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Non-equilibrium growth of Si-III-V or Si-II-VI alloys is a promising approach to 

obtaining optically more active Si-based materials. We propose a new class of non-

isovalent Si2AlP (or Si2ZnS) alloys in which the Al-P (or Zn-S) atomic chains are as 

densely packed as possible in the host Si matrix. As a hybrid of the lattice-matched parent 

phases, Si2AlP (or Si2ZnS) provides an ideal material system with tunable local chemical 

orders around Si atoms within the same composition and structural motif. Here, using first-

principles hybrid functional calculations, we discuss how the local chemical orders affect 

the electronic and optical properties of the non-isovalent alloys. 
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I. INTRODUCTION 

Silicon is the ‘workhorse’ semiconductor of the electronic age because of its desirable 

material properties such as high quality of its surface oxide, high purity, and well-

established growth and doping technologies. Because of its indirect bandgap, however, 

silicon is not ideal for optoelectronic applications. Nevertheless, bulk silicon is still widely 

used as a light-absorbing material in photovoltaic cells with a total market share of above 

90% [1]. Obtaining optically more active Si-based materials is a considerable challenge that 

holds great potential for optoelectronics and solar energy conversion with silicon. Massive 

efforts have been made to search for new Si-based materials that have a more direct and/or 

increased bandgap to improve solar conversion efficiency and optoelectronic properties [2–

12].  

Of the progress that has been made in recent years, one of the most promising methods 

is to make use of molecular precursors for the non-equilibrium growth of non-isovalent 

Si3AlP alloys [5–8]. As a hybrid of diamond cubic Si and zincblende AlP, the Si3AlP alloy 

is lattice-matched to Si because the parent bulk phases have nearly identical lattice 

constants. If the Al-P-Si3 tetrahedral units, which are generated from the molecular 

P(SiH3)3 reacting with Al atoms, were stable in synthesis conditions, Si3AlP would 

exclusively contain isolated Al-P “pairs” in the host Si matrix. As the previous work [8] 

elegantly demonstrated, however, the decomposition of the Al-P-Si3 units leads to the 

formation of Si3AlP containing Al-P “chains” as a new structural motif, as well as the Al-P 

pairs. The synthesized Si3AlP shows higher absorption than bulk Si in the visible range, but 

the strength of the absorption is substantially lower than the theoretical result for the 

models based on the Al-P pairs. 
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Motivated by the experimental finding of the Al-P atomic chains as a new structural 

motif for the Al-P component, we consider the possibility of new Si-Al-P phases that 

contain solely the Al-P chains as densely packed as possible in the host Si matrix. The 

search for the phases exclusively based on the Al-P chains is a strategy for going beyond 

Si3AlP in terms of the composition of AlP and thus potentially achieving higher bandgap. 

In this work, we identified a variety of Si2AlP phases (i.e., half-and-half Si and AlP) that 

are constructed from the Al-P chains and the complementary Si-Si chains as the building 

units (Fig. 1). The newly identified Si2AlP provides a unique material system with tunable 

local chemical orders around Si atoms within the same composition and structural motif. 

Thus, it can be used for systematically studying different prototypes of non-isovalent alloys 

with “covalent”, “ionic”, and “mixed” local environments. Because ZnS (a = 5.41 Å [13]) 

also has a nearly same lattice constant a as for Si (5.43 Å) and AlP (5.46 Å), we also 

considered the Si2ZnS alloys and found a direct bandgap phase with strong absorption in 

the visible range. 

II. RESULTS AND DISCUSSION 

To investigate the effects of different local chemical orders on the optoelectronic 

properties of Si2AlP and Si2ZnS, we performed first-principles density functional 

calculations using the Vienna ab-initio Simulation Package (VASP [14]). Our calculations 

employed the projector augmented wave method [15,16] with an energy cutoff of 280 eV 

for the plane wave part of the wave function. Throughout the paper, the results were 

obtained by using the HSE hybrid density functional [17] except if otherwise indicated. 

Structures of Si2AlP alloys. To describe the Si-Al-P alloys considered in this work, we 

introduce two indices, x and y, which can vary from 0 to 1. The index x denotes the alloy 
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composition as (Si2)1-x(AlP)x. For example, the x values of Si3AlP and Si2AlP are 0.4 and 

0.5, respectively. The index y describes local chemical orders around Si atoms in Si2AlP, 

which can take one of the three bond configurations: (i) Si atom bonding with two Si atoms 

and one Al and one P (Si–Si2AlP), (ii) Si atom bonding with two Si atoms and two Al 

atoms (Si–Si2Al2), and (iii) Si atom bonding with two Si atoms and two P atoms (Si–Si2P2). 

