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ABSTRACT 

Wang, Xufeng. Ph.D., Purdue University, December 2014. Design and Analysis of Solar 
Cells by Coupled Electrical-optical Simulation.  Major Professors:  Mark Lundstrom and 
Peter Bermel. 
 
 Careful electrical design and optical design are both crucial for achieving high-

efficiency solar cells. It is common to link these two aspects serially; the optical design is 

first done to minimize reflection and maximize light trapping, and then the resulting 

optical generation rate is input to the electrical simulation. For very high efficiency solar 

cells that approach the Shockley-Queisser limit, however, electrical and optical transports 

are tightly coupled in both directions. Photons generated by radiative recombination can 

be reabsorbed to create additional electron-hole pairs (so-called photon recycling), which 

decreases losses. A variety of novel photon management schemes are currently being 

explored. To achieve the promise of these new approaches, a self-consistent simulation 

framework that rigorously treats both photons and electrons is needed1. In this work, the 

thin-film GaAs solar cell, the single nanowire solar cell, and the GaInP/GaAs tandem 

solar cell are investigated. For solar cell characterization, this work examines the validity 

of the reciprocity theorem and quantitative lifetime parameter extraction using Time-

Resolved Photoluminescence (TRPL) and Photoluminescence Excitation Spectroscopy 

(PLE). Overall, this thesis work has created a new simulation tool for advanced 

photovoltaic devices based on the self-consistent coupling of wave optics with electronic 

transport, which lead to accurate predictions of the characteristics and performance. 

Optimization of photon recycling facilitates improved design strategies to approach the 

Shockley-Queisser limit, which will eventually pave the way for extension to advanced 

                                                
1 The development and application of such a model is described in this thesis. 
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designs, capable of approaching or even exceeding the Shockley-Queisser limit in the 

future. 
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1 INTRODUCTION 

The sun is a powerful source of energy, delivering to Earth approximately 3,850,00 

exajoules (EJ) per year, which is more than 10,000 times the daily energy used by us 

today [1, 2]. It sustains the ecosystem, which is vital to all life on the planet. Solar 

radiation is absorbed in different proportions by the land surface, oceans, and 

atmosphere. Temperature gradients thus appear, giving rise to natural phenomena such as 

wind and water cycle. Plants convert the solar energy into chemical energy through 

photosynthesis, while humans rely on the sun to see and to keep warm.  

 Since historic times, humans have found creative and effective ways of tapping into 

the vast amount of solar energy. Solar cells are able to directly convert sunlight into 

electricity. The worldwide solar power generated from photovoltaic (PV) devices is 

rapidly increasing. As of 2013, approximately 0.54% of total U.S. electricity was 

produced from PV, comparing to only 0.06% in 2008 [3-5]. Solar cells can be made from 

solid-state materials without moving parts, resulting in a long operational lifetime. In 

fact, most of the commercial solar panels today offer a warranty of over 25 years. Thus, 

solar will play an increasingly important role in the U.S. energy landscape. 

1.1 The Solar Cell 

The operating principles of the solar cell are the mechanisms of carrier generation 

and collection. This is very often implemented via a semiconductor-based p-n junction—

one of the most fundamental structures in integrated circuits (IC) [6]. A simple GaAs 

thin-film solar cell structure and band diagram is shown in Fig. 1.1. The structure consists 

of an n-type emitter and a p-type base forming the junction for charge separation. At the 

emitter, a window layer having a high valence band offset is used to prevent minority 

carriers, which are electrons, from entering the n-contact. Similarly, a back-surface field 

(BSF) with a high conduction band offset is used at the p-contact. This structure nicely 
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summarizes important design features of a solar cells: charge generation, separation, and 

collection, and minority carrier deflection at the contacts.  
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Fig. 1.1. Band diagram and structure of a typical GaAs solar cell, modeled after [7]. The 
collection of a photon-generated electron-hole pair is also illustrated. Electrons travel 

“down” the conduction band to the left, while holes travel “up” the valence band to the 
right. 

Under illumination, the junction separates the photon-excited carriers, so the electron 

(hole) may flow into the n-contact (p-contact), resulting in a steady-state DC current. In 

order to harvest energy from this device, a positive voltage bias must be applied to the p-

n junction. As more bias is applied, the current eventually will become zero, where, 

again, no energy can be harvested. Thus, the maximum power point (MPP) lies at an 

intermediate voltage. One of the main causes for this current to decrease is the injected 

dark current ( Jdark ) by the p-n junction cancelling the light-generated current ( Jgen ), and 

the resulting terminal current ( J ) is: 

 J(V ) = Jgen (V )− Jdark (V ) .  (1.1) 

Notice the voltage-dependence of Jgen , as it can also cause the terminal current to 

decrease, because, as the applied bias increases over the p-n junction, the built-in electric 
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field decreases. When it eventually disappears, the light-generated carriers have an equal 

chance to reach the p and n contacts, resulting in a net current of zero.  

To evaluate the overall performance of the solar cell, several figures of merit are 

used, including 1) the current at zero bias, or the so-called short-circuit current ( JSC ), 2) 

the voltage at zero current, or the so-called open-circuit voltage (VOC ), and 3) the MPP 

where the most power can be extracted.  From these three quantities, two other important 

figures of merits can be calculated. The first is the fill-factor (FF), defined as [6] 

 FF =
VmppJmpp
VOCJSC

  (1.2) 

where Vmpp  and Jmpp  are the voltage and current at MPP respectively. Finally, the most 

important figure of merit is the power conversion efficiency (η ) of the solar cell, which 

is defined as [6] 

 η =
VmppJmpp
Pin

= JSCVOCFF
Pin

  (1.3) 

1.2 The Shockley-Queisser Limit 

Since the first demonstration of a practical silicon-based photovoltaic device at Bell 

Labs in 1954 [8], solar cell efficiency has steadily improved over the years. This 

efficiency cannot of course increase without bound but is subject to a certain limit, 

depending primarily on the material. Shockley and Queisser pointed this out in their 

famous 1961 paper [9]. Their argument was based on a fundamental reciprocity between 

absorption and emission: the more absorptive a material is, the more emissive the 

material will be in thermal equilibrium due to Kirchoff’s law of thermal radiation, 

derived from the Second Law of Thermodynamics. In their treatment, the solar cell is 

modeled as a blackbody. The solar cell’s bandgap (EG) acts as a filter and prevents any 

photon with energy below EG from the sun being absorbed. On the other hand, the 

blackbody emission from the cell cannot emit any photon with energy below EG either. 

Increased absorption increases the JSC of the cell, while increased emission decreases the 

VOC. This tradeoff places a fundamental limit on the ultimate efficiency of solar cells—

the so-called Shockley-Queisser limit. It also reveals the important design principle of 

cells approaching the Shockley-Queisser limit, which is the core idea of this thesis: 
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promoting in-coupling of sunlight to increase the JSC, while suppressing out-

coupling of radiative recombination emission to increase the VOC.  

By strongly coupling sunlight with the solar cell, sunlight absorption, and thus the 

JSC, can be increased. Unlike the assumption in the Shockley-Queisser limit however, not 

all photons from the sunlight with energy higher than the bandgap can be absorbed by the 

solar cell in reality. Photons can be lost, for example, due to front reflection or 

incomplete absorption. The later is especially true for silicon, which has poor absorption 

properties due to its indirect bandgap. It is also true for many of the thin film solar cells 

due to their small thicknesses below 50 µm [6]. Advanced optical designs have been 

proposed to help decreasing the reflection and increasing the optical path of photons 

traveling inside the cell [10, 11].  

Radiative recombination, which is the dominant loss mechanism for cells near the 

Shockley-Queisser limit, can be effectively suppressed, leading to an increased VOC. The 

mechanism is as follows. For each radiative recombination event, the photo-generated 

excess carriers radiatively recombine by giving up energy to create one photon per 

electron-hole pair. After the emission, these photons travel within the solar cell structure, 

and some of them will be re-absorbed, while the rest are lost by escaping the structure or 

being parasitically absorbed by backside mirror or other non-photovoltaic regions. If the 

emitted photons are re-absorbed in the so-called photon-recycling process, electron-hole 

pairs are created again, so these are losses recovered and can effectively reduce the 

radiative recombination. With clever cell designs, one can promote the photon recycling 

to obtain high, sometimes world-record, efficiencies.  
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Fig. 1.2. Fundamental loss components for a single-junction solar cell versus 

semiconductor band gap, with zoomed-in region showing current record efficiencies for 

single-junction solar cells, compared to their Shockley-Queisser limits. 

 

Fig. 1.3. Record efficiency chart for some selected single-junction solar cells from NREL 
solar cell efficiency chart.  

Fig. 1.2 shows the various fundamental loss components for single-junction solar 

cell vs. bandgap. For solar cells with lower bandgaps, thermalization losses dominate. 

Thermalization loss occurs when a photon with energy significantly higher than the 

material bandgap is absorbed. When the energized electron-hole pair interacts with its 
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surroundings, the excess energy is lost as heat. For solar cells with higher bandgaps, the 

sub-bandgap photon loss dominates. This is because the material is unable to absorb the 

photons with lower energy than its bandgap. Therefore, there is an optimal bandgap for 

solar cells close to 1.4 eV. Fig. 1.2 also includes a zoom-in reproduction from the original 

Shockley-Queisser paper showing the efficiency limits for a range of EG. On the same 

figure for comparison are record single-junction efficiencies for several common 

semiconductor materials. GaAs solar cell at 28.8% is the closest to its Shockley-Queisser 

limit today [12], while c-Si at 25.0%, which is the most commonly used semiconductor 

material for commercial solar cells, is still significantly below its ultimate efficiency 

limit. A number of alternatives and extensions to the original Shockley-Queisser paper 

have been reported, including the multi-junction limit [13], limits considering re-emission 

[14], and limits under finite absorption [15]. In all cases, the fundamental reciprocity 

between absorption and emission is maintained. Unconventional physics-based 

approaches have been proposed to exceed the single-junction Shockley-Queisser limit, 

including the use of multi-exciton generation [16], hot carrier collection [17], and 

intermediate band gap states [18], although none of the above have experimentally 

demonstrated efficiencies higher than conventional designs. Fig. 1.3 shows the 

impressive efficiency improvement of some popular solar cell types in the past 10 years. 

1.2.1  Toward high JSC 

The importance of a strong in-coupling of sunlight for solar cells cannot be 

overstated. A bare piece of silicon in contact with air has a reflectivity ~30% [19]. It is 

common to apply layers of anti-reflection coating (ARC) on top of solar cells to minimize 

reflective losses. For example, an application of SiN/TiO2 ARC layers on silicon can 

decrease the spectrally averaged reflectivity to as little as ~5% [20]. Moreover, the 

absorption of sunlight requires sufficient material thickness. For silicon, which has an 

indirect bandgap, approximately 400 µm in thickness is needed to absorb 99% of the 

sunlight up to the band edge in a single pass [21]. This is a substantial amount of silicon 

and would not fare well in the current cost-driven solar industry. The common strategy is 

to chemically etch the silicon surface to create random roughness, so the normally 

incident sunlight will acquire an angle upon refraction into the cell and subsequently 
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being trapped within due to total internal reflection. This increases the effective optical 

path, thus allowing a much thinner wafer to be used. Using this technique, today’s 

industrial standard for crystalline silicon solar cell uses a wafer ~180 µm or less in 

thickness with texturing and backside reflector [22].  

 

Fig. 1.4. Absorbed fraction of photons above the crystalline silicon bandgap versus the 
silicon layer thickness. The layer is planar and has no backside mirror. 

For thin-film solar cells however, equally effective texturing cannot be realized. 

Typical thin film solar cells are less than 3 µm thick. This is comparable to the texture 

roughness on silicon described above, so clearly the method used in silicon cannot be 

directly applied. A certain degree of surface roughness can be obtained during material 

deposition, although its effectiveness is fairly limited [23]. Roughness in glass substrates 

is also used, so the deposited thin film can have better light trapping [24]. Due to these 

constraints, thin film solar cells commonly use highly absorptive, direct-bandgap 

semiconductor materials including GaAs, CIGS, CdTe, and CZTS [25].  

The techniques discussed so far have been known to the PV community for a long 

time. For example, the simplest form of anti-reflective coating dates back to 1886 by 

Lord Rayleigh [26], while the method of using an alkaline solution to etch random 

pyramid texturing on silicon solar cell was patented in 1979 [27]. Regardless, most solar 
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cells made today, including some with record efficiencies, still rely solely on these 

techniques to in-couple sunlight with the solar cell. One cannot, however, reach the 

Shockley-Queisser JSC limit with these techniques alone. For example, corresponding to 

the random texturing, Yablonovitch and Cody [28] pointed out that random texture could 

not enhance the optical thickness of a dielectric layer beyond 4n2 times, where n is the 

index of refraction of the dielectric layer. The recent introduction of advanced optical 

designs in solar cells using, photonic metamaterials and plasmonics can significantly 

enhance the absorption of solar cells by increasing the local density of photonic states—

in some cases even beyond the 4n2 ray-optics light-trapping limit [12]. Fig. 1.5 shows 

some examples of light trapping schemes used in solar cells. 

The first obvious application of the advanced optical design is to improve the 

performance of existing features in the solar cells. Unlike the metals relying on plasmon 

resonances to screen and reflect the electromagnetic waves, dielectric mirrors are built 

from layers of dielectric materials with precisely controlled refractive indices and 

thickness. They cause destructive interference for forward propagating waves, thus 

reflecting them with great efficiency [29]. In [30], Fink et al. presented the general design 

criterion for a dielectric omni-directional reflector. The dielectric reflector can be tailored 

to have different bandwidths with high reflection and low loss. In addition, the flexibility 

of design using 2D/3D photonics extends beyond what the simple layered structures can 

offer. For example, Bermel et al. proposed novel design for thin film c-Si solar cells 

using 3D photonics [31]. In this work, the power generation of the cell has been 

improved by deploying various kinds of photonic structures to enhance light absorption. 

For a solar cell made of a 2 µm thin film of c-Si and a 6 bilayer distributed Bragg 

reflector (DBR) in the back, 24.0% relative power generation improvement was achieved 

with a 1D grating, 26.3% improvement by replacing the DBR with a six-period triangular 

photonic crystal made of air holes in silicon, 31.3% by a DBR plus 2D grating, 26.5% 

improvement by replacing it with an eight-period inverse opal photonic crystal, and 35% 

enhancement with a woodpile 3D photonic crystal.  
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Fig. 1.5. Some light trapping approaches previously explored in the literature: (a) random 
pyramidal texture used for c-Si solar cells [32], (b) advanced meta-surface trapping light 

with generalized Snell’s law [33], and (c) Bragg reflector for high reflectivity [31]. 

Advanced optics not only improves single junction effectiveness, but it also opens 

up new design approaches such as spectral splitting. One of the major losses in the cells 

approaching the Shockley-Queisser limit is thermalization loss—the high energy photons 

excite electrons into the conduction band with energy much higher than the bandgap, and 

the difference is subsequently lost to lattice as heat. One approach minimizing 

thermalization loss is to split the solar spectrum into various energy bins and send each 

bin to a solar cell with similar bandgap [34]. This strategy also avoids the current and 

lattice matching constraints present in stacked multi-junction solar cells. This so-called 

spectrum splitting technique has seen renewed interest recently as a path to exceed 50% 

efficiency. Atwater et al. takes this approach one step further, and recently proposed 

various specific designs for spectrum splitting [35-38]. For example, in the so-called 

polyhedral specular reflector design [37], spectral splitting is achieved indirectly by 

allowing the sunlight to bounce between two planes of subcells facing each other in 

parallel. The sunlight will enter the subcell with the highest bandgap first, and then 

subsequently bounce to the next one with a lower bandgap following a specular optical 

path. This design thus avoids the use of dispersive material to split the sunlight. 

The power of advanced optics is not limited to only improving existing features. It 

also enables many designs that were previously not possible. One such example is the 

recent work by Ni et al. [39] and Capasso et al. [40]. With their own separate efforts, 

they proposed a photonic layer with an index gradient that creates a tilted escape cone. 

With each section of the dielectric having a slightly different index of refraction, the 
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incident planewave upon entering the dielectric layer travels at different speed at each 

section. This effectively tilts the direction of movement of the planewave along with the 

escape cone toward the section with high index of refraction. As shown by Khan et al. 

[33], this tilted planewave will be confined within the thin film due to total internal 

reflection and unable to escape. This effectively stretches the optical path for absorption 

to infinity—something highly desired in solar cells to boost JSC.  

Novel non-planar optical structures such as nanowire solar cells, can themselves be 

tailored to couple to the light favorably. Perhaps one of the most famous examples is the 

so-called “black silicon”. In [41], Her et al. developed a process using femtosecond lasers 

to etch needles on the surface of crystalline silicon. The needles gradually change the 

refractive index from air to silicon to significantly lower the reflection, causing the 

silicon to appear black. Zhu et al. used the same idea, but with a different approach by 

etching the silicon base behind a mask array of SiO2 nanospheres [42]. At the end of the 

etching, upright standing nanocones are obtained offering a gradient of refractive index 

similar to the randomly distributed  needles in black silicon. The nanocone array achieved 

a broadband transmission enhancement of ~30% over planar thin film and ~20% over a 

nanowire array. In a somewhat different approach, Krogstrup et al. [43] demonstrated a 

single standing GaAs nanowire solar cell (instead of an array) could have a self-

concentrating effect that captures incoming sunlight at an optical cross-section much 

larger than its physical wire cross-section. A significantly high JSC of 180 mA/cm2 is 

observed under 1-Sun, although it is expected to have lower JSC when made into a 

nanowire solar cell array. This result is in stark contrast with a similar but horizontally 

oriented GaAs nanowire solar cell, where a much lower performance is obtained [44]. 

Nanowire solar cells however suffer from enhanced non-radiative surface recombination 

losses due to large surface-to-volume ratio. Because of this, nanowire solar cells have so 

far been significantly inferior to planar, bulk devices. As discussed previously, nanowire 

can exhibit good absorption, thus the fundamental challenge toward higher efficiency has 

been to obtain high VOC. This underscores the viability of nanostructures based on InP, 

whose unpassivated surface has a known surface recombination velocity at ~1000 cm/s, a 

value orders of magnitude lower compared to other III-V compound such as GaAs under 
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unpassivated conditions [45]. In [46], Wallentin et al. reported an InP nanowire array 

solar cell on InP substrate reaching 13.8% efficiency with a VOC of 0.906 V, which is the 

current efficiency record for nanowire solar cell.  

1.2.2  Toward high VOC 

Equally important to enhancing the in-coupling of optical absorption is the 

suppression of out-coupling of radiative recombination losses, which is the dominant loss 

mechanism in solar cells approaching the Shockley-Queisser limit. As discussed before, 

radiative recombination can be effectively suppressed by reabsorbing the photons 

emitted. The effects of the so-called photon recycling were examined in early work by 

Stern and Woodall [47]; Lush and Lundstrom proposed to exploit photon recycling in 

thin-film GaAs solar cells to increase cell performance and decrease material 

consumption [48]. Thin film GaAs solar cells perhaps benefit the most from photon 

recycling. GaAs has a high intrinsic material quality with superior absorptivity due to its 

direct bandgap. It has the ability to absorb 90% of the sunlight within the first micron, 

and as shown in Fig. 1.2, it has a near-ideal bandgap at 1.44 eV for solar cell application. 

