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Centre de Nanosciences et de Nanotechnologies, CNRS, Univ. Paris-Sud, Université Paris-Saclay, C2N - Orsay, 91405 Orsay cedex,
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ABSTRACT: Recent advances in the fabrication of group IV
homojunctions made by cubic-diamond (3C) and hexagonal-diamond
(2H) phases call for a detailed understanding of the physics underlying
their electronic structure. In this work, we employ hybrid density
functional theory (hybrid-DFT) calculations to study the structural and
electronic properties of Si and Ge polytype junctions. Starting from
high-resolution transmission electron microscopy (HRTEM) micro-
graphs of 2H/3C Si nanowires, we build a computational model that
takes into account both crystal-phase effects and the length of the
junction. We obtain accurate estimations of the magnitudes of the band
offsets: In particular, we show that 2H/3C Si interfaces induce a type-II
band alignment, whereas the Ge structures exhibit a type-I band offset.
Furthermore, both Si and Ge homojunctions have direct gaps that are
smaller than those of the bulk 3C phase. Finally, we demonstrate that,
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in all of the considered systems, varying the thickness of the hexagonal phase preserves the nature of the band alignment. Because
of the high degree of novelty and the accuracy of the method employed, these results could represent a robust starting point for

further experimental investigations in this field.

B INTRODUCTION

The crystal structure of Si and Ge nanowires (NWs) at
standard conditions usually takes a well-defined cubic-diamond
phase, as in the case of their bulk counterparts.'~* Nevertheless,
the possibility of synthesizing NWs exhibiting other phases,
namely, the hexagonal-diamond phase, was recently demon-
strated. For example, Hauge et al. obtained pure and stable
hexagonal-diamond Si NWs using hexagonal GaP NWs as a
template.” Other studies have instead succeeded in growing Si
and Ge NWs containing both the cubic-diamond and
hexagonal-diamond phases, opening the way to the fabrication
of well-ordered group IV polytype homojunctions.””” In these
materials, the hexagonal-diamond phase appears both as a
structural crystal imperfection (ie., stacking fault)'*~"* and in
more extended domains.”” The latter was recently realized by
Vincent et al, who proposed a strain-induced phase trans-
formation for the synthesis of Ge NW polytype homojunc-
tions.”

The possibility of synthesizing novel phases for Si and Ge
might allow for the achievement of a sophisticated control of
the materials’ properties, as has already been demonstrated in
the cases of light emission efficiency,'""* band-gap engineer-
ing,'"” optical absorption,'®**™** and thermal transport.”' >’

Indeed, it is well-known that advanced device functionalities,
such as modulation doping, electrical insulation, internal field
generation, and charge separation, can be induced by bringing
together different materials, that is, forming a heterojunc-

tion,”*** and taking advantage of how the electronic bands of

the two materials align. In this context, the study of group IV
polytype homojunctions is particularly appealing. One can
intuitively expect that hexagonal-diamond/cubic-diamond
junctions in NWs will provide novel properties with respect
to the single-phase systems because of the intrinsic band offsets
developing at the interface. From this point of view, it is worth
noting that an accurate knowledge of band alignment plays a
crucial role in the engineering of advanced optical and
electronic devices (see, for example, refs 26—29) because of
the importance of band alignment for electrical transport across
the interface and for optical transitions.

A proper description of band offsets in semiconductors
requires the correct prediction of band gaps and band positions.
Several theoretical studies on group IV hexagonal-diamond/
cubic-diamond polytype homojunctions have been conducted,
with misleading results sometimes being reported.’’~>* For
example, the conclusions in the case of Si still remain
contradictory: It was first reported that hexagonal-diamond/
cubic-diamond Si superlattices have a type-I band offset,”>’"
whereas it was later argued that the band alignment was of type
IL°>** This is mainly due to the well-known limitation of
conventional density functional theory (DFT) [in which the
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Figure 1. HRTEM micrographs showing the effect of the temperature on the 2H domain size in (111) Si NWs obtained by phase transformation:
(a) enlargement of the 2H domain formed at S00 °C, (b) enlargement of the 2H domain formed at 900 °C, and (c) overview of the 2H/3C
homojunction obtained at 900 °C. The width of the 2H region and the types of phases are indicated.

exchange-correlation (XC) functionals are derived according to
either the local density approximation (LDA) or its gradient-
corrected extensions (generalized gradient approximation,
GGA)], which severely underestimates band gaps in semi-
conductors.®® This limitation is even more pronounced in the
case of Ge, for which previous works employing the LDA
predicted a metal for both the hexagonal-diamond and cubic-
diamond phases, thus making the correct evaluation of valence-
and conduction-band discontinuities difficult (see, for example,
ref 31).

