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ABSTRACT 

Silicon photovoltaics is the dominant contribution to the global solar energy production. 

As increasing conversion efficiency has become one of the most important factors to lower 

the cost of photovoltaic systems, the idea of making a multijunction solar cell based on a 

silicon bottom cell has attracted broad interest. Here the potential of using dilute nitride 

GaNPAs alloys for a lattice-matched 3-terminal 2-junction Si-based tandem solar cell 

through multiscale modeling is investigated. To calculate the electronic band structure of 

dilute nitride alloys with relatively low computational cost, the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 tight-binding 

model is chosen, as it has been demonstrated to obtain quantitatively correct trends for the 

lowest conduction band near Γ, 𝐿, and 𝑋 for dilute-N GaNAs. A genetic algorithm is used 

to optimize the  𝑠𝑝3𝑑5𝑠∗  tight-binding model for pure GaP and GaAs for their optical 

properties. Then the optimized 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 parametrizations are obtained for GaNP and 

GaNAs by fitting to experimental bandgap values. After that, a virtual crystal approach 

gives the Hamiltonian for GaNPAs alloys. From their tight-binding Hamiltonian, the first-

order optical response functions of dilute nitride GaNAs, GaNP, and GaNPAs are 

calculated. As the N mole fraction varies, the calculated critical optical features vary with 

the correct trends, and agree well with experiment. The calculated optical properties are 

then used as input for the solar device simulations based on Silvaco ATLAS. For device 

simulation, a bottom cell model is first constructed to generate performance results that 

agree well with a demonstrated high-efficiency Si heterojunction interdigitated back 

contact (IBC) solar cell reported by Kaneka. The front a-Si/c-Si interface is then replaced 

by a GaP/Si interface for the investigation of the sensitivity of the GaP/Si interface to 

interface defects in terms of degradation of the IBC cell performance, where we find that 
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an electric field that induces strong band bending can significantly mitigate the impact of 

the interfacial traps. Finally, a lattice-matched 3-terminal 2-junction tandem model is built 

for performance simulation by stacking a dilute nitride GaNP(As) cell on the Si IBC cell 

connected through a GaP/Si interface. The two subcells operate quasi-independently. In 

this 3-terminal tandem model, traps at the GaP/Si interface still significantly impact the 

performance of the Si subcell, but their effects on the GaNP subcell are relatively small. 

Assuming the interfacial traps are well passivated, the tandem efficiency surpasses that of 

a single-junction Si cell, with values close to 33% based on realistic parameters. 
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Chapter 1  

INTRODUCTION 

1.1 Introduction to Photovoltaics 

Photovoltaic (PV) devices, also called solar cells, convert absorbed photons into charge 

carriers. Connecting a PV cell under illumination to a resistive load extracts electric power 

from it. In 1954, Bell Laboratories reported the first practical silicon solar cell based on a 

p-n junction, demonstrating an efficiency of 6% [1]. Improving the efficiency of solar cells 

has been one of the main goals of both academic and industrial research on PV. To estimate 

the potential of a material for making solar cells in terms of efficiency, Shockley and 

Queisser used a detailed balance model to calculate the ideal efficiency limits of single-

junction (or single-transition-gap) solar cells [2]. Figure 1.1 shows the detailed balance 

limits of single-junction solar cells, assuming radiative emission only exit the cells from 

the front due to perfect back reflectors [3]. The maximum detailed balance limit of a single-

junction solar cell under AM1.5G one sun is 33.7% at a bandgap of 1.34 eV [4]. By the 

end of 2017, under standard conditions (AM1.5G, 1000 W/m2 or one sun, 25 °C), the 

highest verified efficiency of single-crystal silicon solar cells was 26.7% [5], while for 

GaAs solar cells, the best efficiency to date is 29.1% [6]. These efficiency records for Si 

and GaAs single-junction cells are already close to the theoretical maximum values for a 

single-bandgap device. 
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Figure 1.1 Detailed balance limits of single-junction solar cells with perfect back-side 

reflectors (under AM1.5G, one sun, 25 °C) [3]. The current record efficiencies of Si and 

GaAs solar cells are also indicated by symbols [6]. 

 

There are a number of assumptions in the Shockley-Queisser (SQ) analysis, which 

include no photon absorption below the bandgap, that all photons with above-bandgap 

energies are absorbed, that each absorbed photon converts into one electron-hole pair, and 

that all photo-generated carriers are extracted at the band edges. As shown in Figure 1.2 

[7], the two main components of energy loss in solar cells are the relaxation loss and the 

loss of below-bandgap photons. That is, if the photo-generated carriers have excess energy 

with respect to the band edges, they relax to the band edges quickly, and the energy 

difference is transferred to the lattice as heat, and if the photon energy is smaller than the 

bandgap, they are not absorbed. Other losses include radiative recombination and the 

difference between the applied bias and the bandgap [7]. 
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Figure 1.2 Energy losses in solar cells above the Shockley-Queisser limits (black area) [7]. 

 

Advanced-concept solar cells are designed to go beyond the SQ limit, by circumventing 

the assumptions in the SQ analysis. They include multijunction solar cells, hot-carrier solar 

cells, multi-exciton generation solar cells, intermediate-band solar cells, and 

thermophotovoltaics [8].  

1.2 Multijunction Solar Cells 

Multijunction solar cells, or tandem solar cells if the subcells are stacked vertically, 

have been successfully demonstrated with efficiencies higher than the SQ limit. Figure 1.3 

shows that multijunction solar cells can reduce the two main energy loss mechanisms in 

solar cells, i.e., thermalization loss and below-bandgap photon loss, by stacking multiple 

materials with different bandgaps along the optical pathway.  
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Figure 1.3 Energy losses in solar cells through carrier thermalization and sub-bandgap 

photon passing through the solar active material can be reduced by multijunction structures. 

 

Detailed balance calculations have been performed on multijunction solar cells [4], [9]–

[11], by lifting the single-bandgap assumption. The efficiency limits for different numbers 

of junctions correspond to different bandgap combinations, dictated by the incident 

spectrum and by the electrical connection. The subcells in multijunction solar cells can be 

connected either in series (constrained) or independently (unconstrained). With these two 

different connection types, the engineering of the tradeoff between thermalization loss and 

transmission loss is different. The detailed balance efficiencies under AM1.5G 1 sun 

illumination of these two connection types have been calculated for two-junction tandems 

with the bottom cell absorber fixed at the Si bandgap (1.12 eV), and are plotted as a 

function of the top cell bandgap in Figure 1.4. In series connection, there is a current 

matching requirement. Any current mismatch reduces the tandem efficiency significantly. 

Therefore, the optimal top cell bandgap peaks very sharply near 1.7 eV, giving 45.1%. 

Without the current matching requirement (in independent connection), it is slightly better 

to reduce the thermalization loss of the photons with energies higher than 1.8 eV, boosting 

Single-junction Multijunction 
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the tandem efficiency to 45.3%, and the peak becomes smooth and broad. In this case, 

tandem efficiency is above 44.9% for top cell bandgap between 1.7 eV and 2.0 eV. 

 

Figure 1.4 Detailed balance efficiency for two-junction tandem with a Si bottom cell under 

1x AM1.5G illumination [12]. The black and red curves show the efficiencies for the case 

of series connection and of independent connection, respectively. 

 

To date, the highest solar cell efficiency is 46.0%, achieved with a GaInP/GaAs; 

GaInAsP/GaInAs bonded four-junction solar cell [13]. However, for flat-plate or low-x 

(low-concentration) solar applications, these tandems are not cost competitive.  

Silicon solar cells are low-cost with high performance for single-gap cells, and 

currently dominate the PV market (> 90%). One way to capitalize on the existing 

infrastructure of Si cell manufacturing is to realize multijunction solar cells based on Si 

subcells. 
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There have been different efforts in improving the technologies of making Si-based 

multijunction solar cells. Recently, a collaborative work by Ohio State University, SolAero 

Technologies Corp., and University of New South Wales made a monolithic GaAsP/Si 2-

terminal (2T) tandem with 20.1% efficiency [6]. Feifel et al. [14] also used the direct 

growth approach and made a GaInP/GaAs/Si 2T tandem with a metamorphic buffer layer, 

reaching an efficiency of 22.3%. Within the same material system, Cariou et al. [15] 

fabricated a GaInP/GaAs/Si 2T tandem through wafer bonding and achieved an efficiency 

of 33.3%. Essig et al. [16] used the mechanical stacking approach and made 32.8% 

GaAs/Si and 35.9% GaInP/GaAs/Si 4-terminal (4T) tandems. Besides III-V on Si, 

perovskite on Si has become a popular material system for multijunction solar cells. Jošt 

et al. [17] made a 25.5% perovskite/Si 2T tandem with a textured light management foil 

on the front side. Oxford PV announced [18] a 28% 2T perovskite/Si tandem, surpassing 

the current record efficiency of single-junction Si cell. 

A 2T tandem can be fabricated monolithically and has advantage in simple 

interconnection, but the current matching constrain makes the search for the perfect 

material for Si-based tandem difficult. A 4T tandem does not require current matching, and 

thus allows more flexible material selection and higher spectral tolerance. However, at least 

two growth substrates are needed for one 4T tandem, and additional power electronics are 

required for interconnection. A 3-terminal tandem has the advantages of the 2T and 4T 

schemes, although the interconnection is still more complicated than the 2T case. There 

has been a continuous effort by a team from the National Renewable Energy Laboratory in 

understanding 3T GaInP/Si lattice-mismatched tandems, using a transparent conductive 
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adhesive as a tunnel junction [19], [20]. In this work, we investigate the lattice-matched 

approach for 3T Si-based tandems. 

Figure 1.5 shows the bandgap energies of major group-IV, III-V, II-VI, and IV-VI 

materials as a function of lattice constant [21]. ZnS, AlP, and GaP have lattice constants 

close to that of Si, but their absorption edges are too high to make high-efficiency Si-based 

tandems (see Figure 1.4). GaNP(As) alloys, a group of dilute nitrides, can be grown lattice-

matched to Si and can cover a bandgap range between 1.5–2.0 eV [22], and are therefore 

good candidates for making Si-based multijunction solar cells. 

 

 

Figure 1.5 Bandgap energies of major group-IV, III-V, II-VI, and IV-VI materials as a 

function of lattice constant (Adapted from Ref. [21]). 
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1.3 Introduction to Dilute Nitrides 

Weyers et al. found that replacing 1.4% of As atoms with N atoms in GaAs lowers its 

bandgaps by 0.17 eV at 77 K [23]. This was optically measured on samples grown with the 

metalorganic chemical vapor deposition (MOCVD) technique. Later on, similar trends in 

the bandgaps of GaNxAs1-x alloys in the dilute [N] limit were reproduced on samples grown 

by gas-source molecular beam epitaxy (GS-MBE) [24], by pseudopotential calculations 

with large supercells [25], [26], as well as by other works [27], [28]. This kind of drastic 

bandgap reduction by such a small fraction of isovalent atoms is generally unseen in other 

alloys, but it is also observed in GaNxP1-x [29]–[31], InNxP1-x [32], [33], InNxAs1-x [34], 

InNxSb1-x [35], and GaNxSb1-x [14], with x typically smaller than 0.05. This distinct group 

of alloys are called dilute nitrides. 

Having exceptionally large bowing of the bandgaps with respect to their chemical 

compositions, accompanied by the gradual changes in lattice constants, dilute nitrides can 

be used to make many lattice-matched heterostructures on GaAs (or Ge) substrates, e.g. 

GaInNAs/GaAs, and on Si substrates, e.g. GaNP(As)/Si for applications in light-emitting 

devices/optoelectronic integrated circuits [24], and multijunction photovoltaic cells [22]. 

Using dilute nitride as the material for the bottom cell, a monolithic GaInP/GaAs/GaInNAs 

multijunction solar cell was fabricated, exhibiting a conversion efficiency of 44% under 

942 suns [36], [37]. 

Although pure GaP is an indirect bandgap material, N-doped GaP was traditionally 

used as an active material for light-emitting diodes from green to yellow lighting [38], [39], 

with the N traps acting as efficient radiative emission centers. But not until molecular beam 
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epitaxy (MBE) is used for the growth of GaP, N incorporation was limited to less than 

2×1020 cm-3. Baillargeon et al. [29] were able to use MBE to grow GaNxP1-x with x  as high 

as 3.4%, and they found that the photoluminescence (PL) peak red shifts as the N 

concentration increases above a threshold. Based on the measured decrease in the PL 

intensity from N concentration of 1×1020 cm-3 to 6×1020 cm-3, they argued that the material 

has an indirect fundamental bandgap. Using the dielectric theory of electronegativity (DTE) 

developed by Van Vechten [40], they predicted that GaNxP1-x would show semimetallic 

and metallic behaviors if x  could be as high as 0.27‒0.66, and a transformation from 

indirect bandgap to direct bandgap near 𝑥 = 0.43. Liu et al. [30] and Bi and Tu [31] also 

attributed the square root relations of the absorption spectra measured from their samples, 

𝑥 ≤ 0.024 and 𝑥 ≤ 0.16, respectively, to the bandgaps being indirect. Bi and Tu [31] 

observed a much smaller bandgap bowing than the one derived by Baillargeon et al. [29], 

and they suggested that GaNP is a semiconductor rather than a semimetal. Using empirical 

pseudopotential calculations on 512-atom supercells, Bellaiche et al. [26] predicted the 

indirect-direct bandgap crossover occur around 𝑥 = 0.03.  

