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Abstract 
New optoelectronic materials are needed for improving the efciency and reliability of devices such as 

solar cells. Cation ordering presents one means of controlling optoelectronic properties while introducing 

potential to also diversify the mineral constituents of electronic devices; however, the mechanisms of 

ordering are not yet well understood. To better understand cation ordering in a system integratable 

with current devices, we assess short- and long-range order parameters of ZnGeP2, a material closely 

lattice-matched to Si. Structures are simulated using cluster-based Monte Carlo and frst principles 

calculations to compare structural distortions, periodicity and local coordination environments in ZnGeP2 

to experimental data both from the literature and presented here. Comparing order parameters, we relate 

the transition in order parameters of ZnGeP2 to that of ZnGeN2, discuss the reduction of band gaps with 

disorder and show that traditional structural characterization alone is insufcient for understanding order 

in ZnGeP2. 
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INTRODUCTION 

ZnGeP2 is a group II IV V2 semiconductor that shows promise as a photovoltaic absorber. 

Its ternary character allows for the tuning of structural and optical properties at a specifc compo-

sition by controlling cation site ordering, the swapping of atomic species on a fxed crystal lattice, 

without signifcant changes in the lattice constant. ZnGeP2 has a predicted band gap of 2.1 eV 

in its ordered, ground state and is within 1% lattice matched to silicon.[1] Controlling the cation 

disorder in ZnGeP2 could allow for tuning of the band gap to 1.7 eV, which would make it an ideal 

absorber material for a top cell in a Si-based tandem solar cell. [2] In this computationally-driven 

study, we develop a model to quantify site disorder in ZnGeP2 and provide analysis of ordering 

in a set of ZnGeP2 flms to connect the understanding of theory and experiment. 

Cation disorder has been studied in a variety of ternary and multinary materials due to its 

efect on electronic and optical properties.[3–11] It has been experimentally shown in bulk ZnGeP2 

that at equilibrium, ZnGeP2 undergoes a solid state transformation at 950 °C from the ordered 

chalcopyrite phase to the disordered zinc-blende phase, where zinc and germanium will randomly 

occupy the cation sublattice.[12–14] It has been shown in both bulk [15, 16] and thin flm [17] 

synthesis of ZnGeP2 that processing conditions can be manipulated to grow varying degrees of 

disordered material below the transition temperature due to kinetic trapping. However, system-

atically controlling the degree of disorder in ZnGeP2 flms for its desired use as a photovoltaic 

material remains as an outstanding challenge due to the competition between high growth/anneal 

temperatures needed to achieve cation ordering and the volatility of Zn and P, which causes these 

ions to vaporize at high temperatures. [17, 18] 

The experimental analysis and quantifcation of disorder in ZnGeP2 is a challenge due to the 

similar atomic number (Z) of the Zn and Ge cations, [19] which requires a variable difraction 

probe energy to deconvolve. This similarity causes Zn and Ge to be virtually indistinguishable in 

conventional X-ray Difraction (XRD) and complicates the ability to determine the occupancy of 

the Zn and Ge sites. Using computationally simulated ZnGeP2 structures with order parameters 

that have not yet been established experimentally, we aim to aid the characterization of ordering 

in ZnGeP2, which is vital in the development of ZnGeP2 as a novel material for optoelectronic 

devices. 

To model cation disorder, we use cluster-based Monte Carlo (MC) to simulate ZnGe + GeZn 
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pairs and relax resulting supercells using density functional theory with an applied Hubbard 

parameter to Zn (DFT+U). Previous studies of defects in ZnGeP2 highlight these antisites as the 

most energetically favorable native defects [16, 20, 21]. While these antisites largely dictate the 

cation ordering of the system, the dominance of ZnGe and GeZn does not preclude the existence of 

vacancies and interaction of native and extrinsic defects. [20] Ref. 21 for example shows through 

frst principles calculations that PGe and GeP can also be relevant in addition to the cation-

cation antisites under p-type and n-type conditions, respectively. This study focuses on the 

infuence of stoichiometry-maintaining ZnGe + GeZn pairs on cation disorder, but we acknowledge 

the importance of other defects in the growth and optoelectronic utility of ZnGeP2. 