Furthermore, high quality GaAs thin films can be epitaxially grown with AlGaAs layers 

to passivate the surfaces to gain low surface recombination. As a result, the internal 

photoluminescence efficiency, defined as the ratio between radiative recombination and 

overall recombination, can be as high as 99.7% [49]. One of the most successful 

examples is the replacement of the backside metallic mirror with highly reflective 

dielectric mirrors in single junction GaAs solar cells by Alta Devices. The higher 

reflectivity promotes photon recycling and is the key to reach the record efficiency of 

28.8% [50]. Despite such a high efficiency, these GaAs solar cells still fall short of the 

theoretically predicted Shockley-Queisser efficiency limit of 33.5%. As pointed out in 

[51], recent efficiency gains are correlated with increasing open circuit voltage (VOC), 

arising from reducing radiative recombination (Rrad) by careful design. Specifically, 

suppression of Rrad is achieved by designing the cell to enhance the photon recycling.  

 Photon recycling adds additional complexity into the numerical modeling. First, the 

absorption and emission within the solar cell, in the absence of other losses, must be in 

detailed balance. This relates the absorption coefficient (α) of the material to the intrinsic 
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radiative recombination coefficient (B) that is described by the Roosbroeck-Shockley 

equation [52]:  

 Remit (V = 0) = Remit (v)dv =
8πv2n2

c2
α (v)

ehv/kT −1
dv

0

∞

∫
0

∞

∫   (1.4) 

where α(v) is the optical absorption coefficient at wavelength v, and n is the index of 

refraction. 

Second, the reabsorption from radiative recombination must be correctly calculated. 

Martí showed that Shockley’s ideal diode model is equivalent to the detailed balance 

model, if photon recycling is taken into account [53]. Miller et al. [21] analytically 

calculated the thermodynamic limiting performance of single-junction GaAs solar cells 

assuming an Urbach tail-like absorption coefficient [54] and the 4n2 ray-optics light-

trapping limit [55]—both assumptions applied equally to the absorption and emission. In 

this work, Miller et al. pointed out the critical role of having a high internal fluorescence 

efficiency and high mirror reflectivity for cells reaching high efficiency toward Shockley-

Queisser limit. In the absence of a backside mirror, significant amount of radiated 

photons are lost (0.8 mA/cm2) at the MPP [21]. This constitutes approximately 98% of 

the radiative recombination loss! Durbin et al. [56] conducted more elaborate efforts and 

incorporated the photon recycling into a 1D device simulator, ADEPT [57]. In his 

approach, the radiative recombination at each location within the device emits photons 

isotropically, and the optical re-absorption at other locations is then calculated via Beer’s 

law. Such approach is well suited for layered solar cell structures that are well within the 

ray optics limit.  

1.3 Thesis Overview 

This thesis explores high efficiency solar cell designs approaching the Shockley-

Queisser limit. The thesis is organized as follows: 

• In Chapter 2, we study the record efficiency, single-junction GaAs thin-film solar 

cell. At 28.8% efficiency, this cell is close to its Shockley-Queisser limit of 

approximately 33%. We see how the 1D electro-optically coupled approach is 

able to model this structure in a thermodynamically sound fashion. The 
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remaining design challenges and critical parameters for this cell are also 

discussed. 

• In Chapter 3, we develop a wave optics-based, 3D electro-optically coupled 

approach to study a nanowire solar cell. Due to its unique, nanoscale geometry, 

the nanowire solar cell displays distinctly different behaviors than regular, 

planar thin film solar cells. As a result, its design follows a different principle. 

• In Chapter 4, we investigate the reciprocity theorem between absorption and 

emission inside a solar cell. These two quantities are closely related through the 

Rau’s Reciprocity Theorem, but its validity depends on certain conditions. In 

this work, we use the electro-optically coupled simulation to test the reciprocity 

theorem and show that the superposition principle is a prerequisite for it to hold. 

• In Chapter 5, we apply the electro-optically coupled simulation to solar cell 

characterization. Luminescence-based characterization techniques are powerful, 

contactless methods in assessing the quality of the PV material before it is 

incorporated into solar cells. In this work, we show a combined approach 

coupling the time-resolved photoluminescence (TRPL), photoluminescence 

excitation spectroscopy (PLE), and the electro-optically coupled simulation 

together to extract quantitative information regarding the lifetimes inside an InP 

thin film. 

• In Chapter 6, the design of a GaInP/GaAs tandem junction solar cell is studied 

using the electro-optically coupled approach. The study reveals the importance 

of the minority carrier reflectors, internal radiative efficiency of the materials, 

and the backside mirror in achieving high conversion efficiency. 

• In Chapter 7, we summarize the thesis and provide suggestions for future work. 
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2 DESIGN OF GAAS SOLAR CELLS TOWARD THE SHOCKLEY-
QUESSIER LIMIT 

2.1 Preface 

 The contents of this chapter have been extracted from the following publications 

with permission: X. Wang, M. R. Khan, M. A. Alam, and M. Lundstrom, "Approaching 

the Shockley-Queisser limit in GaAs solar cells," in IEEE Photovoltaic Specialists 

Conference, 2012, pp. 002117-002121; X. Wang, M. R. Khan, J. L. Gray, M. A. Alam, 

and M. S. Lundstrom, "Design of GaAs Solar Cells Operating Close to the Shockley–

Queisser Limit," IEEE Journal of Photovoltaics, vol. 3, pp. 737-744, 2013. 

2.2 Introduction 

The efficiency of thin film single junction GaAs solar cells has improved 

substantially in the past several years, reaching impressive efficiencies above 28% [7, 58, 

59]. Despite such a high efficiency, these GaAs solar cells still fall short of the 

theoretically predicted Shockley-Queisser efficiency limit of 33.5% [21], leaving room 

for additional improvement. This chapter is a numerical design study that seeks to clarify 

the device physics that limits performance of thin film GaAs solar cells. 

As pointed out in [51], recent efficiency gains are correlated with increasing open 

circuit voltage (VOC) arising from reducing radiative recombination (Rrad) by careful 

design. Specifically, suppression of Rrad is achieved by designing the cell to enhance so-

called photon recycling, which can be explained as follows. High-quality GaAs double 

heterostructures are dominated by radiative recombination, with internal quantum yields 

of more than 99% [49]. In these thin film structures, photons emitted by radiative 

recombination can be re-absorbed (recycled) many times before escaping the cell, thereby 

effectively increasing the radiative lifetime [60]. The effects of photon recycling were 

examined by Stern and Woodall [61]; Lush and Lundstrom subsequently proposed to 
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exploit photon recycling in thin-film GaAs solar cells to increase cell performance and 

decrease material consumption [48]. Martí et al. [53] showed that the Shockley diode 

model is equivalent to the detailed balance model if photon recycling is taken into 

account. Recent advances in cell design and fabrication exploit photon recycling effects 

and have brought the efficiency of single junction thin-film GaAs solar cell close to 

fundamental limits.  Miller et al. have discussed the fundamental processes that limit 

GaAs solar cell performance from a thermodynamic perspective [21]. Our goal is to do so 

from a device physics and design perspective and, in the process, to determine the 

practical limits of cell efficiency. 

Numerical simulation is a powerful tool for optimizing the design of high-efficiency 

solar cells [62]. When cells operate near their ultimate efficiency limit, however, care has 

to be taken to ensure the simulation is thermodynamically sound. Most numerical 

simulation codes are not. At VOC, photogeneration within the cell is in detail balance with 

recombination within the cell. For GaAs, most of the recombination occurs radiatively, 

but radiative recombination is not a loss, provided the photon is subsequently reabsorbed 

within the cell. At VOC, in the absence of nonradiative recombination, one photon must 

leave the cell for every photon that is absorbed. This thermodynamic balance sets the 

upper limit to solar cell efficiency.  

This chapter explores practical issues of GaAs solar cells operating near the 

thermodynamic limit using detailed numerical simulations that include both electrical 

transport and optics. Electrical transport is well understood. The first step, therefore, is to 

properly construct a numerical device simulation including photon recycling in a way that 

is consistent with electrical transport. Our self-consistent electrical-optical model is 

discussed in Sec. 2.3. In Sec. 2.4, we simulate a baseline cell structure as a starting point. 

Sec. 2.5 is a design study, which examines how solar cell device parameters affect 

performance near the fundamental limit. Insights from the design study suggest a strategy 

for further efficiency improvement, as discussed in Sec. 2.6. Our conclusions are 

summarized in Sec. 2.7.  
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2.3 Approach 

2.3.1 Efficiency Limit in GaAs Solar Cells 

 The well-known Shockley-Queisser limit [9] is a material-dependent upper limit to 

solar cell performance.  In practice, nonradiative recombination and other losses reduce 

the efficiency below this limit. In addition, there is also an upper limit for the 

effectiveness of light trapping [15, 55]. This light-trapping limit is structure dependent, 

which means that the upper limit performance of a solar cell is both material and device 

dependent. In the discussion below, we focus on planar cells with an anti-reflection 

coating (ARC). 

2.3.2 Radiative Lifetime Enhancement by Photon Recycling 

 Photon recycling is a two-step process; photons are first emitted by radiative 

recombination and then a fraction is subsequently re-absorbed (recycled) elsewhere in the 

device. The net effect is a reduction of the rate of radiative recombination. 

 Intrinsic radiative recombination (denoted by Remit here) is typically described by the 

B-coefficient: 

 
 

Remit
!r( ) = B np − n2i( ) = Bn2i eq Fn

!r( )−Fp
!r( )( )/kT −1( )

≈ Bn2ie
q Fn

!r( )−Fp
!r( )( )/kT

  (2.1) 

where  Fn
!r( )  and  Fp

!r( )  are positional dependent quasi-Fermi level for electron and hole 

respectively. Thus, one straightforward way to incorporate photon-recycling effects in 

device simulation is to reduce the intrinsic radiative coefficient (or equivalently, enhance 

the intrinsic radiative lifetime) by reducing B-coefficient according to 

 
 
Rrad
!r( ) ≡ Remit −Grecycle ≈

B
φr
n2ie

q Fn
!r( )−Fp

!r( )( )/kT   (2.2) 

where ϕr is the so called photon recycling factor (Asbeck factor [63]), B is the intrinsic 

radiative recombination coefficient, Grecycle is the absorption rate of recycled photons, and 

Rrad is the effective radiative recombination rate as a result of photon recycling. 

 The limitation of this simple approach is the lack of physically meaningful, well-

defined connection between the chosen recycling factor ϕr and other parameters such as 
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device geometry and material properties. In addition, the recycling factor has no apparent 

upper bound to prevent a violation of thermodynamic limit. Thermodynamically, the two 

steps —intrinsic radiative recombination and recycling of emitted photons are self-

consistently related. 

 Radiative recombination is an intrinsic property of any material at a finite 

temperature, and it is related to the absorption coefficient by the Roosbroeck-Shockley 

equation [52], 

 Remit (V = 0) = Remit (v)dv =
8πv2n2

c2
α (v)

ehv/kT −1
dv

0

∞

∫
0

∞

∫   (2.3) 

where α(v) is the optical absorption coefficient at wavelength v, and n is the index of 

refraction. The condition V=0 indicates this equation applies at equilibrium. Away from 

equilibrium the quasi-Fermi levels split, so that 

  Remit
!r( ) = Remit V = 0( )e Fn

!r( )−Fp
!r( )( )/kT   (2.4) 

 For thermodynamic consistency of the B coefficient, equation (1) and (4) must agree, 

and therefore,  

 B = 8πn
2

ni
2c2

v2α (v)
ekv/kT −1

dv
0

∞

∫   (2.5) 

 The Roosbroeck-Shockley equation connects the electrical radiative recombination 

and optical absorption coefficient of the material. The B coefficient is not an independent 

input, but rather it is determined from absorption coefficients. 

 Equation (2.5) is an integral across all wavelengths, but most of the emission occurs 

in a very narrow wavelength range near the GaAs bandgap. The B coefficient is closely 

related to the area under this narrow region as suggested in (2.5), so that an accurate 

knowledge of near band-edge absorption coefficient is essential for quantitative 

calculation of intrinsic radiative recombination. 
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Fig. 2.1. Comparison among different intrinsic GaAs absorption coefficients as a function 
of wavelength close to the GaAs bandedge (left graph) and the corresponding effective 

recombination coefficients (table on right). 

 

 Fig. 2.1 shows a comparison between three sets of intrinsic absorption coefficients: 

an analytical “Urbach tail” model described in [54], experimental data from Lush [64], 

and the commonly cited B-coefficient value from Varshni [65]. The differences near the 

bandgap energy translate to an approximate 25% difference in B coefficient. The 

absorption coefficient of GaAs is well known to depend on doping [64, 66]. In this study, 

we will use the data from Lush et al. [9] which was measured on a 1.3x1017 /cm3 doped 

n-type GaAs sample. 

 After describing radiative emission correctly, the second step in photon recycling 

involves treating reabsorption of these emitted photons. Photons are emitted isotropically, 

and ray-tracing methods can be used to trace each emitted ray at each angle and each 

wavelength in the emission spectrum for each solution node within the device [67]. 

2.3.3 Self-consistent Photon Recycling with the Semiconductor Equations 

 In this study, we augment ADEPT 2.0, which solves the semiconductor device 

equations, by photon recycling based on an approach similar to that of Durbin [56]. 

ADEPT 2.0 is a 1D self-consistent solar cell simulator capable of simulating layered 

!

! B!coefficient!

Urbach!model!! 6.7x10(10!/cm3s!
Lush! 5.0x10(10!/cm3s!

Varshni! 7.2x10(10!/cm3s!

Urbach model 

Measured 

GaAs bandgap 
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structures. The simulator is well calibrated, numerically sound, and is available on web 

[57]. In brief, the solution scheme is as follows. 

 

 

Fig. 2.2. Overall scheme for ADEPT 2.0 upgraded with the addition of a photon recycling 
module. 

 We begin by calculating the response matrix (see Fig. 2.2), which quantifies how 

much absorption occurs at every other node in response to a unit radiative recombination 

event occurring at a specific node. The optical module traces the isotropically emitted 

photons from the unit radiative recombination event at every possible angle throughout 

the structure and determines the absorption at each node. This unit response matrix 

termed “photon recycling matrix” is then passed on to ADEPT 2.0 for the electrical 

calculation. To ensure consistency, the same ray-tracing module handles the incoming 

sunlight absorption calculation as well, and the resulting “sunlight absorption matrix” is 

also passed onto ADEPT 2.0. For a general discussion regarding ray-tracing simulation in 

solar cells, see [68]. ADEPT 2.0 couples the generation from the two matrices, the 

electron and hole transport equations, and Poisson’s equation into one single Jacobian 

matrix and uses Newton’s method to iterate to the final solution. After each Newton step, 

Device 
geometry 

Solar spectrum Material optical properties 
(alpha, n) 

Photon recycling matrix Sunlight absorption matrix 

How much sunlight is absorbed 
at each solution node? 

How much unit emission from 
one node is absorbed at each 

other nodes? 

Ray-tracing optical module 

Poisson’s Equation 
Transport Equations 

Initial 
Guess 

Total generation with re-absorbed photons 
Gtotal = Gsun + Grecycle  

Newton iteration 
Converge 

ADEPT 
2.0 
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Remit is updated with the new local quasi-Fermi level splitting. After obtaining the new 

Remit, a generation rate due to photon recycling, Grecycle, is re-calculated. The process 

continues until convergence is achieved. The model is tested by switching off all non-

radiative processes and ensuring that the results give the correct thermodynamic upper 

limit of efficiency. 

 

2.4 Device Structure 

 With this thermodynamically consistent model, we can study realistic GaAs solar 

cells that operate close to the upper limit of efficiency. In this study, we begin with a 

model structure shown in Fig. 2.3. In Sec. 2.5, we then identify the key loss mechanisms 

and determine the most important device parameters that limit the efficiency in practice. 

 

 

Fig. 2.3.  Idealized single junction GaAs thin film solar cell with reflective back contact. 

 The model device is a single junction GaAs solar cell structure that resembles a 

recently reported cell [7]. Specifics of the structure in [7] have not been reported, so we 

make no effort to match experimental data precisely. Our goal here is to use a reasonable 

device structure and investigate the effects of various key design parameters that affect 

the performance of these kinds of solar cells.  

Thickness Doping conc. ARC 
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Fig. 2.4. Left: Baseline light IV characteristics with (blue solid line) vs. without (red 
dashed line) photon recycling. Right table: The key metrics (Voc, Jsc, and FF) obtained 
for the baseline cell with photon recycling effects (blue solid line on the left) matches 

those reported in ref. [7] closely. 

 Fig. 2.3 summarizes the model cell structure and several key parameters. The 

structure is typical for single junction GaAs solar cells by epitaxial liftoff. The cell 

features a heavily doped p-type GaAs thin emitter (0.15 µm) and lightly doped n-type 

GaAs base (1.5 µm). Two thin high-bandgap doped AlGaAs layers at front and back form 

heterojunctions with GaAs, effectively deflecting minority carriers away from contacts to 

decrease surface recombination. A metallic mirror is placed on the back, which also 

serves as backside contact. An ARC is typically used on the front to reduce sunlight 

reflection. For this study, an ARC is not explicitly simulated, so the front reflection loss 

is summed into shadowing loss, producing a total loss of 6.6%. This percentage was 

determined by matching the short circuit current reported in [58]. The backside mirror 

reflectivity was taken from [59].  

 The escape of photons through the front surface is am important loss mechanism in 

these cells. The escape cone depends on the ambient index, n, but diffraction effects in 

the ARC are expected to increase the escape cone somewhat.  Photon transport through 

the ARC is not treated.  Instead, we use an ambient index of n =1.35 in an attempt to 

mimic transmission through the stack of GaAs/ARC (160 nm)/Air by making the front 

escape cone slightly larger than that of air/GaAs interface. We compared calculations 

 Baseline 
(with PR) Ref. [7] 

VOC 1.107 V 1.107 V 

JSC 
29.49 

mA/cm2 
29.47 

mA/cm2 

FF 0.867 0.867 

Eff. 28.35% 28.3% 

 With PR 

Without PR 
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with an ambient index of refraction n = 1 to those with n = 1.35 and found only a slight 

increase of 7 mV in VOC, which shows that the specific choice of the ambient index used 

in modeling has a relatively minor impact compared to the parameters (SRH lifetime, 

mirror reflectivity, device width, etc.) we focus on in this chapter. 

 The SRH lifetime (0.5 µs) and the Auger coefficients (7.0x10-30 cm6/s) are reported 

in [59]. Finally, a series resistance of 0.7 Ω is used to match fill factor reported in [7]. In 

our simulation, we have assumed that the perimeter recombination is negligible. 

Therefore, comparison between theory and experiment is rigorously justified only for 

GaAs solar cells with passivated edges [69]. (To first order, edge recombination could be 

viewed as an effective decrease in bulk SRH recombination lifetime.) With these 

assumptions, the simulated baseline cell shows performance similar to that of the cell 

reported in [7] (see Fig. 2.4).  
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Fig. 2.5. Radiative, SRH, and Auger recombination within baseline cell at VOC. (a) 
Recombination rate vs. position. (b) Integrated recombination rate at VOC for radiative 

recombination (Radiative), bulk SRH recombination (SRH), Auger recombination 
(Auger), and surface SRH recombination (Surface). “Position” on x-axis corresponds to 
the depth relative to sun-facing cell surface. Backside mirror is located at the right end of 

the x-axis. (See Fig. 2.3) 

 As discussed in [7], most of the efficiency gain in this thin film cell, as compared to 

its substrate counterpart, is achieved through a substantially higher VOC. Fig. 2.5 shows a 

comparison of various recombination losses in the device. Radiative recombination 

 Total rec. 

