
Abstract 

SAYED, ISLAM ESMAT MOHAMED MOHAMED HASHEM SAYED. Quantum Wells 

to Improve the Performance of III/V Multi-junction Solar Cells. (Under the direction of Dr. 

Salah M. Bedair.) 

The current state of the art solar cells based on four-junction III/V materials have 

realized efficiencies of ~46% under high solar concentration. Multiple studies have reported 

that improving the efficiency of solar cells to higher than 50% will reduce the cost of solar 

($/watt) and might open new opportunities in the solar photovoltaic concentrator market. In 

this dissertation, we aim to develop a new approach to enhance the efficiency and reduce the 

cost of solar ($/watt) through providing new materials and device architectures that can be part 

of next-generation photovoltaic devices with target efficiencies higher than 50%. 

This dissertation demonstrates two novel quantum well structures that can be part of next-

generation five (or more) junction devices with a prospective efficiency higher than 50% under 

high solar concentration. The first quantum well structure is strain-balanced InGaAsP/InGaP 

quantum wells, where the InGaAsP quantum well is grown under compressive stress and the 

InGaP barrier is grown under tensile stress. The second quantum well structure is lattice-

matched InGaAsP/InGaP, where InGaAsP and InGaP layers have lattice constants similar to 

the underlying substrate. In both structures, the quantum wells are included in the 

unintentionally doped region of In0.49Ga0.51P p-i-n on GaAs substrates. The two quantum well 

structures are characterized and analyzed by optical microscopy, X-ray diffraction, 

photoluminescence, current-voltage characteristics, and external quantum efficiency. 

We demonstrate that the two quantum well solar cells can extend the absorption threshold of 

InGaP-based cells from 1.85 eV to the 1.5-1.8 eV range. In the strain-balanced InGaAsP/InGaP 

quantum well structure, external quantum efficiency and light current-voltage measurements 

indicate that minority carriers generated in the depletion and quantum well regions are 

transported by drift through thermionic emission. In the lattice-matched InGaAsP/InGaP 

quantum well structure, the carriers are transported across the barriers by tunneling through an 

electric field. The sub-bandgap external quantum efficiency of lattice-matched 

InGaAsP/InGaP QW solar cell is higher than 75% at 700 nm. The bandgap-voltage offset of 

these quantum well devices indicates excellent voltages while maintaining efficient carrier 



transport for both electrons and holes. The short circuit current density of the lattice-matched 

InGaAsP/InGaP quantum well solar cell is 26% higher than that of a standard InGaP cell that 

does not include quantum wells.  

To incorporate these quantum well structures in next-generation multi-junction solar cells, 

more optimization of quantum well absorption is essential. This can be realized through 

reducing background doping to enhance the carrier transport and reducing the stress across the 

quantum well region. 
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Chapter 1:  Introduction 

It has become clear that non-renewable energy resources are not reliable sources for energy 

generation.  Unfortunately, more than 80% of the current world’s energy production is produced 

from fossil fuels (coal, gas, and oil) [1]. Recent studies have shown that oil, gas, and coal will 

significantly be diminished in the next fifty years[2]. In addition to being non-renewable, fossil 

fuels release carbon dioxide during the burning process which increases the global warming and 

adds to the climate change [3]. Moreover, the burning of coal and gas produces toxic sulfur dioxide 

gas as a reaction byproduct, which negatively affects our respiratory health, echo-systems and 

wildlife [4]. It is thus mandatory for research and development to provide more clean, renewable, 

and reliable sources of energy. 

Solar photovoltaics is a clean and abundant source of renewable energy, but unfortunately, due to 

the high cost of solar cells fabrication, it currently contributes ~0.7% of the total energy generation 

in the United States [1]. There are two approaches to increase the potential for using solar energy 

in the market. The first approach is to increase the efficiency of solar cells’ fabrication without 

increasing the cost. The second approach is to reduce the cost of solar cells without sacrificing the 

efficiency. The current state of the art solar cells based on the III/V semiconductor materials have 

realized efficiencies of ~46% under high solar concentration [5]. It has been reported that 

improving the efficiency of solar cells to higher than 50% will reduce the cost of solar ($/watt) and 

might open new opportunities in the solar photovoltaic concentrator market [6]. In this dissertation, 

we aim to develop a new approach to enhance the efficiency and reduce the cost of solar ($/watt) 

through providing new materials and device architectures that can be part of next-generation 

photovoltaic devices with target efficiencies higher than 50%. 

Solar photovoltaic devices convert light energy into electrical energy through a process called the 

“Photovoltaic effect,” which consists of two stages [7]. The first stage of the photovoltaic effect is 

to create minority carrier population through “absorbing” the incident flux of photons that are 

incident on the photovoltaic device material. The second stage relies on “extracting" the minority 

carriers generated during the first stage, by the electric field across the photovoltaic device. The 

two photovoltaic effect stages, the light absorption and the carrier collection, can both be realized 

using P-N junction based on semiconductor materials. 
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This chapter will provide a brief overview of the physics behind the operation of P-N junction 

solar cells. Section 1.1 describes the behavior of a P-N junction in the dark. Then the physics of 

P-N junction solar cells is discussed in Section 1.2. The fundamental losses in single-junction solar 

cells are described in Section 1.3. The advantages of using multi-junction solar cell devices are 

presented in Section 1.4 through comparing their losses and efficiencies with single-junction 

devices. Then the research objectives of this dissertation are presented in Section 1.5. Finally, a 

preview of the dissertation is presented in Section 1.6. 

1.1. P-N Junction 

In this section, the electrical characteristics of a P-N junction in the “dark” are illustrated. 

A P-N junction diode is formed when a p-type semiconductor with acceptor concentration (Na), is 

put in contact with an N-type semiconductor, of donor concentration (Nd), as shown in Figure 

1.1(a). To illustrate the behavior of P-N junction in the dark and illustrate its electrical 

characteristics, simulations were performed using a Physics-Based Software PC1D, which solves 

the Poisson’s and drift-diffusion equations [8]. The P-N junction is assumed here as In0.49Ga0.51P, 

which is a standard material used in the fabrication of high-efficiency solar cells [9-11], and several 

solar cell structures/designs in this dissertation are based on this material. The thickness of p-

 

Figure 1.1: (a) schematic of p-n junction, (b) doping concentration profile of InGaP p-n 

junction. 

p

n
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In0.49Ga0.51P emitter, xp, is 0.1 µm. The thickness of n- In0.49Ga0.51P base, xn, is 1 µm. The p-

In0.49Ga0.51P is doped with an Nd of 1018 cm-3 and the n- In0.49Ga0.51P is doped with a Na of 1017 

cm-3, as shown in Figure 1.1(b). 

When the P-type semiconductor is put in contact with the N-type semiconductor, holes will diffuse 

from the P-type to N-type, as shown in Figure 1.2(a). The diffusion of holes from P-side to N-side 

 

 

 

Figure 1.2: Schematics of In0.49Ga0.51P p-n junction at thermal equilibrium (zero-bias/without 

illumination): (a) Energy band diagram, showing the drift and diffusion carriers’ 

components. The horizontal black dotted line is the Fermi level, (b) charge density 

within space charge region, (c) electric field distribution, and (d) electrostatic 

potential. Simulations were performed using PC1D. 
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results in two effects. First, depletion of the P-side of free carriers up to a distance, Wp; where Wp 

is the depletion region or space charge region on P-side [12]. Second, the formation of an 

uncompensated negative acceptors’ charge on the P-side, equal to qNa, as shown in Figure 1.2(b), 

where q is the elementary charge [12]. Similarly, electrons diffuse from the N-type to P-type 

leaving behind uncompensated positive donors’ charge (qNd) across a space charge region (Wn), 

as shown in Figure 1.2(b). As a result, an electric field is formed with a direction from N-side to 

P-side as shown in Figure 1.2(a) and Figure 1.2(c). This electric field prevents further diffusion of 

majority carriers and results in a drift of minority carriers across the junction; i.e., holes, drift from 

N-side to P-side and electrons, drift from P-side to N-side. The thermal equilibrium state, shown 

in Figure 1.2(a), is reached when the diffusion of the majority carriers is balanced by the drift of 

the minority carriers. As a result, the Fermi energy level is flat across the P-type and N-type as 

shown in Figure 1.2(a). It is worth pointing out that the source of the minority carriers in the 

equilibrium state is the thermal generation/excitations of electron-hole pairs. The bending of the 

energy band diagram of Figure 1.2(a), corresponds to the difference between the Fermi level on 

the N-side and P-side before contact. The potential difference between N-side and P-side, shown 

in Figure 1.2(d), is called built-in potential or contact potential, Vo. The total depletion region 

width, W, on the P- and N-sides is directly proportional square root of Vo, i.e, W. 

Consider a P-N junction in the forward bias mode. This can be achieved by connecting the P-side 

and N-side to a positive and negative terminal of the battery (Vb), respectively [12]. The potential 

barrier across the junction decreases from Vo to Vo-Vb, as shown in Figure 1.3(a). The positive 

forward bias will also result in an electric field of opposite direction to the built-in electrostatic 

field, and thus result in a reduction of both the total electric field and depletion region across the 

P-N junction [12]. Schematics of energy band diagram and carrier concentration profiles of InGaP 

p-n junction at zero and positive bias of 1.2 V, are shown in Figure 1.3(a) and Figure 1.3(b), 

respectively. The arrows in Figure 1.3(a) show the direction of the electron and hole transport 

following forward bias. As shown in Figure 1.3(a), the reduction of the potential barrier to Vo-Vb, 

will result in holes diffusing from P-side to N-side to become a minority. Similarly, electrons will 

diffuse from the N-side and become a minority in the P-side. As a result, the minority carrier 

concentration on both the P and N sides will be significantly increased, as shown in Figure 1.3(b). 

Hence, the net current will be mainly due to diffusion and the drift current is the same as the zero-

bias case. It should be mentioned that the increase of the forward bias should correspond to more  
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reduction in the potential barrier, and thus further enhancement in minority carrier concentration. 

If the negative terminal of the battery is connected to P-type, the P-N junction is considered in a 

reverse bias mode [12]. Schematics of band profiles and carrier densities for an In0.49Ga0.51P p-n 

junction at zero bias and reverse bias are shown in Figure 1.3 (c)-(d). The potential barrier across 

the P-N junction increases to Vo+Vb, thus the reducing the probability of electron diffusion from 

N-Side to P-side, as shown in Figure 1.3(c). Similarly, the hole diffusion from N-side to P-side is 

significantly reduced. Thus, the minority carrier concentration at reverse bias is about the same as 

the zero-bias case, as shown in Figure 1.3(d). Therefore, the dominant current component in the 

reverse bias mode is the drift current. Electrons will drift from P-side to N-side to become a 

majority, as shown in Figure 1.3(c). Similarly, holes can drift from N-side to P-side, as shown in  

 

Figure 1.3: (a) Band profiles and (b) carrier densities for an In0.49Ga0.51P p-n junction at zero 

bias (blue) and forward bias (red). (c) Band profiles and (d) carrier densities for an 

In0.49Ga0.51P p-n junction at zero bias (blue)and reverse bias (red). The arrows in 

Figures (a) and (c) show the direction of the electron and hole transport following 

forward and reverse bias. 
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Figure 1.3(c). However, since the electrons on the P-side and holes on the N-side are minority 

carriers arising from the thermal excitations, the drift current is very low if compared with the 

current in the forward-bias mode[12]. The reverse bias will also increase the electric field across 

the P-N junction and widens the depletion region, W [12]. 

The measured dark current-voltage (I-V) characteristics of an InGaP P-N junction that will be 

discussed further later in this dissertation, is shown in Figure 1.4. At forward voltages higher than 

~ two-thirds of Vo, the boost in the minority carrier concentration, shown in Figure 1.3(b), results 

in a large increase in the current. At reverse bias, the current, mainly due to the drift of thermally 

excited minority carriers, is very low. The current-voltage characteristics can be described using a 

two-diode model as follows [7], 

1 2

1 2( 1) ( 1),
b bqV qV

n kT n kT

o oI I e I e= − + −          (1.1) 

where the first term represents in the recombination in the neutral region (n1 = 1) and the second 

term represents the recombination in the depletion region (n2 = 2), Io is the reverse saturation 

current due to n1 and n2, k is Boltzmann constant. When recombination occurs in neutral region 

dominates, the first term of Eqn. (1.1) dominates. Similarly, the second term dominates when 

 

Figure 1.4: Measured dark current-voltage characteristics of InGaP p/n junction, grown and 

processed at NCSU. 
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recombination in depletion region dominates. The latter is the so-called Shockley Read Hall 

recombination which is dominant in the solar cells presented in this dissertations.  The two-diode 

model is used later in this dissertation to understand the type of recombination mechanism 

occurring in the solar cell. 

1.2. P-N Junction under Illumination 

In this section, the behavior of the P-N junction under solar illumination is discussed. The 

Sun is a broadband emitter that acts as a near blackbody with a temperature of ~6000K. The 

emission of the Sun is maximum in the visible spectrum range, 300-750 nm. The solar irradiance 

spectrums, AM1.50 and AM1.5, are shown in Figure 1.5 [13]. AM0 corresponds to the solar 

spectrum in space and has an integrated power density of ~ 1360 watt/m2. AM1.5 and AM1.5D 

correspond to the solar spectrum at a latitude of 48.2. AM1.5G includes both direct and diffuse 

sunlight, and it has an integrated power density of 1000 watt/m2. AM1.5D corresponds to the direct 

solar spectrum, and it has an integrated power density of 900 watt/m2. The AM0 is a standard 

measurement for space applications, while AM1.5G and AM1.5D spectrums are more commonly 

used for terrestrial applications. The AM1.5G spectrum is used for the rest of the analysis 

performed in this Chapter.  

 

                      Figure 1.5: The solar spectrum irradiance, AM0, AM1.5G, and AM1.5D  
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When the P-N junction is illuminated with photons of energies higher than or equal to the bandgap, 

Eg, electron-hole pairs are generated in the neutral and space charge regions of the P-side and N-

Side, as shown in Figure 1.6. Upon illumination. the P-N junction is not considered at equilibrium 

and the Fermi level is not flat as previously shown in Figure 1.2(a). Instead, the electron and hole 

Fermi levels split in the p-type and n-type into quasi-levels [7] as shown in Figure 1.6(b). If the P-

semiconductor absorbs the incident photon, a minority electron and a majority hole will be created 

 

Figure 1.6: (a) Illuminated P-N junction, (b) energy band diagram and (c) carrier densities for 

illuminated InGaP p-n junction. The arrows in Figure (b) show the direction of 

the electron and hole transport following photo-generation. 
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in conduction and valence bands, respectively. Similarly, if the photon was absorbed by the N-

semiconductor, a minority hole and a majority electron will be created in the valence and 

conduction bands, respectively. This results in a major increase in the minority carrier 

concentration at the P-side and N-side as shown in Figure 1.6(c) [7]. The built-in electric field, in 

the P-N junction, is directed from N-side to P-side, as shown in Figure 1.6(b). Hence, this field 

will prevent the majority carriers from diffusing across the junction. On the other hand, this field 

will sweep the minority electrons from P-side to N-side and the minority holes from N-side to P-

side. The arrows in Figure 1.6(b) show the direction of the electron and hole transport following 

photo-generation. In order for this to occur, the minority carriers should diffuse to the junction; 

and this will depend on the diffusion length, L D=  ; where D is the diffusion coefficient and 

 is the minority carrier lifetime. Hence, this does impose restrictions on the material quality. This 

means that, for example, if a minority electron in the P-side has a long diffusion length, it will 

reach the junction before recombining and be swept by the electric field and contribute to the 

photo-current. 

The measured current-voltage (I-V) characteristics, under AM1.5 illumination, of an In0.49Ga0.51P 

P-N junction that will be discussed further later in this dissertation, is shown in Figure 1.7.  The 

current-voltage characteristics can be thus being updated as follows [7], 

1 2

1 2( 1) ( 1)
b bqV qV

n kT n kT

o o opI I e I e I= − + − − ,              (1.2) 

 

where Iop is the optically generated current, which causes the current-voltage diagram to be shifted 

downwards by Iop at all biases. 

There are a few figures of merit for characterizing any photovoltaic devices. These metrics can 

be used to compare different solar cell structures/designs. 

- Short circuit current (Jsc), which is the current generated in the P-N junction upon 

illumination at zero bias, due to the optical generation of carriers, as shown in Figure 1.7. 

- Open circuit voltage (Voc), which is the extracted voltage from the solar cell when there is 

no current flowing in the circuit, as shown in Figure 1.7. Voc can be extracted from Eqn. 

(1.2) by setting the current equals to zero. If the recombination in the solar cell is dominant  
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            in the neutral region, i.e.  n = 1, Voc can be expressed as follows [7],  

1

ln 1sc
oc

o

IkT
V

q I

 
= + 

 

          (1.3) 

If the recombination is more effective in the depletion region, i.e. n = 2, Voc can be 

expressed as follows,  

2

2
ln 1sc

oc

o

IkT
V

q I

 
= + 

 

        (1.4) 

- Maximum power point is the operating point of the cell that can maximize the electrical 

power, Figure 1.7. The output power is zero at the open-circuit and short-circuits 

conditions.  

 

Figure 1.7: Measured dark and illuminated current-voltage characteristics of In0.49Ga0.51P p-n 

junction. The figure also shows the metrics that are used to assess the solar cell 

performance, Voc, Jsc, and maximum power point. 
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- Fill factor (FF), is a parameter which determines the maximum output power from the cell. 

Graphically, FF is the area of the maximum rectangle that fits in the current-voltage curve 

of the solar cell, as shown in the shaded green area in Figure 1.7. The FF can be expressed 

as follows [7], 

mp mp

oc sc

V I
FF

V I
=           (1.5) 

A high series resistance and/or low shunt resistance will degrade the FF. 

- Cell efficiency (η), is the fraction of the output electrical power generated by the solar cell 

and the incident power on the cell, Pinc. η can be expressed as follows [7], 

.

oc sc

inc

FFV J

P
 =                         (1.6)           

1.3. Losses in Single-junction Solar Cells 

There are two fundamental losses in solar cells: sub-bandgap losses and thermalization 

losses. If a photon of energy equals to bandgap (Eg), shown in Figure 1.8, is incident on the P-N 

junction, it will be absorbed by the P-type semiconductor and will generate a minority electron in 

the conduction band and will be swept by the electric field. If the incident photon’s energy is less 

than the bandgap, shown in  Figure 1.8, both the P-type and N-type will not absorb it, and this is 

considered as “sub-bandgap losses”. Photons of energies much higher than the bandgap will 

generate electron-hole pair with energy separation equal to the energy of the incident photons. The 

minority carriers will relax and lose their energies to the lattice in the form of heat, then will be 

swept across the junction by the electric field, as shown in  Figure 1.8. The difference between the 

photon’s energy and the bandgap is considered as “thermalization losses”. Schematics that 

compare the thermalization and sub-bandgap losses of single junction 1.1 eV and 1.7 eV solar cells 

are shown in Figure 1.9. The analysis was performed on a material with an Eg of 1.1 eV because 

Silicon, which is the most commercial solar cell today has a bandgap of 1.11 eV. Also, 1.7 eV is 

an optimum bandgap for subcells in several multi-junction solar cell designs as will be discussed 

later in Chapter 4 of this dissertation.  In this analysis, two assumptions were performed. First, 

each photon of energy higher than the bandgap Eg is assumed to generate an electron-hole pair. 

Second, other losses such as the radiative-recombination losses and non-radiative Shockley Read  
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Hall recombination losses are neglected. The thermalization and sub- bandgap losses of the 1.1 eV 

silicon cell are 34.8% and 14.72%, respectively, which result in total losses of 49.52%, as shown 

in Figure 1.9(a). This will correspond to an ultimate efficiency of 50.48% which considers only 

the thermalization and sub-bandgap losses. If other losses such as the radiative-recombination and 

Shockley Read Hall recombination, this efficiency value will be more reduced. The 1.7 eV P-N 

junction has less thermalization loss (15.1%) and higher sub-bandgap loss (45.6%) due to its higher 

bandgap as shown in Figure 1.9(b), thus resulting in a combined total loss of 60.46%. 

The analysis discussed in Figure 1.9 wa s further extended to calculate the thermalization and sub-

bandgap losses for single p-n junctions with various bandgaps, Figure 1.10. The thermalization 

and sub-bandgap losses decrease and increase, respectively, with the increase of the bandgap as 

shown in Figure 1.10. The thermalization losses decrease with the bandgap increase because the 

energy generated from absorbed photons reduce with the increase of Eg. The sub-bandgap losses 

increase with the bandgap increase as shown in Figure 1.10 because a wider region of the solar 

 

Figure 1.8: Energy band diagram of a PN junction with incident photons of energies higher 

than, equal to, or less than the bandgap, showing both the thermalization and sub-

bandgap losses that exist in single-junction solar cells. 
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spectrum is not fully utilized. If both the thermalization and sub-bandgap losses are both combined 

using this analysis, an optimum point of minimal total losses would exist which will correspond 

to an ideal ultimate efficiency of 50.5% at a bandgap of ~1.1 eV, as shown Figure 1.10. If the 

analysis is extended to include the radiative recombination in the solar cell material, the maximum 

efficiency will be 30% at a bandgap of 1.1. eV [14]. The latter is the so-called the Shockley-

Queisser efficiency, which represents the maximum theoretical efficiency of a single P-N 

junction[14].  

  

  

 

 

 

 

 

 

  

Figure 1.9:  Schematics of AM1.5 spectrum showing the thermalization and sub-bandgap 

losses for single junction solar cells: (a) silicon, with an Eg of 1.1 eV, (b) subcell, 

with an Eg of 1.70 eV. 

(a) (b)
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1.4. Multi-junction Solar Cells 

In order to reduce the sub-bandgap and thermalization losses that exist in single-junction 

devices discussed in Section 1.3, the multi-junction solar cell concept, was demonstrated by NCSU 

in 1979 [15]. In a multi-junction device, multiple P-N junctions of different bandgaps are stacked 

on top of each other, as shown in Figure 1.11, to divide the absorption of the solar spectrum more 

efficiently among them. As shown in Figure 1.11, the subcell with the highest energy (Eg1) absorbs 

photons with energies higher than Eg1. The second highest energy subcell (Eg2) absorb photons 

with energies higher than Eg2  and lower than Eg1. Similarly, the bottom cell in Figure 1.11 absorb 

photons in the Eg3-Eg2 bandgap range. If the 1.1 eV and the 1.7 eV cell shown in Figure 1.9 are 

combined in a multijunction device, this will lead to a more efficient utilization of the solar 

spectrum as shown in Figure 1.12. Using 1.1 eV and 1.7 eV as the bottom and top cell forms the 

optimum bandgap combination in dual-junction with a prospective AM1.5G one-sun efficiency of 

35% [16]. The thermalization loss of the 1.1eV cell in the  dual-junction  structure  is   6.11%   as  

 

Figure 1.10: Thermalization loss, sub-bandgap loss, and total loss in ideal single-junction solar 

cells, versus the bandgap. The ultimate efficiency values are calculated assuming 

only the thermalization and sub-bandgap losses are included. The efficiency will 

be more reduced if radiative-recombination and SRH recombination losses are 

included. These calculations were performed on the AM1.5G spectrum 
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shown in Figure 1.12(a), which is much less than its corresponding value (34.8%) in a single-

junction structure shown in Figure 1.9(a). The thermalization loss of the 1.7 eV is the same in both 

the single-junction and dual-junction configurations because it is absorbing the same solar 

spectrum window. The 1.7/1.1 dual-junction device has total losses of ~36% which are much less 

than the losses in the single-junction 1.1 eV (49.52%) and 1.7 eV (60.46%) solar cells. This 

indicates that the ideal ultimate efficiency of the dual junction 1.7/1.1 eV cell is ~64% which is 

much higher than any single-junction shown in Figure 1.10. As mentioned earlier, these efficiency  

 

 

                                 Figure 1.11: Multi-junction solar cell concept 

 

 

Figure 1.12: Schematics of AM1.5 spectrum showing the thermalization and sub-bandgap 

losses for multi-junction solar cell devices: (a) dual-junction structure (1.7eV/1.1 

eV), (b) six-junction structure (2.1 eV/1.7 eV/1.4 eV/1.1 eV/0.91 eV/0.7 eV). 
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values do not include the losses due to radiative-recombination and Shockley Read Hall 

recombination losses. 

As the number of junctions in the multi-junction stack is further increased, both the thermalization 

and sub-bandgap losses can be reduced. A schematic of AM1.5 spectrum showing the 

thermalization and sub-bandgap losses for the six-junction device (2.1 eV/1.7 eV/1.4 eV/1.1 

eV/0.91 eV/0.7 eV) is shown in Figure 1.12 (b). The optimum bandgap values used in the analysis 

of the six-junction device is designed by Geisz et al. [17]. The thermalization and sub-bandgap 

losses are ~14% and 1%, thus resulting in a combined loss of ~15%. The ultimate efficiency of the 

six-junction device is ~21 percent point higher its corresponding value in the dual junction 1.7/1.1 

eV solar cell. This confirms that the inclusion of more subcells with bandgaps scanning the entire 

solar spectrum results in a total thermalization loss from all subcells that is much less than each in 

a single-junction configuration.  

Figure 1.13 shows the cumulative loss in Watt/m2 as a function of wavelength from carrier 

thermalization to the band-edges for single-junction 1.1 eV cell, three-junction (1.87/1.4/0.7 eV),  

 

Figure 1.13:  Cumulative loss from carrier thermalization to the band edges of single-junction 

1.1 eV, three-junction (1.87/1.4/0.7 eV), and six-junction (2.1 eV/1.7 eV/1.4 

eV/1.1 eV/0.91 eV/0.7 eV) devices.  The integrated power density of  AM1.5G is 

1000 watt/m2 

Lost power = 294 W/m2

Lost power = 224 W/m2

Lost power =  118 W/m2
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and six-junction (2.1 eV/1.7 eV/1.4 eV/1.1 eV/0.91 eV/0.7 eV) devices.  The incident power 

density of AM1.5G is 1000 watt/m2. The cumulative power lost due to thermalization in the six-

junction device is ~ 118 watt/m2, which is much less than the that of the three-junction (224 

watt/m2) and single junction devices (294 watt/m2).  Also, covering a wider region of the solar 

spectrum leads to reducing the lost energy in the sub-bandgap region. 

Nowadays, multi-junction solar cells based on four-junction III-V materials are the most efficiency 

photovoltaics technology with efficiency of 46% under high solar concentration [9, 11, 18]. Five 

(or more) junctions are the next-generation devices with a prospective efficiency higher than 50% 

under high solar concentration [17]. In this dissertation, a novel subcell with a bandgap of 1.7 eV 

is developed for potential use next-generation five (or more) six junction devices as will be 

discussed later in the next few chapters. 

1.5. Research Objectives 

In multi-junction solar cells, subcells with optimal bandgaps, as indicated by modeling [19-

23], typically do not attain the same lattice constants. Direct growth of materials with different 

lattice constants result in detrimental dislocations which lead to an increased dark current and 

 

                                     Figure 1.14: Quantum well solar cells 
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reduced Voc, FF and η [24]. In addition, multi-junction solar cells seek to have an excellent current 

match between subcells or add more subcells to divide the solar spectrum evenly [25, 26].  Hence, 

an ideal multi-junction solar cell will have minimal defects with the identical current generated 

from each subcell. There are three main approaches to overcome the material quality and lattice-

matching limitations: wafer bonding/ mechanical stacking, metamorphic growth, and the inclusion 

of quantum wells (QWs). Details about each approach will be highlighted later in Chapter 2. This 

dissertation focus on the use of quantum wells, as an alternative promising approach to realize 

multi-junction solar cell structures with optimal bandgaps without violating the lattice-matching 

condition [27]. Quantum wells are periodic nanostructures that consist of a low bandgap material, 

well, sandwiched between two higher bandgaps, barriers. Schematics of a generic quantum well 

structure is shown in Figure 1.14. Carriers generated in the quantum well region and neutral 

regions are transported by the electric field by thermal escape or by carrier tunneling as shown in 

Figure 1.14.  

This dissertation proposes a novel QW structure based on InGaAsP/InGaP material system to 

realize a subcell in the 1.6-1.8 eV bandgap range. This QW solar cell can be part of next-generation 

five (or more) junction devices that will have a prospective efficiency of higher than 50% under 

solar concentration. Two quantum well designs are proposed in this dissertation. In the first design, 

the carriers are transported thermally by an electric field, while carriers tunnel across the barriers 

by the electric field in the second design as shown in Figure 1.14. 

Chapter 8 of this dissertation focuses on a new concept for enabling photon recycling in multi-

junction solar cells, in a two-terminal device configuration. This approach is based on recent 

research efforts in Bedair’s lab that focus on developing two-terminal tandem solar cells of two 

dissimilar material systems using the Inter-Metallic Bonding (IMB) Approach [28]. The IMB 

approach allows combining two cells that differ in their crystalline, electrical, thermal and optical 

characteristics, in two-terminal device configurations, as shown in Figure 1.15 [28]. Photon 

recycling for the bottom cell will be provided using a back reflector. Photon recycling for the top 

cell will be realized using air-gap or epoxy as intermediate between top and middle cells using the 

inter-metallic bonding approach. 