However, Xin et al. measured room-temperature PL from their GaNP samples of high 

crystalline quality, verified by x-ray rocking curves, and found the PL intensities increase 

from 𝑥 = 0.007 to 0.013, and decrease for 𝑥 above 0.013. They argued that the bandgaps 

of the GaNP samples are direct in nature and that the increased strain in samples with 𝑥 

higher than 0.013 lowers the crystal quality and hence the PL intensities. They suggested 

the earlier experimental conclusions of the GaNP bandgaps being indirect were probably 

due to low material quality, which is plausible, especially for the samples with 𝑥 up to 0.16, 

as the solid solubility of GaN into GaP should be limited to a few percent [41]. Shan et al. 
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[42] also showed, with photomodulated transmission and reflectance experiment, that the 

bandedge transition 𝐸−  of GaNP are direct in nature, which cannot be detected in the 

indirect-bandgap GaP. In addition, they resolved a higher-energy transition, 𝐸+ , with 

photoreflectance, and they were able to explain the nitrogen concentration (≥ 0.003) 

dependence of both the 𝐸− and 𝐸+ with the band anti-crossing model they proposed earlier 

[43], [44]. Ilahi et al. [45] and Zelazna et al. [46] also measured direct-bandgap optical 

transitions in P-rich GaNPAs, which, without N, would be in the indirect-bandgap alloy 

range of GaPAs. 

1.4 Dilute Nitrides/Si for Low-cost Two-junction Solar Cells 

The key to make Si-based tandems commercially viable is to take advantage of the low-

cost Si bottom cell and grow the top cell directly on Si, where lattice-matched epitaxy is 

needed to maximize the material quality. 

Dilute nitride (dilute-N) GaNxP1-x-yAsy has a bandgap range covering 1.7 eV [47], and 

is lattice-matched to Si when 0.098 4.636y x= + , according to Vegard’s law, which has 

shown excellent agreement with first-principle calculations [48] and X-ray measurements 

[49]. Thus, there has been interest recently in making GaNPAs (1.7 eV)/Si (1.1 eV) series-

connected 2J tandem cells [50]–[52]. 

However, dilute nitrides (III-N-V alloys with dilute mole fraction of N) generally 

exhibit short minority carrier diffusion lengths [22], probably due to the large size 

differences between N atoms and the matrix isovalent atoms, the breaking of periodicity, 

and non-optimized growth processes. As a result, dilute nitride solar cells to date usually 

show low quantum efficiency and small photo-current. This suggests that dilute nitrides 
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are not a good choice for making series-connected solar cells with Si, because of the side 

effects of current matching. 

To make a dilute nitride/Si 2J tandem, a more promising configuration is a parallel 

connection. With this approach, the performance of the bottom Si cell will not be 

significantly affected by the lower current from the dilute nitride cell, and the efficiency 

boost from adding a lower-performance cell on a Si cell is more likely, as discussed later. 

The goal of this work is to study to the material properties of dilute-N GaNP(As), 

GaNP(As) hereafter, and to gauge the potential of using them to make low-cost high-

efficiency Si-based multijunction solar cells. A multiscale theoretical approach is used here 

to avoid expensive experiments, and to expedite the process to reduce the target 

experimental parameter space. First, the atomistic tight-binding approximation is used to 

calculate the band structures of dilute nitrides, which are the foundation of further 

investigation of their photovoltaic-relevant material properties. With the calculated band 

structures, a fullband Monte Carlo simulator is used to understand the physics of carrier 

transport in GaNP(As), although more trials with different physical models are still needed 

to match experimental results. The band structures are also used to calculate the optical 

properties of GaNP(As). Currently, only direct transitions are included given that GaNP(As) 

are direct-bandgap materials. Using these calculated optical properties of GaNP(As), 

preliminary simulations with Silvaco ATLAS [53] were performed on three-terminal two-

junction (3T2J) GaNP(As)/Si tandem solar cells. Realistic material parameters are used for 

the design of the 3T2J tandem structures. More realistic modeling of GaNP(As)/Si should 
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also include the physics at the GaP/Si heterovalent interface. Hence, some preliminary 

simulations of GaP/Si interfaces are performed as well. 
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Chapter 2  

CALCULATION OF THE ELECTRONIC STRUCTURE OF DILUTE-NITRIDE 

GaNPAs 

2.1 Introduction 

The electronic band structure of a material describes the possible energy states that an 

electron can occupy, which dictates the electrical and optical properties of the material. 

Knowing the electronic band structure of GaNPAs alloys lays the foundation for further 

understanding of their properties that are crucial to the performance of photovoltaic devices. 

Take the near bandgap optical properties of GaAs and of GaP as examples. Figure 2.1 

shows the electronic band structure of GaAs and of GaP at room temperature. The 

conduction band minimum (CBM) and valence band maximum (VBM) of GaAs occur at 

the same wave vector, Γ, indicating GaAs is a direct-bandgap material. This means an 

electron occupying an energy state near the VBM of GaAs can absorb a photon with an 

energy of the bandgap, and make a direct transition to an unoccupied state near the CBM. 

However, the VBM and CBM of GaP occur at different wave vectors, making direct optical 

transitions between the VBM and CBM impossible, since photons have extremely small 

momentums and momentum are conserved during the transitions. Thus, GaP requires 

higher order processes involving phonons and photons to conserve both the energy and 

momentum during band-to-band optical transitions (indirect transitions). This means that 

GaP does not strongly absorb light near the bandgap, the energy difference between the 

CBM and the VBM, while GaAs does. As shown in Figure 2.2, the absorption coefficient 

of GaAs is much higher than that of GaP near their corresponding bandgap. 
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Figure 2.1 The electronic band structure of  GaAs (left) and of GaP (right) calculated in 

this work, along the high-symmetry wave vector lines in the reciprocal space. The red 

arrows indicate the conduction band minimum (CBM) and valence band maximum (VBM). 

 

 

Figure 2.2 Experimentally measured [54], [55] absorption coefficients of GaAs and GaP. 
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2.2 The Band Anti-crossing (BAC) Model 

The concept of BAC originates from the insight from a hydrostatic pressure study. Shan 

et al. applied hydrostatic pressure to Ga0.92In0.08As and Ga0.92In0.08NxAs1-x and measured 

their fundamental bandgaps with photomodulated transmission [43]. The bandgap of 

Ga0.92In0.08As increases linearly with increasing hydrostatic pressure. However, with 

nitrogen added, the bandgap increase slows down as the pressure goes higher, and the 

bandgaps tend to saturate. For the two Ga0.92In0.08NxAs1-x alloys with lower N content, the 

saturation energy is near 1.72 eV, which is close to the well-known N impurity level in 

GaAs. As the N fraction goes higher, not only does the bandgap becomes lower, but the 

slope of the bandgap increase with pressure also decreases. These suggest that the extended 

lowest conduction band states are affected by the localized N states. 

They then proposed the band anticrossing model which states that the localized N states 

strongly interact with the energetically-close lowest conduction band states, and they mix 

together and split into two bands. It can be written as a perturbation in the form of an 

eigenvalue problem [43]: 

|
𝐸 − 𝐸𝑀 𝑉𝑀𝑁(𝑥)

𝑉𝑀𝑁(𝑥) 𝐸 − 𝐸𝑁
| = 0, (2.1) 

where 𝐸𝑀 is the energy of the matrix material conduction bandedge, 𝐸𝑁 is the energy of 

nitrogen level, and  𝑉𝑀𝑁(𝑥) is the interaction between the bandedge states and the N states, 

which increases with N fraction 𝑥. The solution to Equation 2.1 is 

𝐸± =
1

2
{𝐸𝑁 + 𝐸𝑀 ± [(𝐸𝑁 − 𝐸𝑀)2 + 4𝑉𝑀𝑁

2 (𝑥)]1/2}. (2.2) 
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Not only does this model agree with the fact that the fundamental bandgap decreases 

as 𝑥 increases, it also predicts the existence of an upper band which is difficult to detect. 

They were able to detect this transition with photomodulated reflectance. This model has 

been successfully used to reproduce the measured 𝐸− and 𝐸+ transitions of GaNP at 295 

K, with 𝐸𝑁 = 2.15 eV and 𝑉𝑀𝑁 = 3.05√𝑥 eV [44]. 

However, the coupling strength between the N states and the conduction bandedge 

states is different for different wave vectors. To calculate the electronic structure 

throughout the first Brillouin zone, one needs to obtain the dispersion of 𝑉𝑀𝑁, which is not 

trivial. Shtinkov et al. [56] used a tight-binding model (further discussed in the next 

sections) to calculate the electronic structure of GaNAs, and achieved good agreement with 

experimental observation not only near zone center, but also near 𝐿 and 𝑋. 

2.3 The Tight-binding Approximation 

In general, the main problem in electronic band structure calculation is solving the 

Schrödinger equation, which can be written in the general form as 

𝐇|𝚿⟩ = 𝐸|𝚿⟩, (2.3) 

where 𝐇 is the Hamiltonian, 𝚿 is the electron wave function, and E  is the energy. This 

can be viewed as an eigenvalue problem. Finding solutions to Equation 2.3 is not trivial. 

With limited amount of time and computational resources, it is usually done with 

approximations. 

The tight-binding (TB) approximation is a relatively fast and accurate approach for 

electronic structure calculation. It was first proposed by Bloch [57] and later simplified and 
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parameterized by Slater and Koster [58]. It views the electrons as tightly bound to the 

atomic cores, and the electron wavefunctions are approximated as linear combinations of 

orthogonalized atomic orbitals, 
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where k  is the wave vector, r  is a vector in real space, a  is the index of atoms, aR  is the 

real space position of atom a ,  is the index of atomic orbitals,   is the true atomic 

orbital, and N is the number of unit cells in the volume. The true atomic orbitals are not 

orthogonal. They are orthogonalized as Löwdin [59] orbitals,  , while preserving the 

symmetries of the orbitals. With Equation 2.4, the Hamiltonian matrix element is given by 

( )

( ) ( )

( )

( ) ( )

( )

,

1
exp

exp

exp

ab

b a

a b

a a b b

b a

b

a a b b

b a ab

b

H

i
N

i

i

  

 

 



 

 



=

 =  −  

   − −

 =  −  

− −

 =  − 







k kΨ H Ψ

k R R

r R H r R

k R R

r R H r R

k R R

 

(2.5) 

where a and b are the indices of atoms, and and  are the indices of atomic orbitals. The 

third step in Equation 2.5 takes into account that summing over either of the indices of 

atoms cancels 1/ N . The last step shows that the TB method treats the difficult-to-calculate 
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integrals of the atomic orbitals as disposable parameters, ab
 , which are obtained by fitting 

to more accurate calculations or experimental data. 

Including more orbitals into the tight-binding scheme increases the level of accuracy 

of the approximated electronic structure on the one hand, but raises the computational 

complexity on the other. Within the Slater-Koster framework, Chadi and Cohen [60], [61] 

showed that an 𝑠𝑝3  basis (𝑠, 𝑝𝑥, 𝑝𝑦, 𝑝𝑧) is usually sufficient to accurately describe the 

valance bands of diamond and zinc-blende crystals. Later, Vogl, Hjalmarson, and Dow [62] 

added an excited 𝑠 orbital (𝑠∗) to the 𝑠𝑝3 basis to allow the adjustment of the energies of 

the lowest conduction band near the 𝑋 and 𝐿 symmetry points. Jancu et al. [63] argued that 

the inclusion of all five d  orbitals is necessary to correctly describe the pressure 

dependence of the energy of 𝑋6𝑐  (the lowest conduction band state near 𝑋 ), and 

demonstrated the success of a nearest-neighbor 𝑠𝑝3𝑑5𝑠∗ model to reproduced the main 

features of the valence bands and the lowest two conduction bands of group-IV and III-V 

materials. Since then, the 𝑠𝑝3𝑑5𝑠∗ tight-binding model has been widely used for cubic 

crystal semiconductors. 

2.4 Optimizing the 𝑠𝑝3𝑑5𝑠∗ Tight-binding Parametrization 

The use of the Slater-Koster TB method requires the disposable parameters, the on-site 

energies and the overlap integrals, to be fit first. Available 𝑠𝑝3𝑑5𝑠∗ parametrizations [63], 

[64] are typically fit to the relevant band edge energies and effective masses, which is good 

for electrical calculations. For photovoltaic applications, accurate information of the 

optical properties of the materials is important. Here we fit the 𝑠𝑝3𝑑5𝑠∗ model to match 
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not only the typical band edge energies and effective masses, but also critical optical 

transition energies.  

For a III-V material, the 𝑠𝑝3𝑑5𝑠∗  basis set comprises 31 independent parameters, 

which include 8 on-site energies, 21 two-center hopping integrals, and 2 spin-orbit 

interaction energies [63]. Fitting a set of 31 parameters to match the relevant band energies, 

effective masses, and optical transition energies, is a non-trivial global optimization 

problem. A genetic algorithm mimics the natural selection process to obtain high-quality 

solutions to an optimization problem. Klimeck et al. [65] used a genetic algorithm to obtain 

3 sets of 𝑠𝑝3𝑠∗ parameters for Si, with a comparison to those from Vogl, Hjalmarson, and 

Dow’s work [62]. Here, to solve the multi-dimensional nonlinear global optimization 

problem, we pair the in-house TB solver with an open-source parallel genetic algorithm 

library, PGAPack [66], developed by Argonne National Laboratory. 

At the starting point, the 31 parameters are randomly initialized as “genes” within 

reasonable parameter boundaries and are then packaged into a “chromosome”. According 

to the specified population size, multiple chromosomes are randomly created to form the 

initial generation. During each generation, each chromosome is evaluated by calling the 

𝑠𝑝3𝑑5𝑠∗ TB solver, generating relevant band parameters, and comparing them to the target 

values with specific weights. The “chromosome” that generates band parameters closet to 

the target values is given the highest rank, and so on. A selected number of the highest-

ranked chromosomes will survive the generation, and give birth to the next generation 

through crossover, and mutation. Thus, the next generation goes through the same random 

process. All generations have the same population size. One can assume a good solution 
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has been reached when a particular number of generations have passed, when the last few 

generations are extremely similar, or when almost all the chromosomes are the same in the 

generation. Factors that may change the fit of the solution include (a) the size of the 

population, (b) ending criteria, (c) weights of the target, (d) survival rate, (e) probabilities 

of crossover and mutation, and (f) the seed value for the random number generator. For the 

same number of evaluations, which equals to the product of population size and number of 

iterations, our experience is that choosing a larger population size, with respect to a larger 

number of iterations, usually gives better results. The fitting procedure is summarized in 

Figure 2.3.  