Radiative  

SRH  

Auger 

Radiative 
(78%) 

SRH 
(14%) 

Auger 
(14%) 

Surface 
(2%) 
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(intrinsically emitted minus recycled) dominates throughout (at VOC) the cell structure 

and is responsible for ~80% of total recombination. The rest is mainly due to SRH 

recombination. The heterojunction interfaces formed by AlGaAs/GaAs serve as excellent 

minority carrier mirrors at both the front and back, thus surface recombination is very 

low (~ 2%), and therefore not shown in the Fig. 2.5. 

 

2.5 Results 

 With a baseline structure defined, we now proceed to investigate some design 

parameters and determine the most important loss mechanisms. In this section, we first 

establish an upper limit for this baseline cell as reference. We then examine the effects of 

the backside mirror (Fig. 2.8), SRH recombination (Fig. 2.9), series resistance (Fig. 2.10), 

and cell thickness (Fig. 2.11) with respect to the baseline structure to understand how 

each of these loss factors reduces the cell efficiency from the upper limit. 

2.5.1 Fundamental Limits 

 The Shockley-Queisser limit is derived by using detailed balance between absorption 

of incoming photons from sunlight and radiative emission at cell’s temperature described 

by Planck’s law. Since the updated ADEPT 2.0 simulator is thermodynamically 

consistent, the Shockley-Queisser limit can also be obtained by requiring that all 

parameters satisfy four Shockley-Queisser conditions: 1) complete absorption, 2) 

maximum angle entropy [15], 3) no transport bottleneck, and 4) absence of nonradiative 

recombination. 

 To ensure that all incident photons with energy higher than GaAs bandgap are 

completely absorbed at the cell surface we customize the GaAs absorption coefficient to 

be artificially high (e.g., 107/cm) for energies above GaAs bandgap and zero for those 

below (step-like). We ensure that the performance of the cell (VOC, JSC, FF) at the 

thermodynamic limit is insensitive to the exact value of the absorption coefficient. 

To ensure the maximum angle-entropy implied in the SQ paper, the emission out of the 

cell must occur at the surface with 2π sr. Therefore, we set the index of refraction for all 
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solar cell layers to be 1 (same as air), effectively making the front escape cone to be 2π 

sr. to avoid any angle restriction. 

 To make sure the carriers are collected as soon as they are generated, carrier 

mobilities are set to very high value (108 cm2/V-s. Finally, all non-radiative 

recombination processes (including the fundamental Auger process) are set to zero to be 

consistent with the SQ assumptions. 

 Fig. 2.6 shows the simulated IV from ADEPT 2.0 with the Shockley-Queisser 

assumptions compared to that obtained from analytical calculation based on detailed 

balance; the results are identical, as expected. This verifies that the detailed balance 

model was correctly implemented in the numerical simulation.  
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Fig. 2.6. Left: Comparison of IV at Shockley-Queisser limit by analytical detailed 
balance method (solid line) and ADEPT 2.0 (black filled circles). Right: Characteristic 

parameters for Shockley-Queisser limit are compared to a planar cell in the table. 

 We now define the “Optical Planar Limit” by removing the first of the four 

constrains that define SQ limit, namely, that of complete absorption. Recall that, in 

practice, the absorption coefficient in GaAs is finite [9] and therefore photon absorption 

in 1.5 µm baseline cell, even with photon recycling, is necessarily imperfect. Therefore, 

even if the mobilities are presumed infinite and non-radiative recombination is absent 

(just as in Schockley-Queisser analysis), the cell efficiency calculated from ADEPT 2.0 

 Shockley-
Queisser 

Optical 
Planar 

VOC 1.12 V 1.14 V 

JSC 
33.5 

mA/cm2 
31.9 

mA/cm2 

FF 0.89 0.89 

Eff. 33.5% 32.7% 

S-Q limit from 
ADEPT 2.0 

(circle) 

S-Q limit from 
analytical (line) 
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with finite absorption and photon recycling is still lower that of the Shockley-Queisser 

limit.  

 The table in Fig. 2.6 compares the Shockley-Queisser limit to the planar optical 

limit. Although the planar optical limit is lower in efficiency, its VOC is higher than that 

of Shockley-Queisser limit. One can also appreciate this difference in VOC from a detailed 

balance point of view. The imperfect absorption of the planar cell causing it to have 

lower absorbance near band edge comparing to the perfectly absorbing cell in case of 

Shockley-Queisser limit, as if the planar cell has a larger bandgap, and thus a higher VOC 

results [21]. In this study, we focus exclusively on cells defined by parallel planar 

surfaces. 

2.5.2 Effects of Backside Mirror 

The backside mirror plays a special role in thin film GaAs solar cells. Traditionally, 

a metallic backside contact reflects incident sunlight (that is not absorbed in the first pass 

through the material) back toward the front of the cell to enhance overall absorption and 

increase JSC. In thin film GaAs solar cells where radiative recombination dominates, it 

serves another critical role of reflecting radiatively emitted photons and contributing to 

photon recycling.  

As discussed in Sec. 2.3, the emission spectrum peaks around a narrow region near 

the material’s bandgap energy, where the absorption coefficient transitions from high to 

low. Emitted photons travel several passes within the device before they are re-absorbed, 

because unless the photons are emitted within the escape cone or absorbed by a non-

perfect backside mirror, they are forever trapped within the planar parallel surfaces. 

Therefore, a radiatively emitted photon within planar device with an incident angle to the 

planar surface outside of the escape cone will bounce around the structure and eventually 

be recycled—unless it is absorbed, lost at the backside mirror, or escapes through the 

edges of the cell. This means a typical photon has to strike the backside mirror several 

times before it is recycled. As a result, efficiency reductions from a lossy backside mirror 

are mostly due to a reduction in VOC rather than JSC—an important point that is also 

emphasized in [21].  
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In the case of a non-perfect backside mirror reflectivity (< 100%), the photons 

trapped by guiding modes are mostly lost to the mirror after repeatedly striking the 

backside. The absorption length is about 100 µm for photons having GaAs bandgap 

energy. For a 1 cm x 1 cm cell, this translates to an edge-emission affected area of 0.0199 

cm2, which is roughly 2% of total cell area. 

The front escape cone is determined by the difference in the indices of refraction. 

This escape cone is ~4% of 2π sr, so that Rfront~96%. Given the high front reflectivity, the 

design of back mirror becomes critically important. The back mirror reflectivity used in 

this study (Rback = 0.85) is appropriate for a metallic mirror in contact with AlGaAs (see 

Fig. 2.3). This reflectivity is higher than that of a mirror exposed in air (n=1) due to the 

difference in medium indices. The internal spatial profiles of emission and generation due 

to photon recycling are complex (Fig. 2.7), so we spatially integrate the total. Fig. 2.7 

(top) plots the ratio of the loss of photons through the back surface to the loss through the 

front surface as a function of the back mirror reflectivity. The photon loss associated with 

the backside mirror can be interpreted as an effective escape probability, i.e. the 

probability of “escape” is proportional to the number of times a photon bounces off the 

mirror. The losses are seen to be approximately equal when the front and back surfaces 

have about the same reflectivity. 
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Fig. 2.7. Top: Ratio of the loss of photons through the back surface to the loss through the 

front surface as a function of back mirror reflectivity. Bottom: For 85% and 95% mirror 

reflectivity, shown here is the percentage of emitted photon escaping from front and 

losing at backside mirror at different location within the device under open circuit 

condition. “Position” on x-axis corresponds to the depth relative to sun-facing cell 

surface. Backside mirror is located at the right end of the x-axis. (See Fig. 2.3) 

 

 Fig. 2.8 shows the influence of backside mirror reflectivity on VOC, JSC, and 

efficiency. As expected, enhancement in backside mirror reflectivity above ~85% mostly 

affects the VOC. Since GaAs is already a good absorbing material, most of the light is 

absorbed during the first pass through 1.5 µm base, and backside mirror reflectivity 

brings minor improvement to JSC. Worth noticing is a superlinear improvement on VOC 

with increasing mirror reflectivity. This is especially true for high quality mirrors (> 

85%), indicating a substantial opportunity toward higher efficiency. This detailed 

calculation supports the simpler analysis of [21]. Design of sophisticated mirrors with 

high reflectivity, however, may not only be nontrivial, but also expensive.  
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Fig. 2.8. VOC, JSC, and efficiency as a function of backside mirror reflectivity. The marked 
0.85 reflectivity is used in baseline case. 

2.5.3 Effects of SRH Recombination 

 Radiative recombination losses can be minimized by photon recycling, but non-

radiative recombination including SRH, Auger, surface recombination, and other losses 

will inevitably be present. Auger recombination is a fundamental loss and cannot be 

avoided, but its effect on cell performance is minimal. SRH recombination on the other 

hand is responsible for ~20% of all recombination losses with the assumed 0.5 µs 

lifetime.  
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Fig. 2.9. VOC, JSC, and efficiency as a function of SRH lifetimes. Notice the log scale used 
on x-axis. 

 Fig. 2.9 shows how VOC, JSC, and efficiency vary with SRH lifetime from 0.01 µs to 

10 µs. SRH lifetimes of 1 µs are achievable, so it appears that SRH lifetime is not a 

0.85 0.85 0.85 
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significant limiting factor for further improvement in efficiency. Note that VOC, JSC, and 

efficiency all saturate for very high SRH lifetime. This is because at high SRH lifetime, 

radiative recombination becomes the dominant loss mechanism, and cell performance is 

thus insensitive to further increases of the SRH lifetime.  

2.5.4 Effects of Series Resistance 

 Series resistance introduces significant loss in efficiency by lowering the fill factor 

(FF). The two most recent reports on record efficiency cells confirmed by NREL 

benefitted mostly from an improvement in FF, while JSC and VOC saw no major change. 

This is most likely due to a lowering of series resistance. Fig. 2.10 shows the impact on 

FF and efficiency due to different series resistance values. Efficiencies appear to degrade 

almost linearly (~1%/Ω) with increasing series resistance.   
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Fig. 2.10. Fill factor and efficiency as a function of different series resistance values. The 
cell has an area of 1 cm2. 

2.5.5 Effects of Base Thickness 

 One major improvement in single junction GaAs solar cell comes from the benefits 

of having a thin base. Compared to a substrate design, a thin film has the advantage of a 

lower overall recombination region due to a reduction of base thickness and a decrease in 

radiative recombination since the backside mirror aids in photon recycling.  
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Fig. 2.11. VOC, JSC, and efficiency as a function of base thickness for three different SRH 
lifetimes. 

 Any increase in base thickness (see Fig. 2.11) produces a small increase JSC due to 

more complete absorption of sunlight. The VOC however decreases due to a larger volume 

available for recombination. As a result, the change in overall efficiency is rather small. 

The detailed impact of base thickness on radiative recombination is related to the 

backside mirror discussion in subsection B. As the base thickness shrinks, emitted 

photons need to strike the backside mirror more frequently. This significantly increases 

losses due to the backside mirror. Therefore, it is a trade-off between more pronounced 

backside mirror loss and less region for radiative recombination to occur—a quantitative 

connection that only a detailed numerical calculation can precisely capture. 

2.5.6 Summary of Loss Mechanisms 

 As a summary of results, Fig. 2.12 shows a detailed breakdown of efficiency 

decreases introduced by various loss mechanisms. This chart is an illustrative way of 

showing how much the cell efficiency is degraded with each loss mechanism, starting 

from the Shockley-Queisser limit on the left. Although this plot is specific to the 

particular device, and adding the losses in a different order would yield a different 

efficiency at each step, Fig. 2.12 serves the purpose of identifying the most important loss 

factors. The overall efficiency is degraded by a lower JSC due to finite absorption (“S-Q 

Limit” -> “Planar Optical”), despite a slightly higher VOC from restriction of emission 

angles. Efficiency suffers significantly (to 30.5%) by 6% shadowing, front-side sunlight 
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reflection, and any other parasitic losses in the ARC/TCO layers (“Planar Optical” -> 

“Shadowing/Refl.”). An imperfect rear mirror with 85% reflectivity further lowers the 

efficiency by reducing VOC (“Shadowing/Refl.” -> “Rear Mirror Loss”). Auger 

recombination is much less significant comparing to SRH recombination (“Rear Mirror 

Loss -> “Auger Loss” -> “SRH Loss”). In the end, a 0.6 Ω RS causes further degradation 

of the efficiency to 28.35% (“SRH Loss” -> “Series R. Loss”).  

 

 

Fig. 2.12. List of loss mechanisms considered in this study and their impact on baseline 
cell efficiency. 

2.6 Discussion 

 In this chapter, we have studied the effects of various design parameters including 

SRH recombination, backside mirror reflectivity, series resistance, and cell base 

thickness, on the practical efficiency limit of single junction thin film solar cells. As 

single junction GaAs solar cells approach the ultimate limit, critical and controllable 

parameters have been pushed to be close to best experimentally achievable values, so that 

the gap between the theoretical and experimental limits is reduced.  

 Not all design parameters can contribute equally in closing the remaining gap. For 

example, our calculation shows that further improvements in SRH lifetime or 

optimization of base thickness would not increase the efficiency significantly. On the 
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other hand, improvements on backside mirror reflectivity beyond 95% will increase the 

efficiency superlinearly (see Fig. 2.8), therefore, back mirror reflectivity and series 

resistances are two most important parameters to focus on to create highest efficiency 

thin film solar cells.  

 These conclusions can also be understood by an intuitive argument proposed by Ross 

[70]. With nonradiative losses such as the backside mirror loss, the VOC is degraded from 

its thermodynamic maximum: 

 Voc =Voc−max − kT ln(k)   (2.6) 

where k (≥ 1) is the ratio between total recombination and radiative recombination at 

VOC—the inverse of what is known as the external fluorescence efficiency ηext. If 

backside mirror loss is the dominant non-radiative loss mechanism, its improvement 

makes the loss term approaches zero logarithmically.  

 Besides the backside mirror, another opportunity to improve efficiency involves 

lowering series resistance, as seen in Fig. 2.10. This can be achieved by optimizing the 

grid design [71]. In the module level, methods such as novel interconnection schemes 

reducing resistance have also been suggested [72].  

 Finally, in discussing practical efficiency limits, it is important to understand the 

role of the various uncertainties and assumptions introduced in the simulation. For 

example, in (5), the choice of the intrinsic carrier concentration, ni influences radiative 

recombination rate. Since ni is related to the material bandgap, which is connected to the 

absorption coefficient, a connection between ni and optical properties has to be made. 

This connection is absent at present in our model. Moreover, our choice of ambient index 

with an effective value of 1.35 is an attempt to model the correct front escape cone. 

Rigorous optical simulation of the ARC layers with wave effect is needed to accurately 

model the frequency dependent transmission and will be a topic of future study.  

 

2.7 Summary 

 Designing GaAs solar cells to operate close to the ultimate efficiency limit requires 

careful device optimization guided by models that accurately incorporate thermodynamic 

limits. In this chapter, we have discussed how to properly simulate solar cells that operate 
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near the thermodynamic limit and have developed a self-consistent device simulator, 

which includes the thermodynamic limits. In addition, we have conducted a design study 

that identifies the key loss factors limiting the cell efficiency. We conclude that a good 

backside mirror and very low series resistance are the most important factors for future 

improvement in cell efficiency. Non-radiative recombination plays a smaller role as long 

as SRH lifetime greater than 0.5 µs can be maintained. Losses due to shadowing and 

reflection can also be significant, but may be difficult to decrease substantially. 

Therefore, the most promising strategy toward ultimate efficiency for single junction 

GaAs solar cell is to focus on building advanced backside mirrors and developing 

techniques to achieve very low series resistance. 
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3 DESIGN OF NANOWIRE SOLAR CELLS TOWARD THE 
SHOCKLEY-QUEISSER LIMIT 

3.1 Preface 

 The contents of this chapter have been extracted from the following publications 

with permission: X. Wang, M. R. Khan, M. Lundstrom, and P. Bermel, "Performance-

limiting factors for GaAs-based single nanowire photovoltaics," Optics Express, vol. 22, 

p. A344, 2014. 

3.2 Introduction  

It is commonly understood that with the advent of low-cost, moderate efficiency 

photovoltaics, the long-term future of photovoltaics, sometimes called the ‘third 

generation,’ would combine low costs with substantially higher efficiencies [73]. 

Nanowire solar cells can potentially satisfy both requirements and, as a result, are 

emerging as one of the most promising possibilities. To date, nanowire array solar cells 

have reached an efficiency of 13.8% [46]. The experimentally obtained efficiencies so far 

are still well below the Shockley-Queisser (SQ) limit—the ultimate theoretical efficiency 

limit for solar cells [9]. For GaAs-based single-junction photovoltaics, the SQ limit is at 

33.5% [21], and the highest efficiency obtained today is at 28.8% under 1-Sun with a 

thin-film design [7, 58]. Thus, there is still a lot of room for improvement, and nanowire 

array solar cells offer one possible approach. Since a single GaAs-based nanowire solar 

cell was recently reported to have an apparent solar conversion efficiency of 40% [43], 

there is an open question as to whether performance at this level could also extend to 

large-area arrays. 

Nanowire-based solar cells certainly have some distinct advantages over the more 

traditional, planar solar cell designs. For example, nanowires display excellent light 

absorption with minimal reflection [11, 41]. In an array configuration, the wire diameter, 
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spacing, and even shape can be optimized, and an effective broadband sunlight 

absorption as high as ~98% can be achieved [42]. In single standing nanowires with 

diameters comparable or less than the wavelength of incoming light, the effective light 

capture cross section can well exceed the wire’s physical cross section. In other words, 

such nanowires can function as optical antennas and exhibit a “self-concentrating” effect 

[74]. This effect is primarily responsible for the high short-circuit current (JSC) observed 

in [43]. One additional benefit is the amount of material saved. With 10 times self-

concentration, nanowires ideally would require 10 times less material than thin film 

designs at the same absorption efficiency [75]. This potentially can drive down the 

material costs for manufacturing solar cells, while keeping the cell efficiency high. 

Another advantage is the added junction area in a radial-junction nanowire, where the p-n 

junction runs along the axis of the nanowire. Carriers generated inside the nanowire can 

be quickly collected by the junction without much diffusion [76-78], thereby improving 

the carrier collection efficiency.  