 

19 

 

 

1.6. Synopsis of Dissertation 

This dissertation explores the development of novel quantum well material systems and 

designs to advance the performance of III/V multijunction solar cells. Two quantum well structures 

and designs are developed.  

Chapter 2 discusses the principles of quantum well solar cells, including our modeling of the band-

gap tunability, critical layer constraints, strain-balance design, and carrier transport. 

Chapter 3 presents a brief literature review of recent progress in the development 1.1-1.3 eV 

InGaAs/GaAsP and > 2.2 eV InGaN/GaN quantum well solar cells. The motivation of the 

development each of these QW solar cell structures will be presented. 

Chapter 4 focuses on details about the growth of strain-balanced InGaAsP/InGaP quantum well 

structure. The growth conditions to strain-balance this QW structure are presented in this Chapter.  

Chapter 5 discusses the solar cell results of strain-balanced InGaAsP/InGaP quantum. The effects 

of well thickness, well number, and barrier heights on the performance of this QW structure are 

presented in Chapter. The carrier transport of this QW structure is discussed.  

 

Figure 1.15: Schematic of photon dynamic in multi-junction cells with an ideal reflector 

placed at the back of the top cell. Antireflection coatings (ARCs) are not shown 

for simplicity. This will be experimentally realized using the using the Inter-

Metallic Bonding (IMB) Approach [28] 
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Chapter 6 focuses on the growth of lattice-matched InGaAsP/InGaP quantum well structure. 

Details about the in-situ curvature monitoring and X-ray diffraction results are presented in this 

chapter as well.  

Chapter 7 discusses the solar cell results of lattice-matched InGaAsP/InGaP quantum well. The 

carrier transport in this QW structure is also discussed. 

Chapter 8 presents the concept for the development of photon-recycling in multi-junction solar 

cells using the inter-metallic bonding approach. 

Summary of research and future outlook of this dissertation research work is presented in Chapter 

9. 
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Chapter 2: Principles of Quantum Well Solar Cells 

This chapter provides an overview of the physics of quantum well solar cells. The 

advantages of using quantum well structures in multi-junction solar cells are first discussed.  

Research needs that open up avenues for developing the next-generation quantum wells are 

presented in Section 2.1. Quantum well solar cells have a wide tunable bandgap, thus making them 

potential candidates for subcells in next-generation multi-junction solar cell devices. This bandgap 

tunability advantage is discussed in Section 2.2 by modeling the quantum size and strain effects in 

quantum well structures. The challenges related to materials growth such as critical layer thickness 

(CLT) and strain-balance constraints are discussed in Section 2.3 and Section 2.4, respectively. 

The physics of carrier transport in quantum well solar cells is presented in Section 2.6. The 

discussions in this Chapter is focused on reviewing the strain-balanced InGaAs/GaAsP and 

strained InGaN/GaN quantum well structures which are two widely researched in the last few 

years. In Chapters 4, 5, 6, 7: novel strain-balanced and lattice-matched InGaAsP/InGaP quantum 

well solar cells are presented.  

2.1. Motivation  

There has been an intensive search for high-efficiency photovoltaics since the invention of 

first p-n silicon solar cells in the 1950s [29]. Among all alternative photovoltaic technologies, the 

III/V multi-junction solar cells are the most efficient photovoltaic technology nowadays [5, 30]. 

Inverted metamorphic ( IMM) InGaAsP/InGaAs and lattice-matched InGaP/GaAs dual-junction 

have realized one-sun efficiencies (η) of 32.6% and 31.6%, respectively [5, 31]. Lattice-matched 

InGaP/Ga(In)As/Ge and IMM InGaP/GaAs/InGaAs triple-junction solar cells have realized η of 

44.0% and 44.4%, respectively, under high solar concentration [32, 33]. Quadruple-junction 

wafer-bonded [6, 11] and IMM  [18] structures have demonstrated η of ~46%, under high solar 

concentration. Next generation multi-junction devices will have five (or more) junctions with 

prospective η exceeding 50% under high solar concentration [34][17]. 

The realization of the ideal subcells with optimal bandgaps (Eg) in current and next-generation III-

V solar cells is challenged by the relation between the bandgap and lattice constant of materials. 

Subcells with optimal bandgaps, as indicated by modeling [19-23], typically do not attain the same 

lattice constants. Direct growth of materials with different lattice constants result in detrimental 
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dislocations which lead to an increased dark current, and reduced open circuit voltage (Voc), fill 

factor (FF) and η [24]. In addition, multi-junction solar cells seek to have an excellent current 

match between subcells or add more subcells to divide the solar spectrum evenly [25, 26].  Hence, 

an ideal multi-junction solar cell will have minimal defects with the identical current generated 

from each subcell. There are three main approaches to overcome the material quality and lattice-

matching limitations: wafer bonding/ mechanical stacking, metamorphic growth, and the inclusion 

of quantum wells (QWs). The first approach to overcome the material quality and the lattice 

matching issue is the wafer bonding or mechanical stacking, which employs combining structures 

of different lattice constants grown on different substrates. One example of wafer bonding is InGaP 

(1.88 eV)/GaAs (1.42 eV)//InGaAsP (1.12 eV)/InGaAs (0.74 eV) four-junction (4J) solar cell [11], 

where lattice-matched InGaP/GaAs and InGaAsP/InGaAs structures were grown separately on 

GaAs and InP substrates, respectively. Then the two junctions are bonded to each other during 

processing and the GaAs substrate is lifted-off. The second approach to overcome the material 

quality and the lattice matching issue is the metamorphic growth, which uses a compositionally 

graded buffer to relieve the build-up of stress during monolithic growth in order to access subcells 

with optimal bandgaps that cannot be epitaxially grown without defects [9, 35]. One example of a 

metamorphic structure is 4J InGaP (1.8 eV)/GaAs (1.40 eV)/InGaAs (1.0 eV)/InGaAs (0.7 eV), 

where a compositionally graded transparent buffer of InGaP was grown to reduce the introduction 

of dislocations between InGaAs and GaAs subcells [9].  

2.2. Quantum Well Solar Cells (Review) 

The use of quantum wells is an alternative promising approach to realize multi-junction 

solar cell structures with optimal bandgaps without violating the lattice-matching condition [27]. 

Quantum wells are periodic nanostructures that consist of a low bandgap material, well, 

sandwiched between two higher bandgaps, barriers. Schematics of the two quantum well 

structures, studied in this chapter, are shown in Figure 2.1.  The  InGaAs/GaAsP and InGaN/GaN 

quantum wells are grown in the intrinsic region of p-i-n (or n-i-p) solar cell structures, as shown 

in the schematics of Figure 2.1. The emitter/base of InGaAs/GaAsP and InGaN/GaN quantum well  
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solar cells are GaAs and GaN, respectively, Figure 2.1.  The lattice constant-bandgap diagram of 

each quantum well structure, showing the well/barrier lattice constants and bandgap range for each  

material system is shown in Figure 2.2. In Chapters 4-7, novel strain-balanced and lattice-matched 

InGaAsP/InGaP quantum well solar cells are presented. 

 

Figure 2.1: Schematics of: (a) GaAs p-i-n solar cell that includes strain-balanced 

InGaAs/GaAsP quantum wells, grown on GaAs substrate, and (b) GaN p-i-n solar 

cell that includes strained InGaN/GaN quantum wells, grown on GaN templates 

on sapphire substrate. 
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2.2.1. Quantum Well Material Systems 

The quantum wells can be either lattice-matched, strain-balanced, or strained. The first QW 

approach is the lattice-matched material systems, where the well and barrier have a lattice constant 

similar to the underlying substrate. Chapters 6 and 7 of this dissertation presents a novel lattice-

matched InxGa1-xAs1-zPz / In0.49Ga0.51P quantum well structure, where the  InxGa1-xAs1-zPz well and 

In0.49Ga0.51P barrier are grown lattice-matched to GaAs substrate, in the intrinsic region (i) of 

In0.49Ga0.51P p-i-n solar cells. The second QW approach is the strain-balanced material systems, 

where psudeomorphically-layers are epitaxially grown through balancing the compressive stress 

formed by the well with the tensile stress on the barrier, as shown in Figure 2.1 (a2) and Figure 

2.1(b3). An example of strain-balanced material system is InGaAs/GaAsP, grown in the intrinsic 

region of GaAs p-i-n structure as shown in Figure 2.1(a2). The InGaAs quantum well was grown 

under compressive stress, with lattice constant higher than that of GaAs, to tune the bandgap to 

less than 1.4 eV, as shown in Figure 2.1(a). Chapters 4 and 5 of this dissertation presents a novel 

strain-balanced InxGa1-xAs1-zPz / InyGa1-yP QW structure, where InxGa1-xAs1-zPz is grown with 

 

Figure 2.2: Bandgap versus lattice constants showing the well and barrier compositions for the 

three QW structures in Figure 1: (a) strain-balanced InGaAs/GaAsP QWs, and (b) 

strained InGaN/GaN QWs. The vertical dotted line in each figure represents the 

lattice-matched condition to GaAs/GaN. The horizontal dotted lines represent the 

region of interest in each QW structure. 
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indium composition of higher than 49%, to tune the bandgap of In0.49Ga0.51P-based cells (1.85 eV) 

to the 1.6-1.8 eV range as shown in Figure 2.2(b). The InyGa1-yP barrier was grown with under 

tensile stress with indium compositions less than 49% to strain-balance the QW structure as will 

be discussed later in detail in Chapters 4 and 5. The well/barrier thicknesses are adjusted to strain-

balance the structure as will be discussed in detail in Section 2.5 of this Chapter. Using the strain-

balance concept, the build-up of strain energy during growth can be controlled, to allow the growth 

of a high number of periodic quantum wells with minimal stress relaxation. This concept was 

developed, by Bedair, in the eighties in light emitting diodes (LEDs) to tune the bandgap of GaAs 

to lower energy values  [36]. Then the same concept was applied to solar cells [37] to provide more 

design flexibility in tuning subcells in multi-junction devices. The third QW approach is the 

strained material system, where the lattice constants of the well and barrier are not similar as shown 

in Figure 2.1(c2) and Figure 2.2(b) for the InGaN/GaN material system. This results in a strained 

structure and the net stress in the whole structure will be compressive, which will limit the number 

of quantum wells that can be included in any GaN n-i-p structure. The strained InGaN/GaN QW 

tune the bandgap to energy values less than 3.4 eV as shown in Figure 2.2(c). Another example of 

strained QW structure is InGaAs/GaAs grown in the i layer of GaAs p-i-n structure to tune the 

bandgap of GaAs-based cells to energy values less than 1.4 eV [38], where the InGaAs quantum 

well was grown under compressive stress. Using the QW approach, strain-balanced 

InGaAs/GaAsP on GaAs substrates [37, 39-42] and strained InGaN/GaN on GaN templates on 

sapphire substrates [43-47] have been proposed as alternatives to realize 1.1-1.3 eV and >2.1 eV 

solar cells, respectively, as shown in Figure 2.2. In Chapters 4-7, novel strain-balanced and lattice-

matched InGaAsP/InGaP quantum well structures are presented to tune the bandgap of InGaP-

based cells to 1.6-1.8 eV. 

2.2.2. Advantages of Quantum Well Solar Cells 

The advantages of quantum well solar cells can be summarized as follows: 

1- Quantum wells can be grown lattice-matched or strain-balanced to GaAs substrates thus 

accessing wide bandgaps that are not accessible by bulk absorbers grown lattice-matched 

to GaAs substrates. For example, the absorption threshold of InGaAs/GaAsP solar cell can 

be extended to 900-1127 nm, which is a wide range not available from any material lattice-
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matched to GaAs substrates. The bandgap tunability of quantum wells will be discussed in 

detail in Section 2.3. 

2- The tandem solar cell that incorporates quantum well structure in any of its subcells is 

grown under upright conditions without any extra fabrication steps. In the inverted 

metamorphic approach discussed in Section 2.1, the GaAs substrate needs to be etched 

during processing. 

3- High performance quantum well solar cells can be grown at low growth temperatures 

(~500-600 C) which are much less than the temperatures to grow high-quality solar cells 

that are based on bulk absorbers. The low temperature results in less thermal degradation 

effects on the tunnel junctions that are grown underneath the subcell in the multi-junction 

device [48-50]. 

4- Quantum well maintains open-circuit voltage close to the fundamental limit set by 

Shockley-Quassier. By increasing the number of junctions in the multi-junction stack, there 

will be less current generated from each subcell. Comparing multi-junction solar cell 

devices based on four junctions and seven junctions, the seven-junction device will exhibit 

a lower-current and a higher voltage than the four-junction device. Thus, it is important to 

guarantee that each subcell in next-generation five (or more) junction devices, generates 

voltage close to the fundamental limit. To assess how close the solar cells to the 

fundamental limit set by Shockley-Quassier, the bandgap-voltage offset, Woc = Eg-Voc, is 

typically used as a figure of merit [51]. A Woc close to 0.4 V indicates high internal 

radiative efficiency. Quantum well solar cells, typically attain Woc values close to 0.4 V 

and thus offers this advantage and can potentially be incorporated in multi-junction solar 

cells to enhance the cell efficiency. 

Despite these potentials, there are several challenges for the realization of high-performance 

QWSCs are mainly: materials growth with high-quality and realizing efficient light absorption and 

carrier collection. These challenges will be discussed in the next few sections by modeling the 

bandgap tunability, CLT and strain-balance constraints of InGaAs/GaAsP, InGaAsP/InGaP, and 

InGaN/GaN. The effects of layers thicknesses and compositions on carrier collection (by drift) are 

also discussed. 
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2.3. Bandgap Tunability 

As shown in the lattice-constant versus bandgap diagrams of Figure 2.2(a), the strain-

balance approach allows one to optimally select the bandgap of each junction to maximize the 

efficiency of multi-junction solar cells. For example, the use of strain-balanced InGaAs/GaAsP 

quantum wells allows one to access absorbing layers in the 1.1-1.3 eV range which are not 

available from a bulk material lattice matched to GaAs, as shown in Figure 2.2(a). This can be 

achieved while maintaining the lattice-matching condition to GaAs substrates. The effective 

bandgap (𝐸𝐺,𝐸𝑓𝑓), or equivalently the optical absorption threshold, of a QW structure is a function 

of quantum size effects (QSE), quantum confined stark effects (QCSE), and stress effects. Thus, 

the 𝐸𝐺,𝐸𝑓𝑓 of these QW structures should be adjusted to account for current-matching condition in 

the multi-junction solar cell structure.  

The EG,Eff  of the quantum well can be estimated as follows, 

,

,

well relaxed Strain QSE QCSE

G Eff G G G GE E E E E= + + +                 (2.1) 

where  𝐸𝐺
𝑤𝑒𝑙𝑙,𝑟𝑒𝑙𝑎𝑥𝑒𝑑

 represents the relaxed well bandgap,  ∆𝐸𝐺
𝑆𝑡𝑟𝑎𝑖𝑛 represents the shift in the QWs 

absorption due to compressive or tensile strain in the multiple-quantum well layers,  

∆𝐸𝐺
𝑄𝑆𝐸

represents the bandgap shift due to the QSE, and  ∆𝐸𝐺
𝑄𝐶𝑆𝐸

 represents the well thickness 

dependent shift in the effective band gap due to QCSE.  The bandgaps used in the model for 

InGaAs, GaAsP, InGaAsP, InGaP, and InGaN are linearly interpolated between  the binary 

compounds [52]. The conduction band and valence band offsets are estimated based on Anderson’s 

rule. Kronig-Penney model is used to calculate the quantum states [53]. The strain has two effects 

on the band gap. The first effect is a change in the relative energy of the conduction and valence 

band energy. The magnitude of this energy difference, 
1E ,  depends upon the strain, ε, the elastic 

stiffness coefficients, C11 and C12, and the hydrostatic deformation potential, “a”. These 

parameters depend upon the composition of the strained layer and E is given as follows [54], 

11 12
1

11

2
C C

E a
C


 −

 = −  
 

                      (2.2) 

The second effect due to strain is the splitting of the heavy hole (hh) and light hole (lh) degeneracy. 

For a compressive material, the heavy hole will move to a higher energy while for a tensile material 
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the light hole will be at a higher energy. The magnitudes of energy splitting for heavy holes ( hhE

) and light holes ( lhE ) depend upon the shear deformation potential, “b” [54], 

11 12

11

11 12

11

2

2

hh

lh

C C
E b

C

C C
E b

C





 +
 =  

 

 +
 = −  

 

                     (2.3) 

The elastic stiffness’s, hydrostatic-pressure and shear deformation potential values used in the 

strain effects calculations are obtained from Adachi [52]. ∆𝐸𝐺
𝑄𝑆𝐸

is calculated through using the 

Kronig-Penney model to find the n =1 quantum state for electrons and holes.  The last term in Eqn. 

(2.1),  ∆𝐸𝐺
𝑄𝐶𝑆𝐸

 represents the well thickness dependent shift in the effective band gap due to the 

quantum-confined stark effect (QCSE) [55, 56], 

* 4 * 42
, , 2

, 2 2

15
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24

e eff CB h eff VB

G QCSE

m L m L
E qF





 + −
 =    

  
                (2.4) 

where m* is the effective mass, q is the elemental charge, ħ is the reduced Planck constant, Leff, CB 

and Leff, VB are the effective quantum well width in the conduction and valence band [57], and F is 

the induced electric field due to spontaneous and piezoelectric polarization. 

The EG,Eff of strain-balanced InGaAs/GaAsP was calculated using Eqn. (2.1). The EG,Eff of strained 

InGaN/GaN was calculated using a physics-based software to solve Schrodinger-Poisson for the 

QW bound state energy. The effective bandgap of strain-balanced InGaAs/GaAs0.35P0.65 and 

strained InGaN/GaN versus well thickness (tw) for various indium compositions are shown in 

Figure 2.3. The barrier thickness (tb) of GaAs0.35P0.65 was adjusted to achieve the strain-balance 

condition. The GaN barrier thickness was fixed at 80 Å. The horizontal dotted lines in each sub-

figure represent the region of bandgaps for each QW structure that is of interest for various multi-

junction solar cell designs.  As the well thickness increases, quantum size effects are being reduced 

thus the n = 1 quantum state moves downwards resulting in a red-shift in the effective bandgap.  

The effective bandgap reduces monotonically by increasing the indium composition. The field, F, 

is in the MV/cm range for the InGaN/GaN structure and is in kV/cm range in the GaAs-based and 

InGaP-based structures.  Thus,  QCSE plays a   dominant   role in  controlling  the  emission and  
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absorption processes in the GaN-based QW structures. The increase of the indium percentage in 

InGaN increases F and QCSE and results in a red-shift in the bandgap. It is noted that there is more 

than one design in each of these structures that can theoretically realize the target bandgap in each 

of these structures. For example, a 1.2 eV InGaAs/GaAsP QW solar cell can be achieved using an 

In0.25Ga0.75As QW of thickness 80 Å or an In0.45Ga0.55As QW of thickness 30 Å. The choice of the 

well/barrier thicknesses and compositions is a design factor that is challenged by other factors such 

as CLT, strain balance, material quality and carrier transport constraints as will be discussed in the 

next few subsections. 

2.4. Critical Layer Thickness Constraints 

InGaAs and InGaN quantum wells can be grown compressively strained to GaAs and GaN 

templates on sapphire substrates, respectively, provided that the film thickness remains less than 

the CLT. The CLT is a thickness below which a material can be grown fully strained without the 

formation of misfit dislocations [24, 58, 59].  The CLT is a function of strain,  , caused by lattice 

mismatch between the film and substrate, where .

.

film sub

sub

a a

a


−
=  ; filma and .suba are the lattice constants  

 

Figure 2.3: Effective bandgap versus well thickness (tw) for various indium compositions in 

wells for the following structures: (a) strain-balanced InGaAs/GaAs0.35P0.65, and (b) 

strained InGaN/GaN. The barrier thickness (tb) of GaAs0.35P0.65  was adjusted to 

achieve the strain-balance condition. The GaN barrier thickness was fixed at 80 Å. 
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of film and substrate, respectively.  A larger lattice mismatch yields a larger strain build up and 

results in a lower CLT. The CLT of InGaAs quantum wells are calculated using Matthews and 

Blakeslee [58] which has a  good agreement with experimental results for III-V semiconductors, 

Figure 2.4(a)-(b). The CLT of InGaN was modeled using the isotropic approximation core energy  

method [60] and experimental values by Parker et al. and Reed et al. are also used [61, 62],  Figure 

2.4(b). As shown in Figure 2.4, the CLT depends critically on the value of indium for the three 

QW structures.  For example, the CLT of InxGa1-xAs films with x = 15%, 25%, and 35% are 202 

Å, 106 Å, and 70 Å, respectively as shown in Figure 2.4 (a). Similarly, the CLT of InGaN reduces 

significantly by increasing the indium percentage, Figure 2.4(b). The spread in the data for the 

CLT of InGaN is due to whether it is estimated for a bulk InGaN layer or for InGaN as part of an 

InGaN/GaN QW structure. 

Unfortunately, the amount of indium needed to achieve the optimum bandgap for the InGaAs(P) 

and InGaN would create a mismatch that limits CLT to a few hundred Angstroms or less. This 

thickness will not provide enough optical absorption to create an effective QW subcell in multi-

junction solar cells. If the QWs were grown thicker, the material would form dislocations/defects, 

and the dark current from non-radiative recombination will significantly increase. Hence, 

researchers have focused on growing a high number of period QW devices with individual layers 

 

Figure 2.4: Critical layer thickness versus the indium content for: (a) InxGa1-xAs well, and (b) 

InxGa1-xN well. 
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thicknesses less than the CLT in order to increase the total thickness of absorbing wells without 

sacrificing the CLT limitations.   

2.5. Strain Balance Design and Criteria 

Even if the individual layers in the periodic quantum well structure are grown less than the 

CLT, the whole structure may relax if the strain-balance condition was not fully realized. If the 

strain-balance condition was not met, there will be a net accumulation of compressive or tensile 

stress in whole multiple QW structure that can lead to lattice-mismatch with the substrate. The 

excess of compressive or tensile stress will result in the relaxation of strained layers and will form 

dislocation defects. This is particularly observable during the growth of a high number of periods 

(for instance, higher than 50) which is required to enhance light absorption in the QW structures. 

For instance, strained  InGaAs/GaAs QW solar cell has a limited external quantum efficiency of 

less than 20% beyond the band-edge of GaAs due to a limited number of QWs that can be included 

[38]. Increasing the number of strained quantum wells can increase the dark current, and degrades 

FF and η. This is also a challenge hindering the development of high-performance InGaN/GaN, if 

not grown strain-balanced because the net strain, mainly in the InGaN layers, will always be 

compressive and limited number of periods can be grown [43, 46, 47]. 

There are four parameters that can be controlled during the QW growth to strain-balance the 

structure: (i) tw, (ii) tb, (iii) lattice constant of well (aw), and (iv) lattice constant of barrier (ab). 

There are several models to strain-balance these QW structures. One simple model is the average-

lattice method which arises from the thickness average of compressive and tensile parameters [63],    

. .( ) ( )w temp w b temp ba a t a a t− = −             (2.5) 

where atemp. is the lattice constant of the underlying template (GaAs or GaN). Eqn. (2.5) assumes 

identical elastic properties for the well and barrier which can be inaccurate. A zero-stress balance 

model, by Ekins-Daukes et al., takes into account the differences in elastic properties of the wells 

and barriers [63]. The model relies on minimizing average in-plane stress due to biaxial strain in 

the quantum wells/barriers, and thus give better estimates for thicknesses that realize the strain-

balance condition more than the average-lattice method [63]. The condition to achieve a stress-

balance the QWs is as follows [63],  
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0w w w b b b b wA t a A t a + =                         (2.6) 
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where 𝜖𝑤 and 𝜖𝑏 are the strain in wells and barriers, respectively. 𝐴𝑤  and 𝐴𝑏 are the stiffness 

parameters for wells and barriers, respectively, which are calculated as follows: 

2

12
11 12

11

2C
A C C

C
= + −            (2.8) 

The thicknesses of wells and barriers obtained from the zero-stress model to strain-balance InxGa1-

xAs/GaAs1-yPy is shown in Figure 2.5. There can be no similar graph for the strained InGaN/GaN 

because the net strain in whole structure will be always compressive. The effects of indium 

composition in InGaAs well is studied in Figure 2.5, and the composition of GaAsP is fixed. The 

CLT of each well composition is also added to the figure. We first notice that as the well thickness 

 

Figure 2.5: Thickness of wells and barriers as estimated by zero-stress balance model to 

strain-balance the following two structures to GaAs substrates:  

InGaAs/GaAs0.35P0.65 with various indium% in InGaAs well. The CLT of each 

well composition is added to the figure. 
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increases, the compressive stress increases and the required barrier thickness to strain-balance the 

structure will also increase. For instance, In0.15Ga0.85As with well thickness of 25 Å and 100 Å can 

be strain-balanced by a GaAs0.35P0.65 barrier with tb of 10 Å and 40 Å, respectively.  It is also noted 

that for a fixed barrier thickness and composition, InGaAs with wells having higher indium 

percentage will be thinner than those with lower indium% as shown in Figure 2.5. These curves 

can be used as a design guideline to estimate the thicknesses needed to achieve nearly strain-free 

QW structures. 

2.6. Carrier Transport 

QW solar cells are p-i-n structures where the QWs are located in the intrinsic (i) layer. 

Carriers, optically generated in the QWs, are either collected by the built-in field that exists in the 

QW region or lost due to carrier recombination. There are two QW approaches to collect carriers 

by drift: (i) use of thin wells, and carriers are transported by electric field via thermionic emission 

as shown in Figure 2.6(a), and (ii) use of thin barriers and carriers are transported by electric field 

via tunneling as shown in Figure 2.6(b). Carrier transport, by thermionic emission, requires 

growing thin wells (~50 Å) with low effective barrier height (~ few kT, where k is Boltzmann’s 

constant and T is temperature). The realization of carrier transport by tunneling requires the use of 

thin barriers (~20-40 Å) and the reduction of effective barrier heights. The escape lifetime (𝜏𝑒𝑠𝑐.) 

of a carrier from a QW is determined by the thermionic emission and tunneling  lifetimes as follows 

[64], 

. . .

1 1 1
,

esc tun therm  
= +            (2.9) 

where 𝜏𝑡𝑢𝑛. and 𝜏𝑡ℎ𝑒𝑟𝑚.  are tunneling and thermionic-emission lifetimes, respectively. 𝜏𝑡𝑢𝑛. and 

𝜏𝑡ℎ𝑒𝑟𝑚.can be expressed as [64-66], 
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where 𝑚𝑤
∗  and 𝑚𝑏

∗  are the effective masses at the well and the barrier, respectively. Eb is the 

effective barrier height from the ground state (n = 1), and E(z) is the electric field. The escape 

probability of minority carriers from a single quantum well can be calculated as follows [64], 

 

Figure 2.6: Band diagram of quantum well solar cells with two different designs: (a) structure 

with thin wells and low effective barrier height to promote thermionic emission, and 

(b) structure with thin barriers to allow carrier tunneling. In both scenarios, the 

carriers are swept across the depletion region by an electric field. 

barrier

QWs

well

n-type

barrier

QWs

well

n-type

p-type

p-type

(b)

(a)

Electric field

Electric field

electron

Hole

electron

Hole

Tunneling

Tunneling



 

35 

 

 .

. .

1

,
1 1

esc

esc rec

P


 

=

+

           (2.12) 

where 𝜏𝑟𝑒𝑐.is the recombination lifetime. Thus, the probability of carrier collection is high, for 

QWs with long carrier lifetime and short escape lifetime, i.e. 𝜏𝑒𝑠𝑐. ≪ 𝜏𝑟𝑒𝑐.. This does impose 

restrictions on material quality. If we assume that the escape probabilities from all the quantum 

wells are the same, the total escape probability can be expressed as follows 

. ,tot NP P=             (2.13) 

where N is the number of quantum wells in the intrinsic region. For example, if the escape 

probability (P) across a single QW is 0.98, the total escape probability (𝑃𝑡𝑜𝑡) across 20 QWs, is 

0.9820 = 0.67 which is not high enough to guarantee efficient carrier collection by drift. Hence, the 

thickness of well and barrier, as well as the effective barrier height should be tuned to maximize 

the carrier escape probability without sacrificing the material quality. Eqn. (2.13) assumes all 

carriers generated in the QW and neutral regions will traverse N quantum wells. However, each 

carrier traverses a different number of wells, depending on the position where the carrier was 

generated. Thus, Eqn. (2.13) assumes the worst-case scenario for a carrier transport.  

For In0.11Ga0.89As (93 Å)/ GaAs0.93P0.07 (160 Å), the thermionic-emission lifetimes for electrons, 

calculated using Eqn. (2.11) for the first quantum state is 1.68 psec, which is more than 1000 times 

shorter than tunneling lifetime (~7 nsec), thus indicating that thermionic emission is the dominant 

carrier transport. If the QWs are fully strain-balanced with high material quality, the recombination 

lifetime, 𝜏𝑟𝑒𝑐.,will  be much longer than 𝜏𝑡ℎ𝑒𝑟𝑚. and this will lead to a 100% escape probability for 

the carriers swept by drift as indicated by Eqn. (2.12). If we assume a structure that has a thin 

barrier thickness such as In0.18Ga0.82As (125 Å)/ GaAs0.36P0.64 (40 Å), the tunneling and thermionic-

emission escape lifetimes, 𝜏𝑡𝑢𝑛. and 𝜏𝑡ℎ𝑒𝑟𝑚., for electrons are 0.89 nsec and 1.84 µsec, respectively. 