 

Figure 2.3 Flow chart of the fitting procedure for the tight-binding parameters. 

 

We carried out the optimization procedure for GaP and GaAs to fit experimental band 

energies for the conduction band bottom at Γ, 𝐿, 𝑋, the valence band split-off energy, and 
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the effective masses at these points, as well as optical transition energies, 𝐸1, 𝐸1 + Δ1, 𝐸0
′ , 

and 𝐸2. These optical transitions are marked in the electronic structure of GaAs in Figure 

2.4. For the effective masses that have relatively large uncertainties, we put less weight on 

fitting these values. After the fitting procedure above, we obtained the Slater-Koster-type 

𝑠𝑝3𝑑5𝑠∗ parameters for GaP and GaAs, which are listed in Table 2.1. 

 

Figure 2.4 Optical transition energies 𝐸0, 𝐸0 + Δ0, 𝐸1, 𝐸1 + Δ1, 𝐸0
′ , and 𝐸2 for GaAs at 

room temperature. 

 

Table 2.1 Optimized Slater-Koster-type nearest-neighbor 𝑠𝑝3𝑑5𝑠∗ parameters for GaP and 

GaAs at room temperature. The lattice constants are in units of Å, and all other parameters 

are in units of eV. The parameter notation is consistent with that of Jancu et al.’s [63]. 

Parameters GaP GaAs 

𝑎0 5.4508 5.6532 

𝐸𝑠
𝑐 -0.71823 -0.36374 

𝐸𝑝
𝑐 6.21668 8.13245 

𝐸𝑑
𝑐 12.85561 20.62765 

𝐸𝑠∗
𝑐  19.63221 14.12705 
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𝐸𝑠
𝑎 -6.07142 -9.66064 

𝐸𝑝
𝑎 2.07966 2.48628 

𝐸𝑑
𝑎 15.03221 21.71325 

𝐸𝑠∗
𝑎  20.26761 15.18635 

𝑠𝑠𝜎 -1.85072 -1.85238 

𝑠𝑐𝑝𝑎𝜎 3.37883 2.82860 

𝑠𝑐𝑑𝑎𝜎 -2.38353 -2.33514 

𝑠𝑐𝑠𝑎
∗𝜎 -1.16664 -1.48694 

𝑠𝑎𝑝𝑐𝜎 2.18465 2.50423 

𝑠𝑎𝑑𝑐𝜎 -3.11886 -1.24536 

𝑠𝑎𝑠𝑐
∗𝜎 -0.66599 -0.59257 

𝑝𝑝𝜎 3.62258 4.04989 

𝑝𝑝𝜋 -0.99926 -1.60088 

𝑝𝑐𝑑𝑎𝜎 -1.86188 -1.89807 

𝑝𝑐𝑑𝑎𝜋 1.96330 3.82055 

𝑝𝑐𝑠𝑎
∗𝜎 2.49661 1.89681 

𝑝𝑎𝑑𝑐𝜎 -0.89955 -2.30529 

𝑝𝑎𝑑𝑐𝜋 1.25412 2.36166 

𝑝𝑎𝑠𝑐
∗𝜎 3.71479 3.16348 

𝑑𝑑𝜎 -0.87592 -3.07285 

𝑑𝑑𝜋 2.12065 4.76324 

𝑑𝑑𝛿 -1.51045 -1.34699 

𝑑𝑐𝑠𝑎
∗𝜎 -0.07141 -0.34281 

𝑑𝑎𝑠𝑐
∗𝜎 -0.25448 -0.29833 

𝑠∗𝑠∗𝜎 -4.02230 -2.16846 

Δ𝑐/3 0.00002 0.00551 

Δ𝑎/3 0.01967 0.13714 
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Taking the 𝑠𝑝3𝑑5𝑠∗ parameters in Table 2.1, the TB solver generated the electronic 

structure of GaAs and GaP at room temperature, which are plotted along high-symmetry 

lines of the first Brillouin zones of these three face-centered cubic lattices in Figure 2.5. 

These plots have been shifted so that their valence band maxima are all at 0 eV. Given the 

availability of literature reports, the electronic structure of GaAs generated from our 

optimized 𝑠𝑝3𝑑5𝑠∗ parameters is compared to that from quasiparticle self-consistent GW 

(QSGW) theory [67], as shown in Figure 2.5. The QSGW calculation was carried out for 

low temperature, and we shifted their conduction bands -0.1 eV to approximate the 

temperature effect. The QSGW calculation does not account for spin-orbit coupling, and 

we shifted the second top-most valence band -0.34 eV for comparison. Except for the 

systematically overestimated gaps of the QSGW structure [67], the two have general 

agreements in shape, especially for the lowest conduction band between 𝐿 and Γ and for 

the split-off valence band. 
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Figure 2.5 Energy dispersion along high-symmetry lines for GaAs and GaP at room 

temperature (black solid lines). The energy dispersion of GaAs by this work is compared 

to that from a quasiparticle self-consistent GW calculation [67] (red dash-dot lines). 

 

We then compare the relevant band energies, effective masses, and optical transition 

energies from the present models with those from other sources in Tables 2.2 and 2.3. The 

first four columns of these tables are values from experiments and two notable compilations, 

and they are used as a reference to evaluate the calculated results. All the TB calculations 

included in the tables are based on the nearest-neighbor 𝑠𝑝3𝑑5𝑠∗ model. For GaAs, TB can 

generally generate conduction band energies much closer to experimental values than first-

principles calculations, e.g. the QSGW calculation mentioned above, and a local-density 

approximation (LDA) with self-energy corrections [68], given the empirical nature of the 

TB calculations. Our TB results have similar effective masses and conduction band 

energies as two previous TB works [69], [70], but have improved optical transition energies, 

as the latter is one of the main focuses of our fitting procedures. For GaP, the available 

calculations of band parameters are not as abundant as those for GaAs. We used a TB 
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parameter set published for low temperature [63], and applied hydrostatic tensile strain, 

from lattice constant 𝑎(0𝐾)  to 𝑎(300𝐾) , for comparison. Our TB results show good 

agreement with the reference, especially for the conduction band energies, 𝐸1  and 𝐸2 , 

though the split-off energy is overestimated and the hole effective masses have larger errors 

than those from the two previous TB works. Overall, our optimized TB parameter sets for 

GaAs and GaP give reasonably good agreement to commonly referred relevant band values, 

including optical transition energies. 

Table 2.2 Comparison of room-temperature band parameters of GaAs from experiment and 

different calculations. 𝐸Γ, 𝐸𝑋, and 𝐸𝐿 are energies w.r.t. the top of the valence band, and 

other energies are gap energies. All energies are in units of eV, and relative effective 

masses are unitless. 

Parameter 

Exp. 

Aa 

Exp. 

Bb 

Cmp. 

Ac 

Cmp. 

Bd TB Ie TB IIf LDAg QSGWh This work 

𝐸Γ  1.42 1.42 1.43 1.4159 1.416 1.21 1.67 1.4188 

𝐸X   1.90 1.91 1.9015 1.910  1.95 1.9099 

𝐸L   1.71 1.72 1.7012 1.708  1.89 1.7207 

𝐸0
′   4.44  ~4.54    4.53 4.45 

Δ0  0.37 0.34 0.341 0.3265 0.367   0.34 

𝐸1 2.91 2.91  ~2.9 2.76 3.28 2.90 3.18 2.89 

Δ1 0.18 0.22  0.222 0.27 0.31   0.24 

𝐸2 4.78 4.96  ~5.2 4.34 5.47 ~4.4 4.85 4.81 

𝑚𝑒,Γ
∗    0.067 0.067 0.0657 0.067  0.077 0.067 

𝑚𝑒,𝑋𝑙
∗    1.3 1.3 1.8808 1.480   0.36 

𝑚𝑒,𝑋𝑡
∗    0.23 0.23 0.1753 0.204   0.16 

𝑚𝑒,𝐿𝑙
∗    1.9 1.9 1.7275 1.446   1.65 

𝑚𝑒,𝐿𝑡
∗    0.075 0.075 0.0967 0.136   0.36 

𝑚ℎℎ,[100]
∗    0.35 0.33 0.3769 0.337   0.328 
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𝑚ℎℎ,[110]
∗    0.64 0.58 0.6566 0.619   0.600 

𝑚ℎℎ,[111]
∗    0.89 0.78 0.8391 0.813   0.786 

𝑚𝑙ℎ,[100]
∗    0.090 0.090 0.0825 0.083   0.082 

𝑚𝑙ℎ,[110]
∗    0.081 0.080 0.0755 0.074   0.074 

𝑚𝑙ℎ,[111]
∗    0.078 0.077 0.0736 0.072   0.055 

𝑚𝑠𝑜
∗    0.172 0.165 0.1624 0.160   0.156 

 

Table 2.3 Comparison of room-temperature band parameters of GaP from experiment and 

different calculations. 𝐸Γ, 𝐸𝑋, and 𝐸𝐿 are energies w.r.t. the top of the valence band, and 

other energies are gap energies. All energies are in units of eV, and relative effective 

masses are unitless. 

Parameter 

Exp. 

Aa 

Exp. 

Bb 

Cmp. 

Ac 

Cmp. 

Bd TB Ie TB IIf LDAg This work 

𝐸Γ 2.76  2.92 2.76 2.85 2.79 2.05 2.7662 

𝐸X   2.27 2.26 2.36 2.31 1.80 2.2536 

𝐸L   2.64 2.63 2.55 2.53  2.6249 

𝐸0
′  4.78 4.8  4.74 4.46 4.62  4.79 

Δ0   0.08 0.085 0.080 0.090  0.041 

𝐸1 3.7 3.73  3.71 3.64 3.92 3.52 3.70 

Δ1 < 0.1   0.055 0.1 0.09  0.035 

𝐸2 5.05 5.08  5.28 5.40 5.71 ~4.65 5.10 

𝑚𝑒,Γ
∗    0.13 0.114 0.127 0.13  0.114 

𝑚𝑒,𝑋𝑙
∗    2.0 6.9 15.3 0.82  3.08 

𝑚𝑒,𝑋𝑡
∗    0.253 0.252 0.26 0.21  0.31 

𝑚𝑒,𝐿𝑙
∗    1.2 1.18 1.77 1.59  3.42 

𝑚𝑒,𝐿𝑡
∗    0.15 0.15 0.39 0.42  0.58 

𝑚ℎℎ,[100]
∗     0.34 0.35 0.38  0.488 

𝑚ℎℎ,[110]
∗     0.53 0.72 0.71  0.841 
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𝑚ℎℎ,[111]
∗     0.66 0.98 0.91  1.060 

𝑚𝑙ℎ,[100]
∗     0.20 0.15 0.16  0.124 

𝑚𝑙ℎ,[110]
∗     0.16 0.12 0.13  0.112 

𝑚𝑙ℎ,[111]
∗     0.15 0.09 0.10  0.084 

𝑚𝑠𝑜
∗    0.25 0.34 0.22 0.46  0.200 

 

2.5 A Simple Virtual Crystal Approximation with the Tight-binding Scheme 

A general approach to obtain the TB parameters for an alloy is to interpolate from the 

sets of parameters for the corresponding pure materials, and treat the alloy as a pseudo-

pure material, based on the virtual crystal approximation (VCA). However, the variation 

of the bandgaps of dilute nitrides with respect to composition is highly nonlinear between 

those of the pure materials, rendering a simple VCA approach inaccurate in describing 

these relations. Figure 2.6 shows the bandgaps of InGaAs and GaNP as functions of their 

compositions. The TB calculations based on the VCA were done by linear interpolation 

from their parent Hamiltonians. The results show that the VCA does not perform well when 

bowing is significant. Although there are more complicated VCA techniques, that have 

better bowing performance by introducing (e.g. as in Ref. [71]) 17 extra fitting parameters 

for each parent material, the complication counteracts the idea of the VCA being a simple 

and fast approximation, and they have not been proven to work well on dilute nitrides, 

which have extremely large bowing when the N content is smaller than about 0.5% and 

smaller bowing at higher N fractions. 
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Figure 2.6 Bandgaps vs. compositions measured by different groups [29], [72]–[76] (filled 

symbols) and calculated by TB with parameters obtained with VCA at 300 K for (a) 

InGaAs and (b) GaNP. The bandgap of zincblende GaN is also included in the plot on the 

right as a reference (open star). 

 

2.6 The 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 Tight-binding Model for Dilute-Nitride GaNPAs 

Shtinkov et al. modified the 𝑠𝑝3𝑑5𝑠∗ TB model into a 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 model to calculate 

the band structure of dilute-nitride (dilute-N) GaNAs alloys [56]. On top of the 𝑠𝑝3𝑑5𝑠∗, 

the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁  model adds an N-related 𝑠  orbital to anion sites, 𝑠𝑁 , and a two-center 

integral, 𝑠𝑐𝑠𝑁𝜎 , for the coupling between the cation 𝑠  orbital and the new 𝑠𝑁  orbital, 

resembling the 𝐸𝑁 and 𝑉𝑀𝑁 terms in the BAC model, respectively. The model assumes the 

interaction between 
Ns  and all other orbitals is negligible, given that the N states affect 

only the lowest conduction bands. 

Here, the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 model is used in our electronic structure calculations for dilute-

N GaNPAs alloys. For the construction of the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 Hamiltonian for the quaternary 

alloy, we first adopt the 𝑠𝑝3𝑑5𝑠∗ parametrization for GaP and GaAs tabulated in Section 
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2.5 [77], and then determine the 𝐸𝑠𝑁
 and 𝑠𝑐𝑠𝑁𝜎  parameters for GaNP and GaNAs, 

respectively, based on the fit to experimental bandgap data. Table 2.4 shows the two sets 

of 𝐸𝑠𝑁
 and 𝑠𝑐𝑠𝑁𝜎 parameters we use in the calculation. Finally, the GaNPAs 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 

Hamiltonian is obtained via a linear interpolation of the GaNP and GaNAs 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 

Hamiltonians. For bulk alloy calculations, no strain is considered. 