On the other hand, nanowire solar cells also have some inherent disadvantages. One 

of the most obvious is their high surface-to-volume ratio. If left untreated, the nanowire 

surfaces can be defective with dangling bonds and as a result, induce large surface 

recombination. This is commonly cited as the leading cause for the low open-circuit 

voltages (VOC) observed in fabricated nanowire solar cells [78-80]. However, this can be 

an advantage for certain applications such as electrochemical cells which require a high 

surface area-to-volume ratio. A second challenge associated with nanowires is building 

proper barriers for deflecting minority carriers away from contacts, such as the back-

surface-field (BSF) used in silicon and GaAs thin-film solar cells [6]. Without proper 

minority carrier deflectors, the recombination loss at contacts can be significant. A third, 

lesser-known disadvantage is the decrease of reabsorption of radiated photons —a 

phenomenon known as photon recycling [61]. This has been shown to be a particularly 

important effect in high efficiency solar cells such as the GaAs double-heterostructure 

thin-film solar cells [7, 50, 81]. Near the SQ limit, radiative recombination becomes the 

dominant loss mechanism by emitting photons out of the device structure from 

recombined electron-hole pairs. If emitted photons can be trapped within the device and 
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reabsorbed before escaping, they are not lost, so the radiative recombination is effectively 

decreased. Of course, one cannot completely eliminate the re-emission required by 

detailed balance. In planar solar cells, photon recycling benefits from having a backside 

mirror and total internal reflection, meaning only a small fraction of the isotropically 

emitted photons can escape the structure through the semiconductor (for GaAs, refractive 

index 𝑛=3.3 near the band edge)-air (𝑛=1) interface. In comparison, nanowire solar cells 

are commonly designed to enhance in-coupling of light for maximum sunlight 

absorption, and as a result of reciprocity [82, 83], the radiatively emitted photons can also 

be extracted out of the device efficiently, thus decreasing the probability of reabsorption. 

The design and operation of the nanowire solar cells are distinctly different, and 

arguably more complex than traditional solar cells. In traditional solar cells, the 

electrically active part of the cell, namely the p-n junction responsible for separating the 

carriers, is well separated from the optically active part, namely the anti-reflective coating 

for enhancing sunlight absorption. One can easily optimize one separately without too 

much concern for the other. In the nanowires however, the electrically and optically 

active regions are the same and one. Aspects such as photon recycling further complicate 

the design by linking the electrical transport with optical reabsorption. Thus, in order to 

properly predict the performance of nanowire solar cells, one must consider the optical 

and electrical aspects in a self-consistent fashion. Moreover, photon recycling is an 

important aspect in devices other than nanowires also, for example, in optoelectronic 

devices such as LED [84]. We expect that, as the solar cell efficiency increases toward its 

ultimate limit, the complication of photon recycling linking electrical and optical 

components will become an important issue that is common to all the devices. 

This chapter explores practical issues of GaAs-based standing nanowire solar cell 

efficiency using detailed numerical simulations that include both electrical transport and 

optics. The first step, therefore, is to build a numerical device simulator including photon 

recycling in a way that is consistent with electrical transport. The details of our self-

consistent electrical-optical model are discussed in Sec. 3.3. In Sec. 3.4, we first establish 

a baseline radial-junction nanowire structure as a starting point. We investigate both the 

radial and vertical junction designs in detail and compare their performance to a more 
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traditional planar GaAs thin-film solar cell modeled after the current efficiency record at 

28.8%. Our conclusions are summarized in Sec. 3.5. 

3.3 Numerical methods 

 As discussed in Sec. 3.2, to properly model a nanowire solar cell, the electrical and 

optical aspects need to be considered in a self-consistent manner. The key physical 

phenomena included in our model are as follows:  

• Sunlight absorption (optics module): The absorption from sunlight must be 

properly modeled in 3D using wave optics solving Maxwell’s equations.  

• Electrical transport (electrical module): The electron and hole transport 

equations coupled with Poisson’s equation must be solved self-consistently in 

a 3D nanowire geometry. Due to the symmetry of the nanowire however, the 

equations can be solved in cylindrical coordinates. 

• Spontaneous emission (optics module): The spontaneous emission rate inside 

a nanowire can be very different from one under a homogenous environment 

[85]. Maxwell’s equations need to be solved in 3D to resolve this spontaneous 

emission modification due to the nanowire geometry. 

• Photon recycling (optics module): The emission from the intrinsic radiative 

recombination has a finite probability to be reabsorbed, and this spatially-

resolved absorption rate can be obtained, along with the spontaneous emission 

modification factor, by monitoring the divergence of the Poynting vector in 

the dispersive semiconductor material.  

 

 Below, we consider the implementation of both the optics and electrical modules, 

before moving on to our approach to integrating them together. 

3.3.1 Optics module 

 For optical simulation in 3D nanowires, we employ a finite-difference time-domain 

(FDTD) simulation [86] implemented via a freely available software package developed 

at MIT, known as MEEP [87]. We have developed an optics module based on MEEP that 
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delivers three quantities in matrix form: the sunlight absorption matrix, the spontaneous 

emission matrix, and the photon recycling matrix. 

 For the sunlight absorption matrix, the standard AM1.5G solar spectrum is used. The 

spectrum is first divided into 100 wavelength ranges, with each segment having 1/100 of 

the total sunlight flux. The average wavelength for each segment is used to characterize 

that particular segment. For each segment, one FDTD simulation is then done by 

injecting continuous-wave (CW), half TE and half TM, perpendicularly incident radiation 

onto the standing nanowire structure. To capture material dispersion, the GaAs is 

modeled with a complex dielectric constant that depends on wavelength [88]. The 

absorption rate at each position can be obtained with the following formula [86] 

  Pabs = −0.5ω E 2 imag(ε) ,  (3.1) 

where ω  is the angular frequency, E  is the complex electric field, and  imag(ε)  is the 

imaginary part of the dielectric constant associated with loss. The absorption rate is then 

weighted by the AM1.5G solar spectrum and summed over all the wavelengths.  

 For the spontaneous emission matrix and the photon recycling matrix, a dipole 

source is placed inside nanowire for the calculation. Virtual flux planes surrounding the 

nanowire, plus the integrated absorption within the nanowire, yield the total emission of 

the dipole. The same simulation is then done in a homogenous environment with the 

semiconductor material occupying the entire simulation space. The ratio between the 

amounts of the two emissions is the spontaneous emission modification factor inside a 

nanowire. The spatially resolved absorption inside the nanowire also gives us the photon 

recycling profile for radiative emission at that particular location. This photon-recycling 

rate is normalized to quantify, for one unit of emission at one position, what percentage 

(in units of /cm3s) is reabsorbed at every other position. Of course, these simulations must 

be done at all the locations within the nanowire and for all dipole orientations (since no 

preferred direction is assumed). For each dipole orientation, the photon-recycling and 

emission enhancement profile throughout the nanowire does not have continuous 

rotational symmetry. For this reason, the optical module, unlike the electrical module to 

be discussed next, must be done in 3D instead of in cylindrical coordinate.  
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3.3.2 Electrical module 

 For electrical simulations of nanowires, we use Sentaurus™ from Synopsys [89] 

which solves the semiconductor transport equations coupled with Poisson’s equation self-

consistently in 1D, 2D, and 3D [90]. For this study, we exploit the fact that electrical 

transport in nanowires has continuous rotational symmetry about the wire center, and use 

cylindrical coordinates to reduce computational time. Various recombination mechanisms 

are considered in this study, including the bulk SRH, surface, Auger, and radiative 

recombinations. Important material parameters are listed below, where a baseline 

nanowire structure is established.  

 Radiative recombination is an intrinsic property of any piece of material at a finite 

temperature, and in a homogeneous environment, it is related to the absorption coefficient 

by the Roosbroeck-Shockley equation [52], 

 Remit (V = 0) = Remit (v)dv =
8πv2n2

c2
α (v)

e(hv/kT ) −1
dv∫∫   (3.2) 

where α(v) is the optical absorption coefficient at wavelength v, n is the index of 

refraction, T is the material temperature, and h, c, and k are standard physical constants. 

The condition where the applied voltage V=0 indicates this equation applies at 

equilibrium. Away from equilibrium, the quasi-Fermi levels for electrons and holes split, 

so that: 

 Remit (V ) = Remit (V = 0)eqV /kT .  (3.3) 

 The spatially resolved spontaneous emission modification factor, calculated from the 

optics module, is then used to scale this intrinsic radiative recombination rate. 

Subsequently, the photon recycling matrix is used to calculate the reabsorption, and this 

introduces a new generation term into the continuity equation for electrical transport 

calculations in Sentaurus™. 

3.3.3 Electro-optically coupled simulator 

 The overall flow of the electro-optically coupled simulator is shown in Fig. 3.1. 

Sentaurus conveniently offers Physical Model Interfaces (PMI) to allow seamlessly 

integration with the optical module. The optical module is parallelized. An entire 

simulation for one standing nanowire with ~ 400 nm in diameter and ~ 2 mm in length 
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takes approximately 5 hours with 100 cores (64-bit, dual 12-core AMD Opteron 6172). A 

similar electro-optically coupled approach based on ray-tracing optics and 1D transport 

has been successfully used in the past to investigate GaAs solar cells approaching the SQ 

limit [56, 67].  
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Fig. 3.1. Electro-optically coupled simulation framework flowchart, suitable for 
incorporating photon recycling effects into a PV device simulation in a self-consistent 

fashion. 

3.4 Results and discussion 

3.4.1 Baseline parameters and performance 

 To compare various designs and parameters, a baseline nanowire solar cell is 

modeled after [43]. The device structure is shown in Fig. 3.2(a). The single standing 

nanowire is GaAs-based with a radial junction. It is 212.5 nm in radius and 2.5 mm in 

height. It stands on a p-type doped silicon substrate. At its center is a 7x1018 /cm3 p-type 

doped GaAs core with 147.5 nm radius. An intrinsic GaAs layer of 15 nm radial 

thickness is sandwiched between the p-type core and a 7x1018 /cm3 n-type doped GaAs 
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shell. The heavily doped p-type substrate is assumed to make an ideal Ohmic contact 

with the p-type GaAs core, and the n-type contact is only in contact with the top of the 

nanowire and is transparent. These are of course very ideal assumptions, but doing so 

allows us to independently control the surface recombination velocities on the side. We 

concern only the intrinsic losses of the solar cell design (surface and bulk SRH, Auger, 

radiative recombinations, etc.). We do not take extrinsic factors into account (shadowing, 

series resistance, front reflection, reliability, grid design, etc.). The temperature is set to 

300 K. In this work, we focus on this specific nanowire geometry and compare its radial 

and vertical junction configurations with thin-film design. The optimization of such solar 

cells and the performance in array settings will be investigated in a later study. In 

addition, although, as pointed out in [43], the structure is not optimized for maximum 

efficiency, it provides us a realistic platform to start our numerical study. Although the 

performance may differ with different device dimension or material parameters, the 

detailed physics of the device operation and observations made thereof remain the same. 
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Fig. 3.2. (a) Baseline single nanowire solar cell geometry with a radial junction;  (b) 
Absorptivity vs. incident wavelength for the baseline single nanowire solar cell. 
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Table 3.1. Key baseline material parameters 
 

 Electron Hole 
Mobility 2500 cm2/V·s 60 cm2/V·s 
SRH lifetime 1 ms 1 ms 
Auger coefficient 7x10-30 cm6/s 7x10-30 cm6/s 
Effective density of states 4.7x1017 /cm3 9x1018 /cm3 

Recombination velocity at 
contacts 107 cm/s 107 cm/s 

Surface recombination 
velocity 107 cm/s 107 cm/s 
a unless mentioned specifically, all simulations in this study use the parameters in this 
table by default. 

  

 The absorption percentage of perpendicularly incident CW light is plotted in Fig. 

3.2(b). The absorptivity exhibits several peaks as the incident wavelength becomes 

comparable or exceeds the nanowire’s physical diameter. The complete result for 

different diameters can be found in [43]. Overall, the broadband absorptivity for a single 

standing nanowire is much less than what one can achieve in an array of nanowires and in 

thin-films with multiple layers of anti-reflection coatings [91, 92].  
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Fig. 3.3. Three important quantities are spatially resolved with wave optics simulation: 
(a) Carrier generation rate under AM1.5G. (b) Spontaneous emission enhancement with 

respect to a homogeneous environment. (c) Spatially resolved photon recycling 
probability. 

 Fig. 3.3 shows the three important optical matrices generated by the wave optics 

module. Fig. 3.3(a) shows the spatially resolved generation rate from AM1.5G sunlight 

spectrum. The generation focuses strongly at the center of the nanowire and away from 
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the surfaces. This is beneficial, since a defective surface may rapidly recombine electron-

hole pairs generated near its vicinity. Fig. 3.3(b) shows the spatially resolved spontaneous 

emission modification factor. The overall modification to the spontaneous emission is not 

very significant for this particular nanowire. The result also shows invariance along the 

nanowire length. This is due to the fact that the aspect ratio of the wire is large, so it can 

be approximated as a wire with infinite length. The solution is not expected to vary along 

the length in an infinite wire. Fig. 3.3(c) shows the spatially resolved percentage of 

reabsorption. It is interpreted as the percentage of photon emission reabsorbed by the 

nanowire, after averaging over x, y, and z dipole orientations. The average photon 

recycling probability is only around ~5% for this particular nanowire structure. This is in 

stark contrast with a well-designed thin-film solar cell, where more than 80% of the 

emission can be recycled [7, 58, 93] – more than an order of magnitude higher. This 

small photon recycling in nanowires is the consequence of having improved light 

coupling, which enhances the emission by reciprocity. For this reason, photon recycling 

in single GaAs nanowire photovoltaic is low and may even be disregarded without 

introducing much error. On the other hand, photo recycling in planar GaAs solar cells can 

be significant and shall not be disregarded. In general, to know the significance of photon 

recycling and emission enhancement for a novel nanostructure, it is important to conduct 

a full electro-optically coupled simulation as we have demonstrated in this work.  

 This suppression of photon recycling due to enhanced out-coupling is an inherent 

disadvantage for nanowire solar cells. As suggested in [50], at open-circuit, the external 

luminescence efficiency should be as close to 100% as possible. For every photon 

absorbed from the incident spectrum, one should be “extracted” from the device. But to 

maximize open-circuit voltage, the quasi-Fermi level spitting must be maximized. This 

means that Δn should be as large as possible. The internal recombination rate, Δn/τ, must 

equal the rate at which photons are absorbed from the incident illumination, GOP.  To 

maximize Δn, the carrier lifetime should be as long as possible. Non-radiative processes 

must be minimized so that the lifetime is dictated by photons emitted by radiative 

recombination that leave the cell.  To make the lifetime as long as possible, we should 

make it difficult to extract the emitted photons using, for example, a planar thin-film 
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solar cell with good backside mirror as illustrated in Fig. 3(b) of [21].  So there are two 

ways to achieve 100% luminescence efficiency: 1) extract the emitted photons quickly, 

but this results in low lifetime, low Δn, and low open-circuit voltage, or 2) make it hard 

for emitted photons to escape, which results in high lifetime, high Δn, and higher open-

circuit voltage. Both approaches give 100% external luminescence efficiency, but the 

second is preferable for solar cells. To make the lifetime as long as possible, one should 

trap the photons emitted by radiative recombination inside the cell for as long as possible.  
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Fig. 3.4. With radial junction, (a) Electron current flow streamline at JSC. (b) Hole current 
flow streamline at JSC. (c) Benchmark single nanowire solar cell light and dark IV. 

 Once the electron-hole pairs are generated, each carrier will be set to motion in 

accordance with the transport equations and Poisson’s equation. Fig. 3.4(a) shows the 

flow of electrons inside the nanowire at JSC. The core region is p-type, so the electrons 

generated in the core need to travel to the n contact at the top of the nanowire to be 

collected. As seen in Fig. 3.4(a), the radial junction is very effective in collecting the 

electrons. Electrons quickly travel radially to the nearest p-n junction and flows along the 

n-type shell toward the n contact at the top. Some of the electrons generated at the bottom 

of the nanowire recombined at the p contact. Fig. 3.4(b) shows the flow of holes inside 

the nanowire at JSC. Some of the holes generated inside the n-type shell are collected by 

the p-n junction, but the rest recombine at the surface (arrows pointing outward). 

Dark current 

Light current 
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However, since the generation of the carriers focuses away from the surface (Fig. 3.3(a)), 

the loss due to surface recombination is significantly reduced.  

 The light and dark IVs are shown in Fig. 3.4(c). The IVs shows typical solar cell 

behavior obeying the superposition principle [94]. Despite the poor absorptivity shown in 

Fig. 3.2(b), the optical antenna effect concentrates the light outside the physical cross-

section of the nanowire and boosts its overall absorption. The total generation within the 

nanowire divided by its physical area is at 260 mA/cm2. Due to recombination losses, 

primarily surface recombination and emission, the JSC is reduced to 160 mA/cm2. This 

JSC is comparable to the experimentally reported value at 180 mA/cm2 in [43]. On the 

other hand, the predicted VOC is at 0.94 V, comparing to the experimentally reported 

value at 0.43 V. This large discrepancy is possibly due to defects such as shunts or series 

resistance. The simulation thus suggests the low VOC observed is not fundamental to 

nanowire solar cells, and there is a lot of room for improvement through material and 

design optimization.   

3.4.2 Nanowire solar cell with radial junction 

 We take a closer look at the role of surface recombination and electrical contacts in 

the nanowire solar cell with radial junction. Fig. 3.5(a) shows the JSC and VOC under 

various surface recombination velocities. Any surface recombination velocity lower than 

104 cm/s has minimal effect on the cell performance, while anything higher will lower 

both the JSC and VOC. The result suggests that, by treating the surfaces and removing 

dangling bonds, the single nanowire reported in [43] may obtain an extra JSC of ~ 25 

mA/cm2. The major loss mechanisms at VOC are shown in Fig. 3.5(b). Surprisingly, 

recombination at contacts can be significant when the surface recombination is not 

dominating. The contact recombination primarily comes from the diffusion of electrons 

generated inside the p-type core toward the back p-type contact. Such contact 

recombination can significantly degrade the performance of solar cells. A heavily doped 

back-surface-field (BSF) in silicon or a heterojunction in GaAs thin-film solar cells is 

commonly used to deflect minority carriers away in order to minimize the contact 

recombination loss [95]. These types of structures however could be a significant 

challenge to implement experimentally in nanowire solar cells.  
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Fig. 3.5. With no minority carrier deflections at both contacts, performances for various 
surface recombination velocities are displayed. (a) JSC and VOC. (b) Percentage of each 

major loss mechanism at VOC. 

 Fig. 3.6(a) shows the solar cell performance under various surface recombination 

velocities assuming no contact recombination. An extra ~5 mA/cm2 in JSC and ~100 mV 

in VOC could be obtained through improved minority carrier deflection at both contacts. 

When both the surface and contact recombination are low, the radiative recombination, 

labeled as “emission” in Fig. 3.6(b), becomes the dominant loss mechanism. The 

radiative recombination thus caps JSC and VOC at approximately 190 mA/cm2 and 1.1 V 

respectively.  
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Fig. 3.6. With complete minority carrier deflection at both contacts, performances for 
various surface recombination velocities are displayed. (a) JSC and VOC. (b) Percentage of 

each major loss mechanism at VOC.   

3.4.3 Nanowire solar cell with vertical junction 

 In this section, we investigate an alternative design for the nanowire solar cell. In the 

vertical junction configuration, the p-i-n regions are stacked vertically along the nanowire 

height. The resulting geometry, as shown in Fig. 3.7(a), is effectively the radial junction 

structure with the side junction removed and everything else kept the same. The top 

vertical junction in fact exists in the radial junction structure, but it is not primarily 

responsible for the separation of charges—the side junction does this job and collects 

majority of the current. Now in the vertical junction configuration, with the side junction 

removed, the only place carriers can be separated is at the very top of the wire.  
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Fig. 3.7. With vertical junction, (a) Device geometry. (b) Electron current flow streamline 
at JSC. (c) Hole current flow streamline at JSC. 

