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Topologic connection between 2-D 
layered structures and 3-D diamond 
structures for conventional 
semiconductors
Jianwei Wang1,2 & Yong Zhang1

When coming to identify new 2D materials, our intuition would suggest us to look from layered instead 
of 3D materials. However, since graphite can be hypothetically derived from diamond by stretching 
it along its [111] axis, many 3D materials can also potentially be explored as new candidates for 2D 
materials. Using a density functional theory, we perform a systematic study over the common Group 
IV, III–V, and II–VI semiconductors along different deformation paths to reveal new structures that 
are topologically connected to but distinctly different from the 3D parent structure. Specifically, we 
explore two major phase transition paths, originating respectively from wurtzite and NiAs structure, 
by applying compressive and tensile strain along the symmetry axis, and calculating the total energy 
changes to search for potential metastable states, as well as phonon spectra to examine the structural 
stability. Each path is found to further split into two branches under tensile strain–low buckled and 
high buckled structures, which respectively lead to a low and high buckled monolayer structure. Most 
promising new layered or planar structures identified include BeO, GaN, and ZnO on the tensile strain 
side, Ge, Si, and GaP on the compressive strain side.

2D materials are the subjects of great current interest. Searching for new 2D materials has been primarily focusing 
on layered materials, such as graphite, transition metal dichalcogenides, black phosphorus1–3. A large number 
of layered materials have been surveyed theoretically for their potentials becoming new 2D materials4. Silicene 
is perhaps the only noticeable 2D material that is considered as being derived from a 3D structure5. Although 
graphene is commonly viewed as a single layer of a layered material, graphite, there is in fact a topological con-
nection between diamond and graphene: the latter can be viewed as resulting from stretching the former along its 
[111] axis till the buckling within each bilayer collapses and eventually the bilayers or graphene sheets decouple 
from each other. This process is illustrated in Fig. 1 along with various other possible related planar or layer struc-
tures. By noticing this topological connection, one can envision an alternative avenue for discovering new 2D 
materials, by exploring wide variety 3D structures of commonly encountered semiconductors. Graphene and BN 
like 2D materials have been investigated theoretically as monolayers of group IV6, III–V7, and II–VI (ZnO)8. The 
structural evolution from 3D to layered structures have been studied for C9,10, BN11, BeO12, and Si13. A related 3D 
structure NiAs has also been explored for a few binaries: GaN14, ZnO15, and ZnTe16, although the subtle connec-
tions among these seemingly very different 3D structures and their topologic connections with different layered 
structures are not immediately clear. In this work, by examining systematically all the group IV, III–V, and II–VI 
elemental and binary semiconductors, we offer (1) a comprehensive picture on the topologic connections along 
different phase transition paths, between a core structure, wurtzite (WZ), and various derivatives: low-buckled 
and high-buckled layered structures, their asymptotic 2D structures, and NiAs structures; (2) insight to their 
structural stability and the its dependence on the atomic properties of the elements; (3) predictions for a number 
of new structures that are potentially achievable experimentally. This work provides guidance to discovering 
novel 2D materials complementary to those derived from the layered structures, and fundamental insight to the 
structure-property relationship.

1Department of Electrical and Computer Engineering, The University of North Carolina at Charlotte 9201 University 
City Boulevard, Charlotte, NC 28223, USA. 2Microsystem and Terahertz Research Center, China Academy of 
Engineering Physics 596 Yinhe Road, Shuangliu, Sichuang, 610200, China. Correspondence and requests for 
materials should be addressed to Y.Z. (email: yong.zhang@uncc.edu)

received: 14 January 2016

Accepted: 29 March 2016

Published: 19 April 2016

OPEN

mailto:yong.zhang@uncc.edu


www.nature.com/scientificreports/

2Scientific RepoRts | 6:24660 | DOI: 10.1038/srep24660

Our basic approach is taking WZ structure as a starting point then searching for other energetically favorable 
stable or metastable states by stretching and compressing along the c axis of WZ structure, and in addition, allow-
ing one of the bilayers to slip or rotate laterally. A density-functional theory is used for total energy minimization 
with varying structural parameters. Phonon spectra are calculated to examine the structural stability17. A struc-
ture with no imaginary phonon mode is deemed (meta) stable against small local distortions.