Table 2.4 The on-site energies, 𝐸𝑠𝑁
 and the coupling terms, 𝑠𝑐𝑠𝑁𝜎 used in the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 

calculations for GaNP and GaNAs. Units are in eV. (Adapted from [77].) 

 𝑬𝒔𝑵
 𝒔𝒄𝒔𝑵𝝈 

GaNxP1-x 2.18 -1.2√𝑥 

GaNxAs1-x 1.65 -0.93√𝑥 

 

Figure 2.7 plots the calculated band structure of GaAs and GaN0.035As0.965 at 300 K. 

The colors highlight that the lowest conduction band (CB) of GaAs splits into two CBs (𝐸− 

and 𝐸+) of GaN0.035As0.965. As shown in Figure 2.8, with increasing N mole fraction, the 

𝐸− band shifts down in energy while the 𝐸+ band rises up, and the fundamental bandgap 

decreases.  



30 

 

Figure 2.7 Electronic structure of GaAs (left) and GaN0.035As0.965 (right) at 300 K 

calculated with the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 model along high-symmetry lines. The lowest conduction 

band (CB) of GaAs and the lowest two CBs of GaN0.035As0.965 are highlighted with colors. 

 

Figure 2.8 Electronic structure of GaAs and GaNxAs1-x along 𝐿-Γ-𝑋 calculated with the 

𝑠𝑝3𝑑5𝑠∗𝑠𝑁 model. 

 

Likewise, bandgaps can be extracted from the calculated band structure of GaNxP1-x. 

Figure 2.9 compares the bandgap values of GaNxP1-x calculated from the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 model 

with experimental data and other theoretical calculations. The dotted line corresponding to 
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the TB calculations with the simple VCA scheme is the same as explained in Figure 2.6. 

The large supercell calculations with pseudopotentials provide the Γ valley minimums and 

𝑋  valley minimums [26]. Their values are down-shifted to reflect the temperature 

difference for this figure. They cross each other at about 𝑥 = 0.032 , indicating the 

transformation from indirect bandgap material to direct bandgap material, which disagrees 

with the experimental determination of the bandgap being direct at even much lower N 

concentrations [76]. The TB results with the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁  model agree well with the 

experimental data. 

 

Figure 2.9 The lines show the calculated bandgaps of GaNxP1-x at 300 K with the TB 

𝑠𝑝3𝑑5𝑠∗𝑠𝑁  model (solid), TB with a simple VCA scheme (dotted), pseudopotential 

supercell method (dashed) [26], and the filled symbols are the experimental data by 

different groups [29], [75], [76]. 

 

To calculate the electronic structure of GaNxPyAs(1-x-y), we use the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 

parametrization for GaNxP(1-x) and for GaNxAs(1-x) to obtain their TB Hamiltonians, and 
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then linearly interpolate these parent Hamiltonians based on the P/As ratio to obtain the 

TB Hamiltonian for GaNxPyAs(1-x-y). 

Relevant to Si-based tandems, GaN0.040P0.872As0.088 is lattice-matched to Si. It can be 

formed by adding N into GaP0.91As0.09. Figure 2.10 shows the calculated electronic 

structure of GaP0.91As0.09 and GaN0.040P0.872As0.088. GaP0.91As0.09 is an indirect-bandgap 

material with the conduction band minimum located near 𝑋. With the incorporation of N, 

the new conduction band minimum is at the zone center (Γ), leading to a direct bandgap. 

The N effect is strongest at Γ, becomes weaker towards 𝐿, and almost diminishes towards 

𝑋; The higher conduction bands and the valence bands are mostly unchanged. 

 

Figure 2.10 The band structure calculated from the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁  model for 

GaN0.040P0.872As0.088 (solid lines) and from the 𝑠𝑝3𝑑5𝑠∗ model for GaP0.91As0.09 (dashed 

lines). The highest three valence bands (black) for the two materials overlap with each 

other. The N orbital energy in GaP0.91As0.09 is indicated by the dashed-dotted line. 
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As another demonstration, we extracted the bandgaps of GaNAs, GaNP, and GaNPAs 

lattice-matched to Si for less than 5.0% N and plotted them in Figure 2.11, although the 

values for GaNP with less than 3.8% N have already been shown in Figure 2.9. The 

calculations suggest that the band gap of GaNPAs lattice-matched to Si ranges from 1.97 

eV to 1.63 eV for [N]=0.021 to 0.050, good for making Si-based independently connected 

tandems. 

 

Figure 2.11 Calculated (solid lines) and reported experimental [28], [29], [42], [75], [78]–

[80] (symbols) bandgaps of dilute-N GaNP and GaNAs at room temperature (RT). The 

bandgaps of GaNPAs lattice-matched to Si are plotted from calculation (red solid line). 

[As] = 0.000 is aligned with [N] = 0.021, that is GaN0.021P0.979 is lattice-matched to Si. For 

[N] < 0.021, there is no GaNP(As) lattice-matched to Si, assuming Vegard’s law [48], [81]. 

Calculations carried out here use the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 model. 
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Chapter 3  

CALCULATION OF OPTICAL PROPERTIES OF DILUTE-NITRIDE GaNPAs 

3.1 Introduction 

As mentioned in previous chapters, dilute-nitride (dilute-N) GaNPAs alloys can be 

grown lattice-matched to Si while having a large bandgap range. These features combined 

have brought practical interest to these alloys for applications such as optoelectronic 

integrated circuits (OEIC) [82]–[84] and high efficiency photovoltaic cells [22], [85]. 

It is desirable to be able to generate optical properties over a large energy range of 

dilute-N GaNPAs at arbitrary compositions, as this enables the evaluation of the alloy for 

different application needs. There have been reports of experimentally measured 

absorption in only a small sample of the entire dilute-N GaNPAs alloy system [45], [47], 

[85]–[87], and most of these data are near bandgap only. Theoretical models have been 

used to calculate the electronic structure of GaNPAs alloys [85], [88], [89]. However, to 

the best of the author’s knowledge, there are lack of publications on the calculation of the 

optical properties of GaNPAs alloys, such as their refractive indices, absorption 

coefficients, or dielectric functions, etc. Here we demonstrate a computationally 

economical atomistic approach to calculate the dielectric functions and absorption 

coefficients of GaNPAs alloys. 

3.2 Method 

We first construct the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁  tight-binding Hamiltonian for dilute-N GaNPAs (as 

discussed in Section 2.7), and calculate the optical properties as follows. 
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The probability per unit time for a transition from an initial state |𝑖⟩ to a final state |𝑓⟩ 

induced by a perturbation of the form ℒ𝑒∓𝑖𝜔𝑡 can be written as 

𝒫𝑖→𝑓 =
2𝜋

ℏ
|⟨𝑓|ℒ|𝑖⟩|2𝛿(𝐸𝑓 − 𝐸𝑖 ∓ ℏ𝜔), (3.1) 

where 𝐸𝑖  and 𝐸𝑓  are the energies of the initial and final states. As a first-order 

approximation, we consider only direct transitions. Then the imaginary part of the complex 

dielectric function 휀(𝜔) = 휀1(𝜔) + 𝑖휀2(𝜔) is given by [90] 

휀2(𝜔) =
1

4𝜋𝜖0

(
2𝜋𝑒

𝑚𝜔
)

2

∑|𝑃𝑐𝑣|2𝛿(𝐸𝑐(𝒌) − 𝐸𝑣(𝒌) − ℏ𝜔),

𝒌

(3.2) 

where 𝜔 is the angular frequency of the light, 𝒌 is the wave vector in reciprocal space, 

𝑃𝑐𝑣 = ⟨𝑐|�̂� ⋅ 𝒑|𝑣⟩ is the momentum matrix element, �̂� is a unit vector parallel to the electric 

field of the electromagnetic wave, and 𝒑 is the momentum operator. Indirect transitions are 

ignored here. The momentum operator is obtained from the tight-binding Hamiltonian 𝐻 

as [91] 

𝒑(𝒌) =
𝑚0

ℏ
∇𝒌𝐻(𝒌), (3.3) 

where 𝐻(𝒌) is the TB Hamiltonian. The TB Hamiltonian matrix elements are given by [58] 

𝐻𝑖𝑗
𝑚𝑛 = ∑ 𝑒𝑖𝒌⋅(𝑹𝑗−𝑹𝑖)∫ 𝜓𝑛

∗ (𝒓 − 𝑹𝑖)𝐻𝜓𝑚(𝒓 − 𝑹𝑗)𝑑3𝒓

𝑹𝑗

, (3.4)
 

where 𝑹𝑖 and 𝑹𝑗 are the positions of the basis atoms 𝑖 and 𝑗 on which the orbitals 𝜓𝑛 and 

𝜓𝑚 are located, respectively. The integral in Eq. (3.4) can be expressed as a sum of on-site 

energies (𝑗 = 𝑖, 𝑚 = 𝑛) and Slater-Koster-type hopping integrals (𝑗 ≠ 𝑖). The exponential 
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factors of the on-site energies become unity, thus Eq. (3.3) is left with a derivative of the 

hopping integral parts. Since 휀 is a linear response function, once we obtain 휀2, 휀1 is given 

by the Kramers-Kronig relation 

휀1(𝜔) = 1 +
2

𝜋
𝒫 ∫

𝜔′휀2(𝜔′)𝑑𝜔′

𝜔′2 − 𝜔2

∞

0

, (3.5) 

where 𝒫  denotes the Cauchy principle value of the integral. Assuming the relative 

permeability equals to 1, the refractive index �̃� = 𝑛 + 𝑖𝑘 = √휀, 

𝑛 = √
|휀| + 휀1

2
, (3.6𝑎) 

𝑘 = √
|휀| − 휀1

2
. (3.6𝑏) 

The absorption coefficient is related to 𝑘 by 

𝛼 =
4𝜋𝑘

𝜆0
. (3.7) 

where 𝜆0 is the wavelength of the light in vacuum. 

3.3 Calculated Optical Functions of GaP, GaAs 

Since our 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 parametrization for the dilute-N GaNP, GaNAs, and GaNPAs is 

largely based on our 𝑠𝑝3𝑑5𝑠∗ parametrization optimized for GaP and GaAs (Section 2.5), 

the appropriateness of the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁  parametrization for optical calculation depends 

heavily on the accuracy of optical results from the 𝑠𝑝3𝑑5𝑠∗ parametrization. 
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Figures 3.1-3.2 show comparisons of the imaginary part of the dielectric functions and 

absorption coefficients of GaP and GaAs calculated from our TB parameter sets, and those 

from experiments. To demonstrate the advantageous outcome of the optimization we 

performed with optical fitting targets, we have also included in the comparison the results 

calculated from other widely used 𝑠𝑝3𝑑5𝑠∗  TB parametrization. 휀2 functions calculated 

with ab initio methods are available for GaP and GaAs, we have also plotted a few 

relatively well-matched results for comparison. 

 

Figure 3.1 The imaginary part of the dielectric function and absorption coefficient of GaP 

from experiment (open symbols) [55], this work (solid blue curves), and other calculations 

(broken curves) [63], [64], [68]. 
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Figure 3.2 The imaginary part of the dielectric function and absorption coefficient of GaAs 

from experiment (open symbols) [55], [92]–[94], this work (solid blue curves), and other 

calculations (broken curves) [68]–[70], [95]. 

 

The optical functions calculated from our TB parameterization show excellent 

agreement with the experimental data in terms of the absorption edge, of the 𝐸1 and 𝐸2 

peak positions, and of the spin-orbit interaction peak positions for both III-V materials, 

while experimental peak widths are somewhat broader as we did not include lifetime 

broadening or indirect transitions. The feature positions and shapes are however quite 

indicative that the present TB parameter sets should generate more accurate optical 

properties than other 𝑠𝑝3𝑑5𝑠∗ TB parameter sets in comparison. 

3.4 Calculated Optical Functions of Dilute-N GaNP, GaNAs, and GaNPAs 

Systematic calculations have been carried out for the optical functions of dilute-N 

GaNP and GaNAs alloys with increase N mole fraction. As described by the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 

model, when nitrogen is incorporated into GaP (GaAs), an 𝐸0− state and an 𝐸0+ state form 

as a result of the anticrossing coupling of the lower (higher) localized N state and the higher 
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(lower) extended 𝐸0 (also called Γ𝑐) state of the host. Similarly, 𝐸1− and 𝐸1+ form near 𝐿, 

and 𝐸2− and 𝐸2+ form near 𝑋. The increase in the N mole fraction has two main effects: 

(a) the anticrossing coupling strengthens, and the splitting between the newly formed 

paired states becomes larger, and (b) the N character decreases and the Γ𝑐  character 

increases in the 𝐸0− state, and the opposite happens in the 𝐸0+ state. For optical properties, 

the former effect shifts the transition energy positions, and the latter changes the optical 

coupling strengths, as the valence band Γ𝑣 state couples much stronger to the extended Γ𝑐 

state than to the localized N state. 

Figure 3.3 compares the calculated absorption coefficients with experimental 

measurements from literature. For GaP, there is no significant absorption below the 2.76 

eV, because GaP has an indirect fundamental bandgap of 2.26 eV (Γ − 𝑋), and the smallest 

direct gap 𝐸0 = 2.76 eV at Γ. However, it is seen, from both experimental and theoretical 

results, that there is absorption higher than 1 × 104 cm−1 well below 2.26 eV in dilute-N 

GaNP (due to 𝐸0−), and that the absorption rises to more than 1 × 105 cm−1 beyond 2.76 

eV (due to 𝐸0+ and 𝐸1−). The absorption due to 𝐸0− becomes stronger, as the N fraction 

increases and the Γ𝑐  character increases. The calculated absorption due to 𝐸0−  for 

GaN0.021P0.979 is about two times stronger than experimental observation. This 

overestimation may originate from the virtual crystal nature of the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 model and 

thus the inhomogeneity of the dilute nitride alloys are not fully accounted for. Another 

possible reason could be an underestimation of the localized character of the 𝐸0− states, 

which may be due to the neglect of N cluster states in the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 model. However, the 



40 

evidence is not strong enough to draw conclusions on this issue. The onset of the absorption 

also redshifts as the N concentration increases, which is in agreement with experiment. 

