reflections, the most
prominent of which are the (002) diffraction!?. Nevertheless, details about its crystallographic
structure remain debatable, and its properties still unclear.

Since the discovery of n-diamond, plenty of synthesized methods for n-diamond have been
reported, and over ten crystal models have been proposed to describe its crystallographic structure'*-
13, To the best of our knowledge, the reported n-diamond is mostly in the form of grains with tiny
crystalline size, and mixed with other carbon nanostructures. In addition, experimental investigations
for the structure of n-diamond are based on the X-ray powder diffraction (XRD) pattern or the
selected area electron diffraction (SEAD) pattern, lacking atomic-resolution characterizations and
verifications. Theoretical calculations indicate that most of these proposed crystal models describing
the n-diamond are dynamical unstabile'?. As a result, the Glitter model (space group of P42/mmc)'*
and HR-carbon (space group of R32)" model are considered as the most promising candidate
structures for n-diamond due to their stabilities. Nevertheless, it is argued that their simulated
electron diffraction patterns can not match well with that of n-diamond'?. It is still a challenge to
clarify the detailed structure of n-diamond due to the small quantity, tiny crystalline size and low
purity of the synthesized n-diamond'¢!8. The uncertainty of the structure in n-diamond results in
little understanding on its physical properties, which limits its developments and applications.

In this study, we synthesized the monocrystalline diamond with partial shifted atoms via the
chemical vapor deposition (CVD) method. The atomic shift is verified to be periodic and oriented,
rather than random, and the shifting distance is disordered. Thus, we named this structure as sub-
disordered structure. The XRD pattern shows a strong (002) forbidden diffraction of standard
diamond, in accordance with that of n-diamond. Atomic-resolution scanning transmission electron
microscopy (STEM) characterizations combined with the picometer-precision peak finder
technology and diffraction simulations were employed to clarify these sub-disordered structures. The
formation mechanism and electronic properties of these structures were explored in detail.

Characterizations of sub-disordered structures in diamond. Monocrystalline (001)-diamond

samples were synthesized via the CVD method. The Raman spectrum and XRD pattern of the
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diamond with sub-disordered structures are depicted in Fig. Sla and Fig. 1a, respectively. The peak
of the Raman spectrum at 1332 cm™ corresponds to the vibration of two interpenetrating cubic
sublattices, which is consistent with that of traditional diamond'®. The XRD pattern of the diamond
(Fig. 1a) shows a strong diffraction peak at 20 = 51°, corresponding to the (002) diffraction of
diamond. It is well known that the (002) diffraction in standard diamond should be absent according
to forbidden diffraction rules®*. For comparison, the XRD pattern of the traditional (001)-diamond
and the standard powder diffraction pattern of traditional diamond are demonstrated in Fig. 1b and
Fig. Ic, respectively. It can be observed that the XRD pattern of the synthesize (001)-diamond in this
study is much distinct from that of traditional (001)-diamond, which shows only the (004) diffraction.

The strong (002) diffraction implys there are special structures in the synthesized diamond.
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Fig. 1. XRD patterns of diamond with sub-disordered structures and traditional diamond. (a-b)
Synthesized (001)-diamond with sub-disordered structures (a) and traditional (001)-diamond (b). (¢)
Standard powder diffraction pattern of traditional diamond.

In order to clarify the crystallographic structure of the synthesized diamond, high-resolution
STEM characterizations were carried out using an aberration-corrected TEM operating at 300 kV.
Fig. 2a demonstrates the SAED pattern of the diamond. The diffraction of {002} agrees well with
that in the XRD pattern (Fig. 1a). It’s worth noting that, {002} diffraction spots could be observed in
the SAED pattern of traditional diamond from {011} or {013} zoon axes due to the double
diffraction?. Thus, to eliminate the influence of the double diffraction on {002} diffraction spots, the
TEM sample is well designed and fabricated from the synthesized monocrystalline (001)-diamond.
The diamond zoon axis for TEM characterizations is [100], from which {002} diffraction spots are
not attributed to the double diffraction. The diffraction of {420} can also be observed in a brighter
image of the SAED pattern (Fig. S2), in accordance with that of n-diamond. Atomic-resolution
STEM image of the diamond is depicted in Fig. 2b. In consistent with the SAED pattern in Fig. 2a,
the fast Fourier transform (FFT) pattern (the inset in Fig. 2b) shows {002} diffraction spots. It can be