On the other hand, hybrid density functional theory (hybrid-
DFT), which combines Hartree—Fock exchange with conven-
tional DFT, has been demonstrated to be capable of providing
precise estimations of band gaps, in particular, in the case of
group IV semiconductors.>* >° Moreover, this method has
been successfully employed for the evaluations of band
discontinuities of InGaN alloys,”” two-dimensional semi-
conducting heterostructures,”® and polytype rutile—anatase
TiO,.*”*" Wadehra et al. highlighted the major success of
this approach in evaluating the band alignments of numerous
technologically important heterostructures.*’ This success is
mainly attributed to the inclusion of the Hartree—Fock exact
exchange energy in the XC functional, which consequently
reduces the self-interaction error.

In this work, we employ hybrid-DFT methods to investigate
the structural and electronic properties of group IV hexagonal-

diamond/cubic-diamond junctions. Starting from high-reso-
lution transmission electron microscopy (HRTEM) images of
2H/3C Si NWs, we build a computational model that takes
into account both crystal-phase effects and the length of the
junction. By providing a precise and accurate estimation of
band discontinuities, we show that Si junctions induce a type-II
band alignment, with the valence-band edge localized on the
hexagonal-diamond phase and the conduction-band edge on
the cubic-diamond phase. On the other hand, Ge junctions
exhibit a type-I band offset, where the valence- and conduction-
band edges are both located at the center of the Brillouin zone
in the hexagonal-diamond region. Moreover, both Si and Ge
homojunctions have direct gaps that are smaller than those of
the corresponding bulk cubic-diamond junctions. This might, in
principle, be associated with enhanced direct optical transitions.
Finally, we demonstrate that, for both Si and Ge junctions,
varying the thickness of the hexagonal-diamond phase preserves
the nature of the band alignment, as the changes in band
discontinuities are negligible.

B COMPUTATIONAL DETAILS

Structural optimizations and electronic structure calculations
were carried out using the VASP code* within the framework
of DFT. The core—valence interactions were described by a
projector-augmented wave (PAW) approach,” and four
electrons (Si, 3523p2; Ge, 4sz4p2) were treated as the valence
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states. The exchange-correlation functional was approximated
using a hybrid Heyd—Scuseria—Ernzerhof (HSE06) func-
tional.”® This approach incorporates the error function to
screen the slowly decaying Coulomb potential to reduce the
computational cost in calculating the Hartree—Fock exact
exchange (EFF). In more detail, the HSE06 exchange-
correlation can be written as

ENSE = B () + (1 - @M () + B )

XC

+ B M

where EIPE denotes the Perdew—Burke—Ernzerhof (PBE)
correlation functional,* & is an empirical mixing value, and y is
an adjustable parameter that decouples the short-range (SR)
Coulomb potential from the long-range (LR) counterpart. The
standard values of @ = 0.25 and y = 0.2 are typically referred to
HSE06.” This hybrid functional yields good results (such as
lattice parameters and band gaps), especially for small- to
medium-gap semiconductors (such as Si and Ge) because
adding 25% of the HF exchange is the suitable amount for weak
dielectric screening.”® The energy cutoff for representing the
plane-wave basis was set to 500 eV. A k-point mesh of 8 X 8 X
1 was used for Brillouin zone sampling of the junctions.
Structural optimizations were satisfactorily terminated when the
residual Hellmann—Feynman forces exerted on each atom
became less than 0.02 eV/A. Spin—orbit coupling (SOC)
effects were considered only in the case of Ge bulk crystals.