An evolution tree starting from the WZ structure for a compound XY, with X representing cations and Y ani-
ons, is depicted in Fig. 1, illustrating various derivative structures along different deformation paths. The WZ 
structure is illustrated in Fig. 1(a), where a and c are the lattice parameters in x–y plane and z direction, respec-
tively, and uc is the bond length for the bond along the c axis with u ≈  3/8. The unit cell contains two monolayers 
separated by c/2, and each monolayer consists of two closely spaced atomic layers, together known as a bilayer or 
a buckled single atomic layer. The height of the bilayer or the buckling parameter ΔWZ =  (1/2–u)c ≈  c/8 ≈  dWZ/3, 
where dWZ is the bond length. The change in the relative alignment of the two monolayers within one period may 
result in more variations in structure. There are five distinctly different arrangements:18–21 (1) AA stacking (same 
type atoms in the two monolayers are aligned); (2) AA stacking (the opposite type atoms in the two monolayers 
are aligned, as in WZ ZnO and common h-BN); (3) AXB (cation X atoms are aligned, Y atoms are staggered, as in 
NiAs phase of GaAs); (4) AYB stacking (anion Y atoms are aligned, X atoms are staggered, also known as anti-NiAs 
structure), and (5) AB (an one pair of the opposite type atoms in the two monolayers are aligned, but the other 
pair are staggered). When X and Y are the same, the first two cases will reduce to AA stacked graphite, and the 
other three cases the common AB stacked graphite. According to these definitions, the WZ structure shown in 
Fig. 1(a) belongs to AA, Fig. 1(b) belongs to AXB. Starting from WZ of Fig. 1(a), compressing it along the c axis 
gives rise to Fig. 1(c) – a planar structure; stretching it leads to Fig. 1(e) – a low buckled (LB) layered structure or 
Fig. 1(d) – a high buckled (HB) layered structure; rotating or translating one of the monolayers in WZ arrives at 
Fig. 1(b) – NiAs structure, and further stretching NiAs structure generates a planar or a LB structure Fig. 1(f) or 
a HB structure Fig. 1(g). If taking the structure of Fig. 1(e) or Fig. 1(f) to a sufficiently large layer separation, one 
will have a 2D structure that may be either totally flat or slightly buckled, depending on the atomic size. It is 
implicitly assumed that during structural deformation the atoms are allowed to fully relax to minimize the total 
energy, but the symmetry about the c axis is kept unchanged. Among all the possible group IV, III–V, and II–VI 
semiconductors, nine most representative members, including C, Si, Ge, BN, GaN, GaP, BeO, ZnO, and ZnTe, are 
highlighted in this work.

Results and Discussion
Total energy comparison between wurtzite and planar structure. Among all the group IV, III–V, 
and II–VI semiconductors, only two of them (C and BN) are known to also have a layered structure consisting of 
hexagonal planar (HP) layers. The layered structure can be obtained hypothetically, if not always practically fea-
sible, by stretching WZ structure along the c axis, until the buckled bilayers collapse into HP layers (with the 
nearest neighbor atoms on the same plane), namely AA stacked graphite or h-BN in AA stacking. In a total energy 
calculation, this phase transition process is manifested as the appearance of a secondary total energy minimum at 
c0

HP >  c0
wz 9–11,22, where c0

wz and c0
HP are respectively the c axis lattice constant for the two phases. Such a second-

ary minimum was not found for other semiconductors that were explored in the past, including Si, GaAs22, and 
BeO12. However, we have found that except for C, BN, and BeO, the total energy Etot,p(c) curve actually exhibits a 

Figure 1. Various structural deformation paths starting from a WZ structure. (a) WZ structure; (b) NiAs 
structure by translating (Tr) the upper monolayer of WZ; (c) AA stacking planar structure by compressing (C) 
the WZ structure; (d,e), respectively, WZ-HB structure and WZ-LB structure by stretching (S) the WZ 
structure; (f,g), respectively, NiAs-LB structure NiAs-HB structure by stretching the NiAs structure; and (h) 2D 
layer structure. The top views of WZ and NiAs structure are also shown next to the respective unit cell.
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secondary minimum with c0
HP <  c0

wz, as shown in Fig. 2, for the rest compounds. The optimized in-plane (a) and 
out-of plane (c) lattice parameters for both the WZ and HP structure are listed in Table 1. Each panel of Fig. 2 
includes three curves, respectively calculated for an ideal WZ structure (i.e., with a fixed u value), an ideal AA HP 
structure, and the distorted WZ structure with no constrain on u. Clearly the third curve Etot(c) represents the 
lower-bound of the combined total energy paths described by the other two curves. All these materials fall into 
one of the two scenarios: (i) c0

HP >  c0
wz, and (ii) c0

HP < c0
wz. Only C, BN and BeO belong to scenario (i), indicating 

that they can in principle form a graphite-like planar structure by applying tensile strain. Furthermore, there is an 

Figure 2. Variation of the total energy vs. c/2 (the separation of the bilayer) for three cases. (a) ideal 
wurtzite structure with a fixed u parameter (blue), (b) hexagonal planar structure (red), and (c) allowing full 
relaxation but keeping the AA stacking (black).