The shorter tunneling escape time indicates that tunneling is dominating the transport. If a 

recombination time, 𝜏𝑟𝑒𝑐., of 50 nsec is assumed, the tunneling escape probability across a single 

QW and 100 QWs will be 0.984 and 0.984100 =0.1686 as calculated using Eqn. (2.12) and Eqn. 

(2.13), respectively. The escape probability across the 100 QWs is not sufficiently high for 

efficient carrier collection. If the GaAs0.36P0.64 barrier thickness is reduced from 40 Å to 20 Å, 𝜏𝑡𝑢𝑛. 
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will be reduced from 0.89 nsec to 4.1276 psec, thus increasing the escape probability across the 

100 QWs from 0.1686 to 0.9918. This indicates that the use of thin-barriers is essential for 

tunneling to take place efficiently. The same discussion is also valid for the holes. In the next 

section, different QW material systems are studied and the effects of different QW designs on 

carrier transport and collection are analyzed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

37 

 

Chapter 3: Review of Recent Progress in Quantum 

Well Solar Cells  

This chapter presents a literature survey of the recent progress in the field of quantum well 

solar cells. Two quantum well solar cells that have been widely researched are discussed, strain-

balanced InGaAs/GaAsP and strained InGaN/GaN. For each material system, the major 

advancements in its development and the challenges facing it are discussed. The analysis of carrier 

transport discussed in Section 2.6 is used to analyze the carrier tunneling and thermionic emission 

for the structures discussed in this Chapter.  

3.1. Strain-balanced InGaAs/GaAsP Quantum Wells ( 1.1-1.3 eV Subcell) 

InGaAs/GaAsP is grown in the unintentionally doped i layer of GaAs n-i-p (or p-i-n) solar 

cells as shown in Figure 2.1(a). The emitter and base are GaAs doped typically with silicon (or 

selenium) and zinc (or carbon), respectively. There are several potential applications of this QW 

structure in multi-junction solar cells. First, InGaAs/GaAsP has been widely used in triple-junction 

devices (1.8/1.2/0.7 eV) to tune the bandgap of GaAs solar cells to 1.2 eV to increase the short 

circuit current (Jsc) and alleviate the current mismatch between the top and middle cells [37, 39-

41, 67]. In addition, InGaAs/GaAsP with a bandgap of 1.1 eV is a potential candidate for the 

bottom cell material in dual-junction (1.7/1.1 eV) solar cell, with a prospective one-sun AM1.5G 

efficiency of 36-38% [16]. Recent efforts by NCSU/Spectrolab have shown the successful 

integration of In0.49Ga0.51P (1.9 eV) top cell with GaAs bottom cell that incorporates 

InGaAs/GaAsP QWs [67]. Also, InGaAs/GaAsP has been proposed as a 1.15 eV subcell in quad-

junction devices with a prospective efficiency of 50% [68].  

Researchers have developed InGaAs/GaAsP quantum well solar cells based on the two carrier 

transport mechanisms discussed in Section 2.6 and Figure 2.6. In order to realize thermionic 

emission carrier transport in InGaAs/GaAsP, the high-bandgap strain-compensating barrier, 

GaAsP, must have a composition that yields lattice constant and bandgap close to GaAs substrate 

such that the effective barrier height for electrons and holes will be sufficiently low to surmount, 

as shown in band diagram of Figure 2.6 (a).  The external quantum efficiency (EQE) of 50-period  
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 In0.11Ga0.89As (tw = 93 Å)/ GaAs0.93P0.07 (tb = 160 Å), by Adams et al. [69], is shown in Figure 

3.1(a). The conduction band diagram for that structure is also shown in the inset of the same figure. 

It is noted that the phosphorus and indium compositions in the GaAsP barrier and InGaAs layers 

are only 7% and 11% which will lead to a tensile and compressive strain of -0.25% and 0.8%, 

respectively.  For wavelengths (λ) shorter than the GaAs band-edge (885 nm), absorption occurs 

in the GaAs:p emitter and GaAs:n base and the high EQE values indicates efficient light absorption 

and carrier collection. For λ’s longer the GaAs band-edge, absorption occurs in the InGaAs/GaAsP 

QWs, and the inclusion of QWs in the intrinsic region has extended the absorption threshold to 

~932 nm. The high EQE values beyond GaAs-band-edge (hereafter, sub-bandgap EQE) that are 

exceeding 40% at 920 nm indicates that the electric field sweeps away all the carriers efficiently 

across the depletion region. The escape probabilities for electrons and holes for this QW structure 

were calculated using Eqns. (2.9)-(2.13), and the values are summarized in Table 3.1. The effective 

barrier heights for electrons and holes are 77 meV and 80 meV, respectively which yields to a 

unity thermionic probability (Ptherm) across a single QW and across the 50 QWs. The thick 

GaAs0.93P0.07 barrier (160 Å) leads to zero tunneling probability (Ptun) for both electrons and holes, 

Table 3.1.  Even though that research presents efficient light absorption and carrier collection, the 

percentage of the total absorbing InGaAs well (0.465 µm) represents only 37% of the total period 

thickness (1.26 µm). This is attributed to the use of the low-phosphorus composition in the GaAsP  

 

Figure 3.1: External quantum efficiency of multiple InGaAs/GaAsP quantum well solar cells 

designs: (a) structure with thin wells and low effective barrier height to promote 

thermionic emission, by Adams et al.  [69], (b) structure with thin barriers to allow 

carrier tunneling, by Bradshaw et al.[41, 70], and (c) high-performance structure 

with peak excitonic values exceeding 70%, by Fuji et al. [40]. More details about 

these structures such as the presence of window, back surface field or antireflection 

coatings are discussed in the references. 
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which will limit the increase of the absorbing InGaAs well thickness to maintain the strain-balance 

condition. If the InGaAs well thickness is further increased, the strain-balance condition will be 

violated resulting in the presence of defects which will degrade the η. One possible approach to 

address this issue is to increase the number of QWs to enhance the sub-bandgap EQE. However, 

increasing the number of QWs is typically accompanied by limitations associated with epitaxial 

growth challenges such as the strain-balance and CLT issues as discussed in Chapter 2, as well as 

the difficulty of obtaining a uniform electric field distribution across the QW region as will be 

discussed later in Chapter 5. 

In order to address that limitation, another QW approach was proposed by NCSU that relies on 

using thicker absorbing wells and thin barriers through the use of high phosphorus in the GaAsP 

barriers [41, 71, 72]. The high phosphorus composition creates a larger compensating strain, 

therefore allowing the barriers to be thin enough that carrier tunneling is the dominant transport 

mechanism [41]. This removes two limitations that exist in the structure shown in Figure 3.1(a) 

that has low phosphorus GaAsP layers. First, the absorbing InGaAs layers of this approach form 

the majority of the QW region which can lead to enhancing the sub-bandgap EQE. Second, the 

indium composition of the InGaAs is not limited by the requirement that effective barrier height 

should be sufficiently low for the carriers to surmount. For hundred-period In0.14Ga0.86As (tw = 115 

Å) and GaAs0.24P0.76  (tb = 27 Å) QWs, the thickness of the non-absorbing GaAs0.24P0.76 barriers 

leads to only ~0.27 µm total barrier thickness.  Thus, the i-layer will primarily consist of 

In0.14Ga0.86As optical absorbing films, ~1.1 µm, which is much thicker than the corresponding 

InGaAs thickness in the structure that relies on thermionic emission transport.  This will 

Table 3.1: Tunneling (Ptun) and thermionic-emission (Ptherm) escape probabilities for electrons 

and heavy hole states for different InGaAs/GaAsP QW designs 

 Ptun. Ptherm Carrier 

transport 

e hh e hh  
In0.11Ga0.89As (93 Å)/ GaAs0.93P0.07 (160 Å), 

50-period [69] 
0 0 0.9983 

 

0.9983 

 

Thermionic 

emission 
In0.18Ga0.82As (100 Å)/ GaAs0.36P0.64 (32 Å), 

42-period [41, 70]  
0.9431 0.94 0.1447 

 

0 

 

Carrier 

tunneling 
In0.30Ga0.70As(35 Å)/ GaAs0.60P0.40(30 Å), 

100-period [40] 
1 0.9584 0.5672 

 

0 

 

Carrier 

tunneling 
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correspond to enhancement in the sub-bandgap EQE and will enhance the gain in Jsc if compared 

with that of a GaAs cell that does not include QWs. Figure 3.1(b) shows the EQE of 42-period 

In0.18Ga0.82As (tw = 100 Å)/ GaAs0.36P0.64 (tb = 32 Å), by Bradshaw et al. [41, 70]. The EQE values 

in Figure 3.1(b) indicates efficient light absorption and carrier collection in both the bulk region 

and the QW region. The values for the probabilities for tunneling and thermionic emission, Ptun, 

and Ptherm. are summarized in Table 3.1. The thin GaAs0.36P0.64 barriers (30 Å) allow for the carriers 

to tunnel efficiently across both single well and the 42-QWs. The Ptherm across the QWs are less 

than 15% due to the high effective barrier height (0.413 eV for electrons and 0.2336 eV for holes). 

There are several challenges with the growth of the InGaAs/GaAsP QW structure. First, it is 

challenging in terms of crystal growth to achieve such high phosphorus composition in GaAsP. 

This is because arsenic incorporates, by order of magnitude, higher than phosphorus when both 

arsine (AsH3) and phosphine (PH3) are present [73, 74]. The success behind growing 70% 

phosphorus GaAsP was realized by research groups that used tertiarybutylphosphine (TBP) and 

tertiarybutyl-arsine (TBA), with a [TBP]/([TBP]+[TBA]) flow ratio higher than 80% [40, 75].  

The second challenge is related to the group V switching at InGaAs/GaAsP interfaces, which 

results in graded (non-abrupt) interfaces [76]. This leads to the formation of an unintentional 

quaternary InGaAsP alloy. This difficulty arises due to phosphorus and arsenic atoms intermixing 

as well as phosphorus carry-over. In order to improve (In,Ga)As/Ga(As,P) interface quality, a 

GaAs interfacial was introduced, by Samberg et al., at both the InGaAs/GaAsP and GaAsP/ 

InGaAs interfaces  [76]. The GaAs transition layers have proved to prevent the phosphorus 

carryover between the barrier and well structures resulting in improvements in the electrical and 

material characteristics [40, 41, 76, 77].  

A 100-period In0.30Ga0.70As (35 Å)/ GaAs(27Å)/ GaAs0.60P0.40(30 Å)  with an effective bandgap 

of 1.23 eV has been demonstrated, by Fuji et al.  [40], as shown in Figure 3.1(c). The EQE values 

exceed 80% beyond band-edge of GaAs, thus indicating efficient light absorption and carrier 

collection, as well as excellent control over growth conditions. The carriers are swept across the 

depletion and neutral regions through tunneling as indicated by the Ptun.  and Ptherm values in Table 

3.1. The one-sun AM1.5 current density-voltage curve measured for the 100-period device, as well 

as, a GaAs device that does not include QWs, is shown in Figure 3.2 [40]. A schematic of the two 

structures is also depicted in the inset of Figure 3.2. The Jsc, Voc, FF, and η of the 100-period  
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In0.30Ga0.70As / GaAs0.60P0.40 QW device were 25 mA/cm2,  0.85 V, 76.2%, and 16.2%, 

respectively. The corresponding Jsc, Voc, FF, and η values of GaAs standard device were 20.9 

mA/cm2, 0.962 V, 0.761, and 15.9%, respectively. The reported Jsc for the QW device is ~20% 

higher than the GaAs device [40]. The reason for Jsc enhancement is due to the sub-bandgap 

absorption by the QWs as shown in the EQE of Figure 3.1(c). The Voc of QW device is 115 mV 

lower than the GaAs device due to extending the bandgap to 1.23 eV. The η of the QW device is 

higher than the GaAs (w/o QWs) device due to the large Jsc boost.  Current-voltage characteristics 

showing Jsc and η improvements due to the addition of the QWs were also reported by the NCSU 

and Imperial College groups [39, 41]. More details about the structures discussed in Figure 3.1 

such as the presence of window, back surface field or antireflection coatings are discussed in the 

references. 

The effect of the number of periods on strain-balanced In0.10Ga0.90As (tw = 80 Å )/GaAs0.92P0.08 (tb 

= 186 Å ) device performance is depicted in Figure 3.3(a) and Figure 3.3(b), using the tabulated 

data reported by Bushnell et al. [78]. It is worth pointing out that the carriers in this QW structure 

will be swept by drift through thermionic emission due to the use of low phosphorus barrier 

(GaAs0.92P0.08). There are two competing effects occurring with the increase in the number of QWs.  

 
Figure 3.2:  AM1.5 current-voltage characteristics of InGaAs/GaAsP QW and GaAs standard 

solar cells, with the inset showing a schematic of the two structures, by Fuji et al. [40]. 
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First, the increase of the QW number enhances the Jsc due to increasing the total thickness of 

absorbing layers, Figure 3.3(a). Second, a larger number of QWs increases the dark current due to 

increase in the depletion region thickness and number of interfaces, and thus increases the 

Shockley Read Hall recombination rate. The increase or decrease of Voc, with the number of QWs, 

depends on the last two effects, and it typically does not vary significantly with the number of 

period change, as shown in Figure 3.3(a). Increasing the number of QWs from 1 to 50 has reduced 

the FF from 85.8 to 82.1%. This can be attributed to an expected increase in the total stress across  

 the QW and improving the FF higher than 85% requires more enhancement of interfaces quality 

and excellent stress management to reduce the stress across the QW region. High-performance 

quantum well devices have a boost in Jsc that compensate both the Voc and FF deterioration, thus 

resulting in an increase in efficiency if compared with standard GaAs devices, as shown in Figure 

3.2 and Figure 3.3(b).  

3.2. Strained InGaN/GaN Quantum Wells ( > 2.1 eV subcell) 

Strained InGaN/GaN quantum wells are grown in the unintentionally doped i layer of GaN n-i-p 

solar cells as shown in Figure 2.1(c). The emitter and base are GaN doped typically with 

magnesium and silicon, respectively. InGaN-based alloys have received tremendous attention for 

use in photovoltaic devices in the last few years [21, 43-46, 79, 80]. This interest has been driven  

 

Figure 3.3:  The effect of the number of QWs in the intrinsic region on one-sun AM0 current-

voltage characteristics: (a) Jsc (mA/cm2) and Voc (Volts) and (b) FF and η; study by 

Bushnell et al. [78] 
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by favorable properties of InGaN-based alloys, including a direct band gap ranging from 0.64 eV 

for InN to 3.4 eV for GaN, high absorption coefficients of 105 cm−1 near the band edge, as well as 

high resistance to high energy photon irradiation [79] [81].  In0.45Ga0.55N is also proposed as a 

potential topcell that can be mechanically stacked with Si in tandem solar cells to achieve η higher 

than 31% [82]. In addition, developing InGaN with bandgap higher than 2 eV is important for next 

generation five (or more) junction devices [21, 43-46, 79].  

The EQE response of two structures that have indium percentage higher than 20% are reviewed 

because a bandgap in the 2.0-2.5 eV is required for next generation (five or more) photovoltaic 

devices. Figure 3.4(a) shows the EQE of eight-period of In0.30Ga0.70N (tw = 30 Å)/GaN (tb = 80Å) 

that has a cut-off wavelength (λcut-off) at about 450 nm, by Dahal et al. [43]. Beyond the band-edge 

of GaN (365 nm), absorption occurs only in the In0.30Ga0.70N quantum well and the quantum 

efficiency is limited to less than 10% at 450 nm due to several reasons. First, the total thickness of 

absorbing In0.30Ga0.70N well is only 24 nm which is very thin to achieve high EQE values. Second, 

the presence of high lattice-mismatch between GaN and InN of ~11.8% results in highly strained 

 
Figure 3.4: External quantum efficiency of  InGaN/GaN QW solar cells with high indium 

percentage (x > 0.2): (a) eight periods of In0.30Ga0.70N (tw = 30 Å)/GaN (tb = 80Å) 

that has a cut-off wavelength at ~450 nm, by Dahal et al. [43] and (b) 30-period 

In0.28Ga0.72N (tw = 22 Å)/GaN (tb = 80Å) that has a cut-off wavelength at ~500 nm 

by Farrell et al. [46], that includes heavily doped GaN layers to help in screening 

the polarization-induced  in the QW region and rough GaN window to reduce front 

reflection 
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InGaN films especially for compositions higher than 20%, thus resulting in a highly defective 

material. This degrades the InGaN film quality and degrades the optical characteristics of the solar 

cell. Third, the use of high indium percentage results in high polarization field which opposes the 

carrier collection. To address some of the earlier challenges, Farrell et al. proposed 30-period 

In0.28Ga0.72N (tw = 22 Å)/GaN (tb = 80Å) grown in a GaN p-i-n solar cell, Figure 3.4(b) [46]. The 

growth of 30-periods increases the thickness of absorbing In0.28Ga0.72N well to 66 nm, which is 

higher than the earlier work by Dahal et al, by a factor of 2.75. The active region, where the QWs 

are located, is surrounded by highly doped GaN:p and GaN:n layers to assist in screening the 

polarization-induced field in the QWs which opposes the carrier collection [83, 84]. 

In addition, to reduce the air/GaN reflection, a roughened GaN:p surface was grown to increase 

the path length of the light. These enhancements have resulted in EQE values exceeding 60% at 

400 nm as shown in Figure 3.4(b) and the absorption threshold was extended to ~ 500 nm. The 1.2 

suns AM1.5 current density-voltage curve measured for the 30-period In0.28Ga0.72N /GaN QW 

device, by Farrell et al. [46], is shown in Figure 3.5. A schematic of the structure is also depicted 

 

Figure 3.5: 1.2 suns AM1.5 current-voltage characteristics of 30-period In0.28Ga0.72N (tw = 22 

Å)/GaN (tb = 80Å) by Farrell et al. [46], with the inset showing a schematic of this 

structure. 
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in the inset of  Figure 3.5. The Jsc, Voc, FF, and η of the 30-period In0.28Ga0.72N /GaN QW device, 

by Farrell et al. [46], were 2.53 mA/cm2,  1.93 V, 56.4, and 2.29%, respectively. Even with the 

EQE improvement shown in Figure 3.4(b), the reported η is still low because of the low Jsc value 

due to thin absorbing layer (66 nm), and also the QWs are absorbing in a narrow wavelength region 

in the solar spectrum. The Voc is markedly high, relative to III/V materials, due to the high bandgap 

of InGaN/GaN. The effect of the number of the period on strained In0.28Ga0.72N /GaN QW is 

depicted in Figure 3.6(a)-(b), using the tabulated data reported by Farrell et al. [46]. The increase 

of the QW number enhances the Jsc due to increasing the total thickness of absorbing layers, Figure 

3.5(a). The Voc does not vary significantly with the period change, as shown in Figure 3.6(a). The 

FF exhibit a slight deterioration due to an increase of number of interfaces, Figure 3.6(b). The 

overall efficiency of the device increases with the increase of the number of QWs, as shown in 

Figure 3.6(b). 

According to several calculations and experimental investigations for InGaN/GaN structures with 

different well/barrier thickness and indium compositions, the major carrier escape in this QW 

structure is tunneling [85-87]. The thermionic emission is less dominant for the InGaN/GaN due 

to the relatively high effective barrier height for the electrons and holes, especially with high 

indium percentage. For instance, the 𝜏𝑡𝑢𝑛 is ~10-10 sec for In0.17Ga0.83N (tw = 30 Å)/GaN  (tb = 100 

 
Figure 3.6:  The effect of the number of QWs in the intrinsic region on 1.2-suns AM1.5G current-

voltage characteristics: (a) Jsc (mA/cm2) and Voc (Volts) and (c) FF and η; study by Farrell et al. 

[46]. 
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Å) which is about 100-times lower than the τ𝑡ℎ𝑒𝑟𝑚. (~10-8  sec) [86]. For a fixed well and barrier 

thickness, increasing the indium percentage in the InGaN will degrade carrier collection for several 

reasons. First, the use of higher indium percentage will increase the effective barrier height 

resulting in a reduction in both the tunneling and thermionic escape probabilities, see Eqns. (2.10)-

(2.11). For instance, the tunneling and thermionic-emission escape times,  𝜏𝑡𝑢𝑛 and 𝜏𝑡ℎ𝑒𝑟𝑚., are 

more than 100-times higher in In0.25Ga0.75N/GaN than their corresponding values in 

In0.17Ga0.83N/GaN. Second, an increase in the indium from 17% to 25%, increases the piezoelectric 

field from 1.74 MV/cm to 2.3 MV/cm, which will result in a more opposition of carrier collection. 

There are several challenges that hinder the fabrication of high-quality InGaN-based QW devices. 

The most challenging issue is the growth of high-quality InGaN with high indium percentage 

exceeding 20%. InGaN with more than 20% indium, results in a poor solar cell performance due 

to the formation of high defect density and pits that results in a high non-radiative recombination, 

increases the dark current, and degrades the Voc and η. The difficulty of InGaN with high indium 

percentage is attributed to the large difference in the interatomic spacing between GaN and InN 

thus resulting in a solid-phase miscibility gap [88-90]. Second, there is a lattice-mismatch between 

GaN and InN on sapphire substrates of -16% and +29%, respectively.  Also, the difference in 

thermal expansion coefficients between epilayer and substrates causes a thermal strain that 

introduces threading dislocations in the epilayer. To address this issue, a GaN template is typically 

grown as shown in Figure 2.1(c); however, this will not eliminate the lattice mismatch between 

InGaN epilayer and GaN template. The latter mismatch will increase with the increase of indium 

percentage in the well. One possible strategy to address this issue is to grow a relaxed InyGa1-yN 

template on GaN and then grow strain-balanced InxGa1-xN/GaN, with InxGa1-xN well and GaN 

grown under compressive stress and tensile stress to the underlying InyGa1-yN template, 

respectively, where x > y [47, 91]. However, only LEDs were fabricated using this approach, and 

solar cells using the strain-balanced InGaN/GaN approach have not been developed yet [47, 91, 

92]. The third challenge is to grow GaN with a hole concentration exceeding 1x1018 cm-3 to act as 

a p-type emitter and ohmic contact with the evaporated metal [93].  Magnesium (Mg) which is an 

acceptor in GaN has a high activation energy of 0.2 eV that will limit the doping concentration 

[93, 94]. The activation energy of Mg in GaN decreases with the increase of indium percentage 

thus allowing high p-type doping than GaN [93, 94]. Finally, most research in InGaN/GaN QW 

solar cells has focused on developing p on n structures. However, high performance III/V and 
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silicon subcells have an n on p polarity. The growth of n on p results in built-in and polarization 

fields in the same direction, which is a problem due to the high sheet resistance of GaN:p and low 

mobility. Hence, this also represents a challenge that needs to be addressed for developing hybrid 

tandems that incorporate InGaN-based QWs as a top cell material.  
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Chapter 4: Growth and Characterization of Strain-

Balanced InGaP-based Quantum Wells 

Raising the efficiency ceiling of multi-junction solar cells (MJSC) using more optimal 

bandgap configurations of next-generation MJSC is crucial for concentrator and space systems. 

Towards this goal, two strain-balanced multiple quantum well (SBMQW) structures to tune the 

bandgap of InGaP-based solar cells, are reported in this Chapter. These structures are based on 

InxGa1-xAs1-zPz/ InyGa1-yP (x > y) and InxGa1-xP/ InyGa1-yP (x > y) well/barrier combinations, strain-

balanced to GaAs in a p-i-n solar cell device. The bandgap of InxGa1-xAs1-zPz/InyGa1-yP can be 

tuned from 1.82 to 1.65 eV by adjusting the well composition and thickness, which promotes its 

use as an efficient subcell for next-generation five and six junction photovoltaic devices. The 

thicknesses of wells and barriers in both the two strain-balanced QW structure were adjusted using 

a zero-net stress balance model to prevent the formation of defects. Thin strained layers of 

InGaAsP wells have been grown thermodynamically stable with compositions within the 

miscibility gap for the bulk alloy. The growth conditions of the two SBMQWs and the individual 

layers are reported. The two strain-balanced QW structures are characterized and analyzed by 

optical microscopy, X-ray diffraction, photoluminescence, current-voltage characteristics, and 

external quantum efficiency. The proposed SBMQWs allow more flexibility in the design of 

current multi-junction solar cells and future cells with more than four junctions. InGaAsP/InGaP 

SBMQWs may also be used in applications other than solar cells, such as light-emitting diodes 

and lasers, with the advantages of tuning the emission and absorption processes. 

This chapter is a paper published in Journal of Applied Physics, 119 (9), 095706, 2016, with some 

additions and modifications. 

4.1. Motivation  

 III-V compound semiconductors have been used in many optoelectronic devices because 

the flexibility of their bandgap engineering results in material systems with interesting electrical 

and optical properties  [95]. The ability to tune the bandgap of III-V alloys while maintaining 

lattice matching to the underlying substrate has promoted their use in solar cells, light-emitting 

diodes, lasers, photodiodes, optical modulators, etc. The efficient tuning of semiconductors 

bandgaps has allowed for more flexibility in the design of III-V multijunction solar cells (MJSC) 
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[30], which are the most efficient photovoltaic system. The maximum efficiency of MJSCs is 

limited by the number of junctions (subcells) in the structure and the current matching requirement 

in series connected subcells. The efficiency of MJSC has been improved dramatically in the past 

few years with four junction cells reaching 46.0% using wafer-bonded structures [6, 11] and 45.7% 

using inverted metamorphic structures [96]. Even though several record-breaking efficiencies have 

been realized recently, developing a solar cell with bandgap in the 1.6-1.8 eV is still at the initial 

phase of development. There are several multi-junction solar cell approaches that will benefit from 

the realization of high performance subcell with bandgap in 1.6-1.8 eV range: 

1- The ideal subcell band gaps for five and six junction solar cells are 2.14/1.67/1.33/1.01/0.7 

eV and 2.24/1.77/1.47/1.2/0.96/0.69 eV, respectively using modeled constrained bandgaps 

under the AM1.5G spectrum [97]. Next-generation five and six junction devices needs a 

subcell with a bandgap of ~1.7 eV as the second highest energy subcell in these two stacks 

with a prospective efficiency higher than 50% under high solar concentration[17]. The 

realization of multi-junction devices with efficiencies higher than 50% is crucial for the 

cost effectiveness of concentrator and space systems [6]. 

2- Dual-junction device that has a top cell of 1.7 eV bandgap forms the optimal bandgap 

configuration with a bottom cell of 1.1 eV bandgap, with a prospective one-sun AM1.5G 

efficiency of 36-38% [16]. Silicon can be used as the 1.1 eV bottom cell and developing a 

III-V top cell with 1.7 eV is mandatory for stacking it with silicon. 

3- Triple-junction devices (1.75/1.2/0.7 eV), requires prospective a top cell with bandgap of 

1.75 eV to alleviate the current mismatch between top and middle cells. 

4- Next-generation seven (or more) junction devices, as indicated by modeling [97], need a 

bandgap of 1.6-1.8 eV with prospective efficiencies higher than 50% [97]. 

4.2. Potential Solar Cells with Bandgaps in the 1.6-1.8 eV range 

There are three potential material systems that can be used to realize a solar cell with a 

bandgap of 1.6-1.8 eV, as shown in Figure 4.1. The first prospective material is AlGaAs grown 

lattice matched to GaAs substrates as shown in Figure 4.1(a). The lattice mismatch between GaAs 

and AlAs is less than 0.12%. Thus, growing AlGaAs with aluminum compositions less than 30%  
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to achieve the target bandgap, results in a lattice-mismatch of less than 0.08% which is an 

advantage from an epitaxial growth perspective. However, the development of Aluminum-based 

compounds has been historically problematic due to the high reactivity of aluminum with oxygen, 

thus creating deep level defects which degrade the solar cell performance[24]. Recently, high 

performance AlGaAs solar cells have been developed [98]. However, growing AlGaAs at 

temperatures approaching 700 °C is mandatory to minimize the oxygen contamination. Such high 

temperatures may enhance dopants diffusion in the tunnel junction thus resulting in a degraded 

tunnel junction performance under thermal load  [48-50]. Hence, the growth of AlGaAs solar cell 

was only successful by very few research groups [17, 98]. In addition, AlGaAs is indirect for 

aluminum compositions higher than 30%. 