To measure site disorder computationally, Ref 22 reported that short-range order (SRO) and 

long-range order (LRO) parameters, rooted in shifts of free energy of the system, can be extracted 

from representative MC structures equilibrated as a function of efective temperature. SRO 

refers to the local arrangement of atoms.[23, 24] Here, SRO takes the form of the local cation 

coordination of P and the adherence of this environment to the octet rule, [25] which is only 

preserved in this system when P is coordinated by two Zn and two Ge. LRO refers to the global 

average occupancy of lattice sites and in this work indicates the similarity of a structure to the 

ZnGeN2 ground state.[26, 27] The efective temperature in turn measures the thermodynamic 

temperature equivalent of a system at nonequilibrium. [22, 28] Applying this method to examine 

transitions in SRO and LRO in ZnGeP2, we compare simulated and experimental order parameters 

to the literature on bulk [12–14, 29, 30] and flm [17, 18, 31] syntheses to relate theory and 

experiment and better characterize cation disorder. 

LOW ENERGY POLYTYPES 

In the context of cation disorder, it is often instructive to consider low-energy, cation-ordered 

structures as a reference.[11] For example, Cu2ZnSnS4 (CZTS) has been found to exhibit diferent 

properties depending on the polymorphs present in a single phase. [32] Exploring the most 

thermodynamically favorable polytypes of a material allows us to search for and locate these 

structures in large supercells in a targeted manner. Through this identifcation process, it is 

then possible to see if a supercell contains multiple regions of diferent polytypes, i.e., if multiple 

low energy phases are present. In ZnGeP2, the fve lowest energy phases exhibit P coordinated 
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exclusively by two Zn and two Ge. This observation informs the search for short-range ordered, but 

long-range disordered (multiphase) supercells. Understanding the thermodynamics of polytypes 

of a material can also guide which signatures such as difraction peaks and peak splitting we look 

for to identify the crystal structure in experimental characterization and diferentiate between 

SRO and LRO. 

In CZTS, ordering largely based on the kesterite I 4̄ (space group number 82), stannite P ̄42c 

(112) and P ̄42m (121) structures has been studied to determine stable polytypes. [33–35] These 

structures have a unit cell with a maximum of 16 atoms in their primitive cells, however, in 

ZnGeP2, we fnd through investigating slightly larger cell sizes and relaxing these structures in 

DFT+U that two 32 atom unit cells also have energies close to the ground state chalcopyrite I 4̄2d 

(122) structure. The zinc-blende-derived structure of ZnGeP2, similar to that of CZTS, provides 

numerous polytypes with relatively small unit cells. Figure 1 shows the lowest energy structures 

of ZnGeP2 as determined by relaxation using DFT+U and lists the structures’ space group and 

formation enthalpy. c/a ratios listed in Figure 1 are normalized for comparison to the ground 

state conventional cell (structure A) so that shared cation occupancy on each cation site would 

yield c/a = 2 for each structure. The structures pictured in Figure 1 fall within 52 meV/cation of 

the ground state structure. The polytype search is not exhaustive, but includes structures with 

8, 16 and 32 atoms with a variety of unit cell shapes represented. The two 32 atom structures lie 

lower in energy than structure D with a primitive cell composed of 16 atoms. Structure B can 

be constructed by stacking and alternately rotating conventional cells of structure A, whereas 

structure C constitutes stacking one of structure D with two of structure E. Alternatively, all of 

these structures can be made from the smallest stoichiometric building block, the primitive cell 

of structure E. 