seen from the three-dimensional format STEM images (Fig. S3) that there are plenty of fringes with
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a spacing of 0.18 nm, corresponding to the interplanar spacing of {002} in diamond?. These fringes
are in accordance with the FFT pattern and the periodical contrast of atomic columns (Figs. 2b-c),
which is attributed to periodical and oriented picometer-scale atomic shifts (discussed in the

following section).
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Fig. 2. Atomic-precision characterization on diamond with sub-disordered structures. (a and b)
SAED pattern (a) and atomic-resolution STEM image (b) of the diamond with sub-disordered
structures. The inset in (b) shows the corresponding FFT pattern. The {002} diffraction in the SAED
pattern and the FFT pattern is in accordance with that of n-diamond. (¢) Enlarged image taken from
the region marked by the green square in (b). (d) Intensity line profile of atomic columns marked by
the yellow line in (c). The blue dashed line represents the middle position between two black dashed
lines. (e) Overlap of the atomic-resolution STEM image marked by the green square in (c) and
related calculated peak positions of atomic columns employing the multiple-ellipse fitting method.

In order to verify picometer-scale atomic shifts, accurate atomic column positions and intensities
in Fig. 2c are analyzed. The intensity line profile of atomic columns along the [01-1] orientation
(marked by the yellow line) is shown in Fig. 2d, demonstrating a periodical high-intensity atomic
columns with a spacing of 0.25 nm. Obviously, the low-intensity atomic columns deviate from the
middle position of two high-intensity atomic columns, where an atomic column should be located at
for standard diamond. This suggests that atoms shift along the [01-1] orientation periodically. To
quantify the atomic shift, the ultra-high precision peak finder technology was employed, which
provided atomic columns positions with picometre-scale precision. This technology has been widely
used to measure the atomic displacement at the subunit crystal cell level?!?*. An overlap of the
atomic-resolution STEM image in the region marked by the green square in Fig. 2c and related
calculated peak positions of atomic columns is demonstrated in Fig. 2e. Atomic column peak

positions (marked by black dots) were calculated by means of the multiple-ellipse fitting method?>.



The multiple-ellipse fitting method is used to help find peak positions of atomic columns in STEM
images, for precise measurements of the distance between atomic columns. Assuming the distance
between two neighbouring high-intensity atomic columns along the [01-1] orientation is t, the
theoretical distance between two neighbouring atomic columns along the [01-1] orientation should
be t/2. Thus, the shift distance of atomic columns D is calculated as

D=|d—-t/2] (1)
where d is the measured distance between two neighbouring atomic columns along the [01-1]
orientation. Based on the measured distances in Fig. 2e and other regions in Fig. S4, the calculated
result indicates the atomic columns shift several picometer (3 to 21 pm) along the [01-1] direction.
Such slight deviation can be determined thanks to the combination of the ultrahigh-resolution STEM
characterization and the ultrahigh-precision peak finder technology. In addition, the STEM image
provides the contrast message within the atomic-scale region, in which the contrast arises from
atomic columns®’. As demonstrated in Fig. 2e and Fig. S4, the atomic column intensity is relative
fuzzy along the [01-1] direction. This implies atoms deviate along the [01-1] direction, which is
verified by the accurate calculation of the distance between peak positions of atomic columns. Thus,
it is believed that the atomic shift is oriented. It can be seen from Figs. 2d-e that the deviated and un-
deviated atoms are alternatively arranged, suggesting the periodicity of structure in diamond has
been changed. This is the reason why the XRD and SAED patterns of the synthesized diamond are

distinct from these of traditional diamond.