 Fig. 3.7(b) shows the electron current flow within the nanowire. Without the radial 

junction isolating the surfaces, the electrons generated in the p-type region quickly flow 

to the surface and recombine. Only a small fraction of the electrons that are generated 

near the vicinity of the depletion region at the top of the nanowire are collected. The 

surface recombination is so high that, as seen in Fig. 3.7(c), the hole current is 

significantly distorted as a result. Therefore, intuitively, one would expect the vertical 

junction is much more vulnerable to defective surfaces and, therefore, performs worse 

than the radial junction.  
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Fig. 3.8. With no minority carrier deflections at both contacts, performances for various 
surface recombination velocities are displayed. (a) JSC and VOC. (b) Percentage of each 

major loss mechanism at VOC. 

 Fig. 3.8(a) confirms the vertical junction’s vulnerability to surface recombination. 

Overall, the JSC and VOC values are significantly lower than those for radial junctions. If 

the surfaces are left untreated, the JSC can plummet to as low as 20 mA/cm2, which is 

1/13 of the total absorption. The VOC can be significantly reduced as well. In this 

situation, materials having low surface recombination when left untreated, such as InP, 

become preferable to GaAs. 
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Fig. 3.9. With complete minority carrier deflections at both contacts, performances for 
various surface recombination velocities are displayed. (a) JSC and VOC. (b) Percentage of 

each major loss mechanism at VOC.   
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 Since contact recombination in the vertical junction is not the most dominant 

recombination at VOC, one expects little effect on VOC when the contacts are improved to 

deflect minority carriers. On the other hand, the JSC can be improved to gain ~20 

mA/cm2, suggesting significant electron diffusion toward the back contact. The JSC in the 

best case is significantly lower than the one in the radial junction, due to the inefficient 

collection of carriers causing carriers to be lost through radiative emission. Over all, the 

vertical junction displays an inferior performance compared with the radial junction due 

to its vulnerability to surface defects and inefficient carrier collection.   

3.4.4 Planar thin-film solar cell 

 High efficiency single-junction solar cells using GaAs have been created using a 

thin-film approach, with efficiencies as high as 28.8% under the standard solar spectrum 

being reported [93]. This efficiency is fairly close to the theoretically predicted SQ 

efficiency limit at 33%. The planar thin-film solar cell is less complex than a nanowire 

cell, and many theoretical studies have been done to investigate its physics. A more 

detailed design study of GaAs thin-film solar cells toward the SQ limit can be found in 

[93]. In this work, we only briefly look at the role of the backside mirror reflectivity to 

illustrate the major differences between nanowire and thin-film solar cells. 

 Fig. 3.10(a) shows the thin-film solar cell geometry. It is equivalent to the vertical 

junction nanowire extended to have an infinite radius. The structure has two distinct 

features that nanowire cells do not have. One is the front and back AlGaAs/GaAs 

heterojunction interface blocking the minority carriers away from the contacts. This is a 

commonly deployed feature in thin-film cells, and therefore, we assume there is no 

minority carrier loss at the contacts. The other distinct feature is the backside mirror, 

which reflects the radiatively emitted photons back to the thin-film and enhances photon 

recycling. This effect has been known and proposed as a means to increase GaAs solar 

cell efficiency, going back to early work from over two decades ago [48].  

 In order to make a fair comparison with the nanowire geometry, the total generation 

rate in the planar cell is kept the same as that in nanowires. This translates to a 7.7-Sun 

concentration that produces a generation current of 260 mA/cm2. 
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Fig. 3.10. (a) Thin-film solar cell geometry. (b) Illustration of photon recycling and 

emission inside a thin-film solar cell. 

 With the absence of surface and contact recombination, which are the two major 

sources of non-radiative recombinations in nanowires, the radiative recombination loss 

dominates in thin-film GaAs solar cells. This is an expected signature of any solar cell 

approaching its SQ limit, as non-radiative recombination losses are being minimized. The 

radiatively emitted photons, if not recycled, may be emitted out of the structure or be 

parasitically absorbed by the backside mirror. This is illustrated in Fig. 3.10(b). The 

planar semiconductor/air interface creates a small escape cone, allowing only ~2% of the 

emission escapes the structure. The rest of the emitted photons are trapped within the 

thin-film through total internal reflection, until they are reabsorbed by the semiconductor 

or parasitically absorbed by the mirror and turned into waste heat. The emitted photons 

concentrate closely to the bandgap energy, where the absorption probability is low for 

such photons. The photons thus need to bounce around the thin-film and travel an 

extended distance for recycling. A fraction of the photons striking the backside mirror are 

lost due to the imperfect reflectivity. Thus, as shown in Fig. 3.11, the mirror reflectivity 

noticeably influences both the JSC and VOC. Unless it is designed to have a high 

reflectivity (> 90%), the mirror is responsible for majority of the radiative recombination 

loss and thus is the bottleneck toward higher efficiency.  
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Fig. 3.11. With bulk SRH lifetime at 1 us, performances for various backside mirror 
reflectivities are displayed. (a) JSC and VOC. (b) Percentage of each major loss mechanism 

at VOC. 

3.4.5 Summary 

 Table 2 summarizes the best performing radial and vertical junction nanowire solar 

cells and planar solar cell seen in this study. Also listed are experimentally reported 

record efficiency III-V solar cells. Due to the self-concentration effect, nanowires display 

an abnormally high apparent (uncorrected) efficiency exceeding 100%. We term this 

efficiency the “apparent efficiency” (Apparent η). Since this measure does not account 

for a mismatch between the optical collection area and geometric cross-sectional area, the 

simulated JSC should be divided the self-concentration factor in order to calculate the 

effective efficiency (η). This effective efficiency is what would be observed after 

masking the optical input cross-sectional area to equal the geometric cross-sectional area; 

it is most suitable for comparison with other photovoltaic technologies. Note that the VOC 

and Fill Factor (FF) are both assumed to stay invariant with concentration, since the 

concentration affects them only logarithmically, much less than JSC.  

JSC 

VOC 
Auger 

Mirror 

Emission 
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Table 3.2. Performance comparison for various III-V single-junction solar cell types 
under 1-Sun, where shaded rows are numerical predictions in this study. 

 

 Source JSC 
(mA/cm2) 

VOC 
(V) 

FF Apparent 
η* 

η 

Radial junction 
single 
nanowire 

[7] 180 0.43 0.52 40 % 5.2 % 
This 
work 190 1.1 0.84 175.6 % 25.1 % 

Vertical 
junction single 
nanowire 

This 
work 110 1.08 0.85 101 % 14.4 % 

Nanowire 
array -vertical 
junction 

[2] 24.6 0.779 0.724 - 13.8 % 

Planar bulk [5] 29.8 1.030 0.86 - 26.4 % 

Planar thin-
film 

[5] 29.68 1.122 0.865 - 28.8 % 
This 
work 
(7.7-Sun) 

225 1.14 0.87 223.2 % 31.9 % 

SQ limit [3] 33.5 1.12 0.89 - 33.5% 
* Apparent efficiency does not account for a mismatch in the collection area and geometric 

cross-sectional for nanowires exhibiting self-focusing effects, and thus is not a ‘true’ 

efficiency measure. 
  

 The reported single, radial junction, nanowire solar cell in [43] shows an efficiency 

at 5.2%, while the theoretically predicted performance may reach as high as 25.1%. This 

suggests that there is still a lot of room for improvement. In comparison, the vertical 

junction performs much worse with a theoretically predicted best efficiency at 14.4%. 

Interestingly, one of the highest efficiency nanowire array solar cells is made from 

vertical junction with InP at 13.8% efficiency [46]. As discussed in Sec. 3.3, one of the 

key disadvantages of vertical junctions is the lack of depletion region area to efficiently 

collect the carriers. Compared to the vertical junction structure we used in this study, the 

InP nanowire array has a much more optimal design. The intrinsic region extends 

throughout the majority of the wire length, creating a built-in electric field that separates 

the charges efficiently.  

 The fabricated planar bulk and thin-film solar cells, at 26.4% and 28.8% 

respectively, significantly outperforms the nanowire solar cells. As discussed in Sec. 3.4, 

having no side surfaces and using double-heterojunction structures are two of the key 
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advantages that planar cells have over nanowire solar cells. The thin-film solar cell has an 

additional advantage in having a backside mirror to enhance photon recycling. The 

predicted best thin-film solar cell efficiency is at 31.9%. In comparison, the SQ limit is at 

33.5%. The intriguing fact that the planar solar cell can exceed the VOC of the SQ limit 

has been explained in detail in [21] and [93]. 

3.5 Summary 

 In this study, we used an electro-optically coupled simulator to investigate the 

performance of GaAs-based single NW solar cell with radial and vertical junctions, based 

on the experimental structure explored in [43]. The thin-film GaAs solar cell is used as a 

comparison to illustrate some of the important differences between NW and thin-film 

designs. Through an extensive set of numerical simulations, we showed that the low VOC 

observed experimentally for the NW cell at 0.43 V is not a fundamental limit; there is a 

lot of room for improvement to obtain higher efficiency in such cells. At VOC, contact 

recombination becomes a major loss factor in radial junction design, while the vertical 

junction is much more vulnerable to surface defects. If both engineering challenges are 

addressed, NW solar cells can obtain high efficiencies comparable, but still lower, to that 

of thin-film solar cells. The distinct advantage of total internal reflection and backside 

mirror allows thin-films to exhibit better photon recycling. Single nanowires, on the other 

hand, have strong in-coupling and out-coupling of light, which creates the possibility of 

optical self-focusing, but also decreases photon recycling. Although the apparent 

efficiency can exceed 33%, this effect is caused by optical self-focusing. Thus, we found 

it is necessary to correct raw short-circuit currents observed by effectively masking the 

light entering to match the geometric cross-section of the nanowire. With this correction, 

near the SQ limit where radiative recombination dominates, nanowires demonstrate lower 

VOC and JSC values and efficiencies than a thin-film solar cell. Although the design 

principles differ, both the nanowire and thin-film solar cells are constrained by the same 

physical principles and neither should be expected to exceed the SQ limit. 
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4 DESIGN OF GAINP/GAAS TANDEM SOLAR CELLS TOWARD 
THE SHOCKLEY-QUEISSER LIMIT 

4.1 Preface 

 The contents of this chapter have been extracted from the following publications 

with permission: X. Wang, M. Lundstrom, and P. Bermel, "Design of GaInP/GaAs 

tandem solar cells toward the Shockley-Queisser limit," Progress in Photovoltaics, 

submitted, 2014. 

4.2 Introduction 

 The development of tandem solar cells has progressed rapidly in recent years. With a 

structure consisting of a GaInP top cell stacked on top of a GaAs bottom cell, NREL 

researchers have demonstrated a two-terminal, current-matching tandem solar cell with 

conversion efficiency of (31.1 ± 0.9)% under the AM1.5 global spectrum at 1000 W/m2 

[96]. While this conversion efficiency is impressively high, it still falls significantly short 

from the cell’s ultimate, theoretical efficiency at approximately 39% [97-99]. 

 One obvious cause for the efficiency gap is the additional complexity of the system 

by having two stacked, serially connected cells [100, 101]. Not only does the quality of 

each cell need to be controlled to minimize the recombination losses, but also the 

thicknesses of each layer must be optimized to achieve optimal current-matching. In 

addition, there are design issues including the peak tunneling current that the tunnel 

junction can carry, the series resistance, and the layer lattice matching [102, 103]. The 

current throughout the subcells for two terminal devices also has to match, since they are 

connected in series. This is a critical design factor for tandem solar cells, since the 

mismatched current will be consumed by recombination inside the non-current limiting 

subcell [104].      
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 For a high efficiency cell operating close to its SQ limit [9], one additional design 

factor becomes critical—the internal optics for emitted photons by radiative 

recombination [21, 48, 50]. The emitted photons travel inside the cell structure, bouncing 

at the interfaces, and are eventually either reabsorbed or escape the structure. In a tandem 

cell, radiative recombination can be a complicated process. For example, a photon 

emitted from the top cell can follow several possible scenarios: 1) it can be reabsorbed in 

the top cell itself, fully recovering the energy by transferring it to a free electron-hole 

pair; 2) it can be reabsorbed at the bottom cell losing part of that energy (equal to the 

bandgap difference between the top and bottom cell) to the lattice through thermalization; 

3) it can be lost either through parasitic absorption by the backside mirror or escape from 

the structure. The optical internal couplings, or the so-called luminescence couplings, 

between the layers are thus highly non-trivial [105, 106]. 

 Radiative recombination, and the resulting luminescence coupling, is believed to be 

quite significant in the record 31.1% GaInP/GaAs solar cell [105]. GaInP and GaAs have 

each demonstrated high conversion efficiency in single-junction solar cell devices—

20.8% [107] and 28.8% [12] respectively. Experimentally, the internal radiative 

efficiency (IRE) is reported to be as high as 86% in GaInP [107] and well over 99% in 

GaAs [108]. The IRE is a gauge for the intrinsic quality of the material and defined as  

 IRE = R'rad
R'rad + Rnr

  (4.1) 

where R'rad  is the intrinsic radiative recombination rate, and Rnr  is the total non-radiative 

recombination rate. In other words, higher IRE, which closely related to a higher External 

Radiative Efficiency (ERE), is desired for operation close to the SQ limit [109].  

 In the literature, studies regarding the luminescence coupling focus mostly on two 

issues—its influence on the current matching and the loss of energy when photon 

emission couples to a lower bandgap cell. Therefore, the amount of absorption inside 

each subcell must be carefully optimized. With luminescence coupling among the 

subcells, the overall current matching process becomes a complex issue. Moreover, the 

amount of luminescence coupling can be bias dependent and nonlinear [110]. Another 

concern regarding the luminescence coupling is the thermalization loss when a higher 
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energy photon is coupled to a lower bandgap subcell. This “luminescence down-

coupling” decreases the maximum efficiency a cell system can achieve. Designs 

including using intermediate photonic layers to deflect photons away from lower bandgap 

subcells have recently been proposed [111]. Using spectral splitting to direct photons into 

independent subcells can also avoid this problem [35, 38, 112]. 

 The design and optimization of tandem cells will thus depend on proper treatment on 

the electrical aspect, the optical aspect, and the coupled nature of both. Therefore, a 

unified, comprehensive simulation framework that can accommodate all these aspects is 

needed. In this chapter, we use an electro-optically coupled simulation to capture the 

essential physics in a self-consistent manner as discussed in detail in Sec. 4.3. We first 

show benchmark results for a single-junction GaAs cell and a GaAs/GaAs tunneling 

junction in Sec. 4.4, which establishes a good calibration of the simulator with 

experiments. In Sec. 4.5, we move on to analyze the roles of several critical design 

parameters in the GaInP/GaAs tandem solar cells based on published structures. Our 

conclusions are summarized in Sec. 4.6.  

4.3 Approach 

 Since radiative recombination is the dominant loss mechanism in a high efficiency 

GaInP/GaAs tandem cell, it is important to model it correctly. Traditionally, the radiative 

recombination has been introduced using an effective radiative recombination coefficient 

denoted as B. Using this B coefficient, the overall radiative recombination rate can be 

described as 

 Rrad = B(np − n
2
i )   (4.2) 

where n and p are the electron and hole concentrations respectively, and ni is the intrinsic 

carrier concentration. As discussed in Sec. 4.2, the radiatively emitted photons propagate 

within the structure, and some of them are eventually reabsorbed, resulting in the so-

called photon-recycling effect [64]. Therefore, the use of a B coefficient is an effective 

way of treating photon-recycling and perimeter recombination, into account. The B 

coefficient is often measured on a test structure instead of the actual device, and doing so 

introduces additional uncertainties. Moreover, the photon-recycling probability of a 

radiative recombination event is spatially dependent, i.e., an emitted photon near the cell 
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surface will have a lower probability of being reabsorbed than one deep inside. Thus, an 

effective B coefficient is only an approximation to the actual physics. 

 To avoid the inaccuracy and arbitrariness of using an effective B coefficient, we 

instead model the radiative recombination event directly. Radiative recombination is an 

intrinsic property of any material at a finite temperature, and it is related to the absorption 

coefficient by the Roosbroeck-Shockley equation [48, 52], 

 Remit (V = 0) = Remit (v)dv =
8πv2n2

c2
α (v)

ehv/kT −1
dv

0

∞

∫
0

∞

∫   (4.3) 

where α(v) is the optical absorption coefficient at wavelength v, and n is the index of 

refraction. The condition V=0 indicates this equation is valid at equilibrium. Away from 

equilibrium the quasi-Fermi levels split, so that: 

 Remit (V ) = Remit (V = 0)eqV /kT   (4.4) 

 In this approach, we first calculate a structure-independent intrinsic radiative 

recombination rate using the Roosbroeck-Shockley equation, and then use ray-tracing to 

calculate the spatial profile of radiative emission that is either recycled or lost through 

parasitic absorption, or escapes. The approach is similar to the one used by Durbin et al. 

[56, 67], which we have implemented on Sentaurus™, a comprehensive numerical 

simulator for semiconductor devices [93]. This framework has already been successfully 

used to investigate single-junction GaAs solar cells and nanowire solar cells [93, 113]. 

4.4 Calibration with Experiments 

4.4.1 Single-junction GaAs Cell 

 A series of single-junction GaAs solar cells, resembling the one used in the 31.1% 

GaInP/GaAs tandem were fabricated as part of a detailed characterization analysis 

conducted by NREL [105]. The goal of fabricating these devices was to obtain 

quantitative information regarding the radiative recombination and to observe the effects 

of the backside mirror to the cell’s performance.  

 In this section, we will show that our electro-optically coupled simulator is able to 

reproduce the results in this experiment. The overall cell structure is shown in Fig. 4.1(a). 

The cell consists of a GaAs p-n junction with n-type AlInP as the window layer and p-
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type GaInP as a back-surface field (BSF). Both the heterojunctions are known to have 

very low surface recombination velocities and are very effective in reflecting minority 

carriers. The p-type GaAs base is 2 µm thick and is sufficient to absorb more than 90% of 

the incoming photons above the GaAs bandgap [21]. The device sits on top of a heavily 

p-type doped GaAs contact layer with variable thickness from 10 nm to 3 µm.  

 The thickness of this GaAs contact layer affects the number of photon that can be 

effectively recycled. This can be understood better from the band diagram shown in Fig. 

4.1(b). Emitted photons from the radiative recombination events inside the GaAs layers 

need to travel through the GaAs contact layer, twice, in order to reach the reflective gold 

mirror and return to the GaAs layers to be recycled. As a result, the thicker the GaAs 

contact layer is, the less likely the photon will be reabsorbed to generate useful free 

carriers; any reabsorption inside the GaAs contact layer is expected to be lost, since the 

GaInP BSF prevents the minority carrier electrons from moving into the base and getting 

collected.  

0.1$um$ AlInP$ N$=$1x1018$/cm3$
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Fig. 4.1. Benchmark single-junction GaAs solar cell with variable back-contact thickness: 
(a) device structure, and (b) band diagram under equilibrium. 