The polytypes shown in Figure 1 are the lowest energy polytypes found in this work and all 

of them are short-range ordered; each P is coordinated by exactly two Zn and two Ge. The 

fact that so many diferent SRO structures lie below non-SRO structures in energy emphasizes 

that octet-rule breaking coordination of P ions is thermodynamically unfavorable. Not shown 

among these polytypes is the zinc-blende-like phase with fully random cation occupation as this 

phase requires a larger cell or shared cation occupancies which cannot be simulated with available 

atomic potential fles. The LRO parameter η quantifes the likeness of a structure to the ground 

state. 
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Figure 1. Conventional cells of low energy polytypes of ZnGeP2 along with their space groups, number 

of atoms in primitive cell, diference in formation enthalpy between each structure and the ground state 

of ZnGeP2, c/a and stacking sequence distinguishing each polytype. Numbers to the right of Structure 

A indicate the stacking sequence of planes in the c direction. 

η = rα + rβ − 1 (1) 

where rα is the fraction of site α occupied by atom α. [26, 27] However, as sophisticated XRD 

characterization tools are often needed to accurately determine η, the c/a ratio is often used in 

its place in experiment.[36, 37] c/a changes with degree of ordering because ordering distorts 

structures and in ZnGeP2 reduces the perceived symmetry away from the zinc-blende pattern 

detected with X-ray techniques when cation occupancies are fully random. The c/a ratios for 

structures A through E in Figure 1 are all similar to each other meaning that this parameter 

alone is not enough to distinguish between the set. c/a is easier to characterize than η, but 

few experimental studies are available to compare how c/a and η are related in ZnGeP2. By 

modeling disordered ZnGeP2 we are able to determine a more clear relationship between c/a and 
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η. In addition, we are able to determine the local ordering of these structures quantifed as the 

fraction of phosphorus with each possible tetrahedral coordination motif, which we use as a SRO 

parameter. 

In quantifying both the coordination of phosphorus and η, we can immediately identify the 

presence of polytypes in a sample. High fractions of phosphorus coordinated by two Zn and two 

Ge paired with a low η indicate the presence of non-ground state polytypes. Perfect SRO-type 

coordination and η < 1 would indicate a mixed phase of multiple polytypes creating perfect SRO, 

but long-range disorder. In ZnGeP2, the larger diference in cation size drives LRO like in ZnGeN2 

[22], but unlike ZnSnN2, which has more similar cation-anion bond lengths. [38] SRO in ZnGeP2 

in turn is driven by local conservation of the octet-rule. SRO presents diferent challenges than 

LRO to experimentally characterize and likewise controls many optical and electronic properties 

of the system. 

SHORT-RANGE ORDER 

The LRO parameter has been utilized as a metric for quantifying cation disorder in experimen-

tal studies of ZnGeP2 [17] and in theoretical studies of ZnGeN2 [22]. We use η along with the motif 

fraction of P Zn2Ge2 or SRO parameter to identify the phase transition from ordered to disordered 

material as a function of efective temperature [28] through MC simulations between 1000K and 

5000K. The efective temperature accounts for the kinetic limitations of non-equilibrium growth, 

such as chemical vapor deposition or sputtering. Experimental syntheses of ZnGeP2 have demon-

strated that the annealing temperature and the annealing time play signifcant roles in phase 

transitions. It has been reported that amorphous ZnGeP2 flms form a disordered crystalline 

phase upon annealing for an hour at 500°C.[17] Upon further annealing of the flms at 700°C for 

an hour, the flms transition to an energetically favorable ordered phase. This phenomenon is 

indicated by peak splitting in the {220} and {311} peaks in the XRD patterns. Bulk studies of 

ZnGeP2 report that at 950°C, a transition from ordered phase to a disordered phase occurs.[14] 

However, quantifying the site disorder in ZnGeP2 is a challenge due to the similar Z number 

between Zn and Ge. 