We first considered Si and Ge bulk crystal structures. The
cubic-diamond phase exhibits the ABC stacking sequence along
the (111) direction and, in the Ramsden nomenclature,
corresponds to a 3C structure. The same phase can be
obtained by considering a hexagonal cell containing six atoms.
On the other hand, an ABAB packing pattern along the ¢
direction characterizes the hexagonal-diamond polytype (hence
denoted as 2H), which has four atoms in the unit cell. This 2H
structure belongs to the space group P6;/mmc (D§,) and
exhibits lower symmetry than the cubic-diamond phase, which
instead belongs to the space group Fd3m (Oj). Despite this
dissimilarity, the tetrahedral coordination is preserved in both
the 3C and 2H phases.

We also considered 2H-[0001]//3C-(111) junctions repre-
sented by the 72-atom unit cell constructed from the HSE06-
relaxed unit cells of 3C and 2H (as shown in Figure 3 below).
The lateral lattice constant of the junctions was fixed to that of
the 3C phase, meaning that a small amount of intrinsic stress
was imposed on the 2H phase. Band structures were
determined along the M — I' — K path according to the
hexagonal symmetry. The length of the 72-atom unit cell along
the c-axis was large enough (~12 nm) to make the first
Brillouin zone a hexagon.

The proposed structural models were built on the basis of
high-resolution transmission electron microscopy (HRTEM)
characterization that we performed on 2H/3C-(111) Si NW
junctions synthesized following the procedure presented in ref
8. In particular, we report in Figure 1 an example of how the
sizes of the 2H domains in Si NWs can be tuned by adjusting
the temperature of the phase transformation process. At 500 °C
(Figure 1a), the 2H Si domains are 7—8 nm in width, whereas
at 900 °C (Figure 1b), the width increases to 20 nm. Figure 1c
shows an enlarged view of the resulting homojunction at 900
°C. More details about the synthesis and HRTEM character-
ization are given in ref 46.

Driven by these experimental observations, we decided to
study how the variation of the thickness of the hexagonal region
influences the electronic properties of the junction. Indeed, as
shown in previous studies,”’ the variation of the width of the
2H region in such systems can affect the magnitude of the band
offsets. Because of the high computational cost of hybrid-DFT,
we could not handle systems with the same size as the
experimental samples. Consequently, we restricted our analysis
to smaller 2H domains, aiming to elucidate how the properties
of the junction can depend on the length of 2H region. We
modeled this aspect by considering different junctions obtained
by varying the thickness of the 2H phase (denoted by L,y in
Figure 3) from three to nine 2H unit cells, but keeping the total
length of the junction constant. The considered structures were
periodic in all directions of space. This means that our findings
are valid for large-diameter NWs (far from the quantum
confinement regime) and layered systems.

The structural optimizations of the junctions were performed
using the PBE functional, whereas the electronic properties
were then evaluated using HSE06. The band offsets in such
systems are usually determined by utilizing the average
potential method,"** in which the valence- and conduction-
band offsets (AE3“"2 and AE3“™M, respectively) are estimated
by the expressions

AR = ARG+ AV o
3C-2H __ 3C—-2H 3C-2H
AE; = AEg + AE; (3)

where AE;C_ZH represents the difference between the band
gaps of the 3C and 2H phases and AEj5™ is the difference
between the valence-band maxima (VBM) of the 3C and 2H
bulk phases. The positions of the bulk valence-band edges were
measured with respect to the average of the electrostatic
potential in each bulk material. On the other hand, AV3S™H
represents the discontinuity of the average electrostatic
potential between the 3C and 2H phases across the interface
of the junction. Although this method is very accurate for the
determination of band offsets in the limit of an isolated
interface, it is not appropriate for the calculation of the band
lineups for very thin superlattices or confined systems, as is the
case of the junctions in Figure 3a,b. This is mainly due to the
rapidly oscillating nature of the electrostatic potential and its
small discontinuities in the case of homojunctions that make
the determination of an energy reference level difficult. To
resolve this issue, in this work, we evaluated the band offset by
employing an extensive analysis of the spatial localization of
wave functions, as was successfully done in other works.”""
This semiquantitative method is based on a careful examination
of the spatial distributions of single-particle wave functions in
the proximity of valence- and conduction-band edges. Band
offsets are then calculated as energy differences between the
eigenvalues corresponding to the electronic state of a band
edge, which can be localized in a 3C or 2H segment, and the
first electronic state, which is completely delocalized (i.e., not
confined in a specific region of the junction). The method of
the average reference potential was instead used only to further
check the results obtained for the junction with Ly = 5.94 nm
(Figure 3¢).