 It is therefore expected that the total effective radiative recombination is proportional 

to the thickness of the GaAs contact layer. The results from our electro-optically coupled 

simulation agree with this conclusion as shown in Fig. 4.2(a). Since the radiative 

recombination is the dominant loss mechanism in this cell, the VOC is inversely related to 

EV 

EF 

EC 
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the amount of effective radiative recombination loss, which increases with increasing 

GaAs contact layer thickness. On the other hand, the JSC also decreases with increasing 

contact thickness as shown in Fig. 4.2(b), and this is primarily due to the sunlight 

absorption at the GaAs contact layer. 
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Fig. 4.2. (a) VOC and (b) JSC from simulation for various contact thicknesses comparing to 
experimentally reported value. A combined optical loss at 6% due to shadowing and 

reflection is assumed. Both series show a match to within 2% for all data points. 

4.4.2 GaAs/GaAs Tunnel Junction 

 Another important aspect to calibrate is the GaAs/GaAs tunnel junction used to 

connect the top GaInP cell with the bottom GaAs cell in series. Both sides of the p-n 

junction are heavily doped, creating a non-local tunneling path between the conduction 

and valence bands near the Fermi level. The band diagram of the tunnel junction is shown 

in Fig. 4.3(a).  
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Fig. 4.3. GaAs/GaAs tunnel junction used in this study: (a) band diagram under 
equilibrium, and (b) numerically simulated tunneling current benchmark with 

experiment. Resistance under AM1.5G spectrum is predicted to be small, as is also seen 
experimentally. 

 We follow the work by Hermle [114] and Kanevce [115] on simulating the tunneling 

current. The model is a Sentaurus™ built-in, non-local tunneling model using the WKB 

approximation [116]. The model allows the holes inside the valence band of the p++ side 

to recombine, non-locally, with the electrons inside the conduction band of the n++ side. 

This semi-classical treatment of tunneling yields good agreement with experiments as 

seen in Fig. 4.3(b). The experimental data and structure are taken from [114]. The 

tunneling current rises with voltage and then drops due to the decreasing of available 

tunneling energy paths with increasing bias, yielding a negative differential resistance 

region. Eventually, the IV will rise again at higher bias due at the onset of the thermionic 

current. This results in the well-known “N-shape” IV characteristic of the tunnel diode. 

 For the purpose of this work, however, the precise benchmarking of the tunneling 

diode is not critical. The diode is able to carry significant amount of current under very 

small bias. For a AM1.5G spectrum under 1-sun concentration, the expected maximum 

JSC of a GaInP/GaAs tandem junction is around 15 mA/cm2, which corresponds to less 

than 1 mV of bias on the tunnel junction. Therefore, the main purpose of the tunnel 

junction in this work is to accurately capture the physics of the entire tandem cell under 

one simulation. 
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4.5 Results and discussion 

4.5.1 Baseline GaInP/GaAs Tandem Solar Cell 

 The baseline GaInP/GaAs tandem solar cell structure used in this study is modeled 

on the 31.1% cell reported by NREL [105] shown in Fig. 4.4(a). Overall, the tandem cell 

consists of a top GaInP cell connected to a bottom GaAs cell through a GaAs/GaAs 

tunnel junction described in Sec. III. The top GaInP cell has GaInP p-n junction layer 

between an AlInP front-surface field (FSF) and an AlGaInP BSF. The GaInP layer is 

designed to be 0.7-um thick, which leads to optimal current matching [105]. The bottom 

cell consists of a 2-um thick GaAs p-n junction between a FSF with n-type doped 

Al0.3Ga0.7As and a BSF with p-type doped Al0.3Ga0.7As. The GaAs bottom cell is very 

similar to the one by Alta Devices [7]. For parameters that are not reported with the 

31.1% cell, such as the FSF and BSF thicknesses, we choose the values reported from a 

29.5% GaInP/GaAs tandem cell reported by NREL [117]. The overall band diagram is 

shown in Fig. 4.4(b).  
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Fig. 4.4. GaInP/GaAs tandem solar cell modeled after the NREL 31.1% cell: (a) device 
structure, and (b) band diagram under equilibrium. 

 For the GaAs cell, material parameters are calibrated as discussed in Sec. II. The 

SRH lifetime is set to 2.7 µs as reported [105], with the GaAs absorption coefficient, 

which is used to calculate radiative recombination, is taken from Ref. [48]. For the GaInP 
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cell, the absorption coefficient is taken from [118] and a SRH lifetime of 500 ns is used. 

The interface formed between the emitter (base) and FSF (BSF) is reported to have very 

low surface recombination velocities, so we do not include interface recombination in 

this study. The optical reflectance and shadowing losses are taken from [117]. The 

backside mirror reflectivity is set to 60% to obtain the best match with the measurements. 

It has small impact on the JSC but, as we will discuss next, can significantly impact the 

VOC.  

 With these calibrated parameters, we find a good match with the measured IV and 

EQE as shown in Fig. 4.5(a) and Fig. 4.5(b) respectively. The simulation shows a VOC 

and JSC of 2.52 V and 14.09 mA/cm2 versus measured value of 2.51 V and 14.13 

mA/cm2, respectively. A series resistance of 0.8 Ω-cm2 is added to match the measured 

fill factor of 87.7%. The simulated efficiency of 31.3 % is very close to the measured 

31.1%.  The EQE is obtained by simulating the double-source method as used in 

experiments [119]. In this method, the junction-under-test is illuminated using 

monochromatic light sources with various wavelengths. At the same time, the second 

junction is over-illuminated with a bias light. The bias light is chosen to have a certain 

wavelength range of photons that are highly absorbed only by the second junction. This 

double-source setup makes the junction under test into the current-limiting junction, so 

the output current of the tandem cell becomes proportional to the EQE of the junction 

under test.  
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Fig. 4.5. (a) Simulated IV (green line) compared with measured NREL 31.1% cell (black 
asterisk), and (b) Simulated EQE from top GaInP cell (blue line) and bottom GaAs cell 
(red line). The two combined (green line) is compared with the measured EQE (black 

dots) from the NREL 31.1% cell and shows a close match. 

 The EQE for the GaAs cell shows an interesting phenomenon between 500 nm and 

650 nm. Within this range, the incoming photons should be absorbed by the GaInP, so the 

EQE of GaAs bottom cell is expected to be very small. A closer look reveals the finite 

EQE seen within this range is due to not only the incomplete absorption by the GaInP but 

also the luminescence coupling from the higher energy photons emitted from the GaInP 

top cell. This effect can be more easily observed in the spatially resolved recombination 

plot shown in Fig. 4.6(a). The intrinsic radiative recombination is the photon emission, 

and the recycling of these photons creates a generation profile denoted by recycling. The 

recycling curve shows a strong peak near the bottom cell top surface, and this excess 

generation is due to the recycling of incoming luminescence coupling from the top GaInP 

cell.  

 While photon recycling effectively reduces the loss due to radiative recombination, 

this luminescence coupling has its downside. By recycling a photon where the bandgap is 

lower than the photon’s energy, the energy from the mismatch in bandgap is lost through 

thermalization. Tandem cell design in the presence of luminescence coupling therefore 
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becomes a non-trivial compromise between reducing the radiative recombination loss and 

reducing the thermalization loss.  
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Fig. 4.6. (a) Recombination versus position at VOC, and (b) the generation current (Jgen), 
the terminal current under light (Jlight), the recombination current (Jrec) versus applied 

voltage. The leakage current through the BSF of top GaInP cell (JBSF) is negligible in this 
case. 

 From the spatially resolved recombination profile, we also see that while the GaAs 

solar cell is dominated by radiative recombination, the GaInP cell has comparable levels 

of radiative and SRH recombination. From this plot, we can estimate the IRE of GaAs is 

at ~99%, while the IRE of GaInP is at ~18.5%. These are in agreement with reports in 

literature [107].  

 Besides the spatially resolved recombination profile, another way of looking at the 

loss mechanisms is by their recombination route. Here we consider two possibilities. The 

first route is recombination inside the bulk layers, which is illustrated by the spatially 

resolved recombination profile in Fig. 4.6(a). The second route is recombination by 

escaping through the FSF and BSF, and it has at four different scenarios: 1) holes in 

GaInP emitter overcome the AlInP FSF, 2) electrons in GaAs base overcome the AlGaAs 

BSF, 3) electrons in GaInP base overcome the AlGaInP BSF, and 4) holes in GaAs 

emitter overcome the AlGaAs FSF. The first two scenarios result in losses at the contacts, 

while the last two scenarios allow minority carriers leak into the tunnel junction and 
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recombine through tunneling. Shown in Fig. 4.6(b), the light IV ( Jlight ) can therefore be 

partitioned into three components 

 Jlight (V ) = Jgen − Jrec(V )− JSF (V )   (4.5) 

where Jlight  is the light generated current, Jrec  is the bulk recombination current, and JSF  is 

the total leakage loss through the FSF and BSF in scenarios (1)-(4) listed above, which in 

this case, is negligible. 

4.5.2 Effects of Mirror Reflectivity 

 A previous GaInP/GaAs tandem cell fabricated by NREL showed an efficiency of 

29.5% [117]. By using epitaxial lift-off, the GaAs substrate was removed and replaced 

with a reflective mirror on the back. The resulting 31.1% efficiency was credited to the 

enhanced photon recycling in the thin-film structure [105].  

 One of the most important design aspects that directly impacts the effectiveness of 

the thin-film approach is the backside mirror reflectivity. Since the emitted photons have 

energy close to the semiconductor bandgap, they are not strongly reabsorbed and need to 

bounce around the device many times. Photons strike the backside mirror repeatedly, so 

even a slightly imperfect mirror can produce significant amount of parasitic absorption.  

 The change in VOC of the baseline tandem cell with different backside mirror 

reflectivity is shown in Fig. 4.7(a). To accommodate the uncertainty of GaInP material 

quality, two curves with GaInP IREs of 19% and 85% are plotted to show the effects of 

non-radiative recombination in the top GaInP cell. With increasing mirror reflectivity, the 

VOC increases super-linearly, i.e., the same amount of improvement in mirror reflectivity 

produces a higher increase in VOC if the mirror reflectivity is already high. Pushing the 

mirror reflectivity beyond what a simple metallic layer can offer is a challenging task; 

advanced photonic mirrors may be required to closely approach 100% reflectivity [30]. 

With higher GaInP IRE, the minimal VOC increases since the non-radiative recombination 

is reduced. In the best-case scenario with no non-radiative recombination, the tandem cell 

is estimated to reach a VOC of 2.72 V with a perfect backside mirror.  
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Fig. 4.7. (a) The effect of mirror reflectivity on VOC with GaInP IRE = 19% (green line), 
IRE = 85% (blue line), and without (red line) non-radiative recombination (Rnr). The VOC 

values for the NREL 31.1% cell (black dash line) and the NREL 29.5% cell (blue dash 
line) are provided as reference. (b) Luminescence coupling inside the cell among the top 

GaInP cell, the bottom GaAs cell, and the mirror. 

 The effects of the backside mirror on the top and bottom cells are however not equal. 

This is illustrated in Fig. 4.7(b), which shows the relative amount of luminescence 

coupling from one cell to the other or the backside mirror. The emission from GaInP top 

cell is mostly unaffected by the change in mirror reflectivity, because most of it is 

absorbed by the GaAs bottom cell. The recycling of the GaInP luminescence by the GaAs 

bottom cell is so strong that almost no photons reach the backside mirror. On the other 

hand, the effect of mirror reflectivity on the GaAs bottom cell is significant, and the 

GaAs luminescence does not couple to the top GaInP cell, since the emitted photons have 

energy less than the GaInP bandgap. Therefore, the thin-film approach only benefits the 

bottom GaAs cell in terms of photon recycling.  

4.5.3 Effects of GaInP Top Cell Back-surface Field 

 One intriguing fact about the results shown in Fig. 4.7(a) is that, even in the worst 

scenarios with 0% mirror reflectivity, the VOC does not drop to a value comparable to the 

2.385 V for the 29.5% tandem cell [117], despite the similarities between the two 

structures. The structure of the 29.5% tandem cell is shown in Fig. 4.8(a) [117]. The only 
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remaining major difference with the 31.1% baseline cell is the choice of BSF for the top 

GaInP/GaAs junction: in the 29.5% cell, a heavily doped GaInP layer is used instead of a 

higher bandgap AlGaInP layer. The overall band diagram is shown in Fig. 4.8(b).  
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Fig. 4.8. GaInP/GaAs tandem solar cell modeled after the NREL 29.5% cell [117]: (a) 
device structure, and (b) band diagram under equilibrium. 

 As seen in Fig. 4.9(a), the effect of using a p+ GaInP BSF is a significant drop in 

VOC. The JSC and EQE, shown in Fig. 4.9(b), remain mostly unaffected. It seems 

surprising that, without changing any material parameter, the simulated results are able to 

match the measured results so well. This is what we will look into next.  
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Fig. 4.9. (a) Simulated IV (green line) compared with measured NREL 31.1% cell (black 
asterisk) and NREL 29.5% cell (black dots), and (b) Simulated EQE from top GaInP cell 
(blue line) and bottom GaAs cell (red line). The two combined (green line) is compared 

with the measured EQE (black dots) from the NREL 29.5% cell.  

 The origin of the lowering in VOC becomes apparent when we look at the loss 

components shown in Fig. 4.10(a). Unlike the situation seen in Fig. 4.6(b), the leakage 

loss through the BSF and FSF dominates over the loss through bulk recombination loss.  

In another word, the p+ GaInP BSF is not as effective as the AlGaInP BSF used in the 

31.1% cell, and it is the primary reason for the decrease in VOC. When the backside 

mirror reflectivity changes, the mirror benefits the bottom GaAs solar cell, thus the VOC 

increases. However, having a higher IRE or completely eliminating the SRH 

recombination does not significantly increase the minimal VOC, since the dominant loss—

the leakage through p+ GaInP BSF remains.  
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Fig. 4.10. (a) The generation current (Jgen), the terminal current under light (Jlight), the 
recombination current (Jrec), and the leakage current through the BSF of top GaInP cell 

(JBSF) versus applied voltage. (b) The effect of mirror reflectivity on VOC with GaInP IRE 
= 19% or IRE = 85% (green line, since both lines are very close), and without (red line) 
non-radiative recombination (Rnr). The VOC values for the NREL 31.1% cell (black dash 

line) and the NREL 29.5% cell (blue dash line) are provided as reference.  

 With Fig. 4.11(a), (b), and (c), a quantitative comparison between the 29.5% cell and 

31.1% cell illustrates the importance of optimizing the BSF and IRE of the top GaInP 

cell. Without an effective BSF, 86.7% of the recombination loss is through the BSF 

leakage current at VOC. This leakage can be prevented by using a heterojunction, 

conduction band barrier such as AlGaInP, which would allow the VOC to increase 

significantly. After that, the limiting loss becomes the non-radiative recombination 

occurring inside the GaInP top cell. As seen in Fig. 4.11(c), even with 85% of GaInP 

IRE, the non-radiative recombination is still significantly higher than radiative 

recombination.  Therefore, increasing the GaInP IRE to a level matching that of GaAs 

becomes the critical task for improving the cell efficiency toward the Shockley-Queisser 

limit. As shown in Table 1, improving the backside mirror reflection to 100% increases 

efficiency to 31.4%. Also using a high quality material with IRE of 85% leads to 

efficiency of 32.3%. 
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Fig. 4.11. Percentage of each loss mechanism at VOC: (a) with a less efficient GaInP BSF, 
(b) with AlGaInP BSF and GaInP IRE = 19%, and (c) with AlGaInP BSF and GaInP IRE 

= 85%. 

Table 4.1. Summary of cell performance for various structures investigated by this study. 
The shaded rows are benchmarked to have similar structure to the experiments. 

 

 
Mirror 

Refl. 
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IRE 

η 

 

VOC 

(V) 

JSC 

(mA/cm2) 
Ref. 

GaInP BSF 0% 19% 29.6% 2.38 14.06 [117] 

 60% 19% 29.9% 2.40 14.06  

AlGaInP BSF 0% 19% 30.8% 2.49 14.09  

 60% 19% 31.1% 2.52 14.09 [105] 

 100% 19% 31.4% 2.54 14.08  

 100% 85% 32.3% 2.61 14.09  

4.6 Summary 

 In this work, a state-of-the-art GaInP/GaAs tandem cell is analyzed using an electro-

optically coupled simulator. Even at its efficiency of 31.1%, it is shown to have a wide 

room for further efficiency increase. In particular, the top GaInP cell is found to be the 
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limiting component for recombination losses. The BSF for the top GaInP cell needs a 

high bandgap heterojunction in order to effectively block the minority carrier leakages, 

and the IRE of the GaInP material needs to be further improved to match that of the 

GaAs. This work predicts that improved mirror and IRE of 85% would increase the 

efficiency up to 32.3%. 
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5 CHARACTERIZATION OF SOLAR CELLS WITH THE 
RECIPROCITY THEOREM 

5.1 Preface 

 The contents of this chapter have been extracted from the following publications 

with permission: X. Wang and M. S. Lundstrom, "On the Use of Rau's Reciprocity to 

Deduce External Radiative Efficiency in Solar Cells," IEEE Journal of Photovoltaics, pp. 

1-6, 2013. 

5.2 Introduction 

 The radiative emission of a solar cell can be a good indicator of its intrinsic quality 

[49, 108, 120, 121]. The external radiative efficiency (ERE) of a solar cell at its open-

circuit voltage (VOC ) can be defined, as suggested by Green [109], as 

 ERE ≡ qφemit
Jdark (Voc )

  (5.1) 

where φemit  is the total photon flux emitted from the cell and Jdark (Voc )  is the dark current at 

the Voc . The emitted photon flux can be measured [122-125], but it is not a standard part 

of solar cell characterization. Given the importance of ERE as a measure of solar cell 

performance, it would be highly desirable to deduce it from standard solar cell 

characterization measurements.  

 To address this need, Rau has proposed a surprisingly simple formula that links a 

solar cell’s ERE with its Voc , short circuit current ( Jsc ), and external quantum efficiency 

(EQE) as [126] 

 ERE =
exp(qVoc / kT ) φB(E)EQE(E)dE

0

∞

∫
Jsc

  (5.2) 
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 φB(E) =
2πq
h3c2

E2

exp(E / kT )−1
  (5.3) 

where φB  is the Planck’s formula, q is the elementary charge, c is the speed of light, h is 

Planck’s constant, k is Boltzmann’s constant, T is the temperature of the cell, and E is the 

photon energy. In several subsequent works, Rau and others expanded the connection to 

both photoluminescence (PL) and electroluminescence (EL) [82], and applied (5.2) to 

different types of solar cells including CIGS [127].  Recently, Green has applied [109] to 

a comprehensive set of solar cells ranging from standard c-Si solar cells to organic solar 

cells. The ERE values deduced from (5.2) showed reasonable agreement with 

independently measured ERE values or with expectations in cases for which no measured 

data was available. 