We investigate the SRO transition by using the fraction of short-range motifs as a function of 

efective temperature in computationally generated supercells. The Zn2Ge2 motif conserves the 
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Figure 2. Fraction of anion-centered motifs for ZnGeP2 as a function of simulated temperature with 

ordered (Zn2Ge2) displayed for ZnGeN2 for reference. 

octet rule locally. The fraction of this motif is defned as the ratio of all P anions coordinated 

by two Zn and two Ge cations, in contrast to the octet rule breaking counterparts (P Zn1Ge3, 

P Zn0Ge4, P Zn4Ge0, P Zn3Ge1), which indicate short-range disorder. Figure 2 shows these 

motif fractions for ZnGeP2 as well as the Zn2Ge2 motif fraction of ZnGeN2 as a function of 

efective temperature. We identify a change at 2000K from solely octet rule conserving motifs to a 

combination of motif types. In the nitride counterpart, ZnGeN2, this transition occurs at a higher 

efective temperature of 2500K.[22] The sharp phase transition in ZnGeN2 results in near-binary 

behavior of the material resulting in either almost fully ordered or already strongly disordered 

(but not fully random) structures. The less steep transition in ZnGeP2 creates a wider range 

of order parameter values accessible in ZnGeP2 than in ZnGeN2. Further, we observe that the 

distribution of motifs comes closer to that for random cation occupancies at lower temperatures 

in ZnGeP2 than in ZnGeN2. Random cation occupancy yields a fraction of Zn2Ge2 of 0.375 as 

6 of the 16 possible decorations of Zn and Ge are this motif. At 3000K, the fraction of Zn2Ge2 

hovers close to 0.5 for the phosphide, well below the value of 0.6 for the nitride. This diference 

in ordering shows the greater accessibility of a wider range of SRO parameters in ZnGeP2 than 

in ZnGeN2. 
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LONG-RANGE ORDER 

The more continuous transition from short-range ordered to disordered material in ZnGeP2 

compared to ZnGeN2 provides a larger window of possible synthesis conditions for accessing 

intermediate order parameters. While Figure 2 shows the range of local motifs present, Figure 

3 shows that LRO as defned in Equation 1 closely follows the trends of SRO represented as 

nitrogen coordination. 

Because of the large number of polytypes of ZnGeP2 close in energy to the ground state, 

one may expect to see short-range ordered structures that break LRO due to irregular stacking 

sequences of the diferent polytypes. Investigating the stacking of multiple SRO structures is 

rendered possible by simulating disorder in cells with several hundred atoms. Similar SRO struc-

tures have been observed in computational studies of ZnSnN2 [39, 40]. However, cells with a high 

degree of SRO and low degree of LRO are not observed in Figure 3. In contrast, LRO trends 

strongly and linearly with SRO for values of each close to one, while the trend is less strong, 

but similarly linear for SRO and LRO parameters below 0.7. The strong correlation between 

SRO and LRO precludes the possibility of a short-range ordered, but long-range disordered phase 

such as that described in (ZnSnN2)0.75(ZnO)0.5.[38] In (ZnSnN2)0.75(ZnO)0.5, short-range disorder 

creates localized states that are mitigated in the perfect SRO, but long-range disordered phase. 

However, in ZnGeP2, states are not as prone to localize with site disorder as in its similar nitride 

counterparts, which we describe in further detail below. The less localized states of ZnGeP2 mean 

that the SRO phase comprised of a mix of polytypes is not needed as in (ZnSnN2)0.75(ZnO)0.5 to 

obtain reasonably efcient carrier transport. 