The second material system that has a 1.6-1.8 eV bandgap is InGaAsP quaternary lattice-matched 

to GaAs substrates, as shown in Figure 4.1(b). Quaternary InGaAsP alloys are promising for such 

applications and have attained many interests recently for the development of optoelectronic 

devices such as solar cells [99] lasers  [100-102], and aluminum-free near-infrared LEDs [103, 

104]. However, InGaAsP alloys in the bandgap range (1.4-1.9 eV) suffer from a miscibility gap 

which prevents growth of high quality bulk material when grown lattice-matched to GaAs [105, 

106]. This miscibility gap exists due to the large mismatch in the lattice-constants and electron-

negativity of the constituents of InGaAsP. Hence, limited composition range was successfully 

synthesized [107] and bandgap tunability is limited. Figure 4.2 shows the miscibility gap regions  

 

Figure 4.1: Potential solar cells for the 1.6-1.8 eV bandgap range: (a) AlGaAs solar cell lattice 

matched to GaAs substrate, (b) Bulk InGaAsP solar cell lattice matched to GaAs 

substrate, and (c) proposed InGaAsP/InGaP quantum wells, strain-balanced or 

lattice-matched, to GaAs substrates. 
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at different growth temperatures as determined by Onabe [105]. A bulk InGaAsP, grown lattice-

matched to GaAs substrate at 600 °C, with a bandgap of 1.7 eV is immiscible as shown in Figure 

4.2. Therefore, to reach higher efficiencies, it is desirable to obtain an alternate aluminum-free 

structures which provide an optimal band gap configuration for next-generation MJSC design. 

This dissertation reports on novel quantum well structures to tune the bandgap of In0.49Ga0.51P 

(1.87 eV) solar cells, as shown in Figure 4.1(c). Chapters 4 and 5 reports on novel InGaP-based 

strain-balanced multiple quantum well (SBMQW) structures. Chapters 6 and 7 reports on a novel 

InGaP-based lattice-matched quantum well design. The concept of strain-balanced QWs was 

demonstrated in the eighties by NCSU and  was applied to light emitting diodes (LEDs) [36] and 

solar cells  [37, 108]. InGaAs/GaAsP SBMQWs have been widely used to tune the bandgap of 

GaAs devices to 1.2 eV [39-41]. In this dissertation, the same SBMQW concept was applied to 

tune the bandgap of InGaP devices to energy values less than 1.85 eV. The InGaP-based quantum 

well solar cells, demonstrated in this dissertation, can be used for several multi-junction designs 

as discussed in Section 4.1. 

 

 

Figure 4.2: Contours for miscibility gap of InGaAsP at different growth temperatures from ref.  

[105]. The hashed red dotted lines represent the miscibility gap region for the 

InGaAsP. The orange dotted line represents the compositions of InGaAsP that are 

lattice-matched to GaAs substrates. InGaAsP with composition that lead to a 1.7 eV 

is immiscible. 
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In the QW solar cell device structure, the multiple quantum well (MQW) structures are included 

in the unintentionally doped intrinsic layer (i layer) of InGaP p-i-n structures, as shown in Figure 

4.3. Two SBMQW structures are fabricated in this work and grown on GaAs substrates. In both 

structures, the compositions and thicknesses of the layers are chosen such that the compressive 

stress in the wells is balanced by the tensile stress in the barriers. The active region of the first 

demonstrated SBMQW device consists of alternating InxGa1-xAs1-zPz wells and InyGa1-yP barriers 

as shown in in Figure 4.3(b), where x > y. The second SBMQW device’s active region consists of 

alternating InxGa1-xP wells and InyGa1-yP barriers, where x > y, in Figure 4.3(c). In this Chapter, 

an analysis of both structures material and device characteristics is presented. We show that careful 

control over the well and barrier compositions and thicknesses is required to efficiently balance 

the stress in the two layers. The InGaP-based quantum well solar cells extend the absorption edge 

compared to the standard In0.49Ga0.51P non-MQW cell.  

Tuning the bandgap of InGaP solar cells, while maintaining the lattice-matching condition will 

offer advantages not only in the next-generation photovoltaic devices but also for other 

optoelectronic applications. For example, InGaAsP/InGaP SBMQWs may also be used in 

delivering a high output laser with emission in 720-760 nm range, which is required for a variety 

of applications such as photodynamic therapy [109], pumping of chromium-doped solid state 

lasers such as Cr:LiSAF [110] and various spectroscopic techniques. It is worth pointing out that 

the performance of lasers with an active region based on AlGaAs may deteriorate due to the high 

reactivity of aluminum with oxygen. There is interest in providing Aluminum-free lasers in this 

wavelength range [100, 101]. In addition to lasers, SBMQWs can be applied to near-infrared (NIR) 

LEDs and utilized by some telecommunication applications in this wavelength range. NIR LEDs 

operating in this wavelength range are typically made of double heterojunction AlGaAs, which 

provides effective confinement and reasonable efficiency, but still suffers quality issues associated 

with presence of Aluminum in the active region of the device [103, 104].    

4.3. Experimental Approaches 

In this section, the growth conditions, structural design, and fabrication details of the two-

proposed strain-balanced quantum well structures are presented. 
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4.3.1. Growth details 

The samples were grown in a Thomas Swan MOCVD system fitted with a custom reactor, 

designed and built inhouse [111]. The growth pressure was fixed at 200 Torr and purified N2/H2 

were used as the carrier gases. The precursors used in this work are tertiarybutylarsine (TBAs), 

tertiarybutylphosphine (TBP), trimethylindium (TMIn), trimethylgallium (TMGa), dimethylzinc 

(DMZn) and disilane for arsenic, phosphorus, indium, gallium, zinc, and silicon, respectively. The 

samples studied were grown on (100) GaAs misoriented by 2° towards <110> direction.  Due to 

the use of organometallic column V sources, we found that several steps are required for the growth 

of InGaP in our reactor that might not be needed in case of using arsine and phosphine. Each 

sample employs a standard GaAs buffer layer grown at 640 °C followed by a 50 Å GaAsP 

interfacial layer with the arsenic ramping down through 3 steps each of 4 seconds, before the 

In0.49Ga0.51P base growth. This interfacial layer has minimized the arsenic carryover from GaAs to 

InGaP and prevented the forming of compositional mixing at the GaAs/InGaP interface. The 

nucleation of the In0.49Ga0.51P base layer starts at 575 °C to avoid three-dimensional nucleation 

and the temperature is subsequently ramped up in a minute to 650 °C with a growth rate of 5.0 

Å/Sec. One minute before the end of the base growth, the temperature is ramped down to 585 °C 

for the SBMQW growth. Details on the choice of quantum wells growth temperature are 

mentioned later. Similarly, the temperature is ramped up to 650 C to grow the emitter after growing 

the SBMQWs. The base and emitter thickness are 1.0 and 0.1 μm with doping concentration of 

1×1017 and 1×1018 cm-3 using silicon and zinc, respectively.  

Two SBMQW structures are grown in a p-i-n solar cell device as shown in in Figure 4.3. 

4.3.1. InxGa1-xAs1-zPz/ InyGa1-yP (x > y) SBMQWs  

The InxGa1-xAs1-zPz/InyGa1-yP (x>y) SBMQWs is grown in the intrinsic (i) region of In0.49Ga0.51P 

p-i-n solar cell structure. InxGa1-xAs1-zPz/InyGa1-yP (x>y) SBMQWs consist of alternating InxGa1-

xAs1-zPz wells and InyGa1-yP barriers that are under compressive and tensile stress, respectively, in 

Figure 4.3(b). Several fundamental issues related to the growth of InGaAsP quaternary alloy have 

to be discussed first. These issues make the choice of the quantum wells growth temperature more 

challenging. Two competing factors affect the choice of the growth temperature: phase separation 

and three-dimensional nucleation. InGaAsP quaternary alloy has an immiscible region that is more 

thermodynamically favored at low growth temperature for comparable As and P content, as shown  
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in Figure 4.2 [105, 106]. But for sufficiently thin strained InGaAsP films the driving forces for 

immiscibility is reduced and miscible films can be grown [112]. Spinodal decomposition occurs 

by migration at the growing surface and  the homogenous alloy is stabilized by the strain with 

respect to the substrate [112]. Thus, there is a limit to the thicknesses of miscible quaternary layers 

that can be grown, and this limit depends on the composition and the growth temperature. In order 

to reduce the miscibility gap range, InGaAsP should be grown at high temperatures as shown in 

Figure 4.2. However it becomes more difficult to grow strained quantum well structures at high 

temperatures as three dimensional nucleation and surface morphology issues start to appear. In 

order to grow miscible InGaAsP thin films and maintain a good surface morphology, the quantum 

wells are grown at a relatively low temperature (585 °C). However this temperature is relatively 

low to grow miscible InGaAsP film with high arsenic content (> 10%), which is important to 

achieve the required bandgap. We compensated for that by increasing the indium content in the 

 

Figure 4.3: Schematics of (a) InGaP p-i-n solar cell structure, (b) InxGa1-xAs1-zPz/ InyGa1-yP (x 

> y) SBMQWs, and (c) InxGa1-xP/ InyGa1-yP (x > y) SBMQWs. 
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wells to achieve the required bandgap. The V/III ratio of bulk In0.49Ga0.51P, InyGa1-yP barrier, and 

InxGa1-xAs1-zPz well are 50, 60, and 150, respectively. The relatively high V/III ratio of InGaAsP 

wells is necessary to obtain arsenic composition of 5%. The InxGa1-xAs1-zPz/ InyGa1-yP SBMQWs 

have been grown with compositions of 0.60 < x < 0.75, 0.35 < y < 0.43, and 0.9 < z < 0.98 and 

periods ranging from 80 Å to 230 Å. In this work, the indium (x) and phosphorus (z) compositions 

in the InxGa1-xAs1-zPz wells are set at 0.70 and 0.95, respectively. In the barrier, the indium 

composition (y) is set at 0.40.  These conditions realize the requirements of both the strain-balance 

and the target bandgap range. No antireflection coatings or windows are used in this study. 

4.3.2. InxGa1-xP/ InyGa1-yP (x > y) SBMQWs  

In order to avoid the phase separation issues related to the growth of InGaAsP quaternary alloy we 

have also investigated the growth of SBMQWs made of two InGaP ternary compounds, with 

different indium compositions. The InxGa1-xP/InyGa1-yP (x>y) SBMQWs is grown in the intrinsic 

(i) region of In0.49Ga0.51P p-i-n structure. This structure consist of alternating InxGa1-xP wells and 

InyGa1-yP barriers that are under compressive and tensile stress, respectively, Figure 4.3(c). In both 

the wells and the barriers, the gallium (Ga) and phosphorus (P) flows are kept the same while the 

indium flow is ramped up and down to grow the InxGa1-xP well and InyGa1-yP barrier alternatively. 

InGaP with indium percentage of 49% is lattice matched to GaAs substrates. Thus, the InxGa1-xP 

well is grown under compressive stress with an indium composition higher than 49% and the 

InyGa1-yP barrier is grown under tensile stress with an indium composition lower than 49% to 

strain-balance the structure. InxGa1-xP/InyGa1-yP SBMQWs have been successfully grown with 

compositions of 0.6 < x < 0.75 and 0.30 < y < 0.45 with periods ranging from 100 Å to 250 Å. The 

V/III ratio of InxGa1-xP well and InyGa1-yP barrier are 30 and 40. For the SMBQW reported here, 

the indium compositions in the wells (x) and barriers (y) are set to 0.75 and 0.40, respectively. No 

antireflection coatings or windows are used in this study. 

4.3.2. Fabrication Details 

Solar cell devices were fabricated as 2.5 mm × 2.5 mm etched mesas using standard 

photolithographic procedures. Ge/Pd/Ti/Ag/Au n-type and Ti/Pd/Ag/Pd/Au p-type ohmic contacts 

were deposited via e-beam evaporation. InGaAsP/InGaP and InGaP/InGaP mesa devices are 

etched using H2O2:HBr:H2O (1:10:20) and HCl:H3PO4:H2O2 (5:5:1), respectively. More details 

about the fabrication are discussed in ref. [70]. 
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4.3.3. Characterization Details 

X-ray diffraction (XRD) was used to determine the indium and phosphorus compositions of alloy 

calibration samples. The XRD superlattices satellite peaks of the MQW structures coupled with 

the growth rate measurements were used to ensure the strain balance condition had been achieved 

and to find the thicknesses of the individual layers. Optical microscopy was performed using an 

Olympus BX41microscope fitted with a Nikon D3000 camera. Optical emission of MQW 

structures was evaluated by photoluminescence (PL) using a 532 nm frequency doubled Nd:YAG 

laser. The external quantum efficiencies (EQE) of the solar cell devices were measured using a 

quartz tungsten halogen lamp with a Newport ¼-m monochromator, a lock-in amplifier and 

calibrated Si photodiode. The illuminated current density-voltage (J-V) characteristics were 

measured with an Oriel 1-kW solar simulator with an AM1.5G filter and calibrated with an InGaP 

reference cell with a known AM1.5G JSC. 

4.4. Results and Discussion 

In this section, the material and device characteristics of InxGa1-xAs1-zPz/InyGa1-yP and 

InxGa1-xP/InyGa1-yP SBMQWs are presented and analyzed. First, the calibrations of the wells and 

barriers are presented. Then the model used to balance the quantum wells coupled with the (004) 

XRD results of the two structures are discussed. Next, a comparison between the experimental and 

modeled PL emissions of the two structures is carried out. Then the quantum efficiency of the two 

quantum wells devices is compared.  

4.4.1. Well and Barrier Calibrations 

The compositions of bulk InGaP films (> 0.5µm) grown at 585 °C were determined by XRD. The 

InGaP calibrations were used to determine the required flow rates to achieve the target 

compositions in quantum wells, emitter and base. Due to the periodicity of the atomic lattice, 

strong interference patterns will occur at the angles that realize the Bragg’s condition [113],  

2 sin( ) ,hkld n =            (4.1) 

where is Bragg angle,  is x-ray wavelength, hkld is the spacing between the crystal planes, and n 

is integer.  
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The indium composition in InGaP is plotted versus the ratio of the input partial pressure, 

[TMIn]/[TMGa], as shown in Figure 4.4(a). It is noted that for [TMIn]/[TMGa] ratios less than 

2.5, the indium incorporation in InGaP is linear with the input partial pressure ratio. For higher 

[TMIn]/[TMGa] ratios, the incorporation of indium increases slowly implying that indium 

evaporation or surface segregation is taking place.  

The indium and the arsenic content of the quaternary alloy (InGaAsP) are estimated using XRD 

of ternary InGaP and GaAsP calibration curves shown in Figure 4.4. In this work, the compositions 

of InGaAsP was assumed the same as determined from separate XRD of InGaP and GaAsP 

ternaries. PL was not used here to determine the bandgap of the quaternary alloy by growing bulk 

epitaxial films for two reasons. First, thick films (>0.5 µm) of InGaAsP with compositions similar 

to those used in the quantum well structure will exceed the critical layer thickness (CLT) and will 

be highly defective. Second, bulk InGaAsP at grown at 585 °C might be immiscible as mentioned 

earlier, [105] and the surface morphology for thick bulk InGaAsP, as indicated by optical 

microscopy, was rough. 

 

Figure 4.4: (a) Indium compositions of InGaP with [TMIn]/[TMGa]. (b) Arsenic compositions 

of GaAsP with [TBP]/[TBAs]. The substrate temperature is 585 °C for the two presented 

SBMQWs. 
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Figure 4.4(b) shows the arsenic composition in GaAsP versus the input partial pressure ratio, 

[TBP]/[TBAs] at 585 °C. For convenience, the V/III ratio is shown too on the same plot. The 

incorporation of arsenic is linear with the change of flow at 585 °C as shown in Figure 4.4(b). 

4.4.2. Critical Layer Thickness Constraints 

InxGa1-xAs1-zPz and InxGa1-xP quantum wells can be grown compressively strained to GaAs 

substrates provided that their thicknesses remain less than the CLT as discussed in Section 2.4 of 

Chapter 2. The CLT of InxGa1-xAs1-zPz and InxGa1-xP quantum wells are calculated using Matthews 

and Blakeslee [58]. As shown in Figure 4.5, the calculated CLT depends critically on the value of 

indium for the two QW structures.  The CLT of InxGa1-xAs0.05P0.95 wells with x = 55%, 65%, and 

75% are 369 Å, 146 Å, and 85.1 Å, respectively as shown in Figure 4.5(a). The CLT of InxGa1-xP 

wells is reduced from 530 Å for an indium percentage of 55 to 94.7 Å for an indium percentage of 

75. The CLT of InGaP films with indium compositions of less than 49% that will be grown under 

tensile stress for the barrier in the two QW structures is shown in Figure 4.5(b). The CLT is higher 

as the indium percentage approach 48% due to approaching the lattice-matching condition to GaAs 

substrate. 

 

 

Figure 4.5: Calculated critical layer thickness using Matthews and Blakeslee model of: (a) 

InxGa1-xAs1-zPz and InxGa1-xP wells used in strain-balanced InxGa1-xAs1-zPz/InyGa1-

yP and InxGa1-xP/InyGa1-yP quantum wells, respectively, (b) InyGa1-yP barrier used 

in the two strain-balanced QW structures. 
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4.4.3. Zero-stress Balance Model and X-ray Diffraction 

To balance the SBMQWs, a zero-stress balance model is used where the average in-plane stress 

due to biaxial strain in the quantum wells/barriers should be zero [63]. Details about this model 

was discussed in Section 2.5 of Chapter 2. The thicknesses of wells and barriers obtained from the 

zero-stress model for the two quantum well structures are shown in Figure 4.6. The values obtained 

from this model serves as a better measure of the balancing of the two structures compared to the 

thicknesses obtained from the average-lattice method or the thickness-weighted method  [63]. 

XRD was used to ensure the stress balance condition on GaAs substrates was met. The period of 

the quantum well, D, was calculated by modifying the Bragg’s law [113], 

( )
,

2(sin( ) sin( ))

i j

i j

n n
D



 

−
=

−
          (4.2) 

 

Figure 4.6: Thickness of wells and barriers as estimated by zero-stress balance model to strain-

balance both the In0.70Ga0.30As0.05P0.95/ In0.40Ga0.60P and In0.75Ga0.25P/ In0.40Ga0.60P 

structures to the GaAs substrates. 
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where in and jn  are the order of the satellite peaks, i and j  are the Bragg’s angles. 

(004) XRD scans of the two SBMQWs are shown in Figure 4.7. The diffraction pattern consists 

of the (004) GaAs substrate reflection peak and several weaker satellite peaks due to the periodicity 

of the QWs. The number shown above each peak is the order of the satellite. The presence of clear 

peaks indicates that MQW regions of well-defined periodicity were formed and the presence of 

higher-order satellite peaks indicates abrupt interfaces. The n = 0 peak corresponds to the MQW 

average lattice constant perpendicular to the surface and differs from that of the GaAs substrate 

due to the difference in the elastic properties of the two alloys [63]. Periodicity calculations based 

on the satellite peaks and growth rate measurements for the In0.70Ga0.30As0.05P0.95/ In0.40Ga0.60P 

SBMQWs indicate that the period thickness was 160 Å. Growth rate measurements for the 

In0.70Ga0.30As0.05P0.95/ In0.40Ga0.60P SBMQWs indicate that the wells are around 40 Å and the 

barrier around 120 Å. The corresponding well and barrier thicknesses for In0.75Ga0.25P/In0.40Ga0.60P 

structure are 65 and 170 Å, respectively. These values are close to the initial estimate from the 

zero-stress balance model and indicate that we have good control over the growth conditions. 

 

Figure 4.7: Single crystal XRD of (a) In0.70Ga0.30As0.05P0.95/ In0.40Ga0.60P and (b) In0.75Ga0.25P/ 

In0.40Ga0.60P SBMQWs, of 30 periods. 
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4.4.4. Optical Microscopy 

The critical layer thickness (CLT) of the In0.70Ga0.30As0.05P0.95 wells grown at the previously 

mentioned conditions is 90 Å, by our estimate using Matthews-Blakeslee model [58].  The lattice 

constant of InGaAsP used in the model is based on the linear interpolation of that of binary 

compounds. Nomarski differential interference microscopy images of the surfaces of the 

InGaAsP/InGaP SBMQWs are shown in Figure 4.8. A mirror-like surface for InGaAsP/InGaP 

SBMQW of well thickness of 45 Å (< CLT) is shown in Figure 4.8(a), indicating that the MQW 

is closely lattice matched to the GaAs substrate. If the quantum wells are not strain-balanced or if 

the individual layers thickness are above the CLT, crosshatching will appear as shown in Figure 

4.8(b) for a well thickness of 100 Å (> CLT). A similar behavior was observed for InGaP/InGaP 

structures (not shown). 

4.4.5. Photoluminescence Results of InGaAsP/InGaP and InGaP/InGaP SBMQWs 

(emission and modeling) 

The motive of this work is to tune the bandgap of In0.49Ga0.51P (1.87 eV) based structures to lower 

energy values (1.65-1.8 eV) while maintaining lattice matching conditions to GaAs substrates. As 

an illustration of the bandgap tunability in these QW structures, the photoluminescence  

 

Figure 4.8: Nomarski interference contrast micrographs of the 30 periods InGaAsP/InGaP 

MQWs. (a) A mirrorlike surface indicates that the MQWs is closely lattice 

matched to the GaAs substrate. (b) Crosshatching feature indicates misfit 

dislocations in the MQW structure. 
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characteristics of the two QWs are depicted in Figure 4.9.  Modeling of the QWs emission is shown 

in the same figure too. The model is based on estimating the conduction and valence bands offset  

using the Anderson’s rule [114] based on the electron affinities values given for the binary 

compounds [52] and interpolated linearly to calculate the corresponding values for ternary and 

quaternary compounds. Strain effects [52] and quantum size effects [115] are included in the 

model. Kronig-Penney model is used to calculate the first electron and hole states [116]. The 

details of this model are discussed in Section 2.3 of Chapter 2. The thicknesses of wells and barriers 

used in the model are inferred by total period thickness measured by XRD and growth rate 

measurements. As shown in Figure 4.9, the QWs emission are tuned by varying the thickness of 

the well from ~30 Å to 90 Å for the two QW devices. The thicknesses of the barriers in the two 

structures are adjusted accordingly to balance the structure. The peak PL wavelength emission 

increases as the thickness of the well increases. This can be attributed to a reduced quantum size 

effect (QSE) associated with thicker wells, leading to decrease in emission energy since the 

compositions are fixed in this study. The peak PL emission of In0.70Ga0.30As0.05P0.95/In0.40Ga0.60P 

 

Figure 4.9: Experimental and modeling results of the emission wavelength (energy) versus 

well thickness for both In0.70Ga0.30As0.05P0.95/ In0.40Ga0.60P and In0.75Ga0.25P/ 

In0.40Ga0.60P SBMQWs. 
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SBMQWs can be tuned from 1.85 to 1.65 eV. The average of the full width half maximum 

(FWHM) of these structure is ~25 meV and increases to ~40 meV for the thickest well device 

which cross the CLT. The wide tunable range of InGaAsP/InGaP promotes their use as efficient 

aluminum-free subcells for five and six junction’s cells. The alternative material system for that 

wavelength-range is AlGaAs which may suffer from growth and long-term reliability problems 

related to oxygen contamination. 

On the other hand, the peak PL emission shift of In0.75Ga0.25P/In0.40Ga0.60P SBMQW saturates at 

~1.82 eV for the thickest well devices, as shown in Figure 4.9. It is noteworthy that the modeled 

values deviate greatly from the experimental values for the InGaP/InGaP MQWs, as shown in  

Figure 4.9. For example, the relaxed bandgap of In0.75Ga0.25P well is ~ 1.63 eV, while the modeled 

strained bandgap is around 1.72 eV for a well thickness of 65 Å, which is lower than the achieved 

experimental value (1.82 eV). The reason for this discrepancy between the theoretical values and 

the experimental results is not clear. However, a possible issue might be indium segregation 

(surface accumulation) taking place during the growth of the In0.75Ga0.25P well. Recent work has 

shown indium segregation initiates at the start of lattice matched In0.49Ga0.51P growth and saturates 

when the grown layer thickness is ~150 Å [117]. We are using well thicknesses of less than 90 Å 

to maintain efficient carrier transport and to make sure the well thickness is less than the CLT. 

Accordingly, it is likely that this indium surface accumulation smears out the profile of 

incorporated indium in the well. Thus the profile is not a rectangular shape, as usually assumed for 

calculating subband states [118].  Another possible issue is the composition pulling effect taking 

place at the well growth resulting in effectively reduced indium composition than expected from 

bulk calibration. It is also possible that graded quantum well interfaces are formed. Carlin et al. 

have previously shown by modeling that the formation of graded interfaces may lead to thinner 

wells than expected and increases the bandgap of InGaAs/GaAsP quantum wells [119]. These 

aforementioned effects will modify the electronic states of the quantum wells and lead to a blue 

shift in the transition energies compared to the modeled quantum well with abrupt interfaces, as 

shown in Figure 4.9[120]. It is worth pointing out that the limited minimum achievable effective 

bandgap for the InGaP/InGaP may limit its use an efficient subcell for next-generation 

photovoltaic devices. 
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4.4.6. Quantum Efficiency and Light Current-voltage Characteristics 

The study of minority carrier transport across the MQWs is important for the understanding and 

optimization of the performance of these devices. The transport properties of QW devices can be 

dominated by tunneling, for thin barriers, or thermionic emission. Figure 4.6 shows that in order 

to balance the two QW structures presented here, the average thickness of the barriers is around 2-

3 times thicker than that the well. For example, the barrier thicknesses for In0.70Ga0.30As0.05P0.95/ 

In0.40Ga0.60P and In0.75Ga0.25P/ In0.40Ga0.60P are 135 Å and 110 Å, respectively, for a well thickness 

of 40 Å. This implies that carrier tunneling across barriers cannot take place in this structure even 

with very thin wells where the QSE effects are dominant. The thermionic emission will thus be 

the dominant transport mechanism if the carriers at the ground state are able to surmount the 

effective barrier height and are transported across the depletion region. We estimate the barrier 

height for electrons and holes at n = 1 state to be 0.1672 and 0.2152 eV for In0.75Ga0.25P/ 

In0.40Ga0.60P SBMQW for 65 Å well. The corresponding values for 

In0.70Ga0.30As0.05P0.95/In0.40Ga0.60P are 0.1497 eV and 0.2089 for 45 Å well. 

Figure 4.10 shows the quantum efficiency of the two SBMQW structures in comparison to 

standard InGaP p-i-n structures lattice matched to GaAs. The i layer of InGaAsP/InGaP SBMQWs 

 

Figure 4.10: External quantum efficiency (EQE) for (a) In0.70Ga0.30As0.05P0.95/ In0.40Ga0.60P 

SBMQWs and InGaP standard p-i-n device, and (b) In0.75Ga0.25P/ In0.40Ga0.60P 

SBMQWs and InGaP standard p-i-n device. No window or antireflection coatings are 

used. 
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is made of 30 period quantum wells of 45 Å In0.70Ga0.30As0.05P0.95 wells and 140 Å In0.40Ga0.60P 

barriers. The i layer of InGaP/InGaP SBMQWs is made of 30 period quantum wells of 65 Å 

In0.75Ga0.25P wells and 170 Å In0.40Ga0.60P barriers. The i layer of the standard device is made of 

undoped In0.49Ga0.51P and with a thickness same as that of the QW region in both the two structures. 

We first note that the EQE of the standard device falls rapidly at around 663 nm (1.87 eV), which 

is the band-edge of In0.49Ga0.51P. In addition, the quantum efficiency for light in the bulk absorption 

range of both the two QW structures is close to the standard device, this implies that the thermionic 

carrier transport is efficient. Due to absorption in the i-SBMQW region, the EQE of the QW 

devices extends beyond the In0.49Ga0.51P band-edge approaching 682 and 750 nm for InGaP/InGaP 

and InGaAsP/InGaP MQWs, respectively. The absorption edge obtained from the quantum 

efficiency measurements is consistent with that obtained from the PL emission in Figure 4.6 for 

both QW structures. It is noteworthy that in InGaP/InGaP the achieved red-shift is low relative to 

InGaAsP/InGaP, which may limit its use in five and six MJSCs. However, the red-shift achieved 

using the latter makes this structure a promising candidate for next-generation photovoltaic 

subcells. 

Figure 4.11 shows the illuminated J-V characteristics of the InGaAsP/InGaP SBMQWs in addition 

to an InGaP standard device.  The open circuit voltage and short circuit current density of the 

InGaAsP/InGaP SBMQW device are 1.11 eV and 8.6 mA/cm2, respectively.  The corresponding 

values for the standard device are 1.23 eV and 7.425 mA/cm2. The improved short circuit of 

SBMQW over the standard device is due to an extension in the absorption threshold as indicated 

by the EQE of Figure 4.10(a). It is worth noting that the InGaAsP/InGaP SBMQW device exhibit 

a relative efficiency increase of about 4% over the standard device. 

Based on the EQE, LIV, and PL results discussed in the last few sections, the potential for using 

strain-balanced InGaAsP/InGaP quantum wells is higher than strain-balanced InGaP/InGaP 

quantum well. Hence, Chapter 5 will focus on the effect of well thickness, well number, and barrier 

heights on the performance of strain-balanced InGaAsP/InGaP. 
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Figure 4.11: Illuminated current voltage characteristics for In0.70Ga0.30As0.05P0.95/ 

In0.40Ga0.60P SBMQWs and InGaP standard p-i-n device.  No window or 

antireflection coatings are used. 
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Chapter 5: Strain-balanced InGaAsP/ InGaP 

Quantum Well Solar Cells 

Currently available materials for III-V multijunction solar cells lattice matched to GaAs 

covering the spectral range from 1.65 eV to 1.82 eV are composed of either immiscible quaternary 

alloys or contain aluminum. We report the fabrication of a novel aluminum-free InxGa1-xAs1-zPz 

/Ga1-yInyP (x > y) strain balanced multiple quantum well (SBMQW) p-i-n solar cell structure lattice 

matched to GaAs.  SBMQWs consist of alternating layers of InxGa1-xAs1-zPz wells and InyGa1-yP 

barriers (x > y) under compressive and tensile strain, respectively. When compared to standard 

InGaP devices, SBMQW structures exhibit longer photoluminescence wavelength (680-780 nm) 

emission and enhanced light absorption beyond 1.85 eV with improved short circuit current 

density. In this Chapter, the SBMQW emission and absorption wavelength is controlled by 

adjusting the layer thickness of InGaAsP wells while the arsenic and indium compositions are 

fixed. We show that carriers generated in quantum wells are extracted via thermionic emission. 