B RESULTS AND DISCUSSION

Bulk Structures. As an initial step, we performed
calculations on bulk crystal structures. The optimized lattice
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Table 1. Calculated Lattice Constants of Si and Ge

crystal structure a (A) c (A) c/a (A) u (A) notes
Si
cubic-diamond (3C) 5435 this work (HSE06)
5435 calc”
5431 expt™
hexagonal-diamond (2H) 3.830 6.321 1.650 0.373 this work (HSE06)
3.828 6.325 1.652 0.374 calc'®
3.800 6.269 1.650 0.374 calc
3.837 6.317 1.646 expt™®
Ge
cubic-diamond (3C) 5.680 this work (HSE06)
5.682 calc®
5.657 expt™
hexagonal-diamond (2H) 4.010 6.590 1.643 0.378 this work (HSE06)
3.960 6450 1.629 calc®®
3.960 6.570 expt”’
constants reported in Table 1 show very good agreement with Si Ge
the results of previous studies.””*” The ¢/a ratios evaluated for ~ “[3e ‘3c
both 2H Si and 2H Ge are larger than those for the ideal 2H @ 2F {2t 1
polytype. This discrepancy is related to the tendency of Si and Z, By~ Ll4eY 0 E,=0m2ev
Ge to normally crystallize in the 3C phase.’>’ m§
It is worth noting that the difference in the growth-direction m 27 17 |
lattice constants of these allotropes is less than 0.5%, indicating 40 r X 4L T X
that the 2H-[0001]//3C-(111) interface is ideally lattice- 4
matched. 1, %
Regarding total energies, the 2H phases of both Si and Ge £ =072V
present higher values than the corresponding 3C phases, as 0 :
already shown in previous LDA studies.””*” In particular, the { 2f 1
differences in total energy between the 2H and 3C bulk phases 4
amount to 17.3 meV/atom for Si and 14.2 meV/atom for Ge. K M r K
The calculated band structures of bulk Si and Ge are ‘2|
presented in Figure 2, and the corresponding band gaps are 1 2/\
summarized in Table 2. For the 3C phases, the values obtained 0 N B =032V
by the HSE06 functional are in close agreement with 1 L 1
experimental findings.”* )
Interestingly, it is possible to directly compare the electronic Y, r K

band structures of cubic-diamond and hexagonal-diamond
crystals by mapping their high-symmetry points in the Brillouin
zone (BZ) (for a detailed discussion of the correspondence of
the k-point groups between the BZs of the 3C and 2H phases,
see refs 30 and 58). The cubic-diamond phase contains two
basis atoms in the unit cell, whereas there are four atoms in the
unit cell of the hexagonal-diamond phase. The later has twice as
many bands as the former. Hence, there is a two-to-one
correspondence of the high-symmetry points in the irreducible
BZ passing from the cubic-diamond phase to the hexagonal-
diamond phase. The I" and L points in the cubic BZ are
mapped onto the I' point in the hexagonal BZ. Both X and L
correspond to a point on the line U of the hexagonal-diamond
BZ. This is why, for both Si and Ge, the band edges of the 3C
and 2H phases occur at different points.

This band-mapping approach can be easily evidenced by
examining the band structures of the 3C phase represented in
both cubic and hexagonal symmetries, as illustrated in Figure
2a,b for Si and in Figure 2d,e for Ge. The fundamental gaps of
the cubic-diamond phase are identical regardless of the
symmetrical representation (i.e., 1.14 eV for Si and 0.73 eV
for Ge). The valence-band maxima are all located at the I'-
point. In the hexagonal symmetry, the conduction-band edge of

Figure 2. Band structures of bulk (a) cubic-diamond Si, (b) cubic-
diamond Si in hexagonal symmetry, (c) hexagonal-diamond Si, (d)
cubic-diamond Ge, (e) cubic-diamond Ge in hexagonal symmetry, and
(f) hexagonal-diamond Ge. The valence-band maximum (VBM) has
been shifted to zero for the sake of visualization.