Wurtzite phase Hexagonal planar phase

This work Previous work This work Previous work

Etot (eV) a (Å) c (Å) a (Å) c (Å) Etot(eV) a (Å) c (Å) a (Å) c (Å)

C − 10.109 2.49 4.14 2.51a 4.13a − 10.116 2.45 7.22 2.44j 7.22j

Si − 5.937 3.80 6.29 3.84b 6.28b − 5.583 4.09 5.03 4.07k 4.95k

Ge − 5.157 3.98 6.55 3.96c 6.57c − 4.899 4.36 5.39

BN − 9.695 2.52 4.18 2.558d 4.423d − 9.653 2.490 6.488 ~2.49m ~6.48m

GaN − 6.973 3.16 5.14 3.190e 5.189e − 6.731 3.279 4.682

GaP − 5.198 3.80 6.27 3.8419f 6.3353f − 4.841 4.011 5.576

BeO − 7.872 2.667 4.333 2.698g 4.377g − 7.712 2.679 4.844

ZnO − 5.289 3.17 5.16 3.250h 5.201h − 5.227 3.378 4.436 3.34n 4.32n

ZnTe − 3.226 4.23 6.97 4.234i 6.978i − 3.004 4.432 6.386

Table 1.  Optimized structure parameters for nine semiconductors with wurtzite (WZ) and AA hexagonal 
planar phase (AA HP). aRef. 40. bRef. 41. cRef. 42. dRef. 43. eRef. 44. fRef. 45. gRef. 46. hRef. 47. iRef. 16. jRef. 24. 
kRef. 13. mRef. 19. nRef. 23. Calculated values for total energy/atom are also given. WZ is (meta)stable for all, HP 
is only (meta)stable for C and BN.
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energy barrier between WZ and HP phase in the total energy curve for C, BN and BeO, which helps them to 
stabilize in either of the two phases. However, BeO has a small barrier of merely 6 meV/atom (missed previ-
ously12), which is less than 25 meV of room temperature thermal energy. The phonon calculation has revealed that 
there are imaginary modes for the HP BeO, in contrast to the case for C and BN where no imaginary mode was 
found. The appearance of imaginary phonon modes indicates that the structure is unstable against distortion that 
lowers the symmetry. These observations may explain why graphite and h-BN are the only readily available lay-
ered materials that are topologically connected to their 3D counterparts. The other six semiconductors of Fig. 2 
belong to scenario (ii), implying that a planar phase could in principle appear by applying compressive strain. It 
may seem counterintuitive that for the material involving large atoms the planar phase would occur at smaller 
instead of larger c axis layer spacing than that of WZ. In fact, this is because the fact that while some vertical cou-
pling remains a sufficiently large lateral spacing is required to allow the buckled atoms to drop down to the lower 
plane of the bilayer, depending on the sizes of the atoms involved. Note that the formation of the HP structure on 
the basal plane does not necessarily mean that the structure has sp2 +  π  bonding or can be considered as a layered 
material. However, the vertical coupling is expected to be weakened, because even though the c axis lattice con-
stant is reduced, as shown in Fig. 1(c), the separation of the vertical atomic planes has been increased to c0

HP that 
is greater than the largest vertical plane separation uc ≈ 3/8 c0

wz in the WZ structure. The fact that these planar 
structures do not produce a secondary minimum on the total energy path Etot(c), although it nearly happens for 
Si, Ge, and ZnO, suggests that the HP phase cannot be a metastable phase of the system in free standing, which is 
further confirmed by the phonon calculations that yield imaginary modes for these planar structures. However, 
this finding does not preclude the possibility of forming such planar structure, if the material can be constrained 
by a proper substrate that can serve as a template for epitaxial growth and provide a weak bonding to the epitaxial 
layer (ref. 23 for ZnO, ref. 24 for silicene, ref. 25 for monolayer WS2). The role of strain in stabilizing graphitic 
films of InN, AlN, GaN, BeO, ZnO, and SiC has also been studied with first principle calculations26.