This is unlike the case of Si3AlP, for which the proposed crystal structure contains only Si–

Si2AlP.6 For Si2AlP, the index y is then defined by the ratios of the different local chemical 

orders as in (1 – y) Si–Si2AlP + y/2 Si–Si2Al2 + y/2 Si–Si2P2. The same definition of y will 

also be used for Si2ZnS, in which the cations and anions in Si2AlP change to Zn and S 

accordingly. 

Figure 1 presents the atomic structures of Si2AlP that are constructed from the Si-Si 

chains and the Al-P chains as the building units. Each of the atomic chains extends along 

the [112] direction (as labeled in diamond cubic structure). The Si-Si and Al-P chains form 

an ordered pattern to incorporate the high fraction of AlP in the host Si matrix [Fig. 1(a)]. 

The (112) plane, which is perpendicular to the constituent atomic chains, can be regarded as 

having two sublattices of Si-Si and Al-P sites. Each Al-P chain can take two different 

orientations (labeled by ߙ and ߚ) with its electric dipole either parallel or antiparallel to the 

[112] direction [Fig. 1(b)]. The y value of Si2AlP varies from 0 to 1, depending on how ߙ 

and ߚ occupy the sublattice sites of the Al-P chains. Regardless of the y value, the local 

chemical orders around Al and P atoms are same as Al–Si2P2 and P–Si2Al2, respectively. 

The two extreme phases of Si2AlP on the scale of y are shown in Fig. 1(b). The phase 

with y = 0 (y0 for short) has the space group P21/c and contains 16 atoms in the primitive 

unit cell. For the phase with y = 1 (y1; space group Cc), the unit-cell size is reduced to half 

the unit-cell size of y0, because the y1 phase consists of the Al-P chains of the same type. 
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The atomic coordinates of the y0 and y1 phases are listed in Table I. The Si atoms in the y0 

phase have the identical local environment as Si–Si2AlP, and they are “charge neutral” in 

the sense that each Si atom bonds to one anion and one cation. For the y1 phase, however, 

half of the Si atoms are “anions” of the Si–Si2Al2 type, while the other half are “cations” of 

the Si–Si2P2 type.  

Besides the covalent y0 and the ionic y1, we also consider the mixed phases with 

intermediate y values to study the effects of the local chemical orders around Si atoms on 

the electronic and optical properties of Si2AlP and Si2ZnS [Fig. 1(c)]. The key questions 

that will be addressed are which phase is more stable among the various phases with 

different y values and how the electronic band-edge energies and characters depend on the 

local chemical orders. We discuss the theoretical framework for understanding the 

electronic properties of the alloys. Finally, we explore whether the non-isovalent alloys, 

Si2AlP or Si2ZnS, are better light absorbers than Si, with stronger visible range absorption. 

Stability of the non-equilibrium Si-Al-P phases. Figure 2(a) compares the relative 

stabilities of Si2AlP with different y. The y0 structure has lower intra-cell energy than y1 

because the former locally satisfies the octet rule around each Si atom. The alternating 

occupation of ߙ and ߚ for the Al-P sites in the y0 phase can further lower the dipole-dipole 

interactions between the chains and release the strain energy of the alloy. The y1 structure, 

however, can have lower Coulomb interaction energy between the anion-type Si atoms and 

the cation-type Si atoms. It turns out that the net effect is the higher stability of the y0 phase 

by 14 meV/atom. The relative stability is concave in energy between y = 0 and y = 1, 

indicating that the two extreme phases, y0 and y1, are energetically preferred than the 

intermediate phases. For comparison, we also present the results for Si2ZnS in Fig. 2(a). 

For both Si2AlP and Si2ZnS, we found the same trend in the stabilities of alloys, but with 
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much-enhanced energy differences for Si2ZnS because of its higher charge polarization and 

hence the larger Coulomb interaction. 

We also examined the relative stability of Si3AlP (x = 0.4) and Si2AlP (x = 0.5) by 

considering the partial phase separation of Si3AlP to Si2AlP and bulk Si [Fig. 2(b)]. The 

Si2AlP phase is energetically more stable than the metastable Si3AlP by 80 meV/atom. 

