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ABSTRACT  

   

Wurtzite (In, Ga, Al) N semiconductors, especially InGaN material systems, 

demonstrate immense promises for the high efficiency thin film photovoltaic (PV) 

applications for future generation. Their unique and intriguing merits include continuously 

tunable wide band gap from 0.70 eV to 3.4 eV, strong absorption coefficient on the order 

of ∼105 cm−1, superior radiation resistance under harsh environment, and high saturation 

velocities and high mobility. Calculation from the detailed balance model also revealed 

that in multi-junction (MJ) solar cell device, materials with band gaps higher than 2.4 eV 

are required to achieve PV efficiencies greater than 50%, which is practically and easily 

feasible for InGaN materials. Other state-of-art modeling on InGaN solar cells also 

demonstrate great potential for applications of III-nitride solar cells in four-junction solar 

cell devices as well as in the integration with a non-III-nitride junction in multi-junction 

devices.  

This dissertation first theoretically analyzed loss mechanisms and studied the 

theoretical limit of PV performance of InGaN solar cells with a semi-analytical model. 

Then three device design strategies are proposed to study and improve PV performance: 

band polarization engineering, structural design and band engineering. Moreover, three 

physical mechanisms related to high temperature performance of InGaN solar cells have 

been thoroughly investigated: thermal reliability issue, enhanced external quantum 

efficiency (EQE) and conversion efficiency with rising temperatures and carrier dynamics 

and localization effects inside nonpolar m-plane InGaN quantum wells (QWs) at high 

temperatures. In the end several future work will also be proposed. 
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Although still in its infancy, past and projected future progress of device design 

will ultimately achieve this very goal that III-nitride based solar cells will be indispensable 

for today and future’s society, technologies and society. 
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CHAPTER 1 

INTRODUCTION 

1.1 Polar, nonpolar and semipolar III-nitrides 

Wurtzite (In, Ga, Al) N semiconductors, especially InGaN material systems, 

demonstrate immense promises for the high efficiency thin film photovoltaic (PV) 

applications for future generation.[1] Their unique and intriguing merits include 

continuously tunable wide band gap from 0.70 eV to 3.4 eV, strong absorption coefficient 

on the order of ∼105 cm−1 , superior radiation resistance under harsh environment, and high 

saturation velocities and high mobility.[2] Calculation from the detailed balance model also 

revealed that in multi-junction (MJ) solar cell device, materials with band gaps higher than 

2.4 eV are required to achieve PV efficiencies greater than 50%, [3] which is practically 

and easily feasible for InGaN materials. Other state-of-art modeling on InGaN solar cells 

also demonstrate great potential for applications of III-nitride solar cells in four-junction 

solar cell devices as well as in the integration with a non-III-nitride junction in multi-

junction devices. [4]–[6]  

Different crystal planes of wurtzite GaN are shown in Fig.1.1. We can categorize 

them into polar planes such as (0001) or c-plane, nonpolar planes such as (101̅0), and 

semipolar planes such as (303̅1), (202̅1), (101̅1), (1011̅̅̅̅ ) and (112̅2). For c-plane devices, 

strong polarization-induced electric field exists inside the InGaN QWs, which will result 

in significant energy band tilting, a phenomenon known as quantum-confined Stark effect 

(QCSE). This distorted band diagram will greatly decrease the electron and hole’s 

wavefunction overlap which will reduce the efficiency of LEDs. In contrast, nonpolar or 
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semipolar InGaN quantum wells (QWs) have eliminated or reduced QCSE, which will lead 

to a flatter QW profile and higher wavefunction overlap.  

 

Figure 1.1. Schematics of (a) polar (c-plane), semipolar (b) (112̅2) , (c) (101̅1̅) , (d) 

(202̅1), and (e) (202̅1̅)) and (f) nonpolar plane (m-plane) of III-nitride wurtzite crystal 

structure. The degrees indicate the inclination angles of the nonpolar and semipolar planes 

from c-plane. Adapted from reference[7]. 

Due to the lack of inversion symmetry, wurtzite III-nitride materials have strong 

spontaneous polarization along the [0001] c-axis. When InGaN QWs are coherently grown 

on GaN, the lattice-mismatch induced strain will also result in piezoelectric polarization. 