The effect of well thickness and number of period on the performance of this QW device is studied. 

The proposed SBMQWs allow more flexibility in the design of current multi-junction solar cells 

and future cells with more than four junctions.   

This chapter is a paper published in IEEE Journal of Photovoltaics, 6 (4), 997-1003, 2016, with 

some additions and modifications. 

5.1. Introduction 

As discussed in Chapter 4, strain-balanced InGaAsP/InGaP incorporated into the intrinsic 

region of solar cells have been shown to extend the absorption threshold to 1.6-1.7 eV [121]. The 

ultimate goal of this research is to include strain-balanced multiple quantum well (SBMQWs) into 

a multijunction solar cell device. This chapter reports on the electrical characterization of strain-

balanced InGaAsP/InGaP quantum well solar cell. The effect of quantum well thickness on 

causing a red-shift in the absorption threshold of these quantum wells is studied. The effect on the 

number of periods on enhancing the sub-bandgap external quantum efficiency values is also 

discussed. The contribution of these quantum wells in the total quantum efficiency response is 

studied through modeling the drift-diffusion through this solar cell structure. 
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5.2. Experimental Details 

   The SBMQWs consist of alternating layers of InxGa1-xAs1-zPz wells and Ga1-yInyP (or, 

InyGa1-yP)barriers (x>y), that are under compressive and tensile strain, respectively, as shown in 

Figure 5.1(a). Figure 5.1(b) shows the energy band diagram of the structure. The SBMQW active 

region thicknesses and compositions are chosen such that the compressive stress in the wells is 

balanced by the tensile stress in the barriers [63]. Details of the growth of this structure and how 

the miscibility gap problem in the InGaAsP layer have been published elsewhere and discussed in 

 

 

Figure 5.1: Schematics of (a) the InGaAsP/GaInP SBMQW structure grown on a GaAs 

substrate and (b) the energy band diagram of SBMQW, illustrating thermionic 

emission dominating the current transport in this structure. The compressive 

stress in InGaAsP wells is balanced by the tensile stress in GaInP barriers. The 

MQWs are grown unintentionally doped. The doping level used here for the 

emitter and base 1 x 1017and 1 x 1018 cm-3, respectively. The thickness of the 

well is altered in this study to tune the emission of the wells and understand the 

carrier transport. The well and barrier thicknesses are adjusted for each structure 

to achieve the strain-balanced condition. 
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Chapter 4 [121].  Our earlier attempts to approach the 1.65-1.82 eV bandgap range by growing 

strain balanced InxGa1-xP/ InyGa1-yP (x>y) or InGaP/GaAsP, were both unsuccessful. The 

absorption threshold  of InxGa1-xP/ InyGa1-yP (x>y) SBMQWs was not extended to an effective 

bandgap of less than 1.82 eV as discussed in Chapter 4 [121]. InGaP/GaAsP SBMQWs had several 

growth problems and we did not detect any photoluminescence (PL) emission, nor achieved a good 

surface morphology for this structure. One possible source for this can be arsenic carry over from 

GaAsP to InGaP resulting in the formation of InGaAsP interfacial layer that is not miscible.  

 All samples studied were grown on (100) GaAs mis-oriented by 2° towards the <110> direction 

by metal organic chemical vapor deposition (MOCVD) at 200 torr. The precursors used in this 

work are tertiarybutyl-arsine (TBAs), tertiarybutylphosphine (TBP), trimethylindium (TMIn), and 

trimethylgallium (TMGa). The bulk GaInP was grown at 650 °C and the SBMQW structure at 585 

°C.  The base and emitter thicknesses are 1.0 and 0.1 μm, respectively. The doping of base and 

emitter are 1 x 1017and 1 x 1018 cm-3, respectively. The background doping in the MQW region is 

p-type and was estimated to be around 4 x 1015 cm-3 using Hall measurements, which would 

correspond to ~ 0.8 µm depleted region. A highly doped GaAs cap layer was applied for ohmic 

contact.  The devices were fabricated as 2.5 mm × 2.5 mm etched mesas using standard 

photolithographic procedures. Pd/Ge/Pd/Ti/Ag/Au n-type and Ti/Pd/Ag/Pd/Au  p-type  ohmic 

contacts were deposited via e-beam evaporation. All cells were grown without an antireflection 

coating or a window. The   indium    and   arsenic compositions in the quaternary alloy are estimated 

using X-ray diffraction (XRD) based on our growth experience with the ternaries GaInP and 

GaAsP. Optical emission of MQW structures was evaluated by PL using a 532 nm   frequency    

doubled Nd:YAG laser. The external quantum efficiencies (EQE) of the solar cell devices were 

measured using a quartz tungsten halogen lamp with a Newport ¼-m monochromator, and 

calibrated Si photodiode. The illuminated current density-voltage (J-V) characteristics were 

measured with a 1-kW solar simulator set at one sun AM1.5G intensity and calibrated with a GaInP 

reference cell with a known AM 1.5GJSC.  

5.3. Results and Discussion 

In this section, we first present and analyze the results of PL. Then we compare the XRD 

results of SBMQWs with different well thicknesses. Next, we discuss the current transport in this 
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SBMQW structure. Finally, we compare the quantum efficiency and current-voltage 

characteristics of InGaAsP/InGaP SBMQWs and standard InGaP cell. 

5.3.1. Photoluminescence and Electroluminescence of SBMQWs: red-shift  

The MQW structures were first investigated optically and electrically using PL and 

electroluminescence (EL) with a range of well thickness from 25 Å to 75 Å, as shown in Figure 

5.2. The barrier thickness (tB) is adjusted for each structure to achieve the strain balanced condition.  

In this study, the indium compositions in the well (x) and barrier (y) were fixed at about 70% and 

40%, respectively, while the phosphorus composition (z) in the InGaAsP is fixed at about 95%. 

The critical layer thicknesses of InGaAsP wells and InGaP barriers are estimated to be 90 Å and 

390 Å, respectively, using Matthews-Blakeslee model [58]. The emission was tuned by altering 

the thickness of the well to approach the 680-780 nm wavelength range, as shown in Figure 5.2. It 

is noted that the emission wavelength increases with increasing well thickness consistent with the 

trend expected for the quantum size effect (QSE). In addition, the peak values for the emission are 

consistent as shown in the PL spectrum shown in Figure 5.2(a) and the EL spectrum shown in 

Figure 5.2(b). In addition, it is clear that the PL spectrum of thick well structures are broader and 

less intense compared to those of thin wells. This behavior can be due to some surface 

crosshatching we noticed for thicker well samples indicating that the well is approaching or 

exceeding our estimate for the critical thickness (~90 Å).    

 In discussing the following SBMQW results, the model used to predict the effective band gap 

(EG,Eff) of the MQW structures is: 

,

, ,well relaxed Strain QSE

G Eff G G GE E E E= + +        (5.1) 

Details about this model was discussed in Section 2.3 of Chapter 2.  The relaxed bandgap of 

In0.70Ga0.30As0.05P0.95 is estimated to be ~ 1.54 eV. The predicted ∆𝐸𝐺
𝑆𝑡𝑟𝑎𝑖𝑛 value is ~ 56 meV for 

various well thicknesses, while  ∆𝐸𝐺
𝑄𝑆𝐸

 varies with the well thickness. 

The PL data were then graphed against the inverse of the well thickness squared (1/tw
2), as the 

energy levels within the well vary proportionally with this parameter, Figure 5.3. For the thinnest 

wells, the measured peak PL values correspond well to the theoretical values. However, the PL 

measurements for the thick wells deviated from the expected values. The reason behind this 



 

71 

 

discrepancy can be explained by the strain relaxation relaxation, partial or complete of the well 

material as the thickness of the well approaches CLT. Relaxation will reduce or eliminate the 

strain-related increase of the bandgap of the well material. As shown in Figure 5.2, the presence 

of secondary longer wavelength peak for the 75 Å well sample indicates partial relaxation. 

 

 

 
Figure 5.2: The (a)photoluminescence spectra and (b) photoluminescence spectra, for a 

series of In0.70Ga0.30As0.05P0.95 / In0.40Ga0.60P, 30-period MQW with varying 

well thickness. The MQWs tune the bandgap of GaInP to lower energy values.  

The emission energy decreases with the increase of the well thickness. Thicker 

wells exhibit wider full width half maximum and lower intensity. 
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5.3.2. X-ray Diffraction 

The relationship between well thickness and strain relaxation has been investigated using XRD. 

As shown in Figure 5.4, the presence of strong satellite peaks on the thin well (45 Å) device 

indicates the presence of sharp interfaces and confirms the strain balanced condition is met. 

However, the weak satellite peaks with wider full width half maximum for the thick well (75 Å) 

device indicates the quantum wells have relaxed as indicated earlier by the PL response of the 

wider well devices in Figure 5.2.  

 

 
Figure 5.3: The peak PL emission of In0.70Ga0.30As0.05P0.95/Ga0.60In0.40P SBMQWs versus 1/tw

2. 

EG
InGaAsP,relaxed = 1.54 eV,  ∆EG

Strain = 56 meV. ∆EG
QCSE and ∆EG

QSE
 varies with 

the well thickness. The measured values for the thick wells do not follow the trend 

as the thin ones due to relaxation taking place for layers approaching the critical 

layer thickness. 
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5.3.3. Carrier Transport and Well Thickness Effect 

Solar cells require minority carriers generated in the neutral and QW absorption regions to be 

transported across the depletion region which is the MQW in this design. Two main mechanisms 

can be responsible for carrier transport in these MQW structures as discussed in Section 2.6 of 

Chapter 2: thermionic emission and carrier tunneling across the barriers [41, 122]. Since the design 

of the quantum wells and barriers depends upon these mechanisms, it is important to briefly discuss 

the conditions of each.  As shown in Eqn. (2.10), the tunneling lifetime 𝜏𝑡𝑢𝑛 is strongly dependent 

on the thickness of the barrier and less dependent on the barrier height. However, the thermal 

escape life time 𝜏𝑡ℎ𝑒𝑟𝑚 is more dependent on the effective barrier height and does not depend on 

the barrier thickness, see Eqn. (2.11). Based on our growth estimates, carrier tunneling is excluded 

in this structure due to the relatively thick barriers (>100 Å) which are needed to strain-balance 

the structure. Tunneling is expected to take place for a tb of less than 35 Å. The only condition that 

may lead to achieving tunneling current is through the use of both thin wells and barriers. This, 

accordingly, will increase the quantum size effects resulting in an effective bandgap close to or 
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Figure 5.4: Single XRD Diffraction of In0.70Ga0.30As0.05P0.95/ Ga0.60In0.40P SBMQWs of thin-well 

(tw= 45 Å) device and thick-well device (tw= 75 Å). 
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higher than 1.8 eV as shown in the PL spectra of Figure 5.2, while the motivation of this work is 

to tune the bandgap to 1.65-1.8 eV range. However, energy band theory shows that thermionic 

emission (field assisted) is more likely the dominant current transport mechanism for thin wells. 

For example, the bulk bandgap of In0.70Ga0.30As0.05P0.95 wells and Ga0.60In0.40P barriers can result 

in conduction and valence band offsets of about 0.2062 and 0.2679 eV, respectively. These values 

may make thermionic emission unlikely. However, for thin wells (~ 30-60 Å), QSE shifts the 

energy level of carriers of the n = 1 quantum state upwards and thus reduces the effective barrier 

height for thermionic emission. For example, the barrier heights for electrons and light holes for 

40Å thick wells are 0.1324 eV and 0.1812, respectively, which increases the thermionic emission 

probability.   

Table 5.1:  Thickness of well and barrier, peak PL emission, short circuit current density, open 

circuit voltage, bandgap-voltage offset (Woc) , FF and efficiency (η) for standard cell and SBMQW 

cells. The devices did not contain antireflection coatings or a window. 

5.3.4. Quantum Efficiency and Current Voltage Characteristics (well thickness effects) 

  To experimentally investigate the carrier transport in these QW structures, three SBMQW 

devices of 30 periods in addition to In0.49Ga0.51P standard device were fabricated. In these 

structures, the well thickness is altered: 45Å (SBMQW1), 55Å (SBMQW2), and 75Å (SBMQW3). 

The arsenic and indium compositions are kept the same in the well. The total MQW-region 

thicknesses of the three devices are less than the thickness of the  depletion region  such that  the  

 tw 
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7.3 

SBMQW1 45 140 725 8.015 1.18 0.53 79.5 7.5 

SBMQW2 55 170 750 8.596 1.11 0.54 79.4 7.6 

SBMQW3 75 200 775 1.2 0.84 0.76 N/A N/A 
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transport can be only correlated to the well thickness effect. Information about these samples is 

shown in Table 5.1. As seen in Figure 5.5, the EQE for a standard InGaP cell will rapidly fall off 

at the In0.49Ga0.51P band edge near 670 nm corresponding to EG,Eff of about 1.85 eV. However, 

measurements show that the inclusion of SBMQW layers in the depletion region of GaInP device 

extends the EQE spectrum beyond the InGaP band-edge (670 nm) due to sub-band gap absorption 

by the QWs. The absorption edges in the red-region are 730 nm, 757 nm, and 780 nm, respectively 

for the SBMQW1, SBMQW2, and SBMQW3. It is worth pointing out that the SBMQW2 exhibits 

a higher absorption edge than SBMQW1 due to the thicker well, which implies less QSE and lower 

effective bandgap, according to Eqn. (5.1) and the PL spectra of Figure 5.2. SBMQW1 and 

SBMQW2 have almost the same EQE of the standard cell indicating that carrier transport through  

 

 

Figure 5.5: External quantum efficiency (EQE) versus wavelength (energy) for series of 

SBMQWs with different well thickness and GaInP standard device measured at 

room temperature. SBMQWs exhibit absorption beyond the band-edge of GaInP 

due to the inclusion of the quantum wells in the intrinsic region of the p-i-n 

structure. MQW with thick wells exhibits poor quantum efficiency. 
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the MQW region is almost perfect. It is noted that the EQE of the thick-well device, SBMQW3, is 

reduced in comparison to the first two devices. This behavior can be due to two reasons. First, the 

reduced minority carrier lifetime in the quantum wells as indicated by the drastic reduction in the 

photoluminescence intensity (Figure 5.2) and the weak satellite XRD peaks for thicker wells 

approaching the CLT (Figure 5.4). This will result in some carriers recombining before they can 

traverse the SBMQW region and will reduce both the emitter and base responses as shown in 

Figure 5.5. Second, thicker wells will lead to less severe QSE (effectively a deeper level) which 

implies that the electrons and holes will have a lower thermionic emission rate due to the increased 

conduction and valence band barriers, resulting in less efficient carrier transport. 

 

 

Figure 5.6: External quantum efficiency (EQE) versus wavelength (energy) for SBMQW3 

measured at room temperature and 100 °C in addition to the standard device. The 

well thickness of the SBMQW device is 75Å. The EQE degrades at high 

temperature for thick-well devices. 
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 In order to investigate whether the well relaxation or the thermionic probability degradation is the 

reason for the poor SBMQW3 efficiency, EQE is measured at elevated temperatures as shown in 

Figure 5.6. The predominance of the well relaxation effect for thick-well devices is supported by 

the second spectral response curve for SBMQW3 which was measured at 100 ºC, as shown in 

Figure 5.6. The response is further reduced under elevated temperatures measurements, which is 

opposite to what would be expected if the thermionic emission probability was the limiting regime. 

The EQE spectrum of the thin-well device, SBMQW2, at elevated temperatures is shown in Figure 

5.7. The EQE is relatively unaffected by the increase in temperature. This indicates the thermionic 

emission probability is already effective at room temperature. The red shift in the absorption edge 

with the temperature increase is due to expected decrease in the bandgap with temperature. 

The J-V curves of the SBMQWs are shown in Figure 5.8. The open-circuit voltage (Voc), short-

circuit current density (Jsc), bandgap-voltage offset (Woc),  fill factor (FF) and  efficiency (η)  are  

 

 

Figure 5.7: External quantum efficiency (EQE) versus wavelength (energy) for SBMQW2 

measured at different temperatures in addition to the standard device. The well 

thickness of the SBMQW device is 55Å. 
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listed in Table 5.1. Compared to the standard cell, all of the SBMQWs have a lower Voc which is 

due to the lower effective bandgap associated with these structures. For example, the Voc of 

SBMQW1 is 0.07 eV higher than that of SBMQW2 due to more severe quantum size effects in its 

thinner well. However, the two thinner well samples (SBMQW1 and SBMQW2) have lower Woc 

than the bulk sample, possibly due to better photon-recycling of the below-bandgap quantum well 

radiation. The Jsc of SBMQW1 and SBMQW2 are markedly improved by 8% and 16% 

respectively compared to those of the standard cell. The increased Jsc is ascribed to the sub-bandgap 

photo absorption by the QWs in conjunction with the EQE improvement in the wavelength region 

below the GaInP band-edge. It is worth noting that the two thinner well devices exhibit efficiency 

slightly higher than standard GaInP cell, as shown in Table 5.1. Among the SBMQWs, the 

SBMQW3 has the lowest Jsc and Voc and the highest Woc due to low minority carrier lifetime in 

the MQW region in addition to the loss of thermally generated minority carriers due to the 

relatively thicker well. Therefore, optimizing the current structure to achieve the desired red-shift  

 

Figure 5.8: 1 sun current density vs voltage curves for the standard GaInP cell and SBMQW 

devices. Thin-well SBMQWs have higher Jsc in comparison to the standard device. 

Thick-well SBMQW device has degraded current. 
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without sacrificing the carrier transport is a challenging issue. Further optimization of the structure 

will lead to extending the absorption of the quantum wells to longer wavelengths and improving 

the quantum efficiency of the device. 

5.3.5. Quantum Efficiency: Measurements and Modeling 

The external quantum efficiency of the InGaAsP/InGaP quantum wells was modeled to explore 

the contributions of each of the emitter, base, and the QWs, as shown in Figure 5.9. The analysis 

in Nelson’s book is followed to solve the drift-diffusion and continuity equations [7]. The 

contribution of each region is considered independently considering the wavelength absorption 

dependence of the preceding layers. The absorption coefficient of the MQWs ( MQW ) is extracted 

from the measured spectral response assuming fully depleted region, where  

( )
1

( ) ln 1 ( ) ,MQW

QW

EQE
t

  = − −         (5.2) 

 

 

 
Figure 5.9: Modeling of external quantum efficiency of strain-balanced InGaAsP/InGaP 

quantum well solar cells showing the contributions of the emitter, base, and 

quantum wells into the total response. 
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where QWt is the total thickness of the QW region. The extracted absorption coefficient of the 

InGaAsP/InGaP QWs is ~ 2x104 cm-1. Tabulated values for  the motilities (µ) and lifetimes (τ) are 

used in the model: µp = 60 cm2/Vs, µn = 300 cm2/Vs, τp = 1 ns, and τn = 50 ns [123].   The front and 

back surface recombination velocity are parameterized to 9x105 cm/sec and 1x104 cm/sec, 

respectively, to give the best fit to the measured results. Tabulated data for the absorption 

coefficient of InGaP emitter and base are used. The modeling results indicate that both the emitter 

and the depletion region (including the SBMQWs) contribute significantly to the total response 

with relatively minor contribution from the base.  Beyond the In0.49Ga0.51P cut-off, the modeling 

results matches with the measured response. The preliminary experimental and modeling results 

presented here indicate that improving the efficiency of the SBMQW device requires improving 

the blue and red response through both optimization of the AlInP window growth conditions and 

extending the absorption threshold to longer wavelengths or increasing the number of wells to 

improve the excitonic absorption. 

5.3.6. Effect of Number of Period on InGaAsP/InGaP SBMQWs 

We experimentally investigate the effect of increasing the number of quantum wells on the 

performance of In0.70Ga0.30As0.05P0.95/In0.40Ga0.60P SBMQWs. In this study, only the number of 

periods is altered: 10 (SBMQW10), 20 (SBMQW20), 30 (SBMQW30), and 45 (SBMQW45). The 

well and barrier thickness are kept at 45 Å and 140 Å, respectively, across all these devices. These 

four SBMQW samples have the same PL emission, 750 nm (1.65eV). Data about these samples is 

summarized in Table 5.2. Figure 5.10 shows the XRD scans taken across (004) reflection for 

samples SBMQW10, SBMQW20, SBMQW30, and SBMQW45. The vertical dotted lines on the 

superlattices peaks indicate that the period thickness and compositions of the layers in the 

InGaAsP/InGaP SBMQW active regions were identical for all four samples. The full width half 

maximum of the satellite peaks is almost identical which signify that no relaxation has been 

observed with increasing the number of QWs. 
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 Number 

of periods 

 

i layer 

thickness 

(µm) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

 

InGaP standard 

SBMQW10 

 

N/A 

10 

 

N/A 

0.185 

 

7.425 

7.8 

 

1.23 

1.1 

 

80 

80 

SBMQW20 20 0.37 8.183 1.08 77.5 

SBMQW30 30 0.55 8.6 1.11 79.4 

SBMQW45 45 0.83 5.22 1.12 76 

      

 

The EQE of the four samples is depicted in Figure 5.11. As the number of periods increases from 

10 to 30 the excitonic quantum efficiency of the structure is improved. This can be attributed to 

higher light absorption taking place due to inclusion of more wells in the intrinsic layer of the 

device. The enhanced EQE at wavelengths below the bulk InGaP band edge is due to drift assisted 

carrier collection.  As the number of periods increases further (30 to 45), the EQE is reduced. This 

is accompanied by degradation in the quantum efficiency of the device across the bulk part of the 

spectrum, especially the blue region. This can be attributed to the thickness of the grown MQW 

region (0.83 µm) is approaching or exceeding the depletion region of the device. The background 

doping in the MQW region is 4 x 1015 cm-3 as measured using Hall measurements, which 

corresponds to about 0.8 µm depleted region. This will result in the formation of an undepleted 

region with a few QWs which will inhibit the transport of minority carriers through this region due 

to the absence of a significant electric field. The current-voltage is measured under one sun 

illumination. The short circuit current density (Jsc), open circuit voltage (Voc) and fill factor (FF) 

are summarized in Table 5.2. The effect of number of period on Jsc is shown in Figure 5.12. It is 

noted that the Jsc increases with the increase of period number for period range of 10 to 30, 

correlating with the EQE shown in Figure 5.10. For higher number of periods, the Jsc degrades as 

might be expected if the current from the emitter and base is inhibited.  

Table 5.2: Number of periods, grown MQW layer thickness, short circuit current density, open 

circuit voltage, and fill factor for series of InGaAsP/InGaP SBMQW cells. The 

devices did not contain antireflection coatings or windows. 
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 The impact of the background doping concentrations on the maximum depletion widths is shown 

in Figure 5.14. A background doping of 4x1015 cm-3 would correspond to ~ 0.82 µm depletion 

region, which is less the thickness of the 45 QWs device. This results in the formation of few 

undepleted QWs and the presence of a low electric field region where recombination may take 

place. This will limit the carrier collection as implied by the degradation of the quantum efficiency 

response of the 45 periods device shown in Figure 5.11. The Poisson equation was solved using 

the PC1D [8] to simulate the electric field across the QW region. The effective medium dielectric 

function of the QW region is calculated using Aspnes formula [124, 125]. The impact of the 

number of quantum wells on the electric field across the QW region for a p-type background 

concentration equals to 4x1015 cm-3 is shown in Figure 5.14. The electric field across the 10, 20, 

and 30 QWs devices is strong enough to sweep the carriers across the QW region. However, for 

the 45 QW device, a region of approximately zero field exists where carriers will recombine. This 

implies that the quantum efficiency across these devices will be limited by the maximum 

undepleted thickness that can be grown. This suggests that the optimum well number for this MQW 

structure and growth conditions is about 30 for the unintentional background doping present in the 

intrinsic region.  

 

Figure 5.10: XRD scans for samples SBMQW10, SMQW20, SBMQW30 and SBMQW45. 
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Figure 5.11: External quantum efficiency for In0.70Ga0.30As0.05P0.95/ In0.40Ga0.60P with varying 

number of periods. 

 

Figure 5.12: Effect of number of quantum wells on Jsc. 
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Figure 5.13: Simulation of the maximum depletion width as a function of p-type 

background doping at zero bias. The intrinsic carrier concentration (ni) used 

was 100 cm-3 
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Figure 5.14: Simulation of the impact of the number of quantum wells on the electric field 

across the MQW region at zero bias for a constant background p-type background 

doping equals to 4 x 1015 cm-3 
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5.4. Advantages and Limitations of Strain-balanced InGaAsP/InGaP 

Quantum Well Solar Cells 

In this Section, the advantages and limitations of strain-balanced InGaAsP/InGaP are 

discussed. The advantages of this QW structure can be summarized as follows: 

- Bandgap tunability. This QW structure has a wide and tunable bandgap from 1.6 to 1.8 eV. 

Once the strain-balance condition is fully realized, scaling the period thickness can tune 

the quantum size effects and cause a red/blue shift in the response. This can be achieved 

by scaling the well thickness. Thus, the absorption threshold of solar cells that incorporate 

the strain-balanced InGaAsP/InGaP QW structure into it can be extended to longer 

wavelengths. 

- Aluminum-free. AlGaAs, which is other potential structure that operate in the same 

bandgap range is more challenging to grow. This is because the presence of aluminum 

creates deep levels centers which increases the dark current due to non-radiative 

recombination and degrades overall cell efficiency.  

- Low growth temperature. This QW structure can be grown at low temperature (550-600 

°C). The low growth temperature results in less thermal degradation effects on the tunnel 

junctions. On other hand, high performance AlGaAs solar cells were grown at temperatures 

approaching 700 °C, which may degrade the tunnel junction performance. 

However, there are several challenges with the growth of this QW solar cell that needs to be 

addressed, as summarized in Figure 5.15. The first challenge is the related to thermionic emission 

and critical layer thickness constraints as shown in Figure 5.15(a). For the strain-balanced 

InGaAsP/InGaP QW structures presented in Chapter 4 and this Chapter, the thickness of the 

absorbing InGaAsP well is about 25% of the total QW region thickness. This indicates that if the 

total thickness of the QW i-region is 1 µm, only 250 nm will be absorbing the light. One strategy 

to address this issue is to increase the thickness of the absorbing InGaAsP well. But this InGaAsP 

thickness increase is limited by the critical layer thickness constraints as discussed in Section 4.4.2 

and Section 2.4. Increasing the well thickness beyond the CLT has degraded the overall EQE 

response as shown in Figure 5.15(a) as discussed in Section 5.3.4 of this Chapter. 

The second challenge that needs to be addressed is the background doping in the QW region which 

limits the increase of the number of QWs as shown in Figure 5.15(b). The limited number of 
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quantum wells hinders further increase in the EQE beyond the band-edge of In0.49Ga0.51P. If the 

QWs are grown in the undepleted region, a weak electric field will exist which will limit the carrier 

collection. This will result in a poor EQE response as shown in Figure 5.15(b). 

Some of these challenges will be addressed in Chapters 6 and 7 by using lattice-matched 

InGaAsP/InGaP quantum well structures. 

 

 

 

 

 

 

 

 

 

 

Figure 5.15: External quantum efficiency of strain-balanced InGaAsP/InGaP showing two 

challenges that are hindering further development: (a) critical layer thickness 

limitation, (b) background doping constraints and its impact on the depletion 

region width. 
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Chapter 6: Growth and Characterization of Lattice-

matched InGaAsP/InGaP Quantum Wells 

The use of InGaAsP/InGaP quantum well structures is a promising approach for subcells 

in next generation multi-junction devices due to their tunable bandgap (1.50-1.80 eV) and for being 

aluminum-free.  Despite these potentials, the accumulation of stress during the growth of these 

structures and the high background doping in the quantum well region as discussed in Chapters 4-

5 have limited the maximum number of quantum wells and barriers that can be included in the 

intrinsic region and the sub-bandgap external quantum efficiency to less than 30.0%. Some of 

these issues will be addressed in this chapter in order to increase the number of quantum wells that 

can be included and thus improve the sub-bandgap external quantum efficiency. In this chapter, 

we report on the use of in-situ curvature monitoring by multi-beam optical stress (MOS) sensor 

measurements during the growth of this quantum well structure to monitor the stress evolution in 

these thin films. A series of In0.32Ga0.68AsP/In0.49Ga0.51P quantum wells with various arsine to 

phosphine ratios have been analyzed by in-situ curvature monitoring and X-ray diffraction (XRD) 

to obtain nearly strain-free lattice matched structures. Sharp interfaces, as indicated by the XRD 

fringes, have been achieved by using triethyl-gallium and trimethyl-gallium as gallium precursors 

in InGaAsP and InGaP, respectively, with constant flows of trimethyl-indium and phosphine 

through the entire quantum well structure. The effect of the substrate miscut on quantum well 

growth was compared and analyzed using XRD, photoluminescence and time resolved 

photoluminescence, highlighting nearly equivalent or similar performance on both miscuts. A 100-

period quantum well device was successfully grown with minimal stress and approximately flat 

in-situ curvature.  