Stretching and compressing wurtzite structure. To get more insight about the mechanical and struc-
tural properties moving along the total energy curve shown in Fig. 2, the strain-dependent stress X(ɛ zz) and 
buckling height Δ(ɛ zz) are calculated and plotted in Fig. 3 for the 9 materials. Taking the WZ structure as a refer-
ence, the strain is defined as ɛ zz =  (c −  c0

wz)/c0
wz, and the stress value is obtained directly from the output of the 

VASP calculation. As shown in Fig. 3, qualitatively, the X(ɛ zz) profile is highly asymmetric with respect to ɛ zz =  0. 

Figure 3. Strain-stress relations and strain-buckling relations for nine semiconductors. 
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On the compressive strain side (X >  0 and ɛ zz <  0), a large “stress barrier” exists between WZ and HP phase; and 
after passing the barrier XB, the buckling Δ reduces quickly to zero for all the materials, for the reason already 
given above. On the tensile strain side (ɛ zz >  0), the magnitude of the negative “stress barrier” is usually somewhat 
smaller than the compressive side. With increasing the c value from c0

wz, the buckling increases initially then 
quickly reduce to zero for C, BN, GaN, BeO, and ZnO, which all involve at least one first row element, but only 
to a finite value for Si, Ge, GaP, and ZnTe. For the latter group, as c →  ∞ , Δ will approach the low-buckled mon-
olayer value reported previously6,7,22. For C, BN, and BeO, after passing the negative “stress barrier”, there appears 
a zero stress point at finite c, corresponding to the secondary total energy minimum. For the rest materials, X →  0 
only as c →  ∞ , which implies that upon unloading the tensile stress, the material will go back to WZ. For those 
materials involving the first row elements, one could think of that the buckling is maintained due to the bonding 
with the atoms in the adjacent bilayer. Thus, as soon as the bonding is weakened to certain extent with increasing 
the bilayer spacing, the bilayer will collapse spontaneously, because there is adequate lateral space in the lower 
sub-layer of the bilayer for the atoms in the upper sub-layer to drop down. For those materials involving larger 
atoms, even the bonding with the other bilayer is fully removed with increasing the bilayer spacing, because the 
atoms in either the lower or upper sublayer are too big for the atoms of the two sublayers to join each other in 
the same plane. Thus, compression along the c axis is required to expand the lateral size of the unit cell to make 
room for the atoms of the upper sub-layer to drop down, while weakening the vertical coupling. Interestingly, 
such compressed but non-buckled structure actually has a larger interlayer spacing along the c axis. However, the 
overall atomic density of HP phase is higher than that of WZ. Note that C, BN, and BeO may also reach such a 
planar structure under compressive strain, but it does not yield a total energy minimum (see Fig. 2).

Quantitatively, for ɛ zz <  0 (compressive strain), for most materials, the “stress barrier” XB is probably too 
large to be practically achievable to induce a phase transition by compressing the material before shattering 
it, for instance, XB ≈  617 GPa and ɛ zz =  − 25.1% for C. However, for ZnO, the barrier height is XB ≈  7.4 GPa 
(ɛ zz ≈  − 7.0%), and the HP phase appears at ɛ zz =  − 18.9% and XHP ≈  7.1 GPa, which could be practically fea-
sible, keeping in mind that the currently achievable maximum uniaxial stress is about 1 GPa. Although with 
substantially larger “stress barrier”, the Si and Ge HP phase occur at ɛ zz =  − 18.9% (XHP ~ 28.7 GPa) and − 16.8% 
(XHP ~ 21.9 GPa), respectively. The value of XB and the corresponding strain decreases with increasing atom size, 
for instance, from C to Si and Ge, which is correlated to the bond length or strength change. The HP phase under 
uniaxial pressure has been explored theoretically for a number of materials with similar results: AlN27, GaN27,28, 
BeO29, ZnO23,30,31, Zn(S, Se, Te)31, MgO32, CdS, MgTe, and 2H-SiC29. Experimentally, a-few-layer ZnO resembling 
the HP phase has been observed when deposited on Ag surface23, and graphite-like hexagonal nanosheets of AlN 
have been epitaxially grown through plasma assisted MBE on single crystal Ag(111)27. Additionally, it was pre-
dicted that a WZ ZnO nanowire would undergo a phase transition to the HP phase (called HX phase) either being 
compressed or stretched33. For ɛ zz >  0 (tensile strain), ZnTe is found to have the smallest barrier |XB| ≈  9.3 GPa 
(ɛ zz ≈  14.8%). For ZnO, |XB| ≈  30.7 GPa (ɛ zz ≈  16.3%), and Δ →  0 at ɛ zz ≈  31.8% (|XB| ≈  4.5 GPa). This result sug-
gests that it is unlikely practically feasible to stretch a ZnO nanowire to the point of Δ →  0. Our result also con-
tradicts to the previous prediction about the possibility to obtain the HX phase (with c0 <  c0