 

Figure 3.3 Measured (exp., solid symbols) [28], [55], [87], [92], [96]–[98] and calculated 

(cal., solid lines) absorption coefficients of (a) GaP and dilute-N GaNP, (b) GaAs and 

dilute-N GaNAs. 
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For GaNAs, the 𝐸0− state has more Γ𝑐  character than N character, as the Γ𝑐  state is 

lower in energy than the N state. Therefore, the change in the onset of the absorption edge 

is not as dramatic as in the case of GaNP. Overall, the experimentally measured main 

effects of the N incorporation into GaP and GaAs are reasonably well described by the 

𝑠𝑝3𝑑5𝑠∗𝑠𝑁 model. 

To reveal the trends of the transitions at the critical points, the 휀2  spectra families 

calculated for GaNP and GaNAs alloys are plotted in Figure 3.4. One should note that some 

of the weaker optical features, such as 𝐸0+, 𝐸1−, and 𝐸1− + Δ1, are difficult to see in room-

temperature experiment due to lifetime-broadening and indirect transitions, but they are 

uncovered in the calculated results by including only direct transitions. For GaNP alloys, 

with increasing N mole fraction, the fundamental bandgap 𝐸0− is pushed downward and 

the 𝐸0+  is repelled upward, the 𝐸1−  transition energy decreases and the 𝐸1+  energy 

increases, the 𝐸0
′  slightly blue shifts while the 𝐸2+  remains essentially unchanged. No 

features due to spin-orbit interaction are obvious, because the split-off energies are small 

in GaP and the N incorporation does not change the split-off energies. These trends agree 

well with experimental observation [99]. The calculated 휀2 functions for GaNAs show very 

similar trends. The main difference is that the features due to spin-orbit interaction appear, 

as the split-off energies for GaAs are much larger than the splitting for GaP, although the 

features due to Δ0 are not marked, as they are weak compared to those due to Δ1. The trends 

in the calculated 휀2 for GaNAs also agree with reported experiments [100], [101].  

Although the 𝐸𝑠𝑁
 and 𝑠𝑐𝑠𝑁𝜎 parameters for GaNP and GaNAs were determined by 

fitting to their respective bandgaps only, the above examination of the calculated optical 
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functions suggests that the method used here is suitable for the estimation of the optical 

properties of dilute nitride alloys. 

 

Figure 3.4 Calculated imaginary part of the dielectric functions of (a) GaNP and (b) GaNAs 

alloys. The arrows indicate the trends of the critical transitions with increasing nitrogen 

composition. 
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Finally, we linearly interpolate the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 Hamiltonians for GaNP and for GaNAs 

and apply the same method to calculate the optical functions of GaNPAs. Figure 3.5 shows 

a comparison of absorption coefficients of GaNPAs from this calculation and from 

experimental reports. The host materials of these four dilute nitrides are P-rich GaPAs in 

the indirect-bandgap alloy range [102], [103]. The linearly interpolated 𝐸𝑠𝑁
 are lower than 

the Γ𝑐 of these host materials. This scenario is very similar to the case of dilute-N GaNP.  

 

Figure 3.5 Absorption coefficients of GaNPAs alloys at room temperature from experiment 

[47] and from calculation in this work. (Only a few near bandgap data points for 

GaN0.02P0.91As0.07 are extracted from literature due to digitization difficulty, and they are 

mostly covered by other data in this plot.) 

 

The calculated spectra show about a factor of 2 overestimation below 𝐸0+ transitions, 

compared to experimental data. Further investigation is needed to elucidate the origin of 

this problem. On another note, this factor of 2 overestimation seems to be consistent with 

the case of GaNP. It may be possible to obtain more accurate optical calculation by 
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empirical scaling of the transition strength between the valence band state and the 𝐸0− state. 

The underestimation above 𝐸1− is mainly due to the neglect of indirect transitions and 

lifetime broadening effects. Overall, there is reasonably good agreement between the 

calculation and the experiment. 

To show the effects on absorption of adding N and As into GaP, while keeping the 

alloy lattice-matched to Si, the calculated absorption coefficients for GaP, GaN0.021P0.979, 

and GaN0.043P0.856As0.101 are plotted in Figure 3.6. The addition of N and As largely shifts 

the absorption edge to lower energy, with GaN0.043P0.856As0.101 reaching 1.7 eV. The 

interaction between N and the host forms 𝐸1− and 𝐸1+. The former red shifts and the latter 

blue shifts with increasing N content. But the addition of As into GaP causes the 𝐸1 

transition to red shift and compensate the change in the 𝐸1+ energy. 

 

Figure 3.6 Calculated absorption coefficients for GaP, GaN0.021P0.979, and 

GaN0.043P0.856As0.101 at room temperature. (The two alloys are lattice-matched to Si.) 
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In summary, the method used in this chapter can reveal the trends of the optical 

transitions as the N contents vary in the dilute-N alloys. It can be used as a computationally 

economical method for estimation of optical properties of dilute nitrides, as the quantitative 

agreement with experimental data is reasonably good. More accurate calculations may 

require large supercell Hamiltonians or modification of the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 model. The optical 

response functions calculated with the current method are used in simulations of solar cells 

involving dilute-N GaNP(As) (Chapter 6). 
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Chapter 4  

MODELING CARRIER TRANSPORT IN DILUTE-NITRIDE GaNP 

4.1 Motivation 

Geisz et al. [104] tried to estimate the minority carrier diffusion lengths in dilute-nitride 

(dilute-N) GaInNAs from the quantum efficiency data of a Ga0.95In0.05N0.02As0.98 layer 

grown by metalorganic chemical vapor epitaxy (MOCVD). By fitting the measured 

quantum efficiency data, they concluded that the photo-generated carrier collection was 

dominated by the field aided collection within the depletion region and obtained the 

depletion width as 0.10 μm. This means that the minority carrier diffusion length in the 

GaInNAs layer should be less than 0.10 μm. Although longer minority carrier diffusion 

lengths were reported later in GaInNAs grown by molecular beam epitaxy (MBE) [105], 

the values were still well below 1 μm. These diffusion lengths are much smaller than those 

in high-quality GaAs, limiting the performance of solar cells made from these dilute 

nitrides. 

Similar to the case of GaInNAs above, Geisz et al. found dramatic increase in the 

spectral response of a GaN0.02P0.98 on Si structure with the depletion width, and concluded 

that the carrier collection relied on field-aided collection and that the dilute-N GaNP 

material has a short diffusion length [50]. GaP/GaNPAs/GaP p-i-n structures also showed 

poor carrier collected limited by the short diffusion length of dilute-N GaNPAs [52], [106]. 

The underlining mechanisms causing these short diffusion lengths in dilute nitrides is 

not well understood. Small electron and hole mobilities have been measured from dilute-

N GaNP samples [107], [108], which contribute to the short diffusion lengths. Here, we 
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use fullband Monte Carlo simulations to try to understand the carrier transport physics in 

dilute-N GaNP. The results shown in this chapter are a work in progress in this effort, more 

investigation needs to be done to fully understand the limiting scattering mechanisms on 

the mobility of dilute-N GaNP. 

4.2 Introduction to Fullband Monte Carlo 

The semiclassical description of carrier transport is given by the Boltzmann transport 

equation (BTE), 

𝜕𝑓(𝐫, 𝐤, 𝑡)

𝜕𝑡
+

1

ℏ
∇𝐤𝐸(𝐤)∇𝐫𝑓(𝐫, 𝐤, 𝑡) +

𝐅

ℏ
∇𝐤𝑓(𝐫, 𝐤, 𝑡) =

𝜕𝑓(𝐫, 𝐤, 𝑡)

𝜕𝑡
|

𝑐𝑜𝑙𝑙𝑖𝑠𝑜𝑛

, (3.1) 

where 𝑓 is the distribution function, 𝐫 is the real space position vector, 𝐤 is the momentum 

vector, ℏ is Planck’s constant, 𝐸 is the energy, 𝐅 is the field vector. This equation states 

that the time rate of change of the distribution functions equals to the sum of the rates of 

change due to diffusion (second term on the left-hand side), drift (third term on the left-

hand side), and collisions (the term on the right-hand side), which includes in-scattering 

and out-scattering. 

The ensemble Monte Carlo (EMC) method is a stochastic approach to solve the BTE 

exactly in the long-time limit. It simulates carrier transport as a series of free flights and 

scattering events. Macroscopic transport properties are obtained from the ensemble values 

by tracking the trajectories of a sufficiently large number of particles for a given time 

duration. The free flights are treated classically, and the scattering events are treated 

quantum mechanically. The electronic structure determines what states the particles can 

occupy. TB electronic structures (Chapter 2) throughout the entire first Brillouin zone are 
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used for this purpose. If from 1t  to 2t , no scattering occurs to a particle, the particle “flies 

freely” during this time period, and the wave vector of this particle at time 2t  is given by 

𝐤(𝑡2) = 𝐤(𝑡1) +
𝑞(𝐅 + 𝐯 × 𝐁)(𝑡2 − 𝑡1)

ℏ
, (3.2) 

where 𝑞  is the charge of the particle, 𝐯  is the velocity, 𝐁  is the magnetic field. The 

probability of scattering in the time interval 𝑑𝑡 after a free flight of time 𝑡 can be written 

as 

𝑃(𝑡)𝑑𝑡 = Γ𝑡𝑜𝑡𝑎𝑙[𝐤(𝑡)] exp [− ∫ 𝛤𝑡𝑜𝑡𝑎𝑙 [𝐤 (𝑡′)] 𝑑𝑡′
𝑡

0

] 𝑑𝑡, (3.3) 

where Γ𝑡𝑜𝑡𝑎𝑙[𝐤(𝑡)] is the total scattering rate at wave vector 𝐤(𝑡) 

Γ𝑡𝑜𝑡𝑎𝑙[𝐤(𝑡)] = ∑ Γ𝑖[𝐤(𝑡)]

𝑖

, (3.4) 

with Γ𝑖  being the scattering rate due to mechanism 𝑖 . Traditional EMC expresses the 

scattering rates as functions of energy through the use of the dispersion relation. During a 

simulation, it randomly selects the scattering mechanisms, determines the energy of the 

particle after scattering, and then scans the constant energy surface at that final energy, and 

randomly chooses the final state based on the weights (probabilities) given by the density 

of states, overlap integral, and transition matrix element [109]. These calculations are time-

consuming. To speed up these simulations, we discretize the Brillouin zone into small cells, 

and calculate and store the scattering rates from each pair of initial cell and final cell at the 

beginning of the simulations, and simply use random numbers to select final cell, and only 
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use the traditional EMC in scarcely populated or less eventful regions (the hybrid fullband 

cellular automaton/Monte Carlo approach [110]).  

The nonpolar phonon scattering rate from a region Ω𝐤 of band 𝑣 centered at point 𝐤 to 

a region Ω𝐤′ in band 𝑣′ centered around point 𝐤′ is written as 

𝑃𝑛𝑜𝑛,𝑣𝑣′(Ω𝐤, Ω𝐤′) =
𝜋

𝜌𝜔𝜂𝐪
|Δ𝜂,𝑣′(𝐪)|

2
|𝐼(𝑣, 𝑣′, 𝐤, 𝐤′)|2𝐷𝑣′(𝐸′, Ω𝐤′) (𝑛𝜂𝐪 +

1

2
∓

1

2
) , (3.5) 

where 𝜌 is the material density, 𝐪 is the wave vector difference 𝐪 = 𝐤′ − 𝐤,, Δ
𝜂,𝑣′

(𝐪) is 

the nonpolar matrix element as defined in [109], 𝜔  is the phonon frequency, 𝐼  is the 

overlap integral between the two states, 𝐷𝑣′(𝐸′, Ω𝐤′) is the density of states in Ω𝐤′  at 

energy 𝐸′ = 𝐸 ± ℏ𝜔𝜂𝐪, and 𝑛𝜂𝐪 is the phonon occupation number determined by the Bose-

Einstein distribution. The acoustic and optical deformation potentials Δ𝜂,𝑣′(𝐪) are treated 

as adjustable parameters to produce good agreement with experimental data. The polar 

phonon scattering rate is expressed as 

𝑃𝑝𝑜𝑙,𝑣𝑣′(Ω𝐤, Ω𝐤′) =
𝜋𝑒2𝜔𝜂𝐪

2𝐪2
[

1

휀∞
−

1

휀0
] |𝐼(𝑣, 𝑣′, 𝐤, 𝐤′)|2𝐷𝑣′(𝐸′, Ω𝐤′) (𝑛𝜂𝐪 +

1

2
∓

1

2
) , (3.6) 

where 휀∞ and 휀0 are the optical and static permittivities, respectively. Ionized dopants act 

as ionized impurity scattering centers. The ionized impurity scattering rate according to the 

Brooks-Herring approach [109], [111] is 

Γ𝐵𝐻,𝑣 (𝐤, 𝐤′) =
𝑍2𝑁𝐵𝑒4

4𝜋2ℏ𝜖0
∑

|𝐽 (𝐤, 𝐤′)|
2

(𝛽𝑠
2 + |𝐤 − 𝐤′|2)2

𝛿(𝐸𝑣(𝐤) − 𝐸𝑣′(𝐤′))

𝑣′

, (3.7) 
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where 𝑁𝐵 is the ionized impurity concentration, Z is the number of elemental charges of 

the dopant, and 𝛽𝑠 is the Debye-Huckel screening [112] term for non-degenerate systems 

𝛽𝑠 = (
𝑒2𝑛

𝜖0𝑘𝐵𝑇
)

2

, (3.8) 

where 𝑛 is the carrier density, 𝑇 is the carrier temperature. However, Eq. 3.7 only accounts 

for two-body interaction. The many-body effect can be approximated by screening using 

the Ridley model [113], and the ionized impurity scattering rate is corrected as 

Γ𝑖𝑜𝑛,𝑣 (𝐤, 𝐤′) =
𝑣𝑔(𝐤)

(2𝜋𝑁𝐵)−
1
3

[1 − exp (
𝛤𝐵𝐻,𝑣 (𝐤, 𝐤′) (2𝜋𝑁𝐵)−1/3

𝑣𝑔(𝐤)
)] , (3.9) 

Alloy scattering due to the fluctuation of crystal potential follows the work of Fischetti and 

Laux [114] as 

Γ𝑎𝑙𝑙𝑜𝑦(𝐤) = ∑ 𝜃[𝐸𝑎(𝐤) − 𝐸𝑏]

𝑏

2𝜋

ℏ
Ω𝑐𝑥(1 − 𝑥)Δ𝑈2𝜌𝑏[𝐸𝑎(𝐤)]〈|𝐼𝑎𝑏|2〉. (3.10) 

where 𝑎 and 𝑏 are the band indices, 𝜃(𝐸) is the step function, Ω𝑐 is the cell volume, 𝑥 is 

the alloy fraction, Δ𝑈  is the effective depth of the scattering well, 𝜌𝑏(𝐸)  is the 

nonparabolic density of states in band 𝑏. 