This chapter is a paper published in Journal of Crystal Growth, 465, 171-177, 2017, with some 

modifications and additions. This research was performed by Islam Sayed at the National 

Renewable Energy Laboratory. 

6.1. Introduction 

In this chapter, we report on the growth of nominally lattice-matched InGaAsP/InGaP 

quantum wells by metal organic vapor phase epitaxy (MOVPE). This structure could potentially 

be used in any of the different multijunction solar cell approaches such as monolithic lattice-
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matched, inverted-metamorphic, or wafer-bonded structures. The objective of creating this 

structure is to maximize the number of QWs that can be included in the depletion region for 

improved solar cell absorption beyond that of other strain-balanced structures that we presented in 

Chapters 4-5[126, 127]. In this work, both the barrier and well are nearly lattice matched to the 

substrate, providing great latitude in adjusting the thicknesses of each layer, because the strain-

balanced condition is automatically achieved, and the restriction due to critical layer thickness is 

not of concern. This structure differs from previously reported  strain-balanced or nearly lattice-

matched InGaAsP/InGaP approaches where the barrier material occupies up to 75% of the i-layer 

thickness [42, 126, 128, 129][130]. The large relative thickness of the barriers compared with that 

of the wells in [8, 9], was required to satisfy the strain-balance condition. In addition, the use of 

tertiarybutyl-arsine (TBA) and tertiarybutyl-phosphine (TBP) as arsenic and phosphorus 

precursors in those experiments [126, 127] resulted in high carbon incorporation during the 

decomposition process which limits the depletion region thickness and accordingly the number of 

quantum wells that can be included. The latter two factors limit the sub-bandgap external quantum 

efficiency peak values to less than 25.0% [126, 127].  However, growing the QWs close to the 

lattice matching condition offers more design flexibility in choosing the wells and barriers 

thicknesses and accordingly the carrier transport mechanism. In addition, the use of arsine (AsH3) 

and phosphine (PH3) in this work rather than TBA and TBP results in lower carbon incorporation, 

which increases the number of quantum wells that can be included in the intrinsic region. These 

major enhancements hold the potential of achieving peak external quantum efficiency values of 

more than 50.0% beyond In0.49Ga0.51P band-edge (680 nm).  

Increasing the absorption beyond the band-edge of In0.49Ga0.51P requires maximizing the number 

of quantum wells in the depletion region. However, the inclusion of a large number of quantum 

wells can result in high stress leading to partial or relaxation which will create non-radiative 

recombination centers. We report on the use of in-situ curvature monitoring by multi-beam optical 

stress (MOS) sensor to analyze the stress during the growth of these new QWs. X-ray diffraction 

(XRD) is also used to assess the interfaces quality and is correlated with the MOS results. A series 

of quantum wells with various arsine to phosphine ratios in InGaAsP were grown on lattice 

matched In0.49Ga0.51P barriers to analyze the stress evolution in this structure. Sharp interfaces have 

been achieved by using triethyl-gallium (TEGa) and trimethyl-gallium (TMGa) as gallium 

precursors in the growth of InGaAsP and InGaP, respectively, while using fixed trimethylindium 

A#_ENREF_130
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(TMIn) and phosphine flows. The use of two gallium sources has the advantage of achieving sharp 

interfaces since there is no need to ramp up or down any of the group III flows to achieve the 

required different compositions. In previous experiments [126, 127], the indium flow was cycled 

up and down to grow the InGaAsP and InGaP layers, which may reduce the interface sharpness 

because of the relatively slow response of flow changes through the solid-source TMIn.  In 

addition, TEGa pyrolysis occurs through  β-hydride elimination which leaves hydrogen rather than 

carbon attached to the gallium atom [131, 132]. This reduces carbon incorporation, increasing the 

depletion layer thickness and allowing more QWs to be grown in the high electric field region 

[131-133].  The growth of quantum wells on substrates with 2° 111B and 6° 111A offcuts have 

been analyzed using XRD, time resolved photoluminescence (TRPL) and photoluminescence 

(PL).  The effect of growth pauses on QWs is studied where a growth interruption of 3 seconds 

was found to improve the interface quality relative to a no-growth pause structure. The effect of 

strain accumulation during the growth of multiple QWs with thin- and thick- periods is studied 

using in-situ curvature monitoring. 

6.2. Experimental Details 

The InGaAsP/InGaP QWs were grown by MOVPE reactor operating at 620 torr at the 

National Renewable Energy Laboratory, in Golden, Colorado. The precursors used in this work 

are:  TMGa, TEGa, TMIn, AsH3, PH3, diethylzinc, and hydrogen selenide (H2Se/H2). The quantum 

wells were grown at 600 °C on GaAs substrates mis-oriented by either 6° toward <111>A  (6°A) 

direction or 2° toward (1̅11)B  (2°B) direction. The V/III ratio and nominal growth rate of the 

In0.49Ga0.51P barrier are 885 and 1.66 µm/hr, respectively. The ratio of indium to group III flows 

of InGaAsP is fixed at 0.6 and the nominal growth rate is about 2.6 µm/hr. The arsine to phosphine 

ratio is varied in order to reduce the stress in these structures, as will be discussed in section 6.3.1.   

The stress evolution during the growth of the quantum wells is monitored using MOS based on the 

curvature measurements [134-136]. Figure 6.1 shows the working principle of the MOS. The 

biaxial stress induced in the film will result in biaxial stress on the substrate and bending moment 

on the substrate [137]. If the film has a lattice constant less than the underlying substrate, the 

substrate will bend resulting in the convex shape of Figure 6.1(a). The spacing between the beams 

becomes smaller as shown in the Figure 6.1(a). If the film has a lattice constant larger than the 

underlying substrate, the substrate will bend resulting in the concave shape of Figure 6.1(b) and  
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the spacing between the beams becomes larger as shown in the Figure 6.1(b). The reflected beams 

from the substrate surface were imaged by a charge-coupled device (CCD) camera and analyzed 

to determine the curvature change [136]. The relative position between the reflected beams are 

recorded, and the movement of the laser spots were measured during growth. The curvature is 

monitored above the MOVPE reactor during the growth using a k-space Associates MOS 

apparatus. A 622 nm laser beam split into an array of nine parallel beams is reflected from the 

sample through a quartz window. Two orthogonal directions, kx and ky, are measured due to the 

presence of two-dimensional array of beams. The curvature change during growth is related to the 

stress that develops from lattice mismatch through Stoney’s formula for a thin film of thickness 

(hf) and stress (sf) grown on a substrate of thickness (hs) and biaxial modulus (Ys) of substrate as 

follows [134] [138] 

                       (6.1) 

In addition to in-situ MOS analysis, the (004) XRD scans of the QW structures were measured ex-

situ on a Bede D1 diffractometer. The superlattices’ satellite peaks of the MQW structures were 

analyzed to infer the total period thickness [139] and to compare the sharpness of the intensity of 

higher order satellite satellite peaks for QWs grown with various arsine to phosphine ratios. XRD 
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Figure 6.1: Illustration of the working principle of MOSS. A courtesy of Dieter Stender and 

Aline Fluri. 
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was also used to analyze the effects of QWs growth on different substrate miscuts and growth 

interruptions to establish the conditions producing sharp interfaces. 

The optical emission of QW structures was measured by room temperature PL using a HeCd probe 

laser at 442 nm wavelength. The emitted light is directed into a Newport MS260i spectrometer 

with a 300/500 grating.  A 495 nm long pass filter was used to filter out the laser line.  The carrier 

lifetime was measured using two-photon excitation time resolved photoluminescence (2PE-TRPL) 

[140]. The excitation was at 1030 nm (Yb:KGW laser system), 0.2 ps pulse length, 1.1 MHz laser 

repetition rate, average excitation power 0.5 mW. PL was measured with Si avalanche photo diode 

(APD), 820 nm bandpass (10nm) filter, and time correlated single photon counting.  

6.3. Results and Discussion 

In this section, we present and analyze the MOS curvature and stress, PL and XRD results 

of In0.32Ga0.68AsP/In0.49Ga0.51P QWs with various arsine to phosphine ratio and fixed group-III 

flows. We compare and discuss the effects of the quantum wells growth on 6°A and 2°B miscuts 

using XRD, TRPL and PL. The effects of growth interruptions between well/barrier and 

barrier/well interfaces on the sharpness of peaks for quantum wells is studied. Finally, the effects 

of strain accumulation during the growth of QWs with large number of periods is studied for 

structures with varying period thicknesses. 

6.3.1. Effect of Arsenic to Phosphorus Ratio in InGaAsP on Stress and XRD Peaks 

Sharpness 

The distribution coefficient of group V is temperature dependent and is not close to unity [24]. In 

other words, the compositions in the solid phase of arsenic and phosphorus do not change linearly 

with the partial pressure of these two compounds. This leads to difficulties in achieving the 

required compositions for the quaternary to obtain strain-free layers. The growth approach we 

followed to obtain nearly strain-free structures is to fix the ratio of trimethyl-indium flow to total 

group III flows in InGaAsP at 0.6 which approximately fixes the solid compositions of indium and 

gallium to about 32% and 68%, respectively. Then a series of In0.32Ga0.68AsyP1-y/In0.49Ga0.51P QWs 

with various arsine ([AsH3]) to phosphine ([PH3]) flow ratios are grown and analyzed as shown in 

Figures 6.2-6.5. In this study, only the As flow to group V ratio is altered: x = 0.15 (MP096), x = 

0.19 (MP091), x = 0.22 (MP092), x = 0.27 (MP101), and x = 0.35 (MP108), where x = [AsH3]/( 

[AsH3]+[PH3]). The change in the ratio of indium to gallium incorporated in the solid was assumed  
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to be negligible with the change in the [AsH3]/[PH3] flows. In this study, the QWs are grown on 

6°A miscut with a 3 second growth pause between well/barrier and barrier/well interfaces. The 

number of the period was fixed at 10, and the thickness of In0.32Ga0.68AsP wells and In0.49Ga0.51P 

barriers are 90Å and 85Å, respectively.  

Figure 6.2 depicts the in-situ MOS curvature measurements during the growth of these quantum 

wells, as measured using the procedure of Section 6.2. The vertical dotted lines indicate the start 

and the end of QWs growth and the curvature measurements in Figure 6.2 are shifted by 0.5 m-1 

along the vertical axis for visual clarity. It is worth pointing out that a positive (negative)  slope of 

the curvature signal arises from the tensile (compressive) stress in these QWs, indicating growth 

of layers of effective lattice constants smaller (larger) than the GaAs substrate [134]. The 

curvature, k, of MP096 (x = 0.15) is rising up with an average slope, , equal to +4.4x10-5 m-1s- dk

dt

 

 
Figure 6.2: in-situ curvature monitoring of a series of In

0.32
Ga

0.68
AsP/In

0.49
Ga

0.51
P quantum 

wells with fixed group III flows and various arsenic to phosphorus ratio, x = 

[AsH3]/( [AsH3]+[PH3]. The data of each sample is shifted by 0.5 m-1 along the 

vertical axis for visual clarity. The vertical dotted lines indicate the start and the 

end of QWs growth. The QWs in this study were grown on 6°A substrates. 
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1, indicating that the quantum wells are grown mismatched with effective lattice constant less than 

the GaAs substrate. By increasing the arsenic to phosphorus ratio, the curvature slope is reduced 

to be 3.46 x10-5, 2.5 x10-5, 1.44 x10-5, and 0.8 x10-5   m-1s-1, for MP091, MP092, MP101, and 

MP108, respectively. MP108 exhibits a nearly flat curvature indicating that the quantum wells are 

grown with effective lattice constant close to the underlying layers. The total stress (st) was then 

calculated across the QW region, as the slope of the stress-thickness versus thickness data (Figure 

6.3) assuming known growth rates and elastic properties of each layer [134]: 

                  (6.2)  

The stress across the QW region of MP096A, MP091A, MP092A, MP101A, and MP108A are 

0.25, 0.21, 0.15, 0.08, and 0.04 GPa, respectively. The stress was reduced from 0.25 GPa for 

sample MP096 to 0.04 GPa for sample MP108 by increasing the arsenic to group V ratio from 

0.15 to 0.35. Based on previous experiences in growing compositionally graded buffers [35, 134], 

a stress in the range of -0.1 to 0.1 GPa should be reasonably good indicator of avoiding nucleation 

( )f f
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d s h
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Figure 6.3: Stress-times-thickness of a series of In

0.32
Ga

0.68
AsyP1-y/In

0.49
Ga

0.51
P quantum wells 

as a function of thickness. The vertical dotted lines indicate the start and the end of 

QWs growth and the data of each sample is shifted by 1000 GPa*A along the 

vertical axis for visual clarity. The QWs in this study were grown on 6°A 

substrates. 
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of dislocations in relatively thick layers, and the stress of samples MP108 and MP101 lies within 

the acceptable margin.  

The diffraction pattern of the grown QWs consists of the (004) GaAs peak and several other 

satellite peaks due to the periodicity of the quantum wells, as shown in Figure 6.4. The satellite 

peaks are shifted towards the compressive side of the GaAs substrate peak by increasing the arsenic 

to phosphorus ratio due to reduction in the tensile stress, consistent with the MOS stress results. 

In addition, the intensity and full width half maximum (FWHM) of satellite peaks are improved 

by reducing the stress in these quantum wells, consistent with the trend of the MOS analysis 

observed in Figure 6.2 and Figure 6.3. Specifically, the XRD of MP096 shows only peaks on the 

tensile side of the GaAs substrate due to the severe tensile stress in this structure as indicated by 

the MOS results of Figure 6.2 and Figure 6.3. The intensity and FWHM of satellite peaks of MP108 

is higher and narrower than MP096, respectively, indicating sharper interfaces and minimal stress 

relaxation.  It should be mentioned that the n = 0 superlattice peak differs from the GaAs 

peak. The in-situ curvature monitoring indicates that MP108 is under slight tensile stress (+0.04 

GPa). The fact that the n =0 peak appears instead on the compressive side of the (004) scan, 

suggests that the structure could be internally strain balanced rather than lattice matched.  This 

would be due to possible differences in the elastic properties of the two alloys[63]. This study thus 

highlights the complication of interpreting the XRD results for strain-balancing and the superiority 

of in-situ curvature analysis in realizing a nearly strain-free structure.  

The QWs are also investigated optically using PL as shown in Figure 6.5.  As expected, the 

effective bandgap reduces from 1.68 eV to 1.51 eV by increasing the arsenic to group V ratio. The 

PL FWHM is ~50 meV for most of the samples in this study. The QWs grown on 2°B substrates 

exhibit a similar behavior to that on 6°A as will be shown in the next subsection.  
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6.3.2. Effect of Substrate Miscut 

Future photovoltaic devices with a prospective efficiency of higher than 50.0% will have five or 

more junctions [141][142]. The highest energy subcell in these devices will be AlInGaP with 

bandgap of 2.0-2.10 eV [141, 143, 144]. High performance AlInGaP solar cells have been reported 

recently on GaAs substrates that were miscut by 6° towards <111> A direction [143]. The growth 

on 6°A miscuts substrate results in less oxygen incorporation [145] and more disordered AlInGaP 

than on 6°B and 2°B substrates, thus achieving the desired 2.0-2.10 eV bandgap with a lower 

aluminum composition [143]. Therefore, the growth conditions of the QWs were optimized for 

growth on 6°A substrates. However, several authors have reported that substrates with high mis-

orientation result in step bunching and thickness modulation for GaAs-based quantum wells [146, 

147]. Specifically, Sodabanlu et al. have reported on severe degradation in the carrier lifetime and  

 

 
Figure 6.4: (004) XRD scans  of a series of In

0.32
Ga

0.68
AsyP1-y /In

0.49
Ga

0.51
P quantum wells 

with fixed group III flows and various arsenic to phosphorus ratio. The QWs in 

this study were grown on 6°A substrates. 
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XRD superlattice peaks intensity of InGaAs/GaAsP QWs when grown at temperatures close to 

600 °C on  6°B miscuts [147]. That degradation has been attributed to fast surface migration across 

the step edges leading to step bunching [147]. Even though InGaAsP/InGaP QWs is a different 

material system, it is important to compare and analyze the effect of substrate miscut on the growth 

of these new quantum wells, since it is not well studied. The QWs are grown on 6°A and 2°B 

substrates placed side by side inside the growth chamber to avoid run-to-run variation. A 

comparison between the XRD, PL emission and TRPL for different miscuts is shown in Figure 

6.6. 

From  Figure 6.6(a), the intensity and FWHM of the QWs XRD satellite peaks on both the 6°A 

and 2°B are comparable, which indicates sharp interfaces for the QWs growth on the two different 

miscuts. In this study, the nominal period thickness was 175 Å, and the analysis of the 

superlattices’ satellite peaks indicates that the period thickness of the QWs on the 6°A substrate 

and 2°B substrate are 168 Å and 164 Å, respectively. The well and barrier thickness were inferred 

from the total period thickness and growth times.     The 6°A QW structure has a well and barrier  

 
Figure 6.5: Photoluminescence spectra of a series of In

0.32
Ga

0.68
AsyP1-y /In

0.49
Ga

0.51
P quantum 

wells with fixed group III flows and various arsenic to phosphorus ratio. The 

QWs in this study were grown on 6°A substrates. 
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Figure 6.6:  Effects of quantum wells growth on 6°A and 2°B substrates: (a) (004) XRD scans, 

(b) PL emission, and (c) 2PE- TRPL decays. 
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thickness of 78 and 90 Å, respectively. The 2°B structure has a well and barrier thickness of 74 

and 90 Å, respectively. XRD shift of 540 arcsec toward the compressive side of GaAs substrate 

for QWs grown on 2°B relative to 6°A has been observed for all the superlattice peaks as shown 

in the inset of Figure 6.6 (a). The 2°B behavior is attributed to an expected change in the 

arsenic/phosphorus ratio for growth on different miscuts [148]. A slight increase in the indium to 

gallium ratio is also possible for the growth on low-miscut substrates.  

The 6°A substrate yields a higher peak emission bandgap of about 20 meV higher than the 2°B 

substrates as shown in Figure 6.6(b). This can be attributed to two reasons. First, the change in 

alloy composition in the InGaAsP and InGaP as noticed by the XRD shift of 6°A sample shown 

in  Figure 6.6(a) should lead to higher effective bandgap relative to the 2°B one. Second, the use 

of 6°A substrates reduces the CuPt ordering on the group-III sublattice of InGaP and should 

slightly increase the bandgap [24, 149]. Since both the wells and barriers are based on InGaP, it is 

possible that the peaks shifts observed in  Figure 6.6(b), are partially associated with the 

disordering effects.  It should be mentioned that the measured energy shift is not associated with 

differences in quantum confinements because the QW structure grown on 6°A has a slightly 

thicker well, and a reduction in the PL energy would have been expected if quantum size effects 

were dominating the emission.  

The carrier lifetimes in these two samples were measured using 2PE-TRPL as shown in Figure 

6.6(c). The quantum wells are grown in double heterostructures with 0.1 µm In0.49Ga0.51P cladding 

layers in order to reduce the surface recombination effects. The excitation TRPL decay in Figure 

6.6(c) can be fit with carrier lifetimes of 3.6 ns and 4.0 ns for the 6°A and 2°B sample, respectively.  

If compared to lifetimes reported in the literature for InGaAs/GaAsP QWs [150, 151], the 

measured carrier lifetimes for both the 6°A and 2°B samples are reasonably good indicator of 

radiative recombination dominance in these structures. It should be mentioned that the carrier 

lifetimes of the QWs grown on higher miscuts at 600 °C were comparable and no degradation has 

been observed as shown by other researchers in the GaAs-based QWs [146, 147].   

6.3.3. Effect of Growth Interruptions  

We have studied the effect of using a growth pause on the quantum wells, as shown in Figure 6.7. 

The growth pause is conducted by flowing 99 sccm of PH3 between InGaAsP/InGaP and 

InGaP/InGaAsP interfaces. In this study, only the growth pause time is varied: zero seconds 
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(MP146), 3 seconds (MP108), and 5 seconds (MP147). By including an intentional growth pause 

of 3 seconds for MP108, improvements in the XRD satellite peaks intensity and full width half 

maximum have been observed compared to continuously grown QWs (MP146), as shown in  

Figure 6.7. A growth pause typically results in  surface stabilization and smoothening of growth 

surface due to rearrangement of terrace geometries  [74]. We think that the improvements in the 

interface abruptness are due to suppressing indium surface segregation and/or arsenic carryover 

from InGaAsP to InGaP. This study suggests the importance of a growth pause for these structures 

and highlights the importance of interface management to improve the growth quality of quantum 

well structures. It is noted that increasing the growth pause to 5 seconds in sample MP147 has not 

shown any noticed improvements in the interfaces relative to MP108.  

 

 

 

 

 
Figure 6.7: Effect of growth interruptions on quantum wells 
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6.3.4. Growth of 100-period QW with minimal stress relaxation 

Designing high efficiency QW devices requires increasing the number of periods in the depletion 

region in order to improve the solar cell absorption beyond the band-edge of In0.49Ga0.51P (~1.85 

eV).  However, increasing the number of interfaces may degrade the crystal quality due to expected 

accumulated stress during the growth of these structures. We studied the effect of increasing the 

number of periods on the accumulation of stress in four cells with two different period thicknesses. 

The thick-period devices, MP159 (20 QWs) and MP161 (40 QWs), have nominal well thickness 

(tw) of 70 Å and a barrier thickness (tb) of 32 Å. The thin-period devices, MP189 (40 QWs) and 

MP197 (100 QWs), have a tw of 55 Å and a tb of 25 Å. The in-situ curvature monitoring is measured 

during the growth of these QWs, and the stress-times-thickness versus the QW thickness is 

depicted in Figure 6.8. The stress across the QW region, calculated from the fit slope using Eqn. 

(6.2), of MP159, MP161, MP189, and MP197 are 0.084, 0.11, 0.047, and 0.087 GPa respectively. 

We first note that the thick-period devices (MP159 and MP161) exhibit a stress higher than the 

thin-period devices (MP189 and MP197). Specifically, the two 40 period QW devices (MP161 

and MP189) differ in the accumulated stress even though the two structures have been grown with 

the same solid compositions in wells and barriers.  The stress of MP161 is outside the acceptable 

margin and may result in generation of detrimental dislocations. On the contrary, growing the 

quantum wells with thinner periods as shown for samples MP189 and MP197 have resulted in less 

stress and flat curvature than MP159 and MP161. Since the quantum wells are grown nearly lattice 

matched, the only layer that may result in building strain during the growth of these films is the 

InGaAsP. Growing thinner layers of InGaAsP followed by lattice matched In0.49Ga0.51P reduces 

the accumulating stress. The calculated average stress from the in-situ curvature of the 100-period 

thin-device (MP197) shown in Figure 6.8, is 0.087 GPa, resulting in minimal strain relaxation.  

There are a few implications that using thinner structures may have on the performance of solar 

cell devices. The reduction in the stress should result in a lower non-radiative recombination rate, 

which accordingly affect the solar cell efficiency. In addition, the effective bandgap on the thinner-

wells device will be a few milli-volts higher than that with thicker-wells due to quantum size 

effects. Thus, tuning the effective bandgap of the QWs to the desired bandgap involves adjusting 

the indium to gallium and arsenic to phosphrous ratios in addition to the well thickness. Changing 

the various layer thicknesses may affect the carrier collection in the QW region because this 
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directly dictates whether carrier tunneling across the barriers, thermally-assisted tunneling, or 

thermionic emission dominate the minority carrier transport mechanism in the QW region.  Future 

work will focus on growth and fabrication of InGaAsP/InGaP QW solar cells devices and 

optimization of growth conditions to use this cell in next generation PV devices. 

 

 

 

 

 

 

 
Figure 6.8: Stress-thickness versus thickness as a function of thickness, of a series of 

InGaAsP/InGaP QWs with 20 periods (MP159), 40 periods (MP161 and MP189), 

and 100 periods (MP197). The stress is calculated using Eqn. (6.2) for each 

structure from the fit slope. The curvature of each sample is shifted along the 

vertical axis for visual clarity and the vertical dotted lines indicate the start and the 

end of the growth of these QWs. The QWs in this study were grown on 2°B 

substrates 
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Chapter 7: Lattice-matched InGaAsP/ InGaP 

Quantum Well Solar Cells 

InGaAsP/InGaP quantum well (QW) structures are promising materials for next generation 

photovoltaic devices because of their tunable bandgap (1.50-1.80 eV) and being aluminum-free.  

However, the strain-balance limitations have previously limited light absorption in the QW region 

and constrained the external quantum efficiency (EQE) values beyond the In0.49Ga0.51P band-edge 

to less than 25% as discussed in Chapters 4-5. In this chapter, we show that implementing a 

hundred-period lattice matched InGaAsP/InGaP superlattice solar cell with more than 65% 

absorbing InGaAsP well, resulted in more than 2x improvement in EQE values than the previously 

reported strain balanced approaches in Chapter 5. In addition, processing the devices with a rear 

optical reflector resulted in strong Fabry-Perot resonance oscillations and the EQE values were 

highly improved in the vicinity of these peaks, resulting in short circuit current improvement of 

10% relative to devices with rear optical filter.  These enhancements have resulted in an 

InGaAsP/InGaP superlattice solar cell with improved peak sub-bandgap EQE values exceeding 

75% at 700 nm, improvement in the short circuit current of 26% relative to standard InGaP devices, 

and enhanced bandgap-voltage offset (Woc) of 0.4 V.  

This chapter is a paper published in Applied Physics Letters, 111 (8), 082107, 2017, Editors’ Pick 

[152]. This research was performed by Islam Sayed at the National Renewable Energy Laboratory. 

7.1. Introduction 

The inclusion of strain-balanced InGaAsP/InGaP quantum well (QW) in the intrinsic (i) 

region of InGaP n-i-p structures, can tune the effective bandgap (Eg) of In0.49Ga0.51P-based cells 

into a wide range (1.5-1.8 eV), while maintaining the lattice-matched condition to GaAs substrates 

[126, 127]. However, strain-balanced InGaAsP/InGaP QW solar cell suffer from inefficient light 

absorption, resulting in  external quantum efficiency (EQE) values beyond the band-edge of 

In0.49Ga0.51P  (hereafter, sub-bandgap EQE) less than 25% and bandgap-voltage offset (Woc = Voc 

– Eg) values higher than 520 mV[126, 127], where Voc is the open circuit voltage. The reported 

insufficient light absorption in these initial devices is attributed to a few reasons. First, strain-

balance limitations have limited the total thickness of the absorbing InGaAsP wells to about 18- 
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25% of the total period thickness [126, 127, 153]. Second, any increase in the well thickness to 

enhance light absorption will also increase the barrier heights for electrons and holes, and will 

result in a poor carrier transport [129]. Finally, the number of QWs is limited to 30 periods due to 

high carbon background doping of 4x1015 cm-3 which corresponds to ~0.7µm depletion region 

thickness [126-128].  

In this work, light absorption in InGaAsP/InGaP QWs is improved through several strategies. First, 

the QWs were grown lattice-matched rather than strain-balanced to increase the thickness of the 

absorbing InGaAsP well relative to that of the barrier. Improvements in both light absorption and 

carrier collection were achieved by growing a larger percentage of the depletion region occupied 

by the InGaAsP wells and allowing carrier tunneling through InGaP barriers.  Second, the growth 

of lattice-matched QWs results in less accumulated stress if compared with the strain-balanced 

 

Figure 7.1: (left) Schematic of lattice matched InGaAsP/InGaP superlattice structure, grown in 

the unintentionally doped i layer in In0.49Ga0.51P n-i-p solar cell structure. Samples 

were grown with an optional 1.2 µm GaAs filter, and two samples of each device 

structure were processed separately, with and without etching the GaAs filter. 

(right) schematic of the energy band diagram, illustrating tunneling and 

thermionic-emission carrier transports in this structure. 
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structures and has allowed the growth of 100-period QW device with minimal stress relaxation. 

Third, light absorption in InGaAsP/InGaP QWs was further improved by etching off the GaAs 

substrate during processing and depositing a planar back surface reflector (BSR) to double the 

optical path length [154]. Finally, the use of arsine, phosphine, and triethylgallium precursors 

resulted in carbon background doping of ~2x1015 cm-3 [155], which is about half the corresponding 

value in the initial devices [126] that used tertiarybutyl-arsine, tertiarybutylphosphine, and 

trimethylgallium. Reducing the background doping, increased the depletion region to ~1 µm, and 

allowed the inclusion of 100 depleted QWs (~ 0.8 µm). These changes led to greatly enhanced 

sub-bandgap peak EQE values above 75% at 700 nm, reduction in the Woc to ~0.4 V and a boost 

in the short circuit current (Jsc) to 20.5 mA/cm2 which is about 4 mA/cm2 higher than a standard 

InGaP device without the QWs. 