Atomic shift mechanism. It is well known that the standard diamond lattice can be considered as
two interpenetrating face-centered-cubic (FCC) lattices with one displaced by 1/4 of the diagonal
along a cubic cell. The unit cell (three-dimensional view) and supper cell (viewed along the [-211]
direction) of diamond are depicted in Fig. 3a and Fig. 3b respectively, where the yellow and red balls
represent two sets of atoms belonging to the FCC lattice. Using first principles calculations, the
lattice constant of diamond was calculated as 3.57 A, consisting with that in the previous literature'.
The periodic and oriented structure can be formed when one set of atoms in standard diamond (red
balls in Fig. 3a and Fig. 3b) shift along the [01-1] direction by a distance of L, whose unit cell
viewed along the [100] direction is shown in Fig. 3c. The driving force will be discussed in the
following section. Firstly, the SAED patterns of new structures with different L are simulated to
verify that the additional {002} diffraction arises from shifts of atoms. Simulations were performed
based on the theory of elastic electron diffraction, and the Bloch-wave method was used to obtain
accurate SAED patterns with diffraction intensities?>. The simulation results are depicted in Fig. 3d.

In the case that L=0, the proposed structure is same as standard cubic diamond, thus {002}

diffraction spots are absent. When L increases to 2 pm (only 0.4% times v2a), the additional {002}



diffraction spots can be observed, which become more and more obvious with the increase of L. To

compare with {004} diffraction spots, we define the relative intensity u of {002} diffraction spots as
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where I, and Iy, are simulated intensities of {002} and {004} diffraction spots. Calculated

relative intensities of {002} diffraction spots are shown in Fig. 3d.
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Fig. 3. Simulated SAED patterns of diamond with different atomic shift distance. (a and b) Unit
cell (a) and supercell (b) of standard diamond. The supercell is viewed along the [-211] direction.
Two sets of atoms belong to the FCC structure are shown in yellow and red, respectively. (¢) Unit
cell of the structure with atomic shifts in diamond viewed along the [100] direction. Blue circles
represent positions of red atoms in standard diamond. (d) Simulated SAED patterns of diamond that
one set of atoms in unit cell (red atoms in a) shift along the [01-1] direction by a displacement of 0, 2,
10, 40 pm. The simulated zoon axis is [100].

Noting that SAED patterns of structures with different L values are consistent, except for relative
intensities of diffraction spots. This implies that additional {002} diffraction spots may arise from a
compound of structures with different L, whose intensities depend on the L value and the content of
structures with large L values. As a matter of fact, the synthesized diamond contains structures with
different L (Fig. 2e and Fig. S4) and the standard diamond structure (Fig. S5). On the other hand,
simulated SAED patterns of structures with different L values are consistent can also explain that
additional diffraction spots in the experimental SAED pattern are sharp, rather than dispersive.
Simulated STEM images of standard diamond and diamond containing structures with different L are
shown in Fig. 4. By employing the peak finder technology, centres of atomic columns and distances
of adjacent atomic columns in simulated STEM images are calculated. There is no atomic shifting in
the standard diamond (Fig. 4a), indicating the high reliability of this technology. Compared with the

standard diamond, the atomic column intensity of the simulated STEM image of diamond with
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atomic shifting (Fig. 4b) is relative fuzzy along the [01-1] direction. This is consistent with our

experimental result in Fig. 2e.
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Fig. 4. Simulated STEM images of diamond with and without atomic shifting. (a) Simulated
STEM image of standard diamond. The right part shows the overlaps of the enlarged STEM image
marked by the green square and related calculated peak positions of atomic columns by employing
the multiple-ellipse fitting method. (b) Simulated STEM image of diamond with atomic shifting. The
right part shows the overlaps of the enlarged STEM image marked by the green square and related
calculated peak positions of atomic columns by employing the multiple-ellipse fitting method.

Atomic shifts result in slipping in diamond (Supporting Information), and the driving force for the
atomic shifts in the synthesized diamond is considered to be the inner stress induced by impurities
(such as hydrogen and nitrogen atoms) in the growth process of diamond. It is well known that
crystal defects including twins and stacking faults on (111) planes are abundant in CVD diamond?¢.
The diamond growths layer by layer, and hydrogen atoms decomposed from H> gas would etch non-
diamond phases during the growth, ensuring the high purity of the diamond phase. The presence of
hydrogen atoms is inevitable to some extent in the CVD diamond. The hydrogen-terminated carbon
forms the step edges on (111) planes, which can serve as nucleuses of twins or stacking faults*’. In
this study, nitrogen atoms are introduced in the synthesized diamond with sub-disordered structures.
Single substitutional nitrogen defects are verified by the Fourier transform infrared spectra (Fig. S7),
and the nitrogen concentration is about 264 ppm. The carbon atoms adjacent to nitrogen and
hydrogen suffer from different stress (repulsion and attraction), which will be released by atomic
shifts. It also should be noted that the inner stress induced by other impurities (such as the catalyst)