 

4.3 Carrier Mobilities of Dilute-N GaNP by Fullband Monte Carlo 

The carrier transport properties of GaNP are not well understood. To the author’s 

knowledge so far, there are only two reports on the mobilities in GaNP. In one report, the 

electron Hall mobilities of S- and Te-doped n-type GaNP were measured at different 
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temperatures. At room temperature, the electron mobilities are about 20 cm2/(V-s). The 

temperature dependence results seem to suggest the electron Hall mobilities of the n-GaNP 

are limited by ionized impurity scattering ( 1.5T ) [107]. In the other report, the measured 

hole Hall mobility of C-doped p-type GaNP reduces from 55 cm2/(V-s) at 1×1017 cm-3 hole 

concentration to 12 cm2/(V-s) at 7×1019 cm-3. These values are significantly lower than 

those of GaP, but do not seem to depend on the N fraction, but only on the onset of the 

addition of N [115]. 

Here we investigate the carrier mobility of dilute-N GaNP using the fullband Monte 

Carlo (MC) method described above. First, the optimized  𝑠𝑝3𝑑5𝑠∗  parametrization 

(Chapter 2) is adopted to calculate the fullband structure of GaP, which is then input into 

the MC algorithm, where carrier interaction with acoustic phonons, optical phonons, and 

ionized impurities are included. The acoustic and optical deformation potentials are 

adjusted to achieve good agreement with experimentally reported mobilities [116]. The 

comparison is shown in Figure 4.1. The non-smoothness of the curves come from statistical 

noise, as using a large enough number of particles in the MC simulations to make the curves 

smooth is impractical at the moment. One should note that the experimental GaP hole 

mobility was measured in a background of 5×1016 cm-3 n-type doping, and the simulation 

took this into account by including doping compensation. As reasonable agreement is 

achieved, the acoustic and optical deformation potentials are determined. 
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Figure 4.1 Electron (dark grey) and hole (red) mobilities from Hall measurement [116] 

(symbols) and from fullband Monte Carlo simulation (solid lines). 

 

After that, we use the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 parametrization for GaNP (Chapter 2) to account for 

the effects of N incorporation provided by the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁  model, and carry out MC 

simulations with other inputs unchanged. Figure 4.2 compares the simulated and measured 

electron mobilities. The experiment shows that the 0.4% to 1.9% N content causes about 5 

to 8 times reduction in the mobility. The 𝑠𝑝3𝑑5𝑠∗𝑠𝑁  model reduces the simulated 

mobilities by about 10 times. This is explained by the small curvature of the 𝐸− band, and 

thus by the large electron effective mass, calculated with the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁  model. The 

simulated values for 0.5% and 2.0% N are quite close, and the noise makes accurate 

comparison difficult. Overall, the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁  model can approximately account for the 

electron mobility reduction due to N incorporation measured for these samples. 
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Figure 4.2 Electron mobilities of GaP and GaNP from Hall measurement [107], [116] 

(symbols) and from fullband Monte Carlo simulation (lines). 

 

Similar MC simulations are done for the holes, and are compared with experiment (see 

Figure 4.3). As mentioned above, the experimental GaP hole mobility was measured with 

a background concentration of 5×1016 cm-3 n-type doping, and the simulation took this into 

account initially. But for the GaNP samples, there was no unintentional doping reported, 

therefore, doping compensation was removed from the simulation. Within the noise errors, 

the simulated hole mobilities are essentially independent of N mole fraction, as the 

𝑠𝑝3𝑑5𝑠∗𝑠𝑁  model does not change the valence band. However, the experimental hole 

mobilities for GaNP are much lower than those for GaP.  
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Figure 4.3 Hole mobilities of GaP and GaNP from Hall measurement [116], [117] (symbols) 

and from fullband Monte Carlo simulation (lines). The (*) indicates there is unintentional 

n-type doing of 5×1016 cm-3 [116]. The discrepancy between the black solid line and the 

black dashed line shows the difference made by the unintentional doping. Without 

compensation doping, all the hole mobilities simulated without unintentional doping are 

essentially the same. The grey line is drawn by bringing the black line down to 1/3 of its 

values. 

 

If the simulated GaNP hole mobilities are brought down to 1/3 of their values (the grey 

line in Figure 4.3), there could be a good agreement. The mobility 𝜇ℎ  relates to the 

scattering time 𝜏ℎ as 

𝜇ℎ =
𝑒𝜏ℎ

𝑚∗
, (3.11) 

Rearranging Eq. 3.11 gives 

𝑒

𝑚∗𝜇ℎ
=

1

𝜏ℎ
=

1

𝜏ℎ,𝑀𝐶
+

1

𝜏ℎ,𝑋
=

𝑒

𝑚∗
(

1

𝜇ℎ,𝑀𝐶
+

1

𝜇ℎ,𝑋
) . (3.12) 
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Since 𝜇ℎ ≅ 1/3 𝜇ℎ,𝑀𝐶, there is some scattering mechanism in the real samples that is twice 

as strong as the sum of the included deformation scattering, polar optical phonon scattering, 

and ionized impurity scattering.  

This strong scattering mechanism has not been identified yet. But it is independent of 

N content. We did not include alloy scattering or neutral impurity scattering in the 

simulations for comparison, as they both have obvious dependency on the N mole fraction. 

One possibility is that the samples may have very high dislocation densities, and the 

dislocation densities are similar among the samples. Another possibility could be the N 

incorporation changes the nature of phonon scattering. Further investigation is needed.  
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Chapter 5  

EFFECTS OF GaP/Si INTERFACIAL TRAPS ON A Si HETEROJUNCTION 

INTERDIGITATED BACK CONTACT SOLAR CELL 

5.1 Introduction 

Over the past few decades, the efficiencies of single-junction silicon solar cells have 

improved from less than 10% to the current 26.6% record in an interdigitated back contact 

(IBC) configuration [118]. The most common similarity among the recent reports of high-

efficiency Si solar cells is their high open-circuit voltage (Voc) achieved through a highly 

passivated heterojunction of crystalline Si (c-Si) with a thin layer of intrinsic amorphous 

Si (a-Si). To improve upon this, there has been interest in replacing the a-Si layer with a 

higher bandgap material such as GaP, which should have lower parasitic absorption. 

Crystalline GaP has the advantage of much higher carrier mobilities (smaller resistive 

losses) compared to a-Si. In addition to single-junction schemes, GaP can also serve as a 

buffer layer in a lattice-matched dilute-N GaNPAs/Si multijunction (or tandem) structure, 

since the lattice constant of GaP is only 0.36% larger than that of Si. However, solar cells 

with a GaP/Si heterojunction have been shown to have Voc at least 100 meV lower than 

well passivated Si cells [119]–[121]. 

One complication in the epitaxial growth of GaP on Si is the formation of antiphase 

domains (APDs), which stem from the atomic steps on non-perfect Si surfaces. Recently, 

a double-step treatment has been used to significantly reduce the volume of APDs, which 

improved the solar device performance [122]. Another way to reduce the APDs is to grow 

on off-cut (≥ 4°) Si wafers [123], [124]. 
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Density functional theory calculations have shown that there are a high density of 

localized states at the GaP/Si interface due to electron valence mismatch, and that hydrogen 

can be used to reduce these localized states in the forbidden gap [125]. However, no study 

has shown how these midgap states impact the performance of an IBC solar cell with a 

GaP/Si interface. 

This chapter presents an investigation on the effects of two-types of single-level 

midgap traps at the GaP/Si interface on Si heterojunction interdigitated back contact solar 

cells (SHJ-IBCs). Here midgap means in the middle of the Si bandgap. We first build an 

SHJ-IBC model with an a-Si(i)/Si(n) front interface and calibrate the model with a 

demonstrated 26.3% cell [5] as a reference. We then modify the model by replacing the 

front a-Si layer with a GaP layer. The GaP layer will be either intrinsic or highly n-type 

doped. Simulations were carried out with increasing density of either donor-like or 

acceptor-like midgap traps at the GaP/Si interface. The effects of the traps under no field 

or a front surface field are modeled and discussed. 

 

5.2 The Device Model 

We have simulated an a-Si(i)/c-Si(n)/a-Si(i)/IBC (n-, p-type a-Si) solar cell, and GaP/c-

Si(n)/a-Si(i)/IBC (n-, p-type a-Si) solar cells, using the numerical 2D simulation package, 

Silvaco ATLAS [53]. Figure 5.1 shows the simulated structure. Periodic boundary 

conditions are applied to the left and right boundaries to simulate cells with multiple pn 

back contact pairs. 
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Figure 5.1 Schematic model of the simulated Si heterojunction interdigitated back contact 

solar cells with either an a-Si/c-Si interface or a GaP/Si interface at the front. 

 

The a-Si layers were described using a defect pool model which assumes exponential 

tail states and Gaussian-profile states within the bandgap [126]. The drift-diffusion model, 

Shockley-Read-Hall recombination, and Auger recombination are accounted for in the 

bulk of the materials, while thermionic emission and field emission models [127], [128] 

are used to account for carrier transport over and through the hetero-interfaces, with the 

Richardson constants specified by the effective conduction and valence band density of 

states. Localized states at the interface are modeled as single-level midgap traps, either 

donor-like or acceptor-like. The capture cross sections for electrons and holes are both 

assumed to be 1×10-15 cm2, which is within a reasonable range. Ray tracing was used as 

the optical model for these simulations. The front surface reflection is specified based on 

values reported from literature [5]. The number of reflections and the cutoff power ratio 

were chosen to be 20 and 3×10-3, respectively, to obtain high long-wavelength external 
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quantum efficiency (EQE). Some of the parameters of the model are summarized in Table 

5.1. 

 

Table 5.1 Parameters for the device model. 

 c-Si a-Si (i) GaP 

Thickness (μm) 165 [129] 0.005 0.005 

Doping (cm-3) n (1.5×1015) [129] i i or n (1×1019) 

Affinity (eV) 4.05 [130] 3.8 [131] 3.8 [132] 

Bandgap (eV) 1.12 [133] 1.75 [134] 2.26 [135] 

Refract. indices [136] [137] [55] 

Nc (cm-3) 3.2×1019 [133] 2.0×1021 [134] 1.8×1019 [138] 

Nv (cm-3) 1.8×1019 [133] 1.0×1022 [134] 1.9×1019 [138] 

μn (cm2/Vs) 1100 [139] 1 [134] 230 [138] 

μp (cm2/Vs) 430 [140] 0.05 [134] 130 [138] 

 Bulk lifetime (s) 8.8×10-3 [129] 1×10-6 [134] 1×10-6 [138] 

    

 

5.3 Effects of Interfacial Traps on an SHJ-IBC with an Intrinsic a-Si or GaP Front Layer 

We first carried out baseline simulations of SHJ-IBC solar cells with a 5-nm intrinsic 

a-Si layer at the front (AS1), and with a 30-nm intrinsic GaP layer at the front (GP1) 

without interface traps. Figure 5.2 compares the simulated J-V curves and EQE results with 

the experimental demonstration from [5]. a-Si(i) has stronger absorption and poorer carrier 

transport properties compared to GaP, which causes AS1 to have a slightly lower short-

wavelength response than GP1. However, the a-Si(i) layer is so thin that the parasitic loss 

is trivial, and the J-V results for AS1 and GP1 are almost the same. Overall, the AS1 model 
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should be reasonably close to reality, as compared to the reference cell. The main 

differences are the higher Voc and fill factor (FF) for the simulations. To obtain an exact 

match requires fine tuning of layer thickness, doping, or other material parameters, which 

is not the main focus of this work.  

 

Figure 5.2 Comparison of J-V and EQE (inset) curves from simulations (lines) and 

experiment [5] (squares). The J-V curves for AS1 and GP1 are essentially overlapping with 

each other. 

 

Hydrogenated a-Si is well known to provide excellent surface passivation to c-Si. But 

a real GaP/Si interface may have a high density of trap states as mentioned [125], which 
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can play a significant role in device performance. Figure 5.3 shows the change in J-V 

performance by adding either acceptor-like or donor-like single-level midgap traps at the 

GaP(i)/Si(n) interface. The traps start to make significant impact to the solar cell with a 

density as small as 1×109 cm-2, which is a low interface state density. In the case of donor 

trap density of 1×1010 cm-2, the short-circuit current density (Jsc), Voc, and FF drop 13.7%, 

6.3%, and 9.0%, respectively. The maximum contribution to the Jsc from the absorption in 

the thin GaP layer is less than 0.86 mA/cm2. The traps impact the solar performance mainly 

through their effect on the carriers generated in the Si. The reduction in Jsc only accounts 

for a small portion of the reduction in Voc. The main reduction in Voc should originate from 

an increase in the dark saturation current (J0). Figure 5.4 shows a band diagram of the 

GaP(i)/Si(n) interface calculated with Silvaco ATLAS [53]. The bands are flat, and both 

types of carriers can easily access the interface. When there are traps at the interface, these 

carriers recombine readily. Figure 5.5 shows the recombination rate (RR) near the 

GaP(i)/Si(n) interface. The RR on the GaP side is much lower than on the Si side, because 

carrier concentrations are lower in the former than the latter. With 1x1010 cm-2 interface 

traps, the interface RR is more than six orders of magnitude higher than when there are no 

interface traps. The higher interface recombination reduces the carrier concentrations in 

the bulk of Si, and thus the RR in the bulk is smaller than the case without interface traps. 