Because of the different Al-P bond distributions (pairs vs. chains), the partial phase 

separation of Si3AlP is driven by the energy gain in the Coulomb energy between the Al 

cations and the P anions. If Si2AlP undergoes a further phase separation to bulk Si and bulk 

AlP, the total energy is lowered by 127 meV/atom. 

Effects of the local chemical orders on the band-edge energies of Si2AlP and Si2ZnS. 

The y0 and y1 phases of Si2AlP are pseudo-direct bandgap semiconductors with the 

valence-band edge at the ߁ point. The bandgap of y0 is calculated to be 1.29 eV (HSE06) 

and 1.28 eV (G0W0), and the bandgap of y1 is 1.44 eV (HSE06) and 1.42 eV (G0W0). 

Figure 3(a) shows how the band-edge energies of Si2AlP depend on the local chemical 

orders around Si atoms. The valence-band maximum (VBM) is concave in energy between 

y = 0 and 1. In sharp contrast, the conduction-band minimum (CBM) energy is nearly 

constant for the whole range of y. To further demonstrate the asymmetric y-dependence of 

the band-edge energies, we also considered a metastable phase at y = 0.5 in Fig. 1(c), which 

is 16 meV/atom less stable than the stable phase at the same y. Again, the two phases at y = 

0.5 have almost the same energy for CBM, whereas the VBM of the metastable phase is 

substantially higher than that of the stable phase.  

The asymmetric y-dependence of the band-edge energies for the valence and 

conduction bands can be understood in terms of the symmetry breaking in the presence of 
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the Al-P chains. The reduced symmetry leads to the level splitting of the 25߁’-derived states 

at the valence-band edge, which would be three-fold degenerate for a hypothetical 

“symmetric” Si2AlP. The energy difference of the split levels is 0.12 eV for y0 and 0.09 eV 

for y1. The level splitting is much larger for the mixed phases; for example, the energy 

splitting is 0.36 eV for the stable phase at y = 0.5, and it is further enhanced to 0.55 eV for 

the metastable phase at y = 0.5. The dotted line in Fig. 3(a) is a plot of the average energies 

of the 25߁’-derived states. The up-shift of the averaged band-edge energies is substantially 

reduced as compared to the case of the VBM, indicating that the large level splitting for the 

mixed phases contributes to the high VBM energies at the intermediate y values. For the 

conduction-band edge states, however, there is no such a level-splitting effect. Furthermore, 

because of their different orbital symmetries, the Si-derived states in the conduction band 

do not strongly interact with the AlP-derived conduction-band states; for Si, the 

conduction-band states are the antibonding states of p orbitals, while the conduction band 

of AlP mainly has an s-orbital character.13  Consequently, the CBM energy is relatively not 

sensitive to the local chemical orders around the Si atoms. Thus, the bandgap engineering 

in this class of materials is achieved by modifying the state near the VBM. 

A similar and more pronounced trend in the y-dependent band-edge energies was found 

for Si2ZnS [Fig. 3(b)]. The valence-band edge at the ߁ point at the endpoints, y0 and y1, are 

similar in energy, while for the intermediate y the band-edge energies are significantly 

shifted up. In contrast, the CBM energy has a nearly linear dependence on y. Unlike the 

case of Si2AlP, at y = 1 the VBM of Si2ZnS (dashed line) lies at a much higher energy than 

the valence-band edge at the ߁ point (solid line). The explanation of the anomalously high 

VBM lies in the large level splitting of the L3’-derived states at y = 1. For the y1 phase, two 

L points, L1 and L2, in the first Brillouin zone of Si are folded to the same k-point [Fig. 4]. 

Because of the reduced symmetry, the four-fold L3’-derived valence-band states split into 
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four segregating levels [18], among which the highest energy level is localized on the Si-

cation sublattice, while the lowest energy level is localized on the Si-anion sublattice. For 

Si2AlP (not shown here), the energy splitting between the highest and lowest levels is 2.05 

eV, which is still not large enough to push the highest L3’-derived level above the 25߁’-

derived states. For Si2ZnS, the level splitting of the L3’-derived levels is much enhanced to 

3.59 eV due to the large polarization of the group-II cation and the group-VI anion, making 

the highest L3’-derived level lie 0.59 eV above the top of the 25߁’-derived valence states 

[Fig. 3(c)]. The charge-density plot in Fig. 3(c) indeed shows that for the highest level 

(labeled as L3’
C) of the L3’-derived states, the electron is distributed along the Si-Zn (i.e., 

cation) bonds that are perpendicular to the Si-Si atomic chains. In contrast, for the lowest 

level (labeled as L3’
A), the electron is localized along the Si-S (i.e., anion) bonds. The 

different charge-density distributions associated with the broken symmetry at y = 1 are 

responsible for the large energy splitting of the L3’-derived states and hence the 

anomalously high VBM of Si2ZnS. 