or the external stress (such as the shocking compression) during the fabrication of diamond may also



lead to atomic shifts proposed in this study, which are responsible for the additional diffraction of the
n-diamond'?. Noting it has been proposed that the n-diamond is likely to be an H-doped diamond?,
but related structure is still unclear. In this manuscript, we clarify the origin of the n-diamond from
the structure point of view.

The above results indicate the periodic and oriented atomic shift associated with n-diamond can be
considered as one set of atoms in standard diamond (red balls in Fig. 3a) shift along the [01-1]
direction, i.e. atoms on (111) planes shift along the [01-1] direction. In this model, the atom position
(Fig. 3¢) is consistent with our observations (Figs. 2d-e), and simulated SAED patterns (Fig. 3d) is in
accordance with the experimental result (Fig. 2a). What’s more, atoms on (111) planes shifting along
the [01-1] direction is reasonable, because atoms on the (111) close-packed plane of diamond
preferentially slip along the [01-1] close-packed direction. In addition, the effect of atomic shifts on
electronic properties of diamond agrees well with experimental results, which will be discussed in

the following section.

Effect of atomic shifts on electronic properties of diamond. As mentioned above, picometer-scale
atomic shifts are responsible for the additional diffraction of the n-diamond, and atomic shifts are
periodic and oriented, which can be considered as one set of atoms in the unit cell of diamond shift
along the [01-1] direction. We also studied the effect of atomic shifts on electronic properties of
diamond by means of first principles calculations based on density functional theory (DFT). The
calculated band structures (Figs. 5a-b) reveal that the bandgap decreases rapidly with the increasing
of shifting distance. In particular, the bandgap of standard diamond (L=0 pm) is calculated as 5.5 eV,
in accordance with the measurement result based on the Tauc plot method (as mentioned bellow in
Fig. S10a). In the diamond structure, a shift of atoms with 10.5 pm results in a decrease in bandgap
from 5.5 eV to 3.2 eV, and the bandgap drops to 0.5 eV when atoms shift 17.5 pm. The band
structure of diamond is known to be very difficult to be modulated®”. Because of diamond’s low
compatibility with other elements, adjusting the bandgap via element doping (especial the n-type
doping) is still a challenge for diamond, which has been maturely used in other semiconductor

9 and silicon carbide®!. Strain engineering is another strategy for the

materials such as silicon®
bandgap adjustment in semiconductor materials. Nevertheless, large strain is not easy to be achieved
in diamond due to its hard and brittle characteristics. Diamond’s bandgap dropped to 3.1 eV from 5.3
eV at 9% tensile strain, which is the reported largest bandgap reduction rate'. Thus, the rapid
decrease in bandgap (Fig. 5b) induced by picometer-scale atomic shifts opens up a new route to
modulate diamond’s electronic properties, and provide a new insight into the bandgap adjustment in
diamond.

To gain further insights into electronic properties of diamond with atomic shifts, we performed the
density of states (DOS) calculations. It can be observed from the DOS plots of selected structures

(Fig. 5c) that the onset position of band states (as indicated by the green arrow) after the valence
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band maximum moves left with the increase of the shifting distance, indicating the conduction band
minimum drops, which leads to the decrease in bandgap. This is in accordance with the calculated
band structures in Fig. 5a. A further increase of the shifting distance results in a large amount of band
states near the valence band maximum, implying the high electrical conductivity of diamond*. In
Fig. 5d, we show valence charge density distributions of diamond with different shifting distances.
Picometer-scale atomic shifts lead to the charge redistribution, which is responsible for the decrease

in bandgap and enhancement in electrical conductivity of diamond.
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Fig. 5. DFT calculated electronic features of structures in diamond with atomic shifting. (a)
Band structures of diamond that one set of atoms in unit cell (red atoms in Fig. 3c) shift along the
[01-1] direction by a distance of 0, 10.5 and 17.5 pm. (b) Calculated bandgap as a function of shift
distance in diamond. The inset shows an unit cell of diamond with atomic shifting. (¢) DOS plots of
diamond that one set of atoms in unit cell shift along the [01-1] direction by a distance of 0, 10.5 and
17.5 pm. The vertical dashed line represents the valence band maximum. (d) Valence charge density
distributions of the traditional diamond (L=0 pm) and the diamond with atomic shifting (L=10.5 pm,
L=17.5 pm).