However, the bulk RR’s are low, and should not be a limiting factor to cell performance. 

Since the GaP(i)/Si(n) interface “welcomes” both types of carrier to come close, and 

the Si has only a low-level of n-type doping, the densities of both types of carriers at the 

interface are almost equal. Therefore, acceptor-like traps (ALTs) and donor-like traps 
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(DLTs) induce similar RR’s at the interface (Figure 5.5), and have almost the same effect 

to the device (Figure 5.3). 

 

Figure 5.3 J-V curves of GP1 with different densities of interface acceptor-like and donor-

like midgap traps. 
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Figure 5.4 Band diagrams of GaP(i)/Si(n) and GaP(n+)/Si(n) interfaces without traps 

calculated using Silvaco ATLAS [53]. Symbols and texts are drawn for illustration. The 

solid circles, hollow circles, and solid black lines symbolize electrons, holes, and traps, 

respectively. The solid red (blue) lines and dashed red (blue) lines represent conduction 

(valence) bands and electron (hole) quasi-Fermi levels. The large discontinuities in the 

quasi-Fermi levels indicate that the thermionic emission process is limiting the transport at 

the heterojunction interface [141]. 

 

 

Figure 5.5 Recombination rates at the GaP(i)/Si(n) interface of model GP1, with a grid 

spacing of 0.1 nm. 
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5.4 Effects of Interfacial Traps on an SHJ-IBC with a GaP Front Surface Field Layer 

High recombination at the front is detrimental to an IBC cell, since the photogenerated 

carriers need to transport to the back to be collected. Therefore, it is important to keep the 

carriers from having access to the interface traps at the GaP/Si interface. One way to 

achieve this is to have a highly doped layer to create a front surface field (FSF) that reduces 

the density of carriers at the interface. We have simulated SHJ-IBC cells with a 

GaP(n+)/Si(n) interface (Model GP2) to see the impact of interface traps under the 

influence of an FSF. Figure 5.4 also shows the band diagrams of GP2 near the GaP/Si 

interface. With a highly doped n+ GaP layer (1×1019 cm-3), the concentration of minority 

holes in the Si layer is reduced exponentially near the interface, while the concentration of 

electrons is increased exponentially near the interface.  

The interface RR on the Si side for all cases have extracted. Figure 5.6 plots the RR’s 

at the GaP/Si interface with and without an FSF. As mentioned above, the RR’s caused by 

ALTs and DLTs are very close without an FSF. The FSF lowers the RR for about 3 orders 

of magnitude for a trap density of 1x1010 cm-2. When the trap density is relatively low, the 

ALTs and DLTs at the GaP(n+)/Si(n) surface also cause very similar RR, as the band 

bending and carrier concentrations are largely unchanged. 

However, the situation is different for high trap densities. A trap can be either empty 

or filled. When filled, the trap carries a negative (positive) charge, if it is acceptor-like 

(donor-like). If there is a significant density of the charged traps at the interface, the band 

bending and hence the carrier concentrations change, and so does recombination. Figure 

5.7 compares the band diagrams near the interface with ALTs or DLTs. Since electrons are 
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the majority carriers at the GaP(n+)/Si(n) interface, any ALT will most likely be filled with 

electrons, while a DLT has a small chance to be occupied by a hole. As the ALT density 

increases, the band bending on the Si side is reduced by the negatively charged interface, 

and eventually flattens. As shown in Figure 5.7, when the ALT density is 5x1012 cm-2, the 

band bending on the Si side is, although reduced, still significant, and the quasi-Fermi level 

separation in Si is largely unchanged. But when the ALT density is 5x1012 cm-2, the bands 

on the Si side are already flat, and the quasi-Fermi level separation is apparently reduced, 

indicating large reduction of the photogenerated carriers. This is because once the bands 

on the Si side become flat, most photogenerated carriers will recombine at the front (low 

carrier concentration in Figure 5.8), rather than being collected at the back of the IBC cell, 

which strongly degrades the conversion efficiency (Figure 5.9). This can explain the big 

drop in J-V performance from an ALT density of 4x1012 cm-2 to 5x1012 cm-2, as shown in 

Figure 5.9. 
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Figure 5.6 Interface recombination rates on the Si side with and without doping in the GaP 

layer. 

 

 

Figure 5.7 Band diagrams of the GaP(n+)/Si(n) interface with 4x1012 cm-2 (upper left) and 

5x1012 cm-2 (upper right) acceptor-like traps and 1x1014 cm-2 donor-like traps (lower), 

calculated with Silvaco ATLAS [53]. 
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Figure 5.8 Electron (upper panel) and hole (lower panel) concentrations near the 

GaP(n+)/Si(n) interface with acceptor-like traps. 

 

In the case of DLTs, a hole has a low probability of occupying a trap at the interface. 

And when it occupies a trap, it is very likely to recombine with a majority electron. The 

lightly positively charged interface helps maintain or even makes the band bending slightly 

stronger. As shown in Figure 5.7, the band bending at a DLT density of 1x1014 cm-2 is 

negligibly larger than the one without traps. This makes the IBC cell very robust against 

DLTs. The 1/5 of power loss at a DLT density of 1x1014 cm-2 (Figure 9) is relatively low 

compared to the case of ALTs. The Voc degrades faster than Jsc, due to the fast increase in 

recombination or J0. 
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Figure 5.9 J-V curves of the simulated GP2 cells with either acceptor-like midgap traps or 

donor-like midgap traps at the GaP(n+)/Si(n) interface. 

 

5.5 Conclusion 

We have investigated the effects of acceptor-like and donor-like midgap traps at the 

front GaP/Si interface in interdigitated back contact solar cells through numerical modeling. 

Both types of traps can severely lower the solar cell performance. However, a strong front 
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surface field reduces minority carriers at the interface, and thus effectively mitigate 

degradation caused by both types of traps. A front surface field robustly passivates the type 

of traps that can either be empty or trap minority carriers, compared to the other type of 

traps. Identifying the type of traps at the front interface in real structures is crucial to avoid 

device degradation. 

 

 

 

  



70 

Chapter 6  

A LATTICE-MATCHED DILUTE-N GaNP(As)/Si THREE-TERMINAL TWO-

JUNCTION SOLAR CELLS 

6.1 Introduction to a Three-terminal Two-junction (3T2J) Tandem 

Thermalization and transmission are two major intrinsic losses in solar cells [142]. The 

addition of a higher-bandgap junction onto a Si cell can reduce thermalization losses and 

achieve higher total efficiency [18], as discussed in Chapter 1. 

For common two-junction (2J) tandem designs, the two subcells can be series-

connected and output power with two terminals (2T), or be electrically independent with 

only optical coupling and output power with four terminals (4T). Both have advantages 

and disadvantages. 2T tandems are monolithic with a simple interconnection, the same as 

a single junction cell, however, the subcells are restricted by current matching; 4T tandems 

have flexible optimal material combinations and good spectral tolerance, but they have to 

sacrifice the simple interconnection, requiring additional power electronics to combine 

power output, as well as suffering some optical connection losses. A three-terminal (3T) 

tandem minimizes these tradeoffs, as it is monolithic but avoids current matching and 

allows flexible material combination and good spectral tolerance. 

Nagashima et al. [143] proposed using a back-contact type bottom cell for 3T tandems 

to move the middle terminal to the back and maximize the illuminated area. They simulated 

an npn bipolar junction transistor (BJT) type AlGaAs/Si 3T tandem with 30.40% total 

efficiency. Warren et al. [144] modeled a tunnel junction (TJ) type GaInP/Si 3T tandem as 

a single diode connected to a Si IBC cell, and mapped the power generation with different 
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terminal voltage combinations, and found the total efficiency of a 3T tandem (32.5%) is 

superior to a 2T tandem (30.6%) and comparable to a 4T tandem (32.4%). Recently, 

Rienäcker et al. [20] measured a Si IBC cell with two base terminals and an emitter 

terminal in the front-back mode and the IBC mode, and emulated 3T tandem operation by 

applying a constant current source to the top base terminal. They then proposed an 

equivalent circuit model that can match their measurement. 

Here we model a lattice-matched 3T2J tandem with dilute-N GaNP(As) on Si with 

Silvaco ATLAS [53], and explore the device performance as a function of material and 

structural parameters including the effects of traps at the middle GaP/Si interface on the 

tandem, and the optical coupling between the top and bottom cell. To avoid the 

complication of a tunnel junction, we model a BJT-type (discussed in [20]) design (Figure 

6.1). 

The same physical models as in Chapter 5 are used for the bottom cell. The same front 

surface reflectance specification is moved to the very top instead of one layer above Si. 10 

passes of light trapping are allowed with a cutoff power fraction of 0.003. For dilute-N 

GaNP(As), optical properties from our calculation (Chapter 3) for GaN0.021P0.979 (1.97 eV) 

are used unless otherwise stated, carrier mobilities are taken from Hall measurements [107], 

[108], and the Shockley-Read-Hall lifetimes are varied as part of the investigation. 

According to experiments, the radiative lifetimes of GaNP(As) are above 60 ns [51], [145], 

[146], and the SRH lifetimes range from 0.1 ns to 3.0 ns [146], [147]. At room temperature, 

SRH recombination dominates. We simulated the GaNP(As) materials with 𝜏𝑆𝑅𝐻 = 0.3 ns 

as a case representing material quality in the early development stage, and with 𝜏𝑆𝑅𝐻 = 10 
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ns as a case for a case for improved material quality. Radiative recombination coefficient, 

𝐵𝑟 = 1 × 10−13 cm3/s is used for GaP. Since the radiative lifetime of GaNP(As) is about 

10 times larger than that of GaAs (~ 5 ns [148]), 𝐵𝑟 = 7.2 × 10−11  cm3/s is used for 

GaNP(As), 10 times smaller than that of GaAs [149]. Our simulations show that Auger 

recombination in GaP and GaNP(As) has negligible effect on the device performance, 

therefore it is not discussed here. 

 

 

Figure 6.1 Schematic of a dilute-N GaNP(As)/Si 3-terminal 2-junction tandem solar cell 

(not to scale). 

 

 

a-Si (n) a-Si (p) 

a-Si (i) 

c-Si (n 1.5×1015cm-3) 

GaP (n+ 1×1019cm-3) 

GaNP(As) (i) 

GaP (p+ 1×1019cm-3) 30nm 
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30nm 

165μm 

5nm 

5nm (both types 2×1019cm-3) 
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6.2 Independence Between the Two Sub-circuits 

The main proposed advantage of a 3T tandem is that it forms two quasi-independent 

sub-circuits and allows current mismatch. Here, we simulate three cases (a) a 3T tandem 

as shown in Figure 6.1, (b) a single-junction GaNP cell with the top three semiconductor 

layers in Figure 6.1 plus a full metal back contact, and (c) a Si heterojunction IBC cell with 

a front GaP layer as in Chapter 5. For cases b and c, the intrinsic GaNP layers are 0.9 μm 

thick, with 𝜏𝑆𝑅𝐻 = 10  ns. Results with 𝜏𝑆𝑅𝐻 = 0.3  ns have the same trends for the 

independence investigation, and are not shown here. 

Figure 6.2 compares the J-V curves of these cases. The J-V scans for cases b and c are 

straightforward, as there are only two terminals involved. The J-V scans for the 3T tandem 

is carried out as follow: (1) hold the front-back (FB) terminals at VFB = 0 V, and scan the 

IBC terminals to obtain its maximum power point voltage VIBC,mpp; (2) hold the IBC 

terminals at VIBC = VIBC,mpp, and scan the FB terminals to obtain its maximum power point 

voltage VFB,mpp; (3) repeat steps 1 and 2 with VFB = VFB,mpp step 1, until both VFB,mpp and 

VIBC,mpp converge. The J-V curves for the 3T sub-circuits are plotted after convergence is 

reached.  
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Figure 6.2 J-V curves of a single-junction GaNP cell (black), of a Si IBC cell (red), and of 

the GaNP sub-circuit (blue) and Si sub-circuit (orange) of a GaNP/Si 3T tandem. 

 

It is seen in Figure 6.2 that both sub-circuit J-V curves have very similar Voc and FF as 

their single-junction counterparts. Each sub-circuit can freely operate at any bias point 

while the other sub-circuit is held at an arbitrary bias point, and no current matching is 

required. Adding the GaP/GaNP layers on top of the Si IBC cell reduces the Jsc by 14.46 

mA/cm2, most of which is regenerated as the Jsc of the FB sub-circuit (13.62 mA/cm2) 

while a small part is lost due to imperfect quantum efficiency. Removing the full back 

metal of the single-junction GaNP cell, and letting the high energy (> 1.97 eV) light 



75 

transmitted to the Si bottom cell makes a Jsc difference of 1.86 mA/cm2. To confirm this is 

the reason for the Jsc difference between the black and blue curves, an extra case without 

reflection from the full back metal for the single-junction GaNP cell is simulated (see 

Figure 6.3), which gives the same EQE as the GaNP cell on a Si cell does, and gives smaller 

EQE than the 1J GaNP cell with 10x light trapping from about 420 nm to 660 nm, as this 

portion of light gets absorbed in the Si cell in a single pass. Figure 6.4 shows the 

reallocation of the EQE by rearranging the two single-junction cells into the 3T2J 

configuration. Figure 6.5 shows that the two sub-circuits are mostly electrically 

independent. 

 

Figure 6.3 External quantum efficiency of the GaNP cell in a single-junction configuration 

with 10x light trapping (black dotted dashed line) and with no light trapping (red solid line), 

as well as in a 3T2J configuration (blue dotted dashed line). 
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Figure 6.4 External quantum efficiency of the GaNP cell and Si cell in the 1J and 2J 

configurations. The arrow shows that part of the light between 420 nm and 660 nm 

transmits from the GaNP top layers into the Si bottom layers. 