WZ) under tensile 
loading33. Note that the magnitude of |XB| indicates how easy one could deform WZ structure to reach the planar 
structure either on the compressive or tensile side, whereas |XHP| reflects the easiness of forming the structure by 
providing some external constrain, such as through epitaxial growth.

For simplicity, we have adopted the WZ structure instead of ZB as the starting point. For the tensile strain side, 
the small difference at the starting point between WZ and ZB will not affect the final 2D material, although the 
intermediate states could be somewhat different. For the compressive strain side, the difference might be more 
significant. Therefore, our results should be understood as one possible scenario, and the evolution starting from 
the ZB structure should be studied separately.

Global total energy search for metastable states. Thus far, we have assumed that during either com-
pressing or stretching WZ structure there is no lateral motion of atoms within each layer. Here we show relaxing 
this constrain will lead to various other structures. As illustrated in Fig. 1, WZ structure is the starting point from 
a structure with a buckled basal plane to evolve into planar basal plane by either stretching or compressing along 
the c axis. All these structures belong to the category of AA stacking. For the single element material C, AA is the 
same as AA, and the corresponding structure will be the AA stacked graphite that does not occur naturally but 
can be obtained under certain conditions (ref. 34 and refs therein). Similarly, we can explore the possible phase 
transitions for the AB stacked structures, by taking NiAs structure as the starting point then either stretching or 
compressing along the c axis. NiAs is also a buckled structure on the basal plane, as shown in Fig. 1(b), which is 
topologically connected to WZ structure. For the single element material C, stretching a NiAs phase C, although 
non-existing either in reality or theoretically, will directly lead to the familiar AB stacked or common graphite 
phase.

For a given compound XY, among the three possible AB stacked structures: (1) AXB, (2) AYB stacking, and (3) 
AB. AB tends to be more energetically favorable over AXB or AYB. For instance, for GaN and BN, both AB and 
AXB are shown to be stable but AYB is unstable from the phonon calculations, agreeing with previous findings for 
GaN21 and h-BN18–20. The total energy based phase transition path for the AA structure has been explored in 
Fig. 2, now we investigate the similar phase transition path as well as the variation in buckling parameter for the 
AXB structure for the same 9 materials with the results shown in Fig. 4. The obtained structure parameters are 
summarized in Table 2, with comparison to the available literature values. They can be divided into three groups: 
(i) C and BN with only one total energy minimum, corresponding to the common graphite and one of the known 
h-BN phases (Δ =  0). (ii) BeO, ZnO, and GaN with two total energy minima that correspond to the NiAs (Δ ≠  0) 
and planar phase (Δ =  0), respectively. For BeO and GaN, the NiAs phase has a higher total energy than the 
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planar, whereas for ZnO, the NiAs phase is lower. (iii) Si, Ge, GaP, and ZnTe with only one total energy minimum, 
corresponding to the NiAs phase. The NiAs phase has previously been studied for GaN14, ZnO15, and ZnTe16, but 
the structural stability has not been explicitly examined. In contrast to a previous report suggesting the existence 
of BN in NiAs phase35, we do not find NiAs phase for BN. We have performed phonon calculations for the NiAs 
phase and planar phase, and found that: (1) the NiAs phase is stable for Si, Ge, GaN, GaP, and ZnO, but not for 

Figure 4. Phase transition path around NiAs-like structure. The line with red squares indicates the total 
energy vs. layer separation and the line with blue circles indicates the buckling height vs. layer separation.