Atomic shifts dominating the bandgap decrease and electrical conductivity enhancement are
verified by high-resolution STEM electron energy-loss spectroscopy (EELS) characterizations, Tauc
plots and current-voltage measurements. Low-energy EELS spectra (Fig. S8) were taken from three
different spots in the synthesized diamond with sub-disordered structures, and the bandgap was

directly determined from the spectra. The bandgap at spot 1 was measured as 3.6 eV, much lower



than that at spot 2 (4.8 eV) and spot 3 (5.5 eV). As mentioned above, the diamond contains structures
with different shifting distances (Fig. 2e) and the standard diamond structure (Fig. S5), and DFT
calculations indicate a small diversity in shifting distance can lead to a large difference in bandgap
(Fig. 5). The STEM-EELS spectra are taken from regions at the atomic scale, and the atomic shift
distance is various, which is responsible for the variation in bandgap. Thus, the decreased bandgap
and its variation are in in accordance with the above DFT results.

The decrease in bandgap of the diamond with atomic shifts is further verified by the Tauc plot
method, which has been considered as one of the most common methods to determine the bandgap of
semiconductors*-*, As one can seen from the Tauc plots in Fig. S9, the measured bandgap of the
diamond with atomic shifts is 2.3 eV, much lower than that of the traditional diamond (5.5 eV). In
addition, it can be seen from the measured current-voltage curves (Fig. S10) that the diamond with
atomic shifts is much conductive compared with the standard diamond. The tested conductivity of
the diamond with atomic shifts (7.7 X 10!* Q-cm) is about 10° times greater that that of the traditional
diamond (7.3 X 10® Q-cm). Noting that the measured bandgap (using the Tauc plot method) and the
current-voltage curve of the diamond with atomic shifts show the electrical property at the macro-
scale, and the diamond specimen contains structures with different shifting distances. In other words,
the measured electrical property of macro-specimen is a mixture of the properties of structures with
different shifting distances, and the results are consistent with our DFT results that the atomic shift
leads to the decrease in bandgap and the increase in the conductivity of diamond. On the other hand,
we attribute the atomic shifting in diamond to the inner stress induced by impurities, and the atomic
shifts of the pure carbon lead to the decrease in bandgap (DFT results) explains the intrinsic reason
why impurities would change the electronic structure and bandgap of diamond from the structure

point of view.

In conclusion, the monocrystalline diamond with sub-disordered structures was synthesized via the
CVD method. The diamond shows an additional strong (002) diffraction in the XRD pattern,
associated with n-diamond. This is attributed to picometer-scale atomic shifts within cells of
diamond, and the atomic shift is verified to be periodic and oriented, rather than random, and the
shifting distance is disordered. Diffraction simulations demonstrate that intensities of {002}
diffractions increase with the increasing of shifting distance. DFT calculations reveal that the glide
with anti-shuffle of (111) planes along the [01-1] direction dominates the atomic shifts in diamond.
Additionally, effects of the atomic shift on electronic properties of diamond are also uncovered. First
principles calculations indicate the diamond’s bandgap decreases rapidly with the increasing of
shifting distance, which drops to 0.5 eV when atoms shift 17.5 pm. The picometer-scale atomic shifts
lead to the charge redistribution, resulting in the change of electronic properties. Atomic shifts
dominating the bandgap decrease and electrical conductivity enhancement are verified by high-
resolution STEM electron energy-loss spectroscopy characterizations, Tauc plots and current-voltage
measurements. These structures with atomic shifts may have other extraordinary features and
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properties, which need a further deep investigation. These results provide a structure basics for
further investigations, and are valuable to modulate diamond’s electronic properties and develop
high-performance diamond and related devices.
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