The LRO parameter η can be determined from difraction [41] using Rietveld refnement to 

obtain the occupancies of cation sites [42, 43], however, the similar scattering factors of Zn and 

Ge can make these occupancies difcult to determine. The ratio of c/a is also commonly used as 

a proxy for LRO [17, 30, 44, 45]. The c/a ratio provides an estimate of the LRO parameter by 

showing the distortion of ZnGeP2 between its ordered tetragonal form and its disordered cubic 

form (c/a ≡ 2), for fully random cation occupations. Experimental techniques [12–14, 17, 29, 30, 

46, 47] yield values of c/a between 1.96 and 1.97, with 1.969 calculated for the relaxed unit cell 

here (1.968 using a more accurate SCAN functional [48, 49]). In computations, the local density 

approximation (LDA) results in lower c/a [50] and the generalized gradient approximation (GGA), 
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Figure 3. Comparison of SRO and LRO in simulated ZnGeP2 cells. The × indicates the parameters for 

a random confguration of cations (η = 0, P Zn2Ge2= 0.375). 

higher assessments of c/a [51] although all are within the experimental range. [52] Diferences 

in values among experiments could be due in part to the specifc stoichiometries of each bulk 

sample or flm measured. As an example of stoichiometry impacting c/a, Zn and P vacancies 

disproportionately relax c more so than a where the material is at least partially ordered. In the 

16 atom conventional ordered cell (structure A, Figure 1), a single VP reduces c/a from 1.969 

to 1.951 and VZn to 1.941, both independent of which P or Zn site is chosen. The reductions 

in c/a would be much less pronounced for a smaller concentration of vacancies, but nonetheless, 

stoichiometry plays a signifcant role in determining the structural distortions that control c/a. 

Figure 4. c/a ratios calculated from combinatorial ZnGeP2 flms using Rietveld refnements and com-

putationally relaxed structures from MC simulation plotted against LRO parameter. Experimental data 

from the available literature are shown for reference.[17, 29, 53–58] 
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Figure 4 shows the mapping between c/a and η for data from MC simulations at efective 

temperatures between 1000K and 5000K. Experimental samples, deposited using combinatorial 

sputtering provide a reference for η ≈ 0.5. Films from both the present study and Ref. 17 were 

amorphous as-deposited and only crystallized with the order parameters shown in Figure 4 after 

annealing. The error bars in the LRO parameters for the samples added here are larger than 

the previously reported data due to using only two difraction energies in the refnement. The 

data reported in Ref. 17 uses resonant energy X-ray difraction (REXD) data for the individual 

superlattice peak over a range of energies surrounding the Zn and Ge absorption edges, which 

adds more certainty in the extracted occupancies. Data from Ref. 29, 53–58 were taken from 

the Inorganic Crystal Structure Database (ICSD) [59] for refnements of experimental structures 

assuming either a perfectly disordered (zinc-blende) or ground state (chalcopyrite) structure. 

Measurement uncertainties are not available for these publications where the evaluations of c/a 

can be seen to span a wide range where η is assumed to be 1 for the purpose of refning difraction 

data to obtain lattice parameters. Whereas the computational data indicates an almost linear 

correlation between η and c/a, the experimental data suggests even a strong reduction of η to 0.5 

would not lead to a noticeable change in c/a making c/a an incomplete and potentially misleading 

depiction of ordering in ZnGeP2. 

Obtaining η from difraction requires more information than c/a (i.e., REXD or a variable 

energy probe particle as opposed to conventional XRD). While both parameters are sensitive to 

structural distortions in the material from a variety of environmental factors, the sensitivity of 

c/a and η to these diferent factors such as stoichiometry and strain environment remains unclear. 

We show that a relationship can be established between the two parameters when stoichiometry 

is fxed and conditions are ideal. However, due to the intricacies of material growth c/a should 

not be used to infer order parameter alone. 