Etot (eV)

Present work

u

Previous results

Structurea (Å) c (Å) a (Å) c (Å)

C − 10.127 2.446 6.643 0 2.4395a 6.6589a p-AXB (*)

Si − 5.664 3.587 5.636 0.25 NiAs (*)

Ge − 4.956 3.775 6.226 0.25 NiAs (*)

BN − 7.792 2.466 3.979 0 NiAs

− 9.651 2.489 6.469 0 p-AXB (*)

GaN − 6.391 2.945 4.997 0.25 3.02b 5.07b NiAs (*)

− 6.492 3.147 6.426 0 p-AXB

GaP − 4.824 3.532 6.014 0.25 NiAs (*)

BeO − 7.372 2.491 4.180 0.25 NiAs

− 7.655 2.641 6.439 0 p-AXB

− 7.677 2.650 5.699 0 p-AB (*)

ZnO − 5.097 2.919 5.028 0.25 2.94c 5.07c NiAs (*)

− 4.982 3.196 5.372 0 p-AXB

ZnTe − 2.967 3.941 6.552 0.25 3.956d 6.563d NiAs

Table 2.  Optimized AXB stacking structure parameters of nine semiconductors. Calculated values for total 
energy/atom are also given. Metastable structures are indicated with “*”. aRef. 24. bRef. 14. cRef. 15 dRef. 16.
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BeO; (2) the AXB planar phase (p-AXB) is stable for C and BN, as is known; however, for GaN, ZnO, and BeO, 
even though there is a secondary total energy minimum point, the AXB planar structure is unstable, judging by 
the existence of imaginary phonon modes. (3) Nevertheless, BeO in AB stacking, p-AB, is a stable planar phase, 
which has not been reported before, as shown as an inset of the BeO panel in Fig. 4; and (4) some imagine modes 
were found for the NiAs phase ZnTe. In short, NiAs phase is only stable for binaries with moderate size atoms; 
p-AXB is only stable for binaries with small size atoms; neither NiAs nor p-AXB is stable for BeO, but AB is.

We next discuss the variation of the buckling height with changing the bilayer separation starting from the 
NiAs phase. On the tensile strain side, the dependence is very similar to that shown in Fig. 3 for the phase transi-
tion curve starting from WZ structure. With increasing layer separation, the buckling heights remain or tend to 
zero for C, BN, BeO, GaN, and ZnO, but to lower values for Si, Ge, GaP, and ZnTe, i.e., the bilayer only collapses 
partially. The presence of the first row elements N and O make it easier to form a planar structure. However, on 
the compressive strain side, the layer-separation dependence of the buckling height is rather different with those 
shown in Fig. 3 starting from WZ structure. Excluding C and BN that do not exhibit the NiAs phase, all the other 
seven retain the NiAs structures under compression, i.e., the buckling height decreases proportionally with the 
layer separation but always equals to 0.25c. The different response between NiAs and WZ structure lies in that the 
AB stacking has a closer packing thus more robust against the compression than the AA stacking, because in AB 
one atom is staggered over another, thus it is easier to form a close packed structure. The effect of this close packed 
structure can be seen from the fact that the c axis lattice parameter has a larger value in WZ than in NiAs, and it 
is true even for the in-plane lattice constant. Taking Si as an example, the c value is 6.29 Å vs. 5.636 Å, and the a 
axis lattice constant 3.80 Å vs. 3.587 Å.

Comprehensive examination of Si. The possible phase transitions starting from WZ and NiAs-like struc-
tures have been discussed respectively in the previous sections. However, there are other possibilities beyond 
those that have already been included in Figs 2 and 4. It has been shown for a monolayer structure, in addition to 
the planar or low buckled (LB) structure, there is a high buckled (HB) structure that sometime even has a lower 
total energy than the former. Here LB and HB structures, respectively, have a lower and higher buckling height 
compared to the WZ structure. However, the HB structure has been found to be unstable, based on the phonon 
calculation6. It is unclear how this HB structure is related to the known 3D structures, either WZ or NiAs phase. 
Here we use Si as an example to offer a more comprehensive examination over the possible structures that could 
be derived from the 3D structures. Because involving only one element, the five possible stacking orders have 
been reduced to two, i.e., AA and AB, which respectively corresponds to WZ and NiAs structure.