Si appears at the point near M located on the line U of the
hexagonal BZ, whereas that of Ge occurs at I" according to the
folding from L to I'. For the 2H phase, in both Si and Ge, the
valence- and conduction-band edges occur at the same point as
those of the cubic-diamond phases represented in hexagonal
symmetry. A reduction of the band gap is also observed for the
two semiconductors. Interestingly, 2H Ge is characterized by a
direct gap whose value is in fair agreement with recent GW
calculations.”® As demonstrated in previous theoretical works
(see, for example, ref 59), in the case of Ge, the inclusion of
spin—orbit coupling (SOC) is responsible for a reduction of the
fundamental band gap that, in our case, amounts to nearly 0.1
€V for both phases (see the fourth column of Table 2).

The universal reduction of the gap of the group IV 2H
allotrope with respect to the 3C allotrope is associated with the
distinct stacking sequence where structures with higher
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Table 2. Calculated Band Gaps of Si and Ge

crystal structure E atl’ (ev) E, (ev)
cubic-diamond (3C) 3.29 1.14
3.20 1.14
3.33 1.18
3.40 1.17
hexagonal-diamond (2H) 1.70 0.95
1.63 0.95
cubic-diamond (3C) 0.84 0.72
0.94 0.85
0.81 0.66
hexagonal-diamond (2H) 0.32
0.23
0.31

Si

E, (SOC) (eV) band edge notes
I-x this work (HSE06)
r-x calc*®
r-x calc®
I'-x expt®!
r-m this work (HSE06)
I'-M calc'®
0.61 r-L this work (HSE06)
0.71 r-L calc”
I-L expt™
0.23 this work (HSE06)
calc®®
calc"’

hexagonality exhibit larger gaps.*"®’ In addition, there is a
visible split-off band right below the valence-band maximum
(VBM) in the 2H phase. This band originates from the 3-fold-
degenerate VBM in the cubic-diamond crystal that splits into a
2-fold T, (p, and p,) band and a lower one-fold T, (p,) band.
The splitting energy (E.) determines the variation of the
interactions caused by the change in symmetry.”' The
calculated values of E., amount to 0.44 eV for Si (in agreement
with a recent study employing many-body GW methods'®) and
0.29 eV for Ge. It is worth mentioning that the gap at I of 2H
Siis 1.70 eV, remarkably less than that of 3C Si.

Polytype Junctions. After having acquired basic informa-
tion concerning the bulk phases, we proceeded to a study of the
2H-[0001]//3C-(111) polytype junctions. As expected, the
geometry relaxation of the junctions (whose atomic structures
are shown in Figure 3) revealed that the structural discontinuity
and stress at the interface cause only minor atomic rearrange-
ments. This was confirmed by the deviations of the Si—Si and
Ge—Ge bond distances and bond angles by less than 0.5% with
respect to the corresponding values for the bulk phase.

In terms of the total energies, the junction with three 2H unit
cells (L,y = 1.93 nm) is the most stable, and the stability

L 1.9¢ 3C phase

L 3.92 nm 3C phase

3C phase

[0001] <111>

|

z

Figure 3. View in the plane (yz) of the atomic structures of the 2H-
[0001]//3C-(111) Si and Ge junctions with 2H regions of different
thicknesses: (a) three 2H unit cells (L,;; = 1.93 nm), (b) six 2H unit
cells (L,; = 3.92 nm), and (c) nine 2H unit cells (L, = 5.94 nm). All
of the junctions contain 72 atoms. The structure are periodic in all of
the directions. Blue spheres represent Si or Ge atoms.

decreases with increasing 2H thickness. For Si, the junctions
with six and nine 2H unit cells, corresponding to L,y = 3.92 nm
and L,y = 5.94 nm, respectively, exhibit higher energies than
that with three 2H unit cells by 0.12 and 0.24 eV/interface,
respectively. The same is trus for Ge, with corresponding values
of 0.24 and 0.48 eV/interface, respectively. These findings are
related to the fact that, for both Si and Ge, the bulk 2H phase is
less stable than the bulk 3C phase62 and, hence, increasing the
number of 2H atomic layers induces instability. A related point
to consider is that the distance between the periodic images of
the 2H regions is at least 60 A. Thus, the physics of our model
does not contain any fictitious interactions between the
hexagonal-diamond segments. The modeled junctions corre-
spond to a set of independent quantum wells, and there is no
penetration of wave functions between the nearby wells that
could yield mini-bands.”>** However, a brief word of caution is
in order here: The analysis of the stability through total energy
arguments does not take into account the effect of the
temperature, and it is thus quite far from the complex growth
dynamics of such types of systems.