A. Infuence of disorder on band gap 

Now that we have discussed how site order is quantifed in ZnGeP2, we can examine the 

role disorder plays on some of the material’s properties. Specifcally, the band gap of ordered 

ZnGeP2 has been observed at around 2.2 eV through measuring the material’s absorption onset 

[13] and decreases when disordered [17, 20]. Figure 5 displays band gaps from DFT+U with GW 

11 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



corrections applied as a constant ofset to the band edges. The band gaps are plotted as a function 

of order parameter along with absorption onset energies from selected experimental studies. The 

GGA+U calculations used in this work underestimate band gaps by around 1 eV in this system 

so GW corrections are used to recover more accurate valence and conduction band edge energies 

as described in the Methods Section. The calculated band gaps can be seen to decrease readily 

with LRO in mostly ordered structures before tapering to a more constant 0.98 ± 0.12 eV for 

η < 0.5. The ideal band gap of ZnGeP2 targeted for a top cell absorber on Si photovoltaics of 1.7 

eV [60] can be obtained with an order parameter of around η = 0.9 according to Figure 5. 

Figure 5. Band gaps from GW-corrected DFT+U and absorption onsets from experimental literature for 

ZnGeP2 as a function of LRO.[13, 17, 61] 

In ZnGeN2, it was discovered that decreasing LRO similarly reduces the band gap of the 

system; however there are notable diferences in the development of the band structure and 

carrier localization with ordering between ZnGeN2 and ZnGeP2.[62] These diferences can be seen 

frst in the trend in band gap, which stays present even for near-random cation confgurations in 

ZnGeP2 compared to in ZnGeN2, where the gap closes to a metallic state in the random limit of 

disorder. In ZnGeN2, this band gap narrowing also pairs with localized states that form deep in 

the gap. Highly localized states can act as traps decreasing the internal quantum efciency of a 

photovoltaic device. Localized states can be tracked in computationally generated cells throughP 
NA i pi(E)2 

the Inverse Participation Ratio (IPR). IPR(E) = P , where NA is the number of atoms
[ i pi(E)]2 

in a supercell and pi(E) is the local density of states (LDOS) projected on atom i as a function 

of energy E. An IPR of 1 indicates an ideal, charge-delocalized situation, while the higher the 

IPR (with a maximum of the number of atoms in the supercell), the more localized a state. 
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Figure 6. Inverse Participation Ratio of representative ZnGeP2 supercells. E − E0 is set to zero at the 

valence band maximum of the ordered ZnGeP2 structure. 

In ZnGeN2, these localized states exceed an IPR of 200 in 1024 atom supercells[62] and in 

(ZnSnN2)0.75(ZnO)0.5 can exceed values of 30 in 128 atom supercells[38]. The IPR near band 

edges in disordered ZnGeP2 remains below 25 in 512 atom supercells indicating a much lower 

degree of carrier localization as displayed in Figure 6 for representative structures. Conduction 

band states also play a larger role in the IPR of ZnGeP2 than in ZnSnN2, where localization is 

largely seen in valence band states. ZnGeP2 structures represented in Figure 5 additionally do 

not form any deep gap states as in the case of ZnGeN2. The reduction in band gap with disorder 

in ZnGeP2 paired with a lack of deep gap states and highly localized carriers remains promising 

for using disordered ZnGeP2 in optoelectronic applications. 

CONCLUSION 

Simulating ZnGeP2, we assess the relationship between structural deformation and cation 

order. Site disorder remains difcult to characterize as variable energy sources are often needed 

to gain in-depth understanding of a system’s local and long-range order. Structural distortions 

which impact lattice parameters do not fully capture the ordering of a system because conducting 

refnements to determine lattice parameters requires frst making assumptions about the order 

of a given system. The distinction of ordering is made trickier in ZnGeP2 than in ZnGeN2 

because the smooth transition from SRO to disorder in ZnGeP2 allows for the synthesis of nearly 

any degree of ordering under the right conditions. In contrast, the steep transition of ZnGeN2 
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ensures that only mostly ordered or mostly disordered (and not intermediate values of η) can 

be reasonably expected in crystal syntheses making characterization nearly binary between the 

two possible states. Additionally, the conditions for creating fully random cation occupancies are 

more accessible in the phosphide than the nitride because simulations indicate zinc-blende-like 

structures can be achieved at signifcantly lower efective temperatures in ZnGeP2 than wurtzite 

in ZnGeN2 if the kinetics of the systems are otherwise comparable. 