Shown in Fig. 5 are the phase transition curves under compression and expansion starting from either WZ 
or NiAs phase for Si. In addition, two curves for planar AA and AB structures are also included. One significant 
feature is that under tensile strain, for either the WZ or NiAs curve, the transformation curve actually splits into 
two branches: one corresponding to the LB structure that has been shown, respectively, in Figs 2 and 4; the other 
branch, which was not shown there, corresponding to a HB structure that has not been identified before. After 
the splitting point, the HB branch in fact has lower energy. For the WZ curve, the HB structure has a total energy 
minimum at c =  4.8 Å, and the curve in fact extrapolates to the HB monolayer structure reported previously6. For 
the NiAs curve, the HB minimum occurs at c =  4.4 Å. Unfortunately, neither of these minima yields a metastable 
state, based on the appearance of imaginary phonon modes. At c →  ∞ , the two LB branches merge to the same 
point – silicene, which is structurally stable6, although not necessary chemically stable (i.e., easily reacting with 
other species). Similarly, at c →  ∞ , the two HB curves merge together, but none of them is structurally stable. The 
curve for the AB stacking planar structure is found to have a minimum at c =  5.2 Å, which actually corresponds 
to the “graphitic” Si reported earlier13. Again, this is not a metastable state from the phonon calculation, but 
nevertheless might be possible to achieve if constrained by a proper substrate. The energy minimum of planar 
structure with AB stacking is higher than that of planar structure with AA stacking, which is similar to the case 
that the energy of the NiAs phase is higher than the WZ phase. However, there is an energy barrier between them.

Figure 5. Phase transition curves for silicon with either wurtzite or NiAs structure (including high and low 
bucking), and planar structures with AA and AB stacking. 
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We have offered a bird’s-eye view of the topological connections between the 2-D structure, layered or planar 
structure, and 3-D wurtzite or NiAs structure. Stretching or compressing the 3D structure along the WZ or NiAs 
c axis will lead to each monolayer of the 3D structure to either fully or partially collapse into a planar or 
quasi-planar layer, resulting in a new intermediate structure with stacked planar or quasi-planar layers. These 
intermediate structures are the candidates for developing new 2D materials, if the planar or quasi-planar layers 
can be individually isolated. Among the nine representative Group IV, III-V, and II-VI 3D semiconductors that 
have been explicitly investigated for the described structural evolution, eight intermediate structures have been 
identified to be of particularly interest: (1) BeO has a graphite-like (with AB stacking) metastable structure, which 
can exist in free-standing. (2) Four graphite-like planar structures (with cp >  c3D) which are metastable structures 
based on total energy consideration, although unstable against vibrational distortion, including BeO in AA stack-
ing derived from WZ phase, BeO, ZnO, and GaN in AXB stacking derived from NiAs phase. However, these 
structures might be achievable by epitaxial growth on proper substrates either as single or multiple monolayers. 
(3) Three planar structures of Ge, Si, and GaP in AA stacking derived from WZ phase, which are close to have a 
total energy minimum (with cp <  c3D). It might be possible to grow these unstable structures epitaxially on proper 
substrates. A single or few monolayer(s) of these graphite-like structures could be the new candidates of 2D mate-
rials for exploration. In addition, the NiAs structure has been predicted to be a metastable state for Si, Ge, and 
GaP. In this study, we have investigated the feasibility how a monolayer in the [0001] direction of WZ structure or 
[111] direction of ZB structure can be modified to form a (quasi-) 2D layer, because of a clear topologic connec-
tion between the 3D structure and the graphene-like 2D hexagonal structure. However, a less trivial quasi-2D 
structure may also be derived from a two-monolayer (110) slab of ZB or (1120) slab of WZ by imaging to contin-
uously cleave the ZB structure along the (110) plane or perhaps more realistically by “intercalating” the 
two-monolayer slabs with organic molecules36,37. Looking beyond the database of the conventional layered mate-
rials, a plenty of 3D materials could be explored as new 2D systems.

Methods
The total energy calculations are performed by using a pseudopotential density functional (DFT) method imple-
mented in VASP code38. The projector augmented plane-wave (PAW) method within a local density approxima-
tion (LDA)39, and k mesh of 12 ×  12 ×  8 are employed in the total energy calculation. Phonon calculations were 
performed using PHONOPY code17 17 by a supercell approach with the supercell size of 3 ×  3 ×  2 unit cells, 
where a set of supercells generated through a finite displacement method. The force constants for the super-
cell were calculated using VASP code, and phonon frequencies were calculated from the force constants using 
PHONOPY code. The electronic and phonon dispersion curves for a few key structures are given in Supplemental 
Materials.
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