 The Rau reciprocity relation (RRR), (5.2), is based on several assumptions including 

the validity of the Donolato theorem [128] and superposition [126]. Derived from the 

principle of detailed balance, the Donolato theorem is a reciprocity relation that states the 

current collected by the junction surface, Sj in the presence of a unit point source of 

carriers at location r is the same as the excess minority-carrier density at r due to a unit 

carrier density injected on Sj. The superposition principle states that the illuminated IV 

characteristics of a solar cell Jlight (V )  is composed of the voltage dependent dark injection 

current Jdark (V )  and the short circuit current under illumination Jsc   

 Jlight (V ) = Jdark (V )− Jsc   (5.4) 

 The work so far has been analytical, starting from these assumptions. In order to test 

the validity of (5.2) and understand the conditions under which it may break down, a 

comprehensive numerical study is needed. In this work, we perform such a study for 

some common types of thin film solar cells using an established optical/electrical 

numerical simulator, ADEPT 2.0 [57]. The results provide insights into the validity of 

(5.2). 

 The chapter is organized as follows. Our thermodynamically self-consistent 

electrical-optical model has been described previously [81]; it is briefly reviewed in Sec. 

5.3. In Sec. 5.3, we also define three model structures: i) a thin-film GaAs cell for which 

we expect the RRR to hold, ii) a CIGS cell for which superposition fails due to the 
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presence of charged traps, and iii) a CdTe cell for which superposition fails due to the 

presence of a Schottky barrier at the back contact. In Sec. 5.4, we use numerical 

simulations to extract the ERE of each of these cells and then compare the results to the 

ERE deduced from (5.2). Section5.5 is a discussion of the results and the conditions 

under which (5.2) can fail. We conclude in Sec. 5.6 with some general guidelines for 

using (5.2) in solar cell analysis. 

5.3 Approach 

5.3.1 Self-consistent Optical Module with the Semiconductor Equations  

 Since the ERE and the RRR involve both optical (generation, emission, etc.) and 

electrical aspects (recombination, drift and diffusion transport, etc.), the numerical 

framework used to study this problem must be overall self-consistent. In this study, we 

use an enhanced version of ADEPT 2.0, which solves the semiconductor device 

equations. ADEPT 2.0 is a 1D self-consistent solar cell simulator capable of simulating 

layered structures. The simulator is well calibrated and is numerically sound. The 

enhanced version includes photon recycling based on an approach similar to that of 

Durbin [56]. The details of this implementation are described in. For this work, ADEPT 

2.0 has been further upgraded to track the angle and spatially resolved radiative photon 

emission at the front and back of the solar cell. 

5.3.2 Model Structures  

 In this study, we focus on three types of thin film solar cells: GaAs, CIGS, and 

CdTe. GaAs thin film solar cells currently have the highest reported efficiency (28.8%) 

for single junction solar cells under 1-sun conditions [12]. The extraordinary intrinsic 

quality of GaAs double heterostructures gives these cells a very high Shockley-Read-Hall 

(SRH) lifetime and low surface recombination, and as a result, radiative emission from 

such cell can be very high [49]. Thus, it can serve as a benchmarking structure where 

intrinsic radiative emission dominates. 

 CIGS solar cells can also reach high efficiencies (above 20%) [12]. Unlike the GaAs 

cells, they display a nonsuperposition behavior—their illuminated and dark IVs cross-
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over slightly beyond Voc . In addition, the SRH lifetime is low - on the order of 

nanoseconds due to grain boundaries and bulk defects [129]. As a result, the external 

radiative efficiency is low in CIGS devices [127]. Compared to GaAs solar cells, which 

operate as near-ideal P-N junction diodes, CIGS solar cells provide us with an 

opportunity to examine a cell for which superposition fails and nonradiative 

recombination dominates. 

 The third solar cell to be examined is a CdTe cell, which also achieve high efficiency 

but can display a nonsuperposition behavior due to a hole-blocking Schottky barrier at 

the back contact [95, 130]. The methods used to investigate the three types of solar cells 

we chose in this study can be extended to other types of solar cells. 

 

Fig. 5.1. (a) Baseline single junction GaAs thin film solar cell with reflective back 
contact. (b) Baseline CIGS solar cell modeled after Gloeckler [131]. (c) Baseline CdTe 

solar cell modeled after Demtsu [95]. 

 Fig. 5.1 illustrates the device structures for the GaAs, CIGS, and CdTe solar cells. 

The model GaAs cell is a simplified version of the structure studied in [93]. Since we do 

not explicitly simulate the AlGaAs layers passivating the GaAs, an effective surface 

recombination velocity of 100 cm/s for both top and bottom surfaces are used. Except for 

the doping density, parameters are identical for both p-type emitter and n-type base. 

Bandgap reduction due to heavy doping is not included in this study. As discussed in 

[52], the Roosbroeck-Shockley equation is used to relate the radiative recombination 
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coefficient, B, to the GaAs absorption coefficient. The GaAs absorption coefficients are 

from experimental data by Lush [48]. A high mirror reflectivity (95%) is used as 

suggested in [7] as a critical requirement toward high photon recycling and thus high 

solar cell efficiency.   

 The baseline CIGS cell structure and material parameters are modeled after 

Gloeckler [131]. Instead of specifying lifetime, the defect density model is used for SRH 

recombination with the trap density, energy distribution and capture cross sections 

specified. We use a Gaussian distribution of defects centered at mid-gap. The conduction 

band offset at the heterojunction interface between the CdS and CIGS layers is set to 0.3 

eV. Radiative emission from the ZnO and CdS layers is minimal because these layers are 

very thin and have high bandgaps compared to CIGS. Thus, we set the indices of 

refraction for all layers to be the same as GaAs (3.3) to make later comparisons easier to 

comprehend. In this study, the specific values of refractive index for each semiconductor 

layer have minor impact on the results. The refractive index is only used to calculate the 

escape cone at front surface. Since the ERE values from both RRR and direct 

computation are calculated through the same optical module, the choice of refractive 

indices equally affect both calculations. The absorption coefficients for the three layers 

are taken from [131, 132]. 

 The CdTe solar cell is modeled after [95]. It is very similar to the CIGS cell except 

for a lighter base doping (2x1014 /cm3) and a hole-blocking Schottky barrier at the back 

contact. In this study, we vary the Schottky barrier height to investigate different degree 

of nonsuperposition. For both CIGS and CdTe solar cells, the back contacts are made 

from molybdenum with 80% reflectivity [131].    

 Important material parameters for the baseline GaAs, CIGS, and CdTe cells are 

summarized in 
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Table 5.1.  
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Table 5.1. Important device parameters for (a) the baseline solar cells, (b) the baseline 
CIGS solar cell, and (c) the baseline CdTe solar cell. Parameters: donor-like (acceptor-
like) defect density NDG (NAG); donor-like (acceptor-like) defect peak energy ED (EA); 

trap Gaussian distribution width WG; and capture cross-section σ. 

 

 

5.4 Results 

5.4.1 GaAs Solar Cell  

 As discussed in [126], the validity of the RRR is a sufficient condition for the 

superposition principle and vice versa. It is therefore helpful to start with a well-behaved 

p-n junction that obeys superposition. We start with a simple GaAs solar cell.  

 Fig. 5.2 displays the band diagram and IV characteristics of the GaAs solar cell. The 

illuminated and dark IV displays no cross-over point so the RRR should hold. As shown 

in Fig. 5.3, the ERE values derived from the direct calculation and the RRR agree very 

well for cases of different mirror reflectivities and carrier lifetimes. Furthermore, not 
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shown here are the results for various base thickness and mobilities, which produce 

results similar to those in Fig. 5.3. 
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Fig. 5.2. (a) Equilibrium band diagram for the baseline GaAs solar cell. (b) Illuminated 

(AM1.5G) and dark IV displaying superposition behavior. The asterisk symbol marks the 

maximum power point (MPP). 
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Fig. 5.3. (a) ERE values derived from the RRR and direct calculation for different mirror 

reflectivities (0% - 100%). (b) ERE values derived from the RRR and direct calculation 

for different base minority carrier lifetime (10 ps – 100 µs). 
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5.4.2 CIGS Solar Cell with Trap-induced Nonsuperposition  

 It is well known that in CIGS solar cells, nonsuperposition behavior can cause the 

illuminated and dark IVs to cross-over each other. The equilibrium band diagram is 

shown in Fig. 5.4(a). Compared to the baseline GaAs cell, the CIGS cell has a lighter 

doping in the base and a larger depletion region (~ 200 nm). In addition, the cell has a 

heterojunction at the front due to CdS/CIGS interface.  
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Fig. 5.4. (a) Equilibrium band diagram for the baseline CIGS solar cell. (b) 

Illuminated (AM1.5G) and dark IV displaying nonsuperposition behavior. The asterisk 

symbol marks the maximum power point (MPP). 

 

 As pointed out in [131], the conduction band barrier height ΔEC is a critical factor 

controlling the cell’s nonsuperposition behavior. The CdS layer contains acceptor-like 

traps that, under illumination when excess amount of electrons and holes are generated 

within the n-type CdS emitter, the acceptor-like traps will capture the excess holes and 

become neutral [133, 134]. When the illumination is terminated, the decrease in hole 

population causes the neutral acceptor-like traps to give up the captured holes and 

become negatively charge. This as a result causes the bands of CdS shift upward in 

energy as if a negative bias has been applied to it. In other words, the barrier essentially 

acts as an illumination-dependent series resistance impeding the flow of electron current 

in dark. The illuminated and dark IVs showing cross-over are displayed in Fig. 5.4(b).  
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 The RRR is not expected to hold for solar cells that do not display superposition. Fig. 

5.5(a) shows the comparison for various values of ΔEC . Clearly, the RRR no longer holds 

in this case. Moreover, the disagreement between the ERE determined directly and by the 

RRR increases as the band discontinuity increases and the cross-over becomes more 

severe as shown in Fig. 5.5(b). More interesting is the fact that the discrepancy between 

the two approaches has different trends.  Increasing conduction band offset decreases the 

actual ERE but has virtually no effect on the value deduced from the RRR. 
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Fig. 5.5. (a) ERE values derived from the RRR and direct calculation for different ΔEC 

(0.1 eV – 0.5 eV, with 0.05 eV increments). (b) Ratio between ERE values from direct 

computation and the RRR vs. J-V cross-over voltages in Fig. 5.5(a).  

 

 The observation can be understood as follows. In dark, the CdS layer acts as a series 

resistance delaying the turn-on of the diode. The higher the CdS barrier, the lower the 

current, and the more recombination occur within the depletion region where non-

radiative recombination is more effective than radiative. As a result, the ERE is inversely 

related to the height of the CdS barrier.  

 Under illumination, the CdS barrier lowers, and the series resistance it introduced 

also drops significantly to a point that the cell performance is minimally affected. As a 

result, the height of the barrier has virtually no effect on the EREs derived from the RRR.  
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 Fig. 5.6 examines two more cases. As shown in Fig. 5.6(a), increasing the CIGS 

lifetime increases both the actual ERE and the value deduced from the RRR. Some error 

occurs when using the RRR, but the trend is the same. Fig. 5.6(b) shows a more 

interesting behavior as the trap density in the CdS is varied. Increasing trap density 

decreases the actual ERE but has almost no effect on the value deduced from the RRR. 

This behavior is similar to what was observed for the varying conduction band 

discontinuity in Fig. 5.5. Under dark conditions, with increasing acceptor-like trap 

concentration in the CdS layer, the CdS barrier height increases and more strongly 

impedes the electron current. As a result, the actual ERE decreases with increasing trap 

density. Under illumination, the traps become neutral and have minimal effect in 

impeding the electron current flow. Thus, the ERE derived from the RRR is unaffected 

by a change of the trap density. 
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Fig. 5.6. (a) ERE values derived from the RRR and direct calculation for different mirror 

reflectivities (0% - 100%, with 20% increments). (b) ERE values derived from the RRR 

and direct calculation for different trap density (8.5×1017, 9×1017, 1×1018, 1.5×1018, 

2×1018, 2.5×1018, and 3×1018 /cm3) in CdS layer. Conduction band offset is set at 0.3 eV 

and is unaffected by the trap density. 
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5.4.3 CdTe Solar Cell with Backside Schottky Barrier-induced Nonsuperposition 

 CdTe solar cells with a backside Schottky barrier can display nonsuperposition 

behavior very much like the CIGS solar cells as displayed in Fig. 5.7. The situation in a 

real CdTe solar cell is complicated with the presence of both a Schottky back contact and 

a valence band offset at the CdS/CdTe interface. As shown in Fig. 5.8(a), the RRR 

seriously under-estimates the true ERE. This is opposite to what we observed in case of 

the CIGS cells, indicating that, although both types of cells display nonsuperposition, the 

mechanisms behind the deviation of the RRR from the true ERE values are different.  
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Fig. 5.7. (a) Equilibrium band diagram for the baseline CdTe solar cell. (b) Illuminated 
(AM1.5G) and dark IV displaying nonsuperposition behavior. The asterisk symbol marks 

the maximum power point (MPP). 

 The reason for the failure of the RRR in case of CdTe cell rests in the conservation 

of charge. Let us begin with the equilibrium band diagram in Fig. 5.7(a). If the cell is 

suddenly illuminated, excess electrons and holes are generated. The excess holes have 

only two routes to exit the structure: 1) by recombination with electrons, and 2) by 

escaping through the rear Schottky barrier.  

 Under short-circuit conditions, the bulk recombination is minimal, so most excess 

holes escape by the Schottky barrier. To permit this increase in hole current, the bands in 

the CdTe quasi-neutral region shift downward in energy forward biasing the Schottky 
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barrier. At the same time, the voltage drop across the front p-n junction is also reduced. 

This means less applied voltage is needed to reach the open circuit condition, and thus the 

VOC is reduced.  

 The Schottky barrier, however, has little to no impact on JSC. This means that if we 

compare a CdTe solar cell with a Schottky back contact to one without, we expect to see 

a reduced VOC, but similar EQE and JSC. As a result, the RRR under-estimates the ERE, 

and this is exactly what we observe in Fig. 5.8(a). Notice the difference between the two 

approaches increases exponentially as the Schottky barrier height increases. This occurs 

because the change in VOC is proportional to the change in barrier height, but the VOC 

enters the RRR as exp(qVOC / kT ) .  
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Fig. 5.8. (a) ERE values derived from the RRR and direct calculation for different 
Schottky barrier height (0 eV – 0.5 eV, with 0.05 eV increments). (b) ERE values derived 
from the RRR and direct calculation for different base minority carrier lifetime (10 ps – 

100 µs) with a Schottky barrier height of 0.4 eV. 

 When the CdTe lifetime is varied, the resulting comparison between ERE values 

from the RRR and direct calculation is intriguing. The increasing ERE from the direct 

calculation with increasing lifetime is expected since higher non-radiative lifetime 

permits more radiative emission. The decreasing ERE from the RRR with increasing 

lifetime is however counter-intuitive and can be explained as follows. 
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 With low carrier lifetime, the majority of the recombination occurs within the bulk. 

The bulk recombination increases as the cell is biased toward VOC. However, not all of 

this applied bias drops across the front p-n junction. The increased bulk recombination 

requires an increased supply of holes, which is accomplished by reverse biasing the 

Schottky barrier. Thus, part of the applied bias in fact goes to reverse biasing the rear 

Schottky barrier. As a result, the cell with a lower carrier lifetime requires more voltage 

to be applied to reach open-circuit condition and thus has a higher VOC. This however 

does not mean a lower lifetime will yield a more efficient solar cell. The increasing 

reverse bias on the Schottky barrier as the cell is biased toward VOC acts as an increasing 

series resistance that severely degrades the fill-factor. As a result of this fill-factor 

degradation, the cell efficiency decreases with decreasing lifetime, despite the slight 

increase in VOC. Similar counterintuitive behaviors are also reported in [135] where the 

rate of photoluminescence decay increases with mobility with the presence of strong 

surface recombination. 

5.5 Discussion 

 From the previous section, we have seen that the most significant factor deviating the 

ERE calculated using the RRR from its true value is the violation of the superposition 

principle. In addition, we observe that as the nonsuperposition behavior becomes 

increasingly severe, the deviation becomes larger. 

 As Moore et al. pointed out in [94], nonsuperposition in fact can be observed in all 

types of solar cells due to bias dependent light generation current. As the solar cell is 

biased toward the built-in voltage, Vbi, the built-in electric field reduces, and eventually 

the light generated carriers will have equal chance to reach both contacts. At this point, 

the light generated current becomes zero, and the dark and illuminated IVs cross-over. 

This universal nonsuperposition behavior however is not the cause for the error of the 

RRR. In fact, in the typical solar cells we investigated in this work, the VOC is far below 

Vbi. At VOC, there is still a significant built-in electric field remain, and the light induced 

current is not much different from JSC. 

 The nonsuperposition behavior we observed in the CIGS and CdTe cells is at 

voltages significantly below Vbi. The cause is the dynamic change in their band diagrams 
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under illuminated and dark conditions, instead of the bias dependent light induced 

current. In the CIGS cell, the CdS layer acts as an illumination-dependent series 

resistance; and in the CdTe cell, the charge conservation introduces an illumination-

dependent bias across the Schottky barrier. This causes the RRR, which assumes identical 

band diagram under illuminated and dark conditions, to fail. 

 As a rule of thumb, one should expect the RRR to fail when the cross-over voltage is 

near Vbi. For some situations, the RRR produces errors in the magnitude of the ERE, but 

displays the correct overall trends (e.g. Fig. 5.6(a) and Fig. 5.8(a)). For other situations, 

however, the RRR produces trends that are different – even opposite to the correct ERE 

(e.g. Fig. 5.6(b) and Fig. 5.8(b)).  

5.6 Summary 

 The external radiative efficiency of a solar cell can be directly measured or indirectly 

estimated through the Rau reciprocity relation. In this study, we explored the relation 

between these two techniques using numerical simulation studies of GaAs, CIGS, and 

CdTe solar cells. We find that the Rau reciprocity relation holds very well for cells 

obeying the superposition principle and fails when the cross-over voltage is near VOC. 

The cross-over voltage is therefore a helpful indicator for the validity of applying the 

RRR. When the RRR fails, it produces errors in the estimated ERE. It is surprising, 

however, that the RRR can produce trends in the estimated ERE as material parameters 

are varied that are distinctly different and even opposite to those of the actual ERE. When 

these limitations are understood, the Rau reciprocity relation can be a very useful 

technique in the characterization of solar cells. 
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6 CHARACTERIZATION OF INP THIN FILMS WITH 
TRPL/PLE/SIMULATION COUPLED APPROACH 

6.1 Preface 

 The contents of this chapter have been extracted from the following publications 

with permission: X. Wang, J. Bhosale, J. Moore, R. Kapadia, P. Bermel, A. Javey, et al., 

"Photovoltaic Material Characterization with Steady-State and Transient 

Photoluminescence," IEEE Journal of Photovoltaics, submitted, 2014. 

6.2 Introduction 

 Various characterization techniques based on photoluminescence of semiconductors 

offer powerful insights into the properties of photovoltaic materials that affect solar cell 

performance. In particular, the transient form of PL, namely the time-resolved 

photoluminescence (TRPL) method has been widely used in material lifetime 

characterization [135-141]. In a TRPL setup, the sample is excited with a short laser 

pulse. The generated carriers move within the sample and eventually recombine [142]. 