7.2. Experimental Details 

Samples were grown on (100) GaAs substrates mis-oriented by 2° towards B direction, by 

metal organic vapor phase epitaxy. A schematic of the InGaAsP/InGaP QWs grown in the i layer 

of In0.49Ga0.51P n-i-p solar cell structure and band-diagram, is shown in Figure 7.1. The devices 

were grown with 20 nm Al0.52In0.48P:Se window, 90 nm In0.49Ga0.51P:Se emitter, 500 nm 

In0.49Ga0.51P:Zn base, and AlInGaP:Zn back surface field.  The QWs were grown lattice-matched 

at 600 °C, and consisted of alternating layers of In0.32Ga0.68As60P40 well (Eg = 1.5 eV) and 

In0.49Ga0.51P barrier (Eg = 1.85 eV) of thicknesses, tw = 55-70Å and tb = 25-32Å, respectively. The 

devices were grown inverted to allow etching of the GaAs substrate and deposition of a planar 

gold BSR. Samples were grown with an optional 1.2 µm GaAs filter [Figure 7.1] between the 

GaAs absorber and BSR (hereafter, back-filter). Two samples of each device structure were 

processed separately, with and without etching away the back filter. The back filter absorbs 

photons in the 1.4-1.85 eV energy range that were not absorbed in the QWs in their first pass, thus 

simulating the optical environment of the QW cell in a multi-junction. A ZnS (45 nm)/MgF2 (96 

nm) antireflection coating (ARC) was deposited on the AlInP window after processing. 

7.3. Results and Discussion 

Figure 7.2 shows the EQE of a lattice-matched InGaAsP/InGaP superlattice with different 

number of periods, at wavelengths beyond the band-edge of   In0.49Ga0.51P.    Three samples were  
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studied: MP159 (tw = 70 Å, tb =32 Å, 20-period), MP161 (tw = 70 Å, tb =32 Å, 40-period), and 

MP197 (tw = 55 Å, tb =25 Å, 100-period). The slight difference in the period thickness of MP197 

was because we found a reduction in the accumulated stress when thinner periods were grown 

[155]. The total thickness of InGaAsP wells of MP159, MP161, MP197 are 140, 280, 550 nm, 

respectively, which are about 70% of the total QW region thickness. As shown in Figure 7.2, the 

growth of lattice-matched InGaAsP/InGaP with a larger percentage of the depletion region 

occupied by InGaAsP, greatly improved the EQE across all wavelengths beyond 680 nm. From 

the EQE measurements, the one-sun AM1.5 short circuit current contribution of the QWs, ∆Jsc, is 

shown in Table 7.1.  The ∆Jsc, was improved by increasing the number of periods. The 100-period 

device, with back-filter, exhibits a significantly high absorption in the QW region as shown in 

 
Figure 7.2: External quantum efficiency (EQE) beyond the band-edge of In0.49Ga0.51P (680 

nm) versus wavelength, of InGaAsP/InGaP superlattice solar cell with different 

number of period. All samples are coated with ZnS/MgF2. EQE showing 

improvements over strain balanced InGaAsP/InGaP QW approach. 

680 720 760 800 840
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Wavelength (nm)

E
Q

E
 b

ey
o

n
d

 I
n 0

.4
9
G

a 0
.5

1
P

 b
an

d
-e

d
g

e

 

 
20 period, BSR

20 period, back filter

40 period, BSR

40 period, back filter

100 period, BSR

100 period, back filter

Strain balanced, w/o BSR

ARC: MgF
2
/ZnS



 

106 

 

Figure 7.2, resulting in a ∆Jsc value of 4.37 mA/cm2, which contributes to about 23% to the total 

Jsc of the device (18.54 mA/cm2). 

Processing of devices with BSR has improved ∆Jsc as shown in Figure 7.2 and Table 7.1. A perfect 

planar BSR results in an optical path length that is double the physical thickness of the QWs.  From 

Table 7.1, ∆Jsc of the 20-period/BSR sample is 2.82 mA/cm2, which is close to that of the 40-

period/back-filter sample (3.08 mA/cm2). The BSR results in 1.65x, 1.5x, and 1.3x increases in 

the ∆Jsc values of MP159, MP161, and MP197, respectively. The BSR effect is more significant 

on MP159 because it is optically-thin (200 nm) and is weakly absorbing the long wavelength 

photons. The EQE values of the 100-period device (MP197), with BSR, are higher than 70% in 

the 680-720 nm wavelength range, resulting in a ∆Jsc value of 5.38 mA/cm2, which contributes to 

about 26% to the total Jsc of the device (20.54 mA/cm2). The EQE can be further enhanced by 

increasing the percentage of absorbing InGaAsP well from 70% to 80-85%, increasing the number 

of QWs in the depletion region through reducing the carbon background doping to ~1014 cm-3 [132, 

156], and optimizing the carrier transport. 

Sample # Description  ∆Jsc (mA/cm2) 

with ARC 

Eg (eV) Voc (V) Woc (V) 

MP159  

20-period 

Back filter 1.70 1.568 1.176 0.392 

 BSR 2.82 1.548 1.173 0.375 

MP161  

40-period 

Back filter 3.08  1.536 1.139 0.397 

 BSR 4.67 1.526 1.151 0.375 

MP197  Back filter 4.37  1.543 1.126 0.417 

100-period BSR 5.83 1.528 1.136 0.392 

 

Figure 7.2 shows also a comparison between this QW design and previously reported strain-

balanced approaches (In0.70Ga0.30As0.10P0.90 /In0.40Ga0.60P, tw = 55 Å, tb = 150Å, 30-period) [127]. 

Table 7.1: One-sun AM1.5 short circuit current contribution of the QWs (∆Jsc¸), effective 

junction bandgap (Eg), open circuit voltage (Voc), and bandgap-voltage offset (Woc) 

for the studied samples. 
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The EQE values of lattice-matched 20-period device (MP159), with back filter, are close to those 

of the strain-balanced structure because the total thickness of the absorbing InGaAsP wells in the 

two structures is close (~140 nm). However, the total thickness of the QW region in MP159 is 200 

nm, which is less than one-third the thickness of the strain-balanced structure (615 nm). Therefore, 

this indicates that growing the QWs lattice-matched with thicker wells, has allowed thinner 

structures to achieve the same EQE values as that of the strain-balanced design. 

Figure 7.3 depicts the EQE of MP159 and MP197 processed with BSR and back filter, with and 

without ARC, across the entire wavelengths. The photoluminescence (PL) spectra of these QW 

structures is also shown in Figure 7.3. The inclusion of BSR slightly improves the EQE at 

wavelengths around 630-680 nm due to enhancing absorption in the In0.49Ga0.51P base because it 

was grown optically thin (0.5 µm) and is weakly absorbing close to the band-edge. At wavelengths 

longer than In0.49Ga0.51P band-edge (680 nm), light absorption occurs only in the InGaAsP well. 

Peaks in the EQE spectra for the QW devices with BSR and without ARC are observed and are 

associated with Fabry-Perot resonances. The Fabry-Perot cavity exists due to interference from 

back and front reflection of photons at the AlGaAs/Au and AlInP/air interfaces with optical 

reflectance of about ~90% and ~26%, respectively. If the cavity length is integer-multiples of half-

wavelengths, photons that were not absorbed in the QWs in their second pass, will interfere 

constructively with the incident light at resonance wavelengths, λres. At normal incidence, these 

λres, can be estimated as follows 

2

1
2

res

nt

m
 =

+
           (7.1) 

where n is the refractive index, m is the resonance mode order, and t is the thickness of the cavity. 

Using Eqn. (7.1) and assuming n = 3.5, the resonance modes of the 20-period device (t = 1.064 

µm) are estimated to be at: 648 nm at m = 11, 709 nm at m = 10, and 784 nm at  m = 9. These 

calculated values are close to the measured values: 655, 705, 765 nm. The EQE, without ARC, of 

the 20-period device at the Fabry-Perot resonances, 705 nm and 765 nm, peaks at 63% and 51%, 

respectively, which are at least 3-times higher than the corresponding values without BSR, as 

shown in Figure 7.3(a). Increasing the number of QWs, increases the cavity length and enhance 

the EQE values at the resonance peaks, as shown in Figure 7.3(b). The deposition of MgF2/ZnS 

ARC on the samples, with BSR, smears out all these resonance peaks, as shown in the EQE of  
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Figure 7.3: External quantum efficiency (EQE) and photoluminescence (PL) spectra of (a) 

20-period device (MP159) and (b) 100-period device (MP197), with and 

without ARC, processed with a gold BSR and with back-filter. 
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devices in Figure 7.3. The ARC reduces the interference between the incident light and the fraction 

of reflected photons that were not absorbed in the QWs after their second pass. This is because the 

front reflectance at the AlInP/ZnS interface is ~3% which is much less than the corresponding 

value (26%) of the no-ARC case.  

The one-sun AM1.5 current density-voltage curve measured for the 100-period device is shown in 

Figure 7.4. The Jsc, Voc, fill factor (FF), and η of the back-filter/ARC device were 18.5 mA/cm2, 

1.126 V, 72.3%, and 14.7%, respectively. The corresponding Jsc, Voc, FF, and η  of the BSR/ARC 

device were 20.5 mA/cm2, 1.136 V, 75.3%, and 17.6%, respectively. Standard InGaP cell (~1.81 

eV)with BSR/ARC has a Jsc of 16 mA/cm2 and the reported Jsc value here is markedly 26% higher 

than that [10]. The reason of the Jsc enhancement is the sub-bandgap absorption by the QWs as 

shown in Figure 7.3(b). Processing the QWs with BSR improved the Jsc by 10.0% relative to the 

back-filter case.  The FF is not high and improving it to 80-85% requires more enhancement of 

QW interfaces quality and precise stress management to reduce the stress across the QW region 

[155]. 

We use the bandgap-voltage offset (Woc = Voc – Eg) as a figure of merit to evaluate the performance 

of these QW devices because it evaluates how close the Voc to the fundamental limit set by 

radiative recombination [51]. The appropriate bandgap to use for QW solar cells can be an 

ambiguous quantity to determine. We used an effective junction bandgap from a detail-balanced 

viewpoint based on the EQE as described in [157, 158]. The measured Voc, and calculated 

bandgaps and Woc at one-sun are given in Table 7.1. A Woc, approaching or less than 0.4 V, 

indicates a high solar cell voltage, and the values reported in Table I indicate excellent voltages 

and high internal and external radiative efficiencies.  The Woc slightly increases (Voc slightly 

decreases) with the increase of well number for a few reasons. First, an increase in the QW region 

thickness, increases the SRH recombination and increases the dark currents [70]. Second, the 

unintentional carbon background doping (2x1015 cm-3) in the QW region affects the electric field 

distribution and forms a junction between emitter (n-doped) and QW region (unintentionally p-

doped). Increasing the depletion region thickness may lead to the presence of a weak electric field 

region close to base where carriers are more susceptible to recombination effects and will increase 

dark current and may reduce Woc. Third, the possible presence of defects or non-abrupt interfaces 

at well/barrier and/or barrier/well interface due to arsenic on/off switching may lead to an increase  
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in dark current with the increase of number of interfaces. The dark I-V (DIV) characteristics of the 

20-period and 100-period devices, are shown in Figure 7.5. The DIV were analyzed using a two-

diode model as discussed in Chapter 1, where the first term with ideality factor n = 1 represents 

recombination in the quasi-neutral regions, and the second term with ideality factor n = m (1.5 or 

2) represents the SRH recombination in the depletion region. The dotted lines in the DIV of Figure 

7.5, represent the slope of diodes with ideality factors, n = 1, n = 1.5, and n =2. Analysis of DIV 

measurements indicates that the performances of 100-period and 20-period devices are dominated 

by recombination in the depletion region, with  n =2 and n=1.5, across the entire I-V sweep, with 

dark current densities, Jo,2 = 4x10-9 mA/cm2 and Jo,1.5 = 3x10-13 mA/cm2, respectively. 

 

 
Figure 7.4: Light IV characteristics of 100-period device (MP197), with and without ARC, 

with a gold BSR and with back-filter. 
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We studied the carrier escape mechanisms in this QW design to provide more insights into the 

EQE improvements shown in Figure 7.2  and Figure 7.3.  Two mechanisms can allow a carrier to 

escape from QWs and contribute to photocurrent: carrier tunneling and thermionic emission. The 

competition between carrier escape lifetime (𝜏𝑒𝑠𝑐.) and non-radiative recombination lifetime (𝜏𝑟) 

determines whether the photo-generated carriers are lost or contribute to photocurrent. The 

probability of carrier escape from a single QW, can be evaluated as follows  [64], 

.

. .

1

,
1 1

esc

esc rec

P


 

=

+

          (7.2) 

 

 
Figure 7.5: Dark current voltage characteristics of 20-period QW device (MP159) and 100-

period QW device (MP197), with a BSR and with a back-filter. The dotted lines 

represent diodes with ideality factors n =1, n=1.5, and n=2. 
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The total probability of carriers escape through the entire QW structure is PN, for N quantum wells 

[41].The escape lifetime for tunneling and thermionic emission were evaluated as described in [66] 

[65]. We used the Anderson’s rule to estimate the conduction and valence band and the quantum 

confined eigenstates were modeled using Kronig-Penney model. Table 7.2 summarizes the escape 

probability for tunneling (Ptun.) and thermionic emission (Ptherm.)  for  n = 1  electron and heavy-

hole states. From Table 7.2, we can conclude that both carrier transport mechanisms exist in the 

lattice matched structure, with tunneling being more predominant. The tunneling probability for 

electrons and holes is ~1 due to the thin barriers (25-32 Å) for carriers to tunnel. The Ptherm for 

electrons is ~1 due to the fact that only 13% of the total band-offset occur in the conduction band, 

thus resulting in low barrier height for electrons (0.0684V).  The Ptherm for holes is 0 due to the 

high effective barrier heights (~ 0.32 V). For the strain-balanced structure [127], the Ptherm of n=1 

electron and heavy hole states are 99% and 58%, respectively and Ptun. are zero because of the 

relatively thick barrier (~150 Å) for carriers to tunnel. 

Table 7.2: Tunneling escape and thermionic emission escape probabilities for electrons and 

heavy hole states 

 Ptun. Ptherm 

e hh e hh 

MP159, 20-period 0.9999 0.9839 0.9999 0.0217 

MP161, 40-period 0.9998 0.9629 0.9996 2.8x10-6 

MP197, 100-period 0.9998 0.9846 0.9991 8.62x10-14 

Strain-balanced 

structure, Chapter 5 

[127] 

0.0 0.0 0.99999 0.5824 

  

We compared the performance of InGaAsP/InGaP superlattice solar cell to bulk InGaAsP and 

AlGaAs solar cells. At this initial phase of development, the FF and long wavelength EQE of these 

QW solar cell structures are lower than bulk InGaAsP and AlGaAs as mentioned earlier. The EQE 

of QW solar cells (no-BSR) needs to be further improved for future use in multijunction solar cells 

as previously discussed. The Woc at one-sun of QW solar cells is ~0.08 V better than that of bulk 

InGaAsP cells [99, 159] and is similar to AlGaAs  cells [98].  The QW structures were grown at 
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temperatures (550-600 °C) less than that of high performance AlGaAs (640 °C) [98] and bulk 

InGaAsP cells (600-650 °C) [99, 159]. The low-temperature growth may result in less thermal 

degradation effects on the connecting tunnel junction grown underneath the subcell  [48-50].  This 

work presents an alternative pathway to achieve a 1.5-1.8 eV subcell which is important for several 

multijunction solar cell approaches. 
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Chapter 8: Photon recycling in multi-junction solar 

cells using the Inter-Metallic Bonding Approach: 

Concept 

In this chapter, a new approach for enabling photon recycling in multi-junction solar cells, 

in a two-terminal device configuration, is presented. This approach is based on recent research 

efforts in Bedair’s lab that focus on developing two-terminal tandem solar cells of two dissimilar 

material systems using the Inter-Metallic Bonding (IMB) approach [28]. The IMB approach allows 

combining two cells that differ in their crystalline, electrical, thermal and optical characteristics 

and the use of off the shelf cells to be integrated into to a multi-junction structure, in two-terminal 

device configurations [28]. As a proof of concept, a tandem solar cell of GaAs/Si was fabricated 

using the IMB approach. This chapter does not address the development of this concept but rather 

focus on photon recycling, which is a feature that the IMB approach can enable. In this chapter, a 

review of the current status of photon recycling in single-junction and multi-junction solar cells is 

presented. Then the possibility of enabling photon recycling in multi-junction solar cells using the 

IMB approach is discussed. The modeling of open circuit voltages and reflectance in multiple 

structures are also discussed.  

8.1. Motivation 

Shockley and Queisser (SQ) proposed the detailed balance limit for the efficiency of a 

single junction solar cell [14]. Their prediction initiated activities to improve the efficiency of p-n 

junction solar cell to approach the practical limit [160, 161]. Solar cells with higher efficiencies 

have been reported in multi-junctions (MJ) structures [30]. Record efficiencies of 35% and 45.7% 

were reported in the four-junction structure at one sun and 234 suns, respectively [162]. Higher 

efficiency that can be close to 50% at high solar concentration can be realized by growing five and 

six junction devices. However, this approach is accompanied by material and interconnect 

complications, which may make the trend of increasing efficiencies by assembling more junctions 

suffer from diminishing returns. It is worth pointing out that the current record performances of 

the MJ structures fall short of the predicted efficiencies based on the detailed balance limit. Several 

researchers have extended the Shockley and Queisser analysis to obtain the limiting efficiencies 

for tandem cells based on optimum bandgaps configurations, and have reported at least 15.0% 
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higher than the current state of the art solar cells [163-166]. Recently, Yablonovitch et al. reported 

the theoretical efficiency limits for optimum bandgap combinations and selective reflectors at each 

cell to be 45.7%, 51.5%, and 55.3 % for two-junction (2J), three-junction (3J) and four-junction 

(4J) structures, respectively [167]. These efficiency limits are based on the SQ model under the 

optimal conditions. These efficiency gaps were successfully addressed in single-junction GaAs 

and InGaP devices and record-efficiencies approaching the SQ limit have been realized [10, 161], 

however, this gap still exists for the MJ structures [167]. This chapter will address the photon-

recycling in multi-junction devices using the intermetallic bonding approach.  

The detailed balance model efficiency for single or MJ structures assumes the presence of a 

maximum degree of photon recycling (PR), where photons from radiative recombination of an 

electron-hole pair, that is not emitted from the front surface, will be reabsorbed and generate new 

electron-hole pairs, as shown in Figure 8.1(b). The absorption of the radiated photons increases 

the minority carrier concentration, carrier lifetimes, and boost the external luminescence efficiency 

and the open circuit voltage. This will provide multiple opportunities for photon recycled 

luminescence to escape out of the front surface of the cell for optically thin films.  

 

In a MJ structure, photon recycling requires the insertion of a selective photon reflector at the back 

surface of each junction as shown in Figure 8.2. This is very challenging due to lack of accessibility 

of the rear surface of all junction except the bottom cell as will be discussed later in details in this 

Chapter.  

 

Figure 8.1: Photon dynamic of solar cells at open circuit voltages: (a) cell grown on substrate, 

(b) cell grown with epitaxial lift-off approach where photon recycling is taking 

place. 
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Figure 8.2: Schematic of photon dynamic in multi-junction cells with an ideal reflector 

placed at the back of top cell. Antireflection coatings (ARCs) are not shown for 

simplicity. 

8.2. Current status of photon recycling and light trapping in “single-junction” 

cells  

Using the photon recycling concept, several record-breaking solar cell efficiencies has been 

achieved for single-junction devices in the past five years. For example, Alta devices  has realized 

a 29.1% thin-film GaAs device with open circuit voltages (Voc) of 1.122 eV on a flexible substrate 

using the epitaxial lift-off process compared to a ~1.0 eV with the substrate-on case[168]. Also 

NREL has fabricated a 1.81 eV InGaP cell with a 20.8% efficiency at one-sun and open circuit 

voltages of ~1.45 V with increase of about 50 mV relative to the conventional upright structures, 

along with a boost in the short circuit current (Jsc) from 14.8 mA/cm2 to 15-16 mA/cm2 [10]. These 

reported efficiencies for single junction cells GaAs and InGaP are about 2.5% higher than the 

corresponding cells that do not employ photon recycling, at one sun. The reason behind these high 

efficiencies single-junction cells has been attributed with the careful management of optical 

emission and arises from the concept that “A Good Solar Cell Absorber is a Good Light 

Emitting Diode” [160]. The optical management is realized using a metal back reflector of gold 

and growing the junction at the rear end of the device with a high bandgap back surface field, thus 

improving the light extraction and boosting the open circuit voltages. This concept has also been 

applied recently to non-III/V solar cells. For example, recent modeling results for perovskite solar 
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cells have shown the applicability of boosting the Voc by ~100 meV using the PR approach [169, 

170].  Figure 8.1 shows the photon dynamics at open circuit for the case with the on-substrate and 

substrate lifted-off. At Voc, the generated electron-hole pairs due to incident light absorption are 

either emitted from front/back or recombine non-radiative. Comparing Figure 8.1(a) and Figure 

8.1(b) under the assumption of perfect internal radiative efficiency (neglected Shockley-Read-Hall 

recombination), the generated electron-hole pair in Figure 8.1(a) recombine to emit photons with 

energy equal to bandgap energy that can be directly absorbed in the substrate. However, in the lift-

off substrate case, shown in Figure 8.1(b), photons are being recycled and this will result in all 

photons emitted from the front surface, thus resulting in high external luminescence efficiency 

which is the reason for the large boost in the Voc that resulted in the recent single-junction records. 

Another approach for enhancing solar cells performance through optical management is light 

trapping which has been applied in the last twenty years to improve the short circuit current through 

enhancing the optical path length  [154, 171]. This approach is effective if the materials have low 

absorption coefficient such as Si or the diffusion length is small such as amorphous silicon. Using 

this approach, thin-film low-cost Silicon solar cells with 25.6% efficiency has been achieved by 

Panasonic using a heterojunction design of amorphous silicon, thus reducing recombination and 

increasing the probability of photons absorption through effective manipulation of light 

propagation [168]. Figure 8.3(a) shows solar cells with no surface texturing or back metal; light 

escapes out the rear if not absorbed. When a back-metal reflector is added, the optical path length 

is double the physical device length. Surface texturing increases the path length but light escapes 

after two passes. Front or rear surface texturing can trap light for multiple passes due to total 

internal reflection, Figure 8.3(b).  
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8.3. Current status and approaches of photon recycling in “MJ solar cells” 

and limitations (Review) 

Applying the photon recycling concept in MJ solar cells is still in the infant phase due to 

the difficulty in accessing the rear side of the top cell tandem efficiently. There are several 

strategies to apply the photon recycling in MJ solar cells, these efforts are highlighted, and their 

current limitations are briefly explained. 

8.3.1. Use of Distributed Bragg Reflectors (DBRs) 

Use of Distributed Bragg Reflectors (DBRs) of a multilayered stack of high and low- index films, 

all one quarter-wavelength thick [172], Figure 8.4(a).The DBRs should be designed to have a 

maximum reflectivity at energies higher than Eg1. As the refractive index contrast of the materials 

used in DBRs increase, the percentage of reflected photons of energy < Eg1 will increase and the 

bandwidth of maximum reflectivity will increase. However, for applying this concept in multi-

junction solar cells, the DBRs should be also transparent to photons of energies less than Eg1 and 

greater than Eg2. In addition, the reflectivity heavily depends on the incident angle and DBRs will 

be practically designed at the optimum point at a single incident angle.  This makes the design of 

DBRs too complicated and limited success has been shown using this approach. In addition, the 

growth adds extra growth time and cost. Moreover, this approach is not universal and cannot be 

applied in case of using two dissimilar materials in a tandem cell such as perovskite and silicon. 

8.3.2. Use of buried Al2O3 through lateral oxidation of AlAs  [173] 

This process was developed to enhance photon recycling in single-junction devices through 

oxidizing AlAs in a tube furnace to create an Al2O3 layer of a 1.75 refractive index, thus creating 

a large index-mismatch between the absorber (n ~ 3.5) and the Al2O3, which increases the  

 

Figure 8.3: (a) solar cell with no surface texturing or back reflector, (b) solar cells with rear 

surface texturing. 

(a) (b)



 

119 

 

reflectivity of remitted photons back to the absorbing layers. This approach in tandem cells could 

be impractical due to the difficulty in tuning the Al2O3 to transmit all the sub-bandgap light of 

energy < Eg1. In addition, this approach can only be applied to III-V compounds and will result in 

a four-terminal structure.  

8.3.3. Use of  n = 1.5 epoxy as a reflector and ZnS as an antireflection coating [174] 

 NREL/Spectrolab fabricated a 4 junction device made of two tandems grown on GaAs and InP 

substrates with a 38.8% one-sun efficiency. The two tandems are connected together using a 

transparent epoxy of refractive index, n, equals to 1.5. The strong index contrast between the epoxy 

and the absorbing layers in the upper tandem resulted in a back reflectance in the top cells of about 

83%. To transmit the sub-bandgap photons to the bottom tandem, an ARC of ZnS was deposited 

on either side of the epoxy as shown in Figure 8.4(c). Even though encouraging results have been 

shown using this approach, possible limitations that may hinder the scalability of this device must 

be taken in to account. First, these results were achieved in a four-terminal configuration with the 

 

Figure 8.4: Previous activities for applying photon recycling in MJ solar cells. (a) DBRs used in 

the connection between upper and lower tandem [172], (b) oxidized AlAs layer  

[173], (c) low index epoxy with ARC on either side of the epoxy [174], and (d) top 

cell printed on a bottom cell using a photoresist [175]. 
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two tandems biased at their maximum operating points, which adds more complexity due to the 

additional processing steps, making it not appealing at a module/system level. Second, the 

efficiency of the four-junction device drops from 38.8% to ~33.9% in case of shortening the second 

and third contacts for use in a two-terminal configuration because of expected transparency losses 

in addition to current mismatch. 

8.3.4. Use of photoresist to print one cell on another 

Use of photoresist to print one cell on another to form an air gap as shown by Rogers group [175] 

as shown in Figure 8.4(d). This work showed interesting initial results for a selective photon 

reflector between two junctions due to index contrast between air and the top cell. However, two 

major drawbacks may hinder the use of this approach in MJ solar cells; first, the use of SU8 

photoresist to print the two junctions does not form a good interconnect in tandem cells due to the 

high electrical resistivity of the photoresist. Second, this design is a 4-terminal configuration which 

is a drawback. 

8.4. Photon recycling in 2J tandem cells by an Intermetallic Bonding (IMB) 

approach  

In order to effectively apply the photon recycling approach in MJ solar cells, a photon 

reflector should exist at the rear of the top cell (or cells). The photon reflector should satisfy the 

following two requirements, as shown in Figure 8.2, for top and bottom cells of bandgaps Eg1 and 

Eg2, respectively: (i) The selective reflector should ideally reflect all incident photons with energies 

greater than or equal to Eg1, thus trapping the light for more than a single-pass due to internal 

reflection, leading to improvements in the open circuit voltages of top cell, (ii) and should ideally 

be transparent to incident photons of energies less than Eg1, thus not depriving the bottom cell (or 

cells) from the sub-bandgap photons. It is worth pointing out that these two requirements could be 

hard to achieve and makes the design of this reflector a challenging issue, and the cell acquiring 

full benefit from the presence of the back metal is the lowest bandgap subcell in the bottom stack. 

The IMB approach introduces an air gap between the top and bottom cells that will act as photon 

reflector due to the difference in the index of refraction between air and semiconductors, thus 

realizing the first requirement of an ideal selective reflector as mentioned earlier. This will be 

based on the Inter-Metallic Bonding (IMB) approach between any two cells, in a two-terminal 

device configuration as shown in Figure 8.5. In order to satisfy the second requirement and 
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transmit the photons of energies less than Eg1 to the bottom cell (or cells), ARCs are deposited on 

the back of the top cell and top of bottom cells, Figure 8.6. The development of IMB approach 

will be the research project of another student in Bedair’s laboratory. This section will be to 

estimate the gain in Voc of both cells due to photon recycling. Also, the impacts of ARC on the 

reflectivity at the top and bottom surface of the high bandgap cells will also be addressed. The 

following results can serve as a guideline for enhancing the efficiency by applying the photon 

recycling concept using the IMB approach. 

 

 

 

 

 

Figure 8.5: Schematic of the proposed IMB approach between two dissimilar cells in a two-

terminal structure for enhancing photon recycling in MJ solar cells [28]. 
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Figure 8.6: Photon dynamic of solar cells at open circuit voltages. (a) cell is grown on the 

substrate, (b) cell grown with epitaxial lift-off approach 

 

 

8.5. Analysis of photon recycling in dual-junction solar cell structures: Open 

circuit voltage and external Luminescence efficiency 

In this section, initial modeling and analysis results that demonstrate the concept of photon 

recycling with an air gap made possible by the IMB approach, is presented. The impact of photon 

recycling on improving the Voc and thus the efficiency is discussed.  