The band gap of ZnGeP2 decreases with decreasing LRO and could be targeted to the desired 

1.7 eV for tandem photovoltaics with Si at an order parameter of roughly η = 0.9. Unlike 

similar semiconducting materials, this decrease in band gap occurs without a high probability of 

localized carriers and deep-gap defect states, which can often be detrimental to the performance 

of optoelectronic devices. Understanding the transitions between order and disorder in ternary 

systems is necessary for controlling synthesis to capture the benefts of mixed ion semiconductors, 

many of which are sought for the earth abundance of their constituent elements and potential 

for their reduced climate impact compared to processing of current commercial materials. To 

characterize the order of ZnGeP2 and similar systems, more direct probing of short- and long-

range order is needed in addition to determining the overall structure of each sample of material. 

METHODS 

First Principles Calculations 

Formation energies and lattice parameters for determining c/a ratios were calculated using 

DFT+U. The volume, shape and positions of ion confgurations were relaxed from cells containing 

512 atoms equilibrated through MC simulations. We used the Perdew-Burke-Ernzerhof (PBE) 

variety of the generalized gradient approximation (GGA) [63] for relaxations implemented in the 

Vienna Ab-initio Simulation Package (VASP) with a 2x2x2 Gamma-centered k-mesh. Formation 

enthalpies were determined by referencing energies from DFT+U to Fitted Elemental Reference 

Energies (FERE) from Ref. 64: -0.5 eV for Zn, -4.14 eV for Ge and -5.64 eV for P. In compliance 

with the methods for determining the FERE, Kresse-Joubert projector augmented wave datasets 

were used with pseudopotentials from VASP version 4.6 (Ge_d, P and Zn) and an energy cutof 

of 380 eV. [65] Energy and force convergence criteria for ionic relaxation were set to 10−5 eV and 
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0.02 eV Å−1 , respectively on each atom. A Coulomb potential of U − J = 6 eV was applied to 

the Zn d orbital following the Dudarev approach [66]. 

Relaxations of polytypes shown in Figure 1 used the same calculation parameters listed above, 

but as unit cells only contained the number of atoms of each primitive cell, more k-points were 

needed. An 8x8x8 k-point grid was used for the primitive cell of structure A, and an equivalent 

density k-mesh was used for each other polytype. Band gaps and IPR calculations were obtained 

by post-processing of the self-consistent step following ion relaxation. GW corrections to the VBM 

and CBM were applied to reproduce the ordered band gap from GW calculations using correction 

factors from the National Renewable Energy Laboratory Materials Database (NRELMatDB).[67, 

68] 

Monte Carlo Simulations 

Using MC simulations for 512 atom cells of ZnGeP2, we investigate the cation ordering and for-

mation enthalpy as a function of efective temperature. We use the clusters approach to statistical 

mechanics (CASM) software [69, 70] to set up a Hamiltonian for comparing structures in our MC 

simulations and use frst-principles calculations to generate a set of energetically representative 

structures for ZnGeP2 with varying degrees of cation order. Using a cluster expansion to model 

formation enthalpy captures both SRO and LRO. The cluster expansion has the form 

X Y 
H = mαJα⟨ σi⟩ (2) 

α i∈β 

where H is the enthalpy of formation, m is the multiplicity and J corresponds to the energy 

parameter of each cluster α. σi corresponds to the occupation on the lattice site, β represents 

the clusters symmetrically equivalent to α and i is the index of the atoms in a cluster β. 

We generate a training set for the cluster expansion from DFT+U calculations. The atomic 

structures for ZnGeP2 were generated from a primitive ideal zinc-blende cell with phosphorus as 

the anion and a generic cation site. The training and test structures were selected from a set of 

47 structures, made up of 36 16-atom supercells, 9 8-atom supercells, and 2 4-atom supercells. 