To obtain information regarding band offsets, we calculated
the projected density of states (PDOS), as shown in Figure 4a.
The Si junction containing nine 2H unit cells (L,;; = 5.94 nm)
induces a staggered band lineup (also known as a type-II band
offset). This is clear if one examines the plots of the localization
of wave functions corresponding to the band edges (Figure 4b).
The wave function of the valence-band edge is completely
localized in the 2H region, whereas that of the conduction-band
edge appears only in the 3C phase region of space. This
behavior is a general characteristic of 2H/3C Si junctions,
already observed in 2H-[0001]//3C-(111) Si superlattices®>
and, more recently, in thin 2H-[0001]//3C-(111) polytype Si
nanowires.”’

On the other hand, the Ge junction with L,;; = 5.94 nm
exhibits a straddling band lineup (type-I band offset), as one
can deduce from the PDOS (Figure 4c) and the spatial
localization of the wave functions corresponding to the band
edges (Figure 4d).

Remarkably, in spite of having different types of band offsets,
for both the Si and Ge junctions, the band gap changes only
slightly when the length of the 2H region is reduced from nine
to three unit cells (see the insets of Figure 4a,c). This means
that the nature and values of the band discontinuities are almost
independent of the length of the 2H region.
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Figure 4. (a,c) Projected densities of states (PDOS) of the 2H-
[0001]/3C-(111) junctions of (a) Si and (c) Ge containing nine 2H
unit cells (L, = 5.94 nm), indicating that () the Si junction induces a
staggered band lineup whereas (c) the Ge junction is characterized by
a type-I band lineup. (b,d) These findings are also supported by the
spatial localization of the wave functions corresponding to band edges
for (b) Si and (d) Ge. The total DOS shown in the insets of panels a
and c indicate that the variation of L,;; from three to nine 2H unit cells
yields only a minor change in the band gap. In all of the plots, the
valence-band maximum (VBM) has been shifted to zero for the sake of
visualization.

We computed the values of the band offsets by analyzing the
localization of the wave functions following the method already
presented in refs 51 and 6S. In the case of the junction with
nine 2H unit cells (Ly; = 5.94 nm), we further checked our
results by also calculating the band lineup with the average
potential technique described previously, and we found very
good agreement.

Figure S shows the band structures of Si junctions (top
panel) projected onto the 3C bulk band structure (shaded
regions) together with the calculated magnitudes of the band
offsets (bottom panel). For the Si junction with L,y = 5.94 nm
(right graph), the discontinuities of the valence and conduction
bands are 0.123 and 0.094 eV, respectively. These band offsets
lead to a finite quantum well. Holes are trapped in the
hexagonal region with a relatively deeper well, whereas
electrons are confined in cubic region with a shallow barrier.
The band gap of the junction is indirect at the point near M
because the conduction-band edges of both the 3C and 2H
bulk polytypes are located near this point. This staggered band
lineup could induce several interesting properties, such as an
enhanced photocatalytic activity due to the natural separation
of photoexcited charge carriers (as for the case of polgfryge
anatase—rutile TiO,*”*" and mixed-phase TiO, particle56 )

Varying the 2H thickness (i.e, modifying the length of the
2H region embedded in the 3C phase) preserves the type-II
feature as the changes in energy offsets are very small (see the
bottom panel of Figure S). Interestingly, this behavior differs
from that observed in our recent work on Si NW polytypes, in
which we demonstrated that the band offsets are diameter-
dependent, namely, type I at smaller diameter and type II at
larger diameters.”” The dissimilarity is due to the enhanced
quantum confinement in thin NWs with respect to the systems
considered in this study. We argue that the behavior we report
here should be observed in large-diameter NWs.