 

Figure 6.5 J-V curves of the two sub-circuits, IBC (both terminals at the back) and FB 

(front and back terminals). Each sub-circuit operates at two conditions: the other sub-circuit 

is at 0 bias or at maximum-power-point bias. Each sub-circuit has nearly identical J-V 

curves at the two conditions. 
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6.3 Effects of GaP/Si Interfacial Traps on the Three-terminal Tandem  

As shown in Chapter 5, traps at the front GaP/Si interface of an IBC cell can severely 

impact the cell performance. While a front surface field (FSF) given by a GaP(n+)/Si(n) 

interface can passivate donor-like traps very well, a very high density of acceptor-like traps 

can render the FSF ineffective. In this section, we investigate effects of acceptor-like and 

donor-like single-level midgap traps at the GaP(n+)/Si(n) interface on the dilute-N 

GaNP/Si 3T2J tandem (see Figure 6.1). 

Figure 6.6 shows the J-V curves and EQE of the GaNP subcell and of the Si subcell 

with and without donor-like traps (DLTs) at the GaP(n+)/Si(n) interface. It is seen that 

DLTs have essentially no effect on the GaNP subcell, as all the holes are blocked by the 

GaP(n+) layer and collected at the front terminal. Similar to the case of the single-junction 

Si IBC cell, the DLTs increase the recombination in the Si subcell and lower its 

performance, however, these effects are partially mitigated by the field at the GaP(n+)/Si(n) 

interface. 
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Figure 6.6 J-V curves and EQE curves for the GaNP subcell (blue) and the Si subcell 

(orange) in the 3T2J configuration without (solid) and with (dashed) donor-like traps at the 

GaP(n+)/Si(n) interface. 

 

Figure 6.7 shows the J-V curves and EQE of the GaNP subcell and of the Si subcell 

with and without acceptor-like traps (ALTs) at the GaP(n+)/Si(n) interface. The ALTs do 

not affect the GaNP subcell at Jsc, and act as a resistance to electrons going from the topic 

to the bottom when the FB voltage is large. Also similar to the case of single-junction Si 

IBC cell, the ALTs trap electrons, become negatively charge, and flatten the band bending 

on the Si side. This allows both type of carriers recombine at the interface easily, and 

severely degrades the cell performance. This affects carriers generated near the front more 

than those generated near the back. 
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Figure 6.7 J-V curves and EQE curves for the GaNP subcell (blue) and the Si subcell 

(orange) in the 3T2J configuration without (solid) and with (dashed) acceptor-like traps at 

the GaP(n+)/Si(n) interface. 

 

In summary, traps at the GaP(n+)/Si(n) interface have very small effect on the GaNP 

subcell, and they impact the Si subcell similar to that of a single-junction Si IBC cell. The 

presence of these traps makes the tandem rely more heavily on the GaNP subcell for power 

generation. 

 

6.4 Optical Coupling in the Three-terminal Tandem 

In the 3T2J tandem configuration, the GaNP subcell layers filter part of the shorter-

wavelength solar spectrum, and allow the rest to transmit onto the Si subcell (Figure 6.8). 

More absorption in the GaNP subcell means less absorption in the Si subcell. The addition 

of an ideal higher-bandgap junction on a single-junction Si cell should reduce 

thermalization losses. However, if the higher-bandgap junction has poor transport 
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properties, the electrical loss in the higher-bandgap junction may cancel the gain in reduced 

thermalization to the Si band edges.  

 

Figure 6.8 Schematic of optical coupling in the 3T2J tandem. 

 

In this section, we investigate how the thickness of the dilute nitride absorber impact 

the tandem performance, under scenarios for different material qualities, 𝜏𝑆𝑅𝐻 = 0.3 ns 

and 𝜏𝑆𝑅𝐻 = 10 ns, as discussed in an earlier section. For bandgap engineering, we also 

simulated the 3T2J tandem using dilute-N GaNP(As) of different bandgaps, 𝐸𝑔 = 1.97 eV 

(GaN0.021P0.979) and 𝐸𝑔 = 1.70  eV (GaN0.043P0.856As0.101), both lattice-matched to Si. 

Figure 6.9 shows the two input absorption spectra for the dilute nitrides calculated with the 

method in Chapter 3. One should note that GaN0.043P0.856As0.101 absorbs photons with 

energy lower than 1.97 eV while GaN0.021P0.979 does not, and that the former materials 

absorbs stronger almost at every photon energy than that latter. 
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Figure 6.9 Absorption spectra calculated for two dilute-N alloys lattice-matched to Si: 

GaN0.021P0.979 (Eg = 1.97 eV) and GaN0.043P0.856As0.101 (Eg = 1.70 eV). 

 

Figure 6.10 compares the total tandem efficiency as a function of the GaN0.021P0.979 (Eg 

= 1.97 eV) layer thickness for different lifetimes (𝜏𝐺𝑎𝑁𝑃,𝑆𝑅𝐻). Here the SRH recombination 

centers are assumed to be a single-level state that has the same energy as the intrinsic Fermi 

level, for the case of the most effective SRH recombination. As the SRH lifetime increases 

from 0.3 ns to 10 ns and to infinity, the optimum layer thickness increases from 0.4 μm to 

0.9 μm and to above 2μm, and the optimum tandem efficiency increases from 29.6% to 

32.9% and to above 37.7%.  
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Figure 6.10 Efficiency of the 3T2J tandem as a function of layer thickness of GaN0.021P0.979 

(Eg = 1.97 eV) with different SRH lifetimes. 

 

To analyze the effects in more details, we decomposed the tandem efficiencies into 

subcell efficiencies (Figure 6.11). Similar to those of the tandem, the optimum thickness 

and efficiency of the GaNP subcell increases with the increasing SRH lifetime. As the 

GaNP thickness increases, the efficiency of the Si subcell decreases, as less light penetrates 

through the III-V layers onto the bottom Si subcell. However, the change in SRH lifetime 

of GaNP does not change the effects of the GaNP thickness on the Si subcell. This is 

because the two subcells are essentially electrically independent and couple only optically 

(Section 6.2). 
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Figure 6.11 Efficiencies of the Si subcell (symbolled lines) and of the GaNP subcell (solid 

lines) as a function of layer thickness of GaN0.021P0.979 (Eg = 1.97 eV) with different SRH 

lifetimes. 

 

To better explain the effect of the GaNP thickness on the performance of the GaNP 

subcell, the J-V parameters of the GaNP subcell are plotted as a function of the GaNP 

thickness (Figure 1.2). As the GaNP layer becomes thicker, more light is absorbed in the 

GaNP subcell. With a low SRH lifetime (0.3 ns), this initially raises the Jsc up. However, 

when the layer is thicker than ~ 1 μm, the decrease in free carriers through recombination 

starts to over compensate the increase in photogenerated carriers, and the Jsc reduces. As 

the SRH lifetime decreases or as the GaNP thickness increases, recombination and 

resistance increase, therefore the Voc and FF decrease. One exception is the FF increases 

as the GaNP thickness increases for the case with infinite SRH lifetime, which is not well 

understood yet. One should note that the Woc (= 𝐸𝑔/𝑞 − 𝑉𝑜𝑐) values for the case with 10 
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ns SRH lifetime are similar to the experimentally measured values in Ref. [150], indicating 

that improved material quality in the future may allow SRH lifetime longer than 10 ns. 

 

Figure 6.12 Jsc, Voc, and fill factor of the GaNP subcell (solid lines) as a function of layer 

thickness of GaN0.021P0.979 (Eg = 1.97 eV) with different SRH lifetimes. 

 

Detailed balance calculations show that an unconstrained 2J tandem with bandgap 

combinations 1.70eV/1.12eV and 1.97eV/1.12 eV should give similar tandem efficiencies. 

In Figure 6.13, we compare the tandem performance with bandgap combinations 

1.70eV/1.12eV and 1.97eV/1.12 eV using realistic parameters for the GaNP(As)/Si 

material system, to inform future bandgap engineering. Since detailed balance modeling 

assumes perfect carrier collection, we show here results with a scenario where the carrier 

collection property is poor (𝜏𝐺𝑎𝑁𝑃(𝐴𝑠),𝑆𝑅𝐻 = 0.3 ns) to see the effects more clearly. As the 

GaNP(As) thickness increases, the Si subcell efficiency drops more quickly for 
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GaN0.043P0.856As0.101 than for GaN0.021P0.979, as the former absorbs more strongly over a 

wider spectrum range. This also leads to higher efficiency in the GaNPAs subcell when the 

layer is thinner than 1 μm. As shown in Figure 6.14, this is mostly attributed to the higher 

Jsc for GaN0.043P0.856As0.101. However, the Voc and fill factor of the GaN0.043P0.856As0.101 cell 

are lower than those of the GaN0.021P0.979 cell, indicating higher recombination due to 

higher photogenerated carrier concentration. Therefore, when the dilute nitride layer is 

thick, the GaN0.043P0.856As0.101 cell has lower efficiency than the GaN0.021P0.979 cell. Overall, 

when the material quality is poor, the gain in the top dilute nitride cell with a lower bandgap 

is less than the loss in the bottom Si cell, hence the optimum tandem efficiency is lower for 

the lower-bandgap case, which is different from the detailed balance prediction. 

 

Figure 6.13 Tandem and subcell efficiencies as a function of layer thickness of 1.97 eV 

GaN0.021P0.979 (black) and of 1.70 eV GaN0.043P0.856As0.101 (green). 𝜏𝐺𝑎𝑁𝑃(𝐴𝑠),𝑆𝑅𝐻 = 0.3 ns 

for both cases. 
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Figure 6.14 Jsc, Voc and fill factor of the GaNP(As) subcell efficiency as a function of layer 

thickness of 1.97 eV GaN0.021P0.979 (black) and of 1.70 eV GaN0.043P0.856As0.101 (green). 

𝜏𝐺𝑎𝑁𝑃(𝐴𝑠),𝑆𝑅𝐻 = 0.3 ns for both cases. 
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Chapter 7  

CONCLUSION 

7.1 Summary 

We have optimized the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 tight-binding parametrization for dilute-N GaNP 

and GaNAs by fitting to their experimental bandgaps, and have predicted the bandgaps of 

dilute-N GaNPAs lattice-matched to Si as a function of [N] (or [As]). The bandgaps range 

from 1.63 eV to 1.97 eV, covering the optimal top cell bandgap on a Si bottom cell as 

predicted by detailed balance calculation. 

We then calculated the momentum matrix element of dilute-N GaN(P,As) as a simple 

derivative of the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 Hamiltonian, and carried out integration throughout the first 

irreducible wedge of the Brillouin zone to obtain their first-order optical response functions. 

The calculated optical response functions expose sharp transition features that facilitate 

composition dependent analysis. The trends shown in these theoretical results are in 

excellent agreement with experimental reports. These realistic optical results also suggest 

that our optimized 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 model can describe the dilute-N alloy electronic structure 

quite accurately. 

The calculated electronic structure of dilute-nitride GaNP was then input into a fullband 

Monte Carlo algorithm to model its carrier transport, in an effort to identify the limiting 

mechanism for electrical properties in these materials. We found that the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 model 

largely accounts for the N incorporation effect on reducing the electron mobility of dilute-

N GaNP. But the effect is slightly overestimated, which is probably due to an 

overestimation of the effective mass. As expected, the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 model does not account 
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for any effect on the decrease of hole mobility with N incorporation, as the valence band 

remains unchanged in this model. Alloy scattering can lower the hole mobility rapidly, but 

cannot explain the experimentally measured hole mobility independence of N content. 

Further investigation is needed. 

The epitaxy of GaP on Si is needed as a buffer for a GaNP(As)/Si lattice-matched 

tandem. But a GaP/Si interface may have structural defects, such as antiphase domains, 

and the heterovalent nature of the interface induces localized midgap states as well [125]. 

We found that midgap traps at the front GaP/Si interface can be detrimental to the Si 

interdigitated back contact cell. A front surface field at a GaP(n+)/Si(n) interface can 

passivate donor-like traps very well, but it can only passivate acceptor-like traps up to 

certain trap density, beyond which the filled acceptor-like traps can destroy the band 

bending which is instrumental to the passivation effect. Identifying the type of traps at the 

interface is critical for device development. 

Finally, we modeled a lattice-matched dilute-N GaNP(As)/Si three-terminal two-

junction tandem of the bipolar junction transistor type. The two subcells operate quasi-

independently. Midgap traps have a minimal effect on the GaNP(As) subcell, and impact 

the tandem by degrading the Si subcell as discussed for the single-junction Si IBC cell. If 

the carrier lifetime (or diffusion length) of the GaNP(As) material is shorter, then the 

optimal bandgap of the dilute nitride should be larger, and the optimal thickness of the 

dilute nitride layer should be thinner. If carrier lifetime is 10 ns, a 3T tandem efficiency of 

33% can be achieved, which is 6.3% absolute higher than the current single-junction Si 
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efficiency record. For the radiative limit of the dilute-nitride GaNP(As), the tandem 

efficiency is about 38%. 

7.2 Future Work 

As mentioned in Chapter 3, the calculated absorption coefficients for the dilute nitrides 

are overestimated compared to experimental measurements. This could be due to the 

neglect of the inhomogeneity of the dilute nitride alloys by the virtual crystal type approach, 

or due to the exclusion of the localized states induced by N clustering. Two things may be 

attempted to address these possible causes: (1) use tight-binding Hamiltonians that 

represent large relaxed random supercells; (2) modify the 𝑠𝑝3𝑑5𝑠∗𝑠𝑁 model to account for 

not only isolated N state, but also N cluster states without using a supercell. The latter 

approach should be more in line with the goal of developing a computational economical 

tool for the calculation. 

Improving the electrical properties of dilute-N GaNPAs alloys is critical for the 3T 

tandem development. However, we still have not identified the limiting mechanism to 

carrier transport in these materials. The large hole mobility decrease independent of N 

content could be caused by scattering due to a high density of dislocations, interstitial 

defects, or anti-site defects, which may originate from non-ideal epitaxial growth 

conditions. To test this, accurate dislocation scattering and other point defect scattering 

model needs to be implemented to check if the discrepancies can be compensated. 
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