We partitioned these structures into 3 sets of training and testing sets, where the training sets 

contained about 80% of the structures and the testing set was comprised of the remaining 20% 

of the structures. The selected training set for this computational study included all 9 8-atom 
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supercells, 2 4-atom supercells and 26 16-atom supercells and the ground state SG122 structure 

was specifcally included. We calculate the total energies of the training and test structures using 

DFT+U and performed structural relaxations. The formation enthalpy of the SG122 ground 

state structure is calculated to be -521 meV/cat. Supercell sizes between 4 and 32 atoms were 

used for cluster expansion ftting. For the MC simulations, we generated 128 atom, 512 atom, 

and 1024 atom cells. 

Experimental ZnGeP2 Growth and Characterization 

ZnGeP2 thin flms were grown using combinatorial reactive sputtering with PH3 gas. Details 

on this method and the necessary safety precautions for handling PH3 are described in Ref. 18. 

The flms were grown at low temperatures to maintain Zn and P content. As a result, the flms 

were amorphous as deposited. To crystallize the flms, they were annealed ex-situ at 700°C for 

either 1 or 2 hours in ampoules with N2 or Ar2 gas. 

Film composition was determined using X-ray Fluorescence (XRF) with a Bruker M4 Tornado 

Micro-XRF spectrometer, using a Rh excitation beam and two detectors. The XRF spectra was 

then modeled to extract the flm composition using the XMethods software package. The XRF 

model utilized had previously been calibrated with Rutherford backscattering (RBS) data. 

To obtain structural information such as c/a and LRO, we performed high-resolution XRD 

on and of the Zn absorption edge at the Stanford Synchrotron Radiation Lightsource (SSRL) 

beamline 2-1. Measuring at the Zn edge allows us to see super lattice peaks in samples with cation 

ordering. The incident angle was fxed at 3°and a Pilatus 100K detector was used. Full pattern 

scans were conducted over a large Q range with incident energies at the Zinc K-edge (9,659 eV) and 

at an of-resonant energy (10,500 eV). Rietveld refnements were then performed on REXD data 

using the TOPAS 6 Academic software package with a similar procedure to the one described in 

Ref. 17. First, the of-resonant full pattern was ft to extract lattice parameters, the phosphorus 

atomic position, the thermal parameter, and texturing. The chalcopyrite structure, I4̄2d, was 

used as the base structure for the refnement. The occupancy values were then determined by 

simultaneously refning the of-resonant and Zn K-edge full pattern scans. The Zn and Ge cation 

sites (Wyckof positions 2a and 2b) were allowed to be occupied by either Zn or Ge. The total 

occupancy on each site was constrained such that it could not exceed one. Quadratic penalties 
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were used to constrain the overall composition to that determined by XRF. Error bars were 

determined in TOPAS based on the quality of the refnement ft. 

MONTE CARLO SIZE CONVERGENCE 

Figure 7. Comparison of MC simulations performed with varied cell size. The legend indicates the 

number of atoms in each cell. 

MC simulations and subsequent relaxations in DFT+U used 512 atom cells. The supercell size 

was chosen as a compromise between reducing the computational cost of DFT+U calculations and 

minimizing fnite size efects that would otherwise control order parameters. Figure 7 compares 

MC simulations of ZnGeP2 using cells with 128, 512 and 1024 atoms with shapes of 2x2x2, 4x4x2 

and 4x4x4 of the conventional 16 atom cell, structure A in Figure 1. Figure 7 shows that too small 

a cell size results in a smoothed out transition occurring at a lower efective temperature and with 

lower energy than predicted by larger cells. 512 atoms sufciently mitigates self interaction of 

atoms across periodic boundaries and closely matches the formation enthalpy predicted for larger 

cells as a function of temperature. 
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