Light-absorption properties of the Si2AlP and Si2ZnS alloys. In Fig. 4, the absorption 

spectra of Si2AlP and Si2ZnS are compared for different local chemical orders. Assuming 

polycrystalline alloy phases, we took an average of the components of the dielectric 

function along the x, y and z axes to calculate the optical properties. We found that all the 

alloy phases with the composition x = 0.5 exhibit absorption at the photon energy below 3 

eV, which is lacking for bulk Si. The y1 phase of Si2ZnS, which is a direct-bandgap 

semiconductor with the bandgap of 1.22 eV, has considerably stronger low-energy 

absorption than the y0 phase of the same material or the Si-Al-P systems such as Si2AlP and 

Si3AlP. In the visible range, the joint density of states is found to be similar for both phases 

of Si2ZnS, only slightly larger for the y1 phase. For the y0 phase, which has an inversion 

symmetry in its atomic structure, the zone-folded optical transitions at the ߁ point are parity 
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forbidden for the visible range, leading to the relatively weak low-energy absorption of the 

y0-Si2ZnS. For the y1 phase, however, the dipole-transition strength in the visible range is 

strong at and around the ߁ point. A prior theoretical work [2] on a superlattice of 

alternating layers of two semiconductors (e.g., GaP/Si2[001]) provides a useful insight into 

understanding the strong zone-folded optical transitions of y1-Si2ZnS compared to the Si-

Al-P systems. Using a one-dimensional two-band tight-binding model, it was demonstrated 

that a superlattice system having a type-I alignment with large band offsets potentially has a 

strong oscillator strength for zone-folded transitions. If this argument could be generalized 

to a two-dimensional tight-binding model of the alloys in Fig. 1, the strong zone-folded 

transitions in Si2ZnS might be attributed to the large band offsets of Si/ZnS (especially, the 

conduction band offset) as compared to the offsets of Si/AlP. 

Despite its strong absorption in the visible range, the proposed y1 phase of Si2ZnS poses 

a huge challenge for synthesis. Figure 5 depicts a possible interface structure between the 

alloy and a Si(-1-11) substrate. Note that the Zn-S and Si-Si atomic chains are parallel to 

the epitaxial substrate. The local chemical order changes only for the interfacial Si atoms 

that now have a local chemical environment of Si–Si3Zn. The inset of Fig. 5 shows the 

building block of Si2ZnS that consists of the upper and lower units. If there exist 

appropriate molecular precursors, the building units can be deposited on the Si substrate as 

shown in Fig. 5. 

Another difficulty that could arise during the growth of Si2ZnS is to avoid the formation 

of the y0 phase, which is energetically more favored than the y1 phase [Fig. 2(a)]. As we 

discussed earlier, the y1 phase of Si2ZnS has much higher VBM than the y0 phase due to the 

symmetry-induced level splitting [Fig. 3(b)]. Therefore, it might be possible to enhance the 

relative stability of the y1 phase by hole doping of the valence-band edge state. Indeed, we 
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found that the energy difference between the y0 and y1 phases gets reduced as the hole 

concentration increases [Fig. 2(c)]. Hence, local hole doping of the sample surface during 

the non-equilibrium growth could help synthesize the optically active y1 phase. Another 

way to stabilize the y1 phase is to utilize the electric dipoles of the Zn-S atomic chains, 

which are labeled as ߙ and ߚ depending on their orientations with respect to the [112] direction [Fig. 1(b)]. To synthesize the y1 phase that consists of the atomic chains of a single type (say ߙ), we could apply an electric field along the [112] direction during the 

growth of the alloys to make the ߙ-type chains energetically more stable than the ߚ-type chains. 
III. CONCLUSION 