The dependence of open circuit voltage (Voc) on the external luminescence efficiency (𝜂𝑒𝑥𝑡) can 

be expressed as [160], 

𝑉𝑜𝑐 = 𝑉𝑑𝑏 +
𝑘𝑇

𝑞
𝑙𝑛(𝜂𝑒𝑥𝑡) = 𝑉𝑑𝑏 +

𝑘𝑇

𝑞
𝑙𝑛 (

𝜂𝑖𝑛𝑡𝑃𝑒𝑠𝑐

1−𝜂𝑖𝑛𝑡𝑃𝑎𝑏𝑠
)         (8.1) 

where  𝑉𝑑𝑏 is the ideal open circuit voltage obtained from the detailed balance model, 𝜂𝑒𝑥𝑡 is equal 

to unity at the detailed balance limit, 𝜂𝑖𝑛𝑡 is the internal radiative efficiency. 𝑃𝑒𝑠𝑐  and Pabs  are the 

averaged probabilities of photon escape and reabsorption, respectively. 𝑃𝑒𝑠𝑐  and Pabs  will both 

depend on the optical properties of the absorber in addition to the index contrast between the 

absorber and the underlying photon reflector/Substrate.  

The internal luminescent efficiency, 𝜂𝑖𝑛𝑡, is given by  [176] 

𝜂𝑖𝑛𝑡 =
𝑈𝑟𝑎𝑑

𝑈𝑟𝑎𝑑+𝑈𝑛𝑟
              (8.2) 
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where  𝑈𝑟𝑎𝑑 and 𝑈𝑛𝑟 are the radiative and non-radiative recombination rates, respectively. To 

increase 𝜂𝑖𝑛𝑡, 𝑈𝑟𝑎𝑑 should be increased and  𝑈𝑛𝑟 should be decreased. 

In order to analyze the presented approach, we consider the case of a tandem cell of InGaP (1.85 

eV) top cell and GaAs (1.42 eV) bottom cell connected in three different ways: 

(a) grown lattice matched on GaAs substrate, with an ARC on the top cell, as shown in Figure 

8.7(a). Solar cells are connected by tunnel junctions, and photon recycling is not feasible in 

this approach for both cells. 

(b) with a back metal reflector at the rear of the bottom cell and no intermediate mirror reflector 

between the two cells as shown in  Figure 8.7(b). Photon recycling is feasible for the bottom cell 

only.  

(c) with a back metal reflector at the rear of the bottom cell and the two subcells connected using 

the proposed IMB approach with ARC on the front and back of the top cell and on the front of the 

bottom cell as shown in  Figure 8.7(c). Photon recycling is feasible for both cells. 

In all these cases, all cells are assumed optically thin and non-radiative recombination is neglected 

(𝜂𝑖𝑛𝑡 = 1).  Table 8.1 shows the ideal open circuit voltage in the top and bottom cell in each of 

the three presented cases, calculated using Eqn.  (8.1). In this part, the same analysis of ref. [167] 

is followed to calculate the 𝜂𝑒𝑥𝑡 and Voc in each case. The  𝜂𝑒𝑥𝑡 of both top and bottom cell for the 

structure shown in  Figure 8.7(a), is 
1

4n2
, where n is the refractive index (n ~ 3.5 for InGaP and 

GaAs) [167]. This value for ηext is based on that the probability of front surface escape, relative 

to  substrate absorption, is the fraction of solid angle that is subtended  by the escape cone. The 

escape cone, in this case is given as, sin-1 (1/3.5) = 17o. The Voc of InGaP and GaAs will then be 

1.49 and 1.06, respectively. For the back-metal reflector case of  Figure 8.7(b),  𝜂𝑒𝑥𝑡 and Voc of 

bottom cell are 1 and 1.17 eV, respectively.  This value of  ηext  for  the bottom cell  is based on 

the presence of a perfect back reflector, since all photons must eventually escape out from the 

front of the MJ structure. The corresponding values of  𝜂𝑒𝑥𝑡 and Voc for the top cell are  
1

4n2
 and 

~1.49 eV, respectively, as shown in Table 8.1. It should be mentioned that the rear metal reflector 

boosts the voltage of the bottom cell; however the top cell does not get the same voltage boost.  



 

124 

 

 

Figure 8.7: Comparison between tandem cells grown using three different approaches: 

(a) lattice matched to the ndex-matched substrate, (b) on a perfect metal 

reflector, (c) the proposed IMB approach.  The expressions for the 𝜂𝑒𝑥𝑡 in 

the figures are from ref. [167] 

 

Table 8.1: Comparison between the ideal Voc of the tandem cell connected using the three 

approaches of Figure 8.7, as calculated by Eqn. (8.1). The expressions for the 𝜂𝑒𝑥𝑡 in the figures 

are from ref. [167] 

 Structure a Structure b Structure c 

Voc (top cell) Ex: InGaP 1.4897 V 1.4897 V 1.5725 V 

Voc (Bottom cell) Ex: GaAs 1.06 V Vdb = 1.172 V Vdb = 1.172 V 

Total Voc 2.55 V 2.6617 V 2.7445 V 

 

For the structure shown in  Figure 8.7(c), the proposed IMB approach develops an intermediate 

mirror reflector between the two connecting cells, which will reflect the internally emitted photons 

of the top cell due to the index contrast between top cell and air. It should be also mentioned that 

the airgap created by the IMB approach will transmit the sub-bandgap photons to the bottom cell 

due to the presence of an ARC between the bottom cells. In this case, 𝜂𝑒𝑥𝑡 of bottom cell will still 

be 1 and that of the top cell will be equal to ½ [167] since the front and back interfaces of the top 

cell are identical. Thus the voltage of the top cell in the structure of  Figure 8.7(c) will be boosted 

by 
𝑘𝑇

𝑞
ln( n2)  relative to that of  Figure 8.7(b). We assume that short circuit current and the fill 

factor in the three structures are 14.8 mA/cm2 and 85%, respectively. The AM1.5G efficiency of 

structures A, B, C can then be estimated as 32.07%, 33.4%, and 34.5%, respectively. This analysis 
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thus indicate that the efficiency of multi-junction solar cells can be improved by a one-percent 

point by applying the photon recycling concept in multi-junction devices. It is worth pointing out 

the same analysis and conclusions exist for non-III/V based solar cells materials with different 

values of n. It should be mentioned that there will be a slight decrease in Jsc of the bottom cell due 

to the loss of the radiative emission out of the rear of the top cell, that is then absorbed by the 

bottom cell.  

8.6. Analysis of photon recycling in dual-junction solar cell structures: Air gap 

effects 

The analysis in Section 8.5 assumed that all photons with energies less than the bandgap of the top 

cell will be transmitted to the bottom cell. These sub-bandgap photons can be transmitted to the 

bottom cell if ARC is deposited on the front surface of the bottom cell and the front of the top cell. 

In this section, the dependences of the back reflectance at the top cell/airgap interface on the air 

gap thicknesses in case of having rear ARCs or not, are discussed. The effect of front and back 

ARC and air-gap thickness on the front and back reflectance will be also analyzed to maximize 

the back reflectance at top cell/air-gap interface and maximize the transmittance of sub-bandgap 

photons to the lower cell. The propagation of electromagnetic waves through the multiple interface 

layers was modeled using the transfer matrix method [177, 178].  

8.6.1. Modeling the front and back reflectance across multiple layers  

To understand the reflection/transmission issue, a simulation to model the reflection/transmission 

in multi-layer structures, similar to that shown in Figure 8.8, is developed [177]. The model takes 

into account the following input parameters: (i) polarization type (transverse electric, transverse 

magnetic), (ii) angle of incidence, and (iii) frequency dependent refractive indices. The following 

assumption are made: (i) coherence propagation of electromagnetic waves and (ii) the photons 

originate in a non-absorbing medium. The light passing through this structure can be described 

with the scattering-matrix formalism as follows [177], 

 

               (8.3) 

 

 

inc trans

inc trans

E E
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E E

+ +

− −
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where incE  and .transE  are the electric field components before the first interface and after the last 

interface, respectively. incE+
 is the incident electric field before the first interface, incE−

 is the sum 

of the reflected electric field components before the first interface, transE+
is the transmitted electric  

field component after the last interface, and S is 2x2 scattering matrix which is defined as follows 

[177] 

 

               (8.4) 

where ( 1)J JI +  is wave propagation matrix at the interface between the film J  and J+1, and JL is 

the wave propagation matrix through the film J. The two matrices I  and L  are defined as 

follows [177], 

 

 

                               (8.5a) 

             (8.5b) 

 

Figure 8.8: Schematic representation of a multilayer with forward and backward-propagating 

electric field components shown. 
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where ijr and ,i jt are  the Fresnel coefficients at the interface i, j  for transverse electric and 

transverse magnetic waves;    is the phase shift that is due to the wave passing through the film 

j. From the scattering matrix, it is possible to calculate the front-reflectance coefficient, r, as 

follows [177], 

21

11

inc

inc

E S
r

E S

−

+
= =               (8.6) 

The reflectance at a given angle,  , can then be calculated for both the transverse electric and 

magnetic waves as follows [177], 

2( ) | |R r =
            (8.7) 

The angle average reflectance by integrating ( )R  over all the possible incidence angle as 

follows [177], 

/2

( )sin( )
o

R R d


  = 
         (8.8) 

Using the propagation matrices I  and L , the reflectance and transmittance at any interface can 

calculated. 

8.6.2. Front and back reflectance results 

Figure 8.9 shows three tandem cells bonded using the IMB (Figure 8.5) for three different 

cases: (a) no front or rear ARCs deposited on the two cells, (b) only front ARC (MgF2/ZnS) 

deposited on top of upper cell, and (c) front ARC (MgF2/ZnS) deposited on top of two cells and 

back ARC deposited on back of top cell. 
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Figure 8.9: Two cells bonded together using the proposed IMB approach with air gap 

provided between them: (a) no front or rear ARCs on the two cells, (b) only front 

ARC on top of upper cell, and (c) front ARC on top of two cells and back ARC on 

back of top cell. 

 

Figure 8.10 shows the front reflectance at the front interface for an InGaP/Air/GaAs solar cell for 

these three cases. It is noted that the addition of MgF2/ZnS ARC suppresses the reflectance to less 

than 5% at energy values above the top cell bandgap, as expected. Additionally, the insertion of 

ARCs at the rear of the top cell and top of bottom cell greatly suppresses the front reflectance at 

the absorption window Eg1 > E > Eg2.  This is critical since it is important to make sure that the 

sub-bandgap photons (E < Eg1) are fully transmitted to lower tandem cell, as shown in Figure 8.2. 

The reflectance at the back of InGaP/Air interface is modeled taking into account different light 

polarizations and propagation angles, Figure 8.11. The inset of Figure 8.11 shows where the back 

reflectance is calculated for the two cases under study. The back reflectance of the top cell 

increases with the increase of the air gap thickness and saturates at about 98% for the cases with 

and without rear ARCs. Interestingly, the insertion of rear ARCs suppresses the evanescent 

coupling at low air-gap thicknesses and higher optical reflectance at the back of the upper subcell 

can be realized with thinner airgap in case of having ARCs at the rear of the top cell.  

Based on the analysis presented in Figure 8.10 and Figure 8.11, we can conclude that both front 

and rear ARCs are mandatory to apply photon recycling in multi-junction using the IMB approach. 

The thickness of the airgap should be larger than 1 µm.  
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Figure 8.10: Front reflectance at air/front of top cell interface for the structures showed in Figure 

8.9, for the   InGaP/Air/GaAs case. 

Figure 8.11: Back reflectance at top subcell/air interface. The inset shows where the back 

reflectance was calculated. 
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Chapter 9: Summary and Future Outlook 

In this chapter, a summary of the research demonstrated in this dissertation is presented. 

The main challenges that need to be addressed for further improvements are discussed with a future 

guideline. 

9.1. Summary of Research 

In this dissertation, three InGaP-based quantum well solar cells were demonstrated. The 

three quantum wells (QWs) are grown in the unintentionally doped region of In0.49Ga0.51P p-i-n 

solar cells that are lattice-matched to GaAs substrates. 

The aim of developing these quantum well structures is to demonstrate a solar cell with a bandgap 

in the 1.6-1.8 eV range. There are several multi-junction solar cell designs that will benefit from 

this work as was discussed in Section 4.2 of Chapter 4. For example, next-generation five and six 

junction devices need a subcell with a bandgap of ~1.7 eV as the second highest energy subcell in 

these two stacks with a prospective efficiency higher than 50% under high solar concentration. In 

addition, a dual-junction device that has a top cell of 1.7 eV and a bottom cell of 1.1 eV forms the 

optimal bandgap configuration, with a prospective one-sun AM1.5G efficiency of 36-38%. Also, 

triple-junction devices (1.75/1.2/0.7 eV), requires prospective top cell with a bandgap of 1.75 eV 

to alleviate the current mismatch between top and middle cells. Finally, next-generation seven (or 

more) junction devices, as indicated by modeling, need a bandgap of 1.6-1.8 eV with prospective 

efficiencies higher than 50%. 

In Chapters 4-7, these quantum well solar cells were presented, with the advantages and challenges 

of each structure are being discussed.  

The first quantum well solar cell presented in this dissertation is strain-balanced InxGa1-

xP/InyGa1-yP, where the InxGa1-xP well and the InyGa1-yP barrier is grown under compressive stress 

and tensile stress, respectively, where x > 0.49 and y < 0.49. The strain-balanced InxGa1-xP/InyGa1-

yP quantum wells are grown in the unintentionally doped i layer of In0.49Ga0.51P p-i-n solar cells 

that are lattice-matched to GaAs substrates. X-ray diffraction (XRD) results confirm that multiple 

quantum well regions of well-defined periodicity were formed, and the presence of higher-order 

satellite peaks indicates the formation of defined interfaces between well/barrier and barrier/well. 

The mirror-like surface as indicated by optical microscopy confirms that strain-balance condition 
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was met.  Both the XRD and optical microscopy results confirm success in growing these quantum 

wells from an epitaxial growth perspective. However, the external quantum efficiency shows very 

limited extension for the absorption threshold beyond the band-edge of In0.49Ga0.51P (680 nm). 

More details are discussed in Chapter 4. 

The second quantum well solar cell structure presented in this dissertation is strain-balanced 

InxGa1-xAs1-zPz /InyGa1-yP, where the InxGa1-xAs1-zPz well and the InyGa1-yP barrier is grown under 

compressive stress and tensile stress, respectively. The InxGa1-xAs1-zPz/ InyGa1-yP SBMQWs have 

been grown with compositions of 0.60 < x < 0.75, 0.35 < y < 0.43, and 0.9 < z < 0.98 and periods 

of total thickness ranging from 80 Å to 230 Å. The diffraction pattern consists of the (004) GaAs 

substrate reflection peak and several satellite peaks due to the periodicity of the QWs. Nomarski 

differential interference microscopy images of the surfaces show a mirror-like surface for 

InGaAsP/InGaP SBMQW of well thickness of 45 Å. Quantum well solar cells with thicker wells 

have a more surface cross-hatched surface indicating the presence of dislocation. This is attributed 

to approaching or exceeding the critical layer thickness constraints. The peak photoluminescence 

(PL) emission of In0.70Ga0.30As0.05P0.95/In0.40Ga0.60P SBMQWs can be tuned from 1.85 to 1.65 eV. 

The peak PL wavelength emission increases as the thickness of the well increases. This behavior 

can be attributed to a reduced quantum size effect (QSE) associated with thicker wells, leading to 

a red-shift in emission energy since the compositions are fixed in this study.  The PL spectrum of 

thick well structures is broader and less intense compared to those of thin wells. This behavior is 

because samples with thicker-wells are approaching or exceeding our estimate for the critical 

thickness (~90 Å). External quantum efficiency measurements show that the inclusion of strain-

balanced layers in the depletion region of InGaP device extends the EQE spectrum beyond the 

InGaP band-edge due to sub-bandgap absorption by the quantum wells. The absorption edge was 

extended into the red-region to 730 nm, 757 nm, and 780 nm, respectively using well thickness of 

45 Å, 55 Å, and 75 Å, respectively. The thin-well quantum well solar cells have almost the same 

quantum efficiency of the standard cell indicating that carrier transport through the quantum well 

region is almost perfect. The quantum efficiency of the thick-well device is reduced. This behavior 

can be due to two reasons. First, the reduced minority carrier lifetime in the quantum wells as 

indicated by the drastic reduction in the photoluminescence intensity and the weak satellite XRD 

peaks for thicker wells approaching the CLT. The effect of the quantum well number of the sub-

bandgap EQE values was also studied. The external quantum efficiency results indicate that 
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increasing the number of quantum wells increase the sub-bandgap EQE values up to a certain limit. 

Further increase in the number of quantum wells does not enhance the EQE more due to the 

presence of a weak electric field region. More details are discussed in Chapter 4 and Chapter 5. 

The third quantum well solar cell structure presented in this dissertation is the lattice-matched 

InGaAsP/InGaP grown in the unintentionally doped region of InGaP p-i-n solar cells. We have 

grown nominally lattice matched InGaAsP/InGaP quantum wells to tune the bandgap of InGaP-

based solar cells. By analyzing the in-situ curvature monitoring and X-ray diffraction results, the 

quantum wells have been grown with minimal stress and sharp interfaces. The quantum wells have 

been grown with fixed indium and phosphorous precursor flows and two different gallium 

precursors to obtain sharp interfaces. The effect of growing the quantum wells on 6°A and 2°B 

miscuts have been analyzed and compared, highlighting nearly equivalent or similar performance 

on both miscuts. We studied the effect of growth pauses on different substrate miscuts where a 3-

second growth pause with phosphine improves the interfaces, as indicated by the XRD results. 

Thick-period devices suffer more from accumulating strain that the thin-well devices. A nearly-

strain-free, thin-period QW device has been successfully grown with 100 periods. More details are 

presented in Chapter 6. The sub-bandgap EQE of lattice-matched InGaAsP/InGaP QW solar cell 

from 25% to higher than 75% at 700 nm. The improvements were realized by modifying the QW 

design to grow the InGaAsP wells and InGaP barriers lattice-matched with more than 65% 

absorbing wells; growing a 100-period QW with minimal stress and removing the substrate during 

processing and depositing BSR. Strong Fabry-Perot resonance peaks were measured in devices 

with a BSR but no front antireflective-coating and the EQE values were highly improved in the 

proximity of these peaks. The bandgap-voltage offset of these QW devices indicates excellent 

voltages while maintaining efficient carrier transport for both electrons and holes. The short circuit 

current density is 26% higher than that of a standard InGaP cell. More details are presented in 

Chapter 7. 

9.2. Challenges and Future Outlook 

In this section, the challenges with developing higher-efficiency quantum well solar cells 

and the potential for incorporating quantum wells in next-generation multi-junction devices are 

discussed. There are two main issues that need to be addressed to realize high-efficiency solar cells 

that incorporate QWs, as shown in Figure 9.1: (1) enhancing the sub-bandgap EQE to higher 
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values, and (2) extending the absorption threshold to longer wavelengths (lower energies) to 

optimize the bandgap. The discussion in this section is not limited to the strain-balanced or lattice-

matched InGaAsP/InGaP quantum well solar cells demonstrated in this dissertation. The 

discussion is further extended to include other QWs such as the strain-balanced InGaAs/GaAsP 

and strained InGaN/GaN quantum well solar cells that were reviewed in Chapter 3.  

There are two main strategies to enhance the sub-bandgap EQE: (i) increasing the number of QWs, 

and (ii) increasing the thickness of the absorbing quantum well relative to the barrier, Figure 9.1. 

First, an increase in the number of QWs improves the short-circuit current and efficiency as 

discussed in Chapter 5 for the InGaAsP/InGaP QW structure and as previously discussed in 

Chapter 3 in the review of InGaN/GaN and InGaAs/GaAsP. There are three main issues that 

challenge the high number of QWs growth and few potential strategies to address these challenges: 

 

Figure 9.1: External quantum efficiency versus wavelength, showing the potential strategies 

for enhancing the sub-bandgap quantum efficiency of QW solar cell devices. The 

vertical dotted line is the band-edge of emitter/base. The region beyond the band-

edge is where the QWs are absorbing. 
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9.2.1 Stress management issue 

Increasing the number of QWs requires proper management of stress buildup during growth. This 

is because increasing the number of interfaces might induce defects/dislocations which degrade 

the efficiency if the strain-balance condition was not fully realized. This requires adjusting the 

thicknesses of wells/barriers as well as the compositions to realize the strain-balance condition as 

discussed in Chapters 2 and 4  In order to address the stress management issue, researchers have 

used approaches like in-situ curvature discussed in Chapter 5 of this dissertation and reflection 

measurements to estimate the stress build-up during growth using Stoney’s formula [137, 155, 

179, 180]. These techniques can offer the flexibility of adjusting the growth conditions in the 

middle of the experiment to manage the stress. For example, if the net stress during the growth of 

the first few QWs in InGaAsP/InGaP is tensile, the thickness of InGaAsP should be increased or 

the InGaP should be decreased, in order to balance the tensile stress by a compressive stress. 

9.2.2 Carrier transport issue 

The second issue that needs to be addressed with increasing the number of QWs, is to guarantee 

efficient carrier collection across the QW region. For instance, the tunneling probability (Ptun.) for 

heavy holes of a single In0.32Ga0.68As0.55P0.45/In0.49Ga0.51P (40 Å) QW is 99.2%. Increasing the 

number of QWs to 20 and 100 will lead to a tunneling escape probability of 85.1% and 44.67%, 

respectively. Hence this indicates the QW design is not fully optimized to guarantee carrier 

collection by drift for the heavy holes in the 100-period QW device. To address this issue, the 

layers’ thicknesses should be optimized to increase the probabilities for tunneling and thermionic-

emission. For example, reducing the In0.49Ga0.51P barrier thickness from 40 Å to 25 Å will enhance 

the probability of tunneling from 44.67% to 98.48% across the 100 QWs, thus indicating the heavy 

holes can be efficiently collected. 

9.2.3 Electric field and background doping issue 

Increasing the number of QWs might result in including few QWs in a region where the electric 

field is very low or the SRH recombination rate is very high. It is thus crucial to guarantee a 

uniform electric field distribution across the QW region.  Hence, strategies such as reducing the 

background doping through compensation doping or use of precursors that result in less p-type 

contamination might be essential to guarantee both efficient light absorption and carrier collection. 
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The second strategy that leads to enhancing the sub-bandgap EQE is to increase the percentage of 

absorbing well thickness relative to the barrier thickness and using thin barriers to enable carrier 

tunneling, as discussed in Chapter 7 for InGaAsP/InGaP and in the review of the recent progress 

of InGaAs/GaAsP presented in Chapter 3. For instance, the use of 100-period In0.11Ga0.89As (93 

Å)/ GaAs0.93P0.07 (160 Å) results in a total absorbing In0.11Ga0.89As thickness of 0.93 µm and total 

QW region thickness of ~2.5 µm. However, the use of a structure which relies on high-

phosphorous in the barrier such as In0.14Ga0.86As (115 Å)/ GaAs0.24P0.76(27 Å) and growing an 80-

period device will result in the same total absorbing InGaAs thickness (~0.93 um) with much 

thinner QW region (~1.13 µm). Thus, this will allow a further increase in the number of QWs to 

enhance the sub-bandgap EQE. It is also worth pointing out that the well thickness should be kept 

less than the critical layer thickness as discussed in Chapter 2. 

If the two previously mentioned strategies are combined, increasing both the number of QWs and 

the thickness of absorbing wells, this should correspond to a major enhancement in the sub-

bandgap EQE. 

To extend the absorption threshold to longer wavelengths, two main strategies can be followed: (i) 

increasing the quantum well thickness to reduce quantum size effects, and (ii) increasing the 

indium percentage in the quantum well. The well-thickness/indium-content increase might have 

negative effects on the performance of the QW solar cell, if not addressed properly. The first effect 

is an increase in the compressive stress which might result in a violation of strain-balance condition 

if tensile stress was not increased to strain-balance the QW structure. This can be addressed in any 

strain-balanced QW structure such as InGaAsP/InGaP demonstrated in this dissertation and in 

other QWs such InGaAs/GaAsP by adjusting the compositions and the thicknesses of GaAsP and 

InGaP barriers to meet the strain-balance condition. However, increasing the thickness or indium 

percentage in strained InGaN/GaN might degrade the InGaN film quality especially for indium 

compositions higher than 20%. The second effect, due to well-thickness/indium-content increase, 

is the increase in the effective barrier height for both the electrons and heavy holes to maintain the 

strain-balance condition. This will reduce the tunneling and thermionic-emission probabilities, as 

implied by Eqns. (2.10) and (2.11) and will affect the carrier collection (by drift).   

To address the increase in the barrier height issue, a barrier of composition that is closer to the 

lattice constant of GaAs substrate can be used. This is more effective in a QW structure that relies 
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on thermionic emission carrier transport.  For example, strain-balanced In0.73Ga0.27As0.05P0.95 

(45Å)/ In0.32Ga0.68P (150 Å) structure has a barrier height for electrons of 0.188 eV and thermionic-

emission probability for electrons across 50 QWs is 92.75%. If the well thickness was increased 

from 45 Å to 80 Å to enhance the sub-bandgap EQE, the barrier height will also be increased from 

0.188 to 0.2247 V and the thermionic emission probability will be reduced from 92.75% to 57.6%, 

which will degrade the device performance. If an In0.45Ga0.55P barrier (80 Å) was used, instead of 

In0.32Ga0.68P(80 Å), the barrier height for n=1 electrons will be reduced from 0.2247 to 0.15 V and 

this will enhance the thermionic emission probability to 96%. The thickness of the barrier should 

be adjusted in all structures to maintain the strain-balanced condition. 

In addition to enhancing the sub-bandgap EQE values and extending the absorption threshold, one 

has to deal with the challenges associated with each material system such as the phase separation 

issue in InGaAsP and InGaN, the group V switching issue in InGaAs/GaAsP system, and the 

difficulty of high quality InGaN with with 20% or higher indium as discussed in Chapters 3 and 

6. 

There are several potential applications for QWs in next-generation solar cell devices. These 

applications are driven by favorable properties of QWs such as bandgap tunability, the growth of 

structures that are lattice matched to substrates, the low-temperature of growth of the QWs which 

prevents any thermal degradation of the tunnel junction, and the complexity of achieving high-

efficiency bulk absorbers of similar bandgaps to QWs. The optimum bandgaps needed for subcells 

in 2-8 junction devices, under constrained AM1.5G, are shown in Figure 9.2 [97]. The horizontal 

dotted lines in Figure 9.2, represent the bandgap range that can be realized using the 

InGaAs/GaAsP, InGaAsP/InGaP, and InGaN/GaN. As shown in Figure 9.2, there is a potential for 

using QWs in several multijunction devices. For example, strain-balanced or lattice-matched 

InGaAsP/InGaP can be used as a 1.6-1.8 eV subcell in five (or more) multi-junction cells. Also, if 

a 1.1 eV InGaAs/GaAsP structure is used as a bottom cell and a 1.7 eV InGaAsP/InGaP QW is 

grown on top of it, the two QWs will be grown strain-balanced to GaAs substrates and there will 

not be a need for a compositionally graded buffer as in the inverted metamorphic approach. It 

should be also mentioned that the use of AlInGaP might be inefficient for the subcells with 

bandgaps higher than 2.2 eV shown in Figure 9.2, due to the unavailability of higher bandgap 

windows that are lattice-matched to GaAs substrates. On the other hand, using the nitride-based 
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InGaN/GaN QW system, these bandgaps can be accessible as shown in Figure 9.2. Hence, the 

growth of high quality of InGaN films with indium percentage that is higher than 20% is mandatory 

for next-generation six (or more) junctions. It should be mentioned that the values for the optimum 

bandgaps might change under high solar concentrations and this might open up new avenues for 

the use of different QW structures or designs [97].  

By increasing the number of junctions in the multi-junction stack, there will be less current 

generated from each subcell. Comparing multi-junction solar cell devices based on four junction 

and seven junctions, the seven-junction device will exhibit a lower-current and a higher voltage 

than the four-junction device. Thus, it is important to guarantee that each subcell in next-generation 

five (or more) junction devices, generates voltage close to the fundamental limit. To assess how 

close the solar cells to the fundamental limit set by Shockley-Quassier, the bandgap-voltage offset, 

Woc = Eg-Voc, is typically used as a figure of merit [51]. A Woc close to 0.4 V indicates high internal 

radiative efficiency. Quantum well solar cells, typically attain Woc values close to 0.4 V. The Woc 

of the InGaAsP/InGaP, demonstrated in Chapter 7, is 0.41V Similarly, The InGaAs/GaAsP, 

reviewed in Chapter 3, has a Woc value of 0.38 V. Thus, quantum well solar cells offers this 

advantage and can potentially be incorporated in multi-junction solar cells to enhance the cell 

efficiency. Beyond the use of QWs in solar cells, various QW structures and designs have also 

shown significant promise in other optoelectronic devices such as light emitting diodes, 

modulators, photodiodes, and lasers. 
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Figure 9.2: Ideal bandgap energy for each junction in a multi-junction solar cell as the number 

of junctions is increased from one to eight. InGaAs/GaAsP, InGaAsP/InGaP, and 

InGaN/GaN quantum well solar cell structures can be used to realize the bandgap 

range identified by the horizontal dotted lines. The data for ideal bandgaps are 

plotted from ref. [97]. 
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