The resulting radiative emission vs. time plot serves as an indirect probe of the 

characteristic sample lifetimes. Compared to transient PL, steady-state PL techniques 

such as photoluminescence excitation spectroscopy (PLE) are far less widely used [125, 

143]. In the PLE technique, a constant monochromatic light source is used to excite the 

sample, and the radiative emission flux from the sample is recorded. The flux ratio 

between the emission and source yields the external fluorescence efficiency [21]: 

 PLE(λin ) =
φemit

φin (λin )
  (5.5) 

where φin  is the incident photon flux at wavelength λin , and φemit  is the radiative emission 

from the sample. 
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 By varying the incident light wavelength, the external fluorescence efficiency is 

measured as a function of excitation wavelength. Although PLE does not yield lifetime 

directly as TRPL does, the external fluorescence efficiency measures the gap between a 

solar cell and its ultimate radiative efficiency limit. It has therefore been suggested as an 

effective contact-less method for inline quality control of solar cells [50, 109, 144]. 

 PL-based characterization is important and widely used, but also challenging to 

interpret when applied to materials with novel compositions or growth methods. In such 

cases, the PL data usually does not always follow simple analytical models [145-148]. 

For example, it has been shown that the presence of a junction or surface band-bending 

can lead to a false observation of significantly larger lifetime in a TRPL measurement 

[135, 149]. Moreover, traditional TRPL is limited by the strong absorption near the 

sample surface, according to Beer’s law. Novel and complex techniques such as the two-

photon excitation method must be applied to remedy this shortcoming [150, 151]. Thus, 

an analytical parameter fit is often insufficient to capture the many uncertainties and 

subtleties in material properties (e.g., lifetime parameters). Therefore, a general and 

robust method is needed beyond the simple analytical interpretation of the PL data to 

characterize the various novel photovoltaic materials being developed today.  

 In this work, using a combination of TRPL and PLE coupled with rigorous 

numerical simulation, we show that the surface and bulk recombination lifetime can be 

quantitatively extracted for an arbitrary photovoltaic material. Our experimental and 

numerical methods are discussed in Sec. 6.3. In Sec. 6.4, we investigate the differing 

sensitivities of TRPL and PLE to surface and bulk recombination, which explains our 

reasons to the couple the TRPL and PLE approaches. We then apply our proposed 

method to evaluate an InP substrate sample and a VLS-grown InP sample in Sec. 6.5. Our 

conclusions are summarized in Sec. 6.6.  

6.3 Method 

6.3.1 Experimental Setup 

 The PLE measurements of thin film samples involve measuring an extremely weak 

PL signal often accompanied by a large scattered radiation background, due to the rough 
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surface topography of many thin films. In order to address these issues the PLE 

measurements are performed with a LED based setup as shown in Fig. 6.1 and Fig. 

6.2(a). In this setup, a tunable LED source [124] provides a bright light output, which is 

then collimated and focused onto the entrance grating in order to tune the bandwidth of 

the source (~15 nm) near the peak intensity wavelengths. This light is then split into two 

components with a periscope structure, where one part is used to monitor the incident 

photon flux and the other part is focused on the sample. PL excited by the incident light is 

then collimated and focused onto the exit grating, which is positioned to select the band-

edge PL radiation while rejecting the incident light scattered from the sample. The PL 

signal is then passed through a long pass filter to further ensure the incident light 

rejection. Finally, the PL is focused on a high gain Si detector connected to a lock-in 

amplifier. The modulation in the LED light intensity required for the lock-in detection is 

achieved by driving the LED with an AC signal controlled by the lock-in amplifier. 

Details regarding the instrumentation setup and calibration will be published elsewhere.  

 Although we measured InP samples in this work, this PLE setup is can be applied to 

other materials. In Fig. 6.2(b), the PLE setup has been used to measure an unpassivated 

GaAs wafer, where strong suppression of the PLE signal at short wavelength region is 

observed. This is likely due to the unpassivated GaAs wafer having a very high surface 

recombination. In addition, a higher quality GaAs thin film double-hetero structure has 

also been investigated using this PLE setup [125]. 
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Fig. 6.1. Picture of the PLE setup used in this study. Several electrical components 
including the LED driver unit, lock-in amplifier, and controlling PC are not captured in 

this picture. 
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Fig. 6.2. (a) Layout for the PLE experimental setup used in this study. The measurement 
event starts at the tunable LED matrix at the lower right corner. The sample under testing 

is at the upper left corner, and the PLE emission signal is detected at the lower left 
corner. (b) PLE for an unpassivated GaAs wafer. (c) The TCSPC TRPL experimental 

setup used in this study. 
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 The TRPL measurements were conducted using a standard confocal microscope 

based Time-Correlated Single Photon Counting (TCSPC) setup [152] shown in Fig. 

6.2(c). In this setup a 550 nm pulsed laser is focused on the sample with a microscope 

objective. The PL collected by the objective is then passed through a dichroic filter to 

reject the laser light from the PL radiation. A long pass filter further ensures reliable PL 

signal for detection. The PL photons are detected with a Si Avalanche Photo Diode (Si-

APD) in order to perform the time correlated photon counting. 

6.3.2 Simulation Setup 

 Since the techniques used here are both based on PL, a correct model of PL emission 

is critical for proper analysis of the results. A simple integration of radiative 

recombination as emission, as commonly seen in literature, can be inaccurate and 

inadequate due to the structural dependence of emission caused by photon recycling. 

Instead, we opt to: 1) calculate a structure-independent intrinsic radiative recombination 

rate, and 2) use ray-tracing to calculate the amount of radiative emission that is 

reabsorbed (recycled) or that escapes as the PL signal. The approach is similar to the one 

used by Durbin et al. [56, 67].  

 Radiative recombination is an intrinsic property of any material at a finite 

temperature, and it is related to the absorption coefficient by the Roosbroeck-Shockley 

equation. Away from equilibrium the quasi-Fermi levels split, so that: 

 Remit (V ) = Remit (V = 0)eqV /kT   (5.6) 

 Based on this idea, we upgraded an existing electro-optically coupled simulation 

framework based on Sentaurus™ to simulate PL based characterization [93]. As a result, 

the photon recycling is taken into account and the various radiative loss components are 

resolved. For more details on this electro-optically coupled simulation framework, 

readers are referred to Refs. [93] and [113], where this framework has been successfully 

used to investigate single-junction GaAs solar cells and nanowire solar cells.  

6.4 TRPL & PLE Sensitivity 

 Although both TRPL and PLE measurements are influenced by surface and bulk 

recombination, their sensitivities to each mechanism vary. To illustrate this idea, we 
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simulate and compare the TRPL and PLE for a 3-µm thick InP thin film. Fig. 6.3(a) 

shows the TRPL with 28 ns bulk SRH lifetime (τSRH) for various front surface 

recombination velocities (Sfront). The surface only affects the PL decay rate during the 

first few nanoseconds. Using Sfront = 5x104 cm/s and τSRH = 12 ns for example, the time-

dependent recombination rates are shown in Fig. 6.4(a). During the initial few 

nanoseconds, the newly generated electron-hole pairs have not yet diffused far away from 

the front surface, so front surface recombination dominates the PL decay. As the carriers 

diffuse toward the back, most of the recombination occurs in the bulk, and the decay rate 

becomes dominated by the bulk SRH lifetime. Ideally, Sfront can be extracted through a 

double-exponential fit to the TRPL data, but it is often not feasible in practice due to 

factors such as injection-level and carrier mobility, or experimental factors such as 

instrument response time. As a result, TRPL-based estimates of surface recombination 

velocity have significant uncertainty. 
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Fig. 6.3. Numerical simulations demonstrate that: (a) TRPL and (b) PLE show greatly 
differing responses to variations in surface recombination velocity over the range Sfront = 
1, 10, 102, 103, 104, 105, 106, and 107 cm/s at τSRH = 28 ns. PLE-based estimates of Sfront 

generally have much smaller errors. 

Increasing Sfront Increasing Sfront 

(a) (b) 
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 In contrast to TRPL, PLE displays a clear, predictable dependency on Sfront in Fig. 

6.3(b). Due to the change of absorption coefficient, the generation profile of carriers 

varies across different wavelengths. Fig. 6.4(b) displays the recombination components 

versus wavelength for Sfront = 104 cm/s. As the centroid of generation moves away from 

the front surface, the impact of front surface recombination decreases, and the external 

fluorescence efficiency increases as a result. 

 Because of these effects, PLE can be interpreted as an “open-circuit” version of the 

external quantum efficiency (EQE) measurement [109]. Both PLE and EQE are steady-

state measurements using incident light sources as a function of wavelengths. Instead of 

detecting the short-circuit current as in EQE, PLE measures the radiative emission under 

open-circuit condition. The presence of surface recombination decreases the current 

collected in EQE, and in the case of PLE, it decreases the amount of free carriers 

recombining radiatively. In fact, it has been shown that, in a high quality sample, the 

EQE and PLE are closely related [125]. 
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Fig. 6.4. Internal loss components predicted for (a) TRPL vs. time and (b) PLE vs. 
wavelength at Sfront = 5x104 cm/s and τSRH = 12 ns. These specific parameters are chosen 

since they provide the best overall fit to the InP sample tested, as shown in Fig. 6.7. 
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 Consider next the sensitivity of these techniques to bulk lifetime. For a fixed Sfront = 

104 cm/s, both TRPL and PLE display sensitivity to a change in the bulk SRH lifetime, as 

shown in Fig. 6.5(a) and (b) respectively. In practice, however, the variation in PLE 

observed in Fig. 6.5(b) may be difficult to observe, since the absolute measurement of 

PLE can be difficult, and the less than 1% difference in values can easily be washed out 

by noise.  

 To summarize, TRPL is more sensitive to bulk properties, particularly when the 

surface is well passivated, while the extraction of surface information is much more 

robust in PLE. The two techniques nicely compliment each other, and both involve 

complicated internal physics that require electro-optically coupled simulation to self-

consistently resolve.  
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Fig. 6.5. (a) TRPL and (b) PLE for τSRH = 5, 9, 13, 17, 21, and 25 ns at Sfront = 104 cm/s. 

6.5 Results and Analysis 

6.5.1 VLS-grown InP Thin Film 

 Recently, InP thin films have been grown via a novel VLS growth method [153]. 

The large grain size and good uniformity make it a promising technique for low-cost InP 
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thin film photovoltaics. In this section, the proposed TRPL and PLE coupled approach is 

applied to these InP thin films in order to derive quantitative information regarding 

surface and bulk recombination. 

 TRPL and PLE for various Sfront and SRH lifetimes are simulated using the electro-

optically coupled simulator, and compared to the measured curves. The maps of least-

square fitting errors for TRPL and PLE as a function of Shockley-Read-Hall (SRH) bulk 

lifetime and surface recombination velocity Sfront are displayed in Fig. 6.6(a) and (b), 

respectively. The heightened sensitivity of TRPL to bulk properties, and PLE to surface 

properties, can be clearly seen as stronger gradients in those directions. By minimizing 

the overall error between both of our measurements and simulations, we find Sfront = 

5x104 cm/s and τSRH = 12 ns represents our best estimate of the overall material 

properties. While the precision of this estimate of each property is fairly good, to within 

several percent, estimating the absolute accuracy would require an independent 

measurement. 

 

 
 

Fig. 6.6. VLS-grown InP thin film: least-square error map as a function of SRH lifetime 
and front surface recombination velocity when fitting to simulations of (a) TRPL and (b) 
PLE. The least-square error units are arbitrary, with cold blue regions indicating smaller 

error and best fit, with hot red regions being the opposite. 
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 Fig. 6.7(a) and (b) respectively show the simulated TRPL and PLE curve for the 

estimated material parameters compared to the measured data. Both display a good 

overall match. The only deviation is in TRPL within the first 2 ns, when the surface 

recombination dominates. In practice, TRPL curves often do not display such sharp 

features due to lagged instrument response artificially prolonging the delay and adding 

noise. A convolution of simulated TRPL with the instrument response function (IRF) 

should further improve agreement over the first few nanoseconds.  
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Fig. 6.7. Best overall fit for (a) TRPL and (b) PLE. Simulations are solid blue curves, and 
measurements are green dots. 

6.5.2 InP Substrate 

 For comparison, an n-type (5x1017 /cm3) InP wafer of 250 mm thickness is also 

analyzed. The maps of least-square fitting errors for TRPL and PLE as a function of 

Shockley-Read-Hall (SRH) bulk lifetime and surface recombination velocity Sfront are 

displayed in Fig. 6.8(a) and (b), respectively. Overall, Sfront = 2x104 cm/s and τSRH = 0.2 

ns give the best fitting for the InP wafer. Compared to the VLS-grown InP thin film 

sample, the wafer has significantly lower bulk SRH lifetime, which is expected in this 
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sample. The surface for the wafer is unpassivated and the same as the VLS-grown InP 

thin film, thus the derived surface recombination velocities are similar in both cases. 
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Fig. 6.8. InP wafer: Least-square error map as a function of SRH lifetime and front 
surface recombination velocity when fitting to simulations of (a) TRPL and (b) PLE. The 
least-square error units are arbitrary, with cold blue regions indicating smaller error and 

best fit, with hot red regions being the opposite. 

6.6 Summary 

 In this study, we demonstrated that combining TRPL and steady-state PLE 

experiments with multi-physics simulation techniques yields a precise, contactless inline 

characterization method for photovoltaic materials. Differences in sensitivity to various 

loss mechanisms make TRPL and PLE more suitable for measuring bulk and surface 

recombination, respectively, particularly for well-passivated front surfaces. With a 

rigorous electro-optically coupled simulator properly modeling PL emission, we show 

quantitative bulk lifetime and surface recombination velocity can be extracted self-

consistently. The method is applied to a novel VLS-grown InP thin film, and we find 

Sfront = 5x104 cm/s and τSRH = 12 ns gives the best match between our simulation and 

experiments. The precision of the combined approach appears to be good, but the 

accuracy should be assessed using an independent measurement technique. We believe 

the method in this work is general enough to be applied to other materials and to be used 

as an inline method for quantitative process monitoring. 
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7 CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

 As solar cells continue in reaching higher efficiencies, it may be only a matter of 

time before many of them eventually overcome practical obstacles and approach their 

Shockley-Queisser limits. Near the Shockley-Queisser limit, the radiative recombination 

is the dominant loss mechanism, which turns the entire design and optimization of solar 

cells into a nontrivial, electro-optically coupled problem. The traditional approach of 

treating the radiative recombination using an effective B coefficient that is independent of 

dielectric structure or position is not suitable near the Shockley-Queisser limit. The 

radiative recombination must be modeled optically to accurately calculate the intrinsic 

emission and photon recycling.  

 The thesis first develops an electro-optically coupled simulation framework for the 

purpose of correctly resolving radiative recombination in a thermodynamically sound 

way. It is applied to the design and characterization of various solar cells near the 

Shockley-Queisser limit. This thesis was dedicated to the study of this problem. In terms 

of solar cell design, three different high-efficiency designs are investigated: 1) a world-

record thin-film GaAs solar cell, 2) a single nanowire solar cell, and 3) a world-record 

GaInP/GaAs tandem solar cell.  

 The thin-film GaAs solar has a rather simple, layered structure that can be treated 

using ray-optics. Chapter 2 demonstrates that, with detailed electro-optically coupled 

simulation and careful calibration of material parameters, the numerical simulation can 

precisely reproduce experiments, suggesting areas where new designs can focus to 

improve efficiency. The single nanowire solar cell represents a breed of novel solar cell 

designs, including the likes of plasmonic solar cells and quantum dot solar cells, which 

integrate the electrical and optical structures together at the nanoscale. The electro-
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optically coupled approach automatically takes care of the integrated structure, and takes 

into account the nanoscale features of the nanowires, where the radiative recombination 

is treated using wave optics. For the GaInP/GaAs tandem solar cell, the electro-optically 

coupled simulator is able to consider both the top and bottom cells in one self-consistent 

simulation. Therefore, important physical phenomena such as luminescence couplings 

and current matching are taken into account. Overall, this work has demonstrated that the 

electro-optically coupled approach proposed in this thesis is versatile and comprehensive 

enough to tackle a wide range of solar cell design problems.  

 In terms of characterization, studies are conducted on two topics: 1) the reciprocity 

theorem of solar cells, and 2) the quantitative material parameter extraction from 

TRPL/PLE. In the first work, the electro-optically coupled simulator is used to verify the 

validity of the reciprocity theorem, which links the EQE with the ERE of the solar cells. 

The simulator faithfully solves the semiconductor equations without the assumptions 

embedded in the reciprocity theorem as an independent test. It is found that the 

superposition principle must be obeyed for the reciprocity theorem to hold. In the second 

topic, it is shown that the same simulator can also be coupled with TRPL/PLE 

experiments to extract lifetime parameters from photovoltaic materials in a self-consistent 

manner. Due to the nature of being transient and steady-state, respectively, TRPL and 

PLE are much more sensitive to bulk and surface recombination, respectively. Coupling 

these two techniques with the electro-optically coupled simulator allows one to fit and 

extract quantitative lifetime parameters.  

7.2 Future work 

7.2.1 Nanowire array design and optimization 

 In Chapter 3, a single nanowire solar cell is studied. To use nanowire as a variable 

way of collecting sunlight, however, an array of nanowires must be used. In this case, 

many design parameters including the diameter of the nanowires, the packing geometry, 

the spacing between neighboring nanowires, and the height must be considered. Using 

the electro-optically coupled approach with wave optics, it would be interesting to see 
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how the overall efficiency of the nanowire array compare to that of a single nanowire. 

Furthermore, it would be important to redesign it for improved performance.  

 Using the present electro-optically coupled simulator in Sentaurus™ can solve this 

problem, but it would be time consuming. The majority of the calculation time is spent in 

the FDTD simulation of intrinsic emission and photon recycling. This time-consuming 

step prevents one from investigating the many combinations of critical design parameters 

mentioned above. 

 One way around this problem is to replace the FDTD module with a frequency 

domain simulator such as S4 [154]. S4 at present is unable to include an arbitrary dipole 

source. However future development on the code would enable a faster wave-optics 

module for the electro-optically coupled simulator. Otherwise, an independently 

deployed S-matrix code would provide appropriate functionality. 

7.2.2 Tandem solar cell optimization and characterization 

 In Chapter 4, the GaInP/GaAs tandem solar cell is investigated without optimizing 

its geometry. The first opportunity for future work is to optimize its structure while 

taking into account luminescent coupling and current matching. This includes optimizing 

the subcell thickness, junction positions, and material bandgaps. The scope shall also be 

expanded to other III-V material systems and to triple-junction devices.  

 A second opportunity is the characterization of tandem solar cells. One key difficulty 

in characterizing tandem solar cells is to separate the effects of the individual junctions. 

Moreover, since the subcells are connected in series, techniques depending on current, 

such as EQE, become nontrivial. For example, to obtain the overall EQE for the tandem 

cell, all junctions except the junction under test must be over-illuminated using a bias 

light.  

 Luminescence based techniques such as PLE can potentially bypass the current 

matching problems in EQE. However, luminescence couplings can become non-trivial. 

Thus, the combination of PLE with electro-optically coupled approach is a promising 

method of characterizing the tandem solar cell.  
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7.2.3 Novel junction designs and optimization 

 High quality materials relax many constraints on the solar cell design, allowing 

unconventional structures to be used for efficient current extraction. The interdigitized 

back contact (IBC) cell is a successful example of such design. Taking advantage of the 

long lifetime of crystalline silicon, one can readily move the junction and both contacts to 

the back of the solar cell to eliminate shadowing losses. The electro-optically coupled 

simulator gives one the opportunity to explore novel junction designs to facilitate better 

light trapping and photon recycling. 
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