In summary, we identified the atomic structures of covalent (y = 0), ionic (y = 1) and 

their mixed phases (intermediate y) for the non-isovalent Si2AlP and Si2ZnS alloys. We 

revealed the effects of the local chemical orders around the Si atoms on the stability and 

optoelectronic properties of Si2AlP and Si2ZnS, such as (i) the asymmetric y-dependence of 

the band-edge energies for the valence and conduction bands, (ii) the anomalously high 

VBM for the y1 phase of Si2ZnS, and (iii) tunable relative stability of the alloy phases of 

Si2ZnS through hole doping or applying electric field. The theoretical results highlighting 

the role of the local chemical orders in the non-isovalent alloys will provide useful insights 

into synthesizing a new class of Si-III-V and Si-II-VI alloys with improved optical 

properties. 
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Table 1.  The structural parameters of Si2AlP phases that are obtained by using the HSE 

hybrid calculations: symmetry, lattice parameters (in Å) and angles (°) of a unit cell, and 

Wyckoff positions. The unit-cell size of the y1 phase given below is twice the size of its 

primitive cell.  

 y = 0 y = 1 

Symmetry P21/c Cc  

a, b, c 6.75, 7.74, 6.69  7.75, 7.75, 6.66 90 ,125.39 ,90 90 ,109.48 ,90  ߛ ,ߚ ,ߙ 

Si1 0.67339, 0.62630, 0.81900 (4e)  0.38325, 0.13285, 0.00016 (4a) 

Si2  0.79709, 0.62756, 0.19207 (4e) 0.25327, 0.37742, 0.75028 (4a) 

Al1  0.81394, 0.12357, 0.17990 (4e) 0.24690, 0.12829, 0.24975 (4a) 

P1  0.68556, 0.12273, 0.80028 (4e) 0.36658, 0.38364, 0.49981 (4a) 



14 

 

FIG. 1. Atomic structures of Si2AlP for covalent, ionic and their mixed phases. (a) In 

Si2AlP, the Si-Si and Al-P atomic chains form an ordered pattern to incorporate the large 

fraction of AlP in the host Si matrix (left panel). In right panel of (a), the structural building 

units of Si2AlP are shown from two perspectives: top view (left) of the (112) plane and side 

view (right) showing the Al-P and Si-Si chains extending along the [112] direction. (b) 

Two ordered Si2AlP phases with y = 0 (left) and y = 1 (right). Each Al-P chain is labeled by 
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 depending on its electric dipole direction with (solid rectangle) ߚ or (dashed rectangle) ߙ

respect to the [112] direction. (c) Mixed phases of Si2AlP with intermediate values of y. 

The periodicity (unit cell projection) of each phase is denoted by a parallelogram. 

   



16 

 

 

FIG. 2. Stability of the non-equilibrium Si-Al-P phases. (a) Dependence of the stability of 

Si2AlP alloys on the structural index y. The stabilities of the phases with nonzero y are 

shown with respect to that of the phase with y = 0. For comparison, the results for Si2ZnS 

are also included. (b) Schematic representation of the relative stabilities of the Si-Al-P 

systems. (c) Dependence of the energy difference for the y1 and y0 phases of Si2ZnS on the 

hole concentration. 
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FIG. 3. Dependence of the band-edge energies of (a) Si2AlP and (b) Si2ZnS on the 

structural index y. For comparison, the results for the metastable phase in Fig. 1(c) are also 

shown in triangles. In (a), the average energies of the 25’-derived valence-band states are 

plotted in a dotted line. (c) Schematic diagram showing how the valence-band edge states 

of hypothetical symmetric Si2ZnS are split as the symmetry is lowered in the presence of 

the Zn-S chains. For y = 1, two L points, L1 and L2, in the first Brillouin zone of Si are 

folded to the same k-point (see inset), giving rise to the large level splitting of the L3’-
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derived valence-band states. Charge density plots for L3’
C (top panel) and L3’

A (bottom 

panel) are also presented. 
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FIG. 4. Absorption coefficients of Si2AlP and Si2ZnS for different local chemical orders: y 

= 0 (solid line) and y = 1 (dotted line). For comparison, the results for Si and Si3AlP are 

also included. 
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FIG. 5. Proposed interface structure between Si(-1-11) and the y1 phase of Si2ZnS. The 

inset shows the upper and lower building units that can be assembled to form the alloy 

phase on the epitaxial substrate. 

 