The difference in the magnitudes of the conduction-band
offsets for Si junctions with Ly;; = 1.93 nm and L,j; = 3.92 nm is
quite small. This can lead to some difficulty and ambiguity in
identifying the band offsets of 2H/3C Si interfaces unless the
position of the conduction-band edge in k-space is precisely
determined.”” The tiny band offsets in the Si junctions can be
ascribed to the fact that the difference in the fundamental gaps
of the bulk 2H and 3C phases is nearly 0.2 eV. In addition,
increasing the value of L,y gives rise to more discretized bound
states of the 2-fold I, band (p, and p,) of 2H phase near the
valence-band edge. The energy spacings between them are large
for L,y = 1.93 nm (ie., the narrow well), and they gradually
become narrower as this parameter is increased. This is
basically a consequence of the particle-in-a-box model, where
the increase in the number of discretized states for thicker 2H
regions comes from the increasing number of particles (ie.,
holes) being confined in the quantum well. The 2-fold I,
feature remains unaltered, indicating that the degeneracy of the
holes is not influenced by the quantum confinement. The
numbers of bound states in the valence bands of 2H inclusions
with L,y = 3.92 nm and L,;; = 5.94 nm are similar. On the
other hand, this behavior is not observed for the conduction-
band offsets where electrons are trapped. This is because the
offset is so small that electrons are not strongly confined.

Unlike Si junctions, Ge junctions composed of nine 2H unit
cells are characterized by a type-I band lineup with a direct
band gap of 0.32 €V as depicted in Figure 6 (right graph). The
top of the valence band and the bottom of the conduction band
are located at the I'-point of the 2H region, meaning that the
band-gap transition is direct not only in k-space but also in real
space. The valence- and conduction-band offsets amount to
0.127 and 0.280 eV, respectively. Therefore, both electrons and
holes are confined in 2H Ge regions, but electrons are trapped
more strongly than holes. Notably, the magnitudes of the
conduction-band discontinuities in Ge junctions are relatively
greater than those in Si junctions. This is probably due to the
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fact that the fundamental band gap of bulk 3C Ge (0.72 eV)
differs considerably from that of 2H Ge (0.32 eV) and that
quantum confinement in Ge is more pronounced than that in
Si.

As in the case of Si, variation of the thickness of the 2H
region in Ge junctions does not create a significant change in
the band gap, type, or magnitude of the band offsets, as shown
in Figure 6 (bottom panel). The junctions with L,;; = 1.93 nm
and L,y = 3.92 nm maintain a semiconducting character, with
band gaps of 0.41 and 0.38 eV, respectively. The band lineup
remains of type I for all of the cases, and the magnitude of the
energy offsets deviates slightly from that of the junction
containing nine 2H unit cells. Even here, we observed the
presence of discretized bound states at the valence- and
conduction-band edges as a consequence of quantum confine-

ment. The energy spacings decreases with increasing thickness
of the hexagonal phase. Notably, the degeneracy of the 2-fold
s, (p, and p,) feature of the 2H phase in the valence band was
further shifted when L,y was reduced to 1.93 nm. On the other
hand, this circumstance does not occur in junctions with thicker
hexagonal segments where such degeneracy is still maintained.

B CONCLUSIONS

We employed hybrid density functional theory (hybrid-DFT)
calculations to investigate the structural and electronic
properties of 2H/3C group IV homojunctions. We found
that Si junctions are characterized by a type-II band alignment,
with the valence-band edge localized on the hexagonal-diamond
phase and the conduction-band edge localized on the cubic-
diamond phase. As already demonstrated in the case of Si NWs,
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this band lineup could be of some benefit for photovoltaics as
well as other advanced technological applications.

On the other hand, Ge junctions exhibit a type-I band lineup
where the valence- and the conduction-band edges are both
located in the 2H region. This type of band alignment could in
principle offer an enhancement in optical transitions as already
proposed in the case of Ge superlattices.”” Yet, our findings
indicate that Ge polytype homojunctions present a direct band
gap whose value is smaller if compared with the bulk 3C phase
one. This property could be related to enhanced direct optical
transitions that may be exploited in infrared optoelectronics.

Finally, we have also demonstrated that, for both Si and Ge
homojunctions, varying the thickness of the 2H region leaves
the nature of the band alignment, the band-gap values, and the
offset magnitudes almost unaltered. This indicates that the
presence of even short hexagonal segments can give rise to
major changes in the properties of the entire crystal (as in the
case of 2H regions locally induced by crystal defects).

In view of the recent successful achievements in fabricating Si
and Ge polytype NWs,>® all of these findings could guide and
help further experimental investigations in this field.
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