The combination of spontaneous polarization and piezoelectric polarization difference at 

the InGaN/GaN interface induces strong electric fields inside the InGaN QWs. A vivid 

example of surface charges and directions of electric field and polarization field for 
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spontaneous and piezoelectric polarization in III-nitride heterojunction is depicted in 

Figure 1.2. We can see from Fig.1.2 that the total polarization-induced field is in the 

opposite direction to the built-in field in the p-n junction, considering that fact that epitaxial 

growth usually starts with n-type layers on substrates first and finishes with p-type layers 

on top.  

 

Figure 1.2. Surface charges and directions of electric field and polarization field for 

spontaneous and piezoelectric polarization in III-nitride heterojunction for Ga and N face 

[(0001) and (0001̅)]. Adapted from reference[8].  

 

Figure 1.3. Calculated (a) piezoelectric polarization Ppz and (b) total polarization difference 

ΔPtot as a function of semipolar plane orientation θ for InGaN/GaN heterostructure with In 

composition of 10%, 20%, 30% and 40%. Adapted from reference[7].  
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The polarizations of c-plane and nonpolar/semipolar planes can be calculated 

analytically by a recent method proposed by Romanov et al [1]. The primed coordinate z' 

is along the growth direction and x' and y' are in the substrate surface plane. For a plane 

titled from c-plane by an angle of θ, the total polarization difference along z' at InGaN/GaN 

interface can be expressed as a function of θ by 

                                        𝛥𝑃𝑡𝑜𝑡 = 𝑃𝑝𝑧
𝐼𝑛𝐺𝑎𝑁 + (𝑃𝑠𝑝

𝐼𝑛𝐺𝑎𝑁 + 𝑃𝑠𝑝
𝐺𝑎𝑁) 𝑐𝑜𝑠 𝜃                                      (1.1) 

where ΔPtot is the total polarization difference between InGaN layer and GaN substrate, 

and Psp
InGaN and Psp

GaN are the spontaneous polarization of InGaN layer and GaN substrate, 

respectively. Ppz
InGaN is the strain-induced piezoelectric polarization in InGaN layer, which 

be expressed as 

 

 

 

where elements εk'm' are the strain tensor components and elements eij are the components 

of piezoelectric tensor in Voigt notation. Figure 1.3 presents the Ppz
InGaN  and ΔPtot of 

InGaN/GaN with different indium composition as a function of θ. Since the Ppz
InGaN is 

dominant for InGaN/GaN heterostructure, ΔPtot shows the minimal change with the 

addition of spontaneous polarization. ΔPtot becomes zero at θ=45° (semipolar plane) and 

θ=90° (nonpolar plane). The two crossovers are almost not impacted by the indium 

composition.  The polarization (absolute value) of several common GaN crystal planes are 

compared as following: c-plane (0001) > (101̅1̅) > (202̅1) = (202̅1̅) > (112̅2).  

 

𝑃𝑝𝑧
𝐼𝑛𝐺𝑎𝑁 = 𝑒31 𝑐𝑜𝑠 𝜃 𝜀𝑥′𝑥′ + (𝑒31 𝑐𝑜𝑠3 𝜃 𝜀𝑥′𝑥′ +

𝑒33 − 𝑒15

2
𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 2 𝜃) 𝜀𝑦′𝑦′ 

                           +
𝑒33 + 𝑒15

2
𝑠𝑖𝑛 𝜃 𝑠𝑖𝑛 2 𝜃 + 𝑒33 𝑐𝑜𝑠3 𝜃)𝜀𝑧′𝑧′ 

                           +[(𝑒31 − 𝑒33) 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 2 𝜃 + 𝑒15 𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 2 𝜃]𝜀𝑦′𝑧′                         (1.2)                                                                         
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Figure 1.4. Bandgap energy versus lattice constant of III-nitrides at room temperatures. 

Adapted from reference[8].  

1.2 Review of the state-of-the-art InGaN solar cells  

The research interests in developing InGaN-based photovoltaics (PV) stems from 

their unique material properties. The InGaN alloys have been predicted as a fine candidate 

for full-solar spectrum PV applications due to the wide range of bandgap energies (~ 0.6 

eV for InN and ~3.4eV for GaN) [2], as shown in Fig.1.4. In addition, they also have 
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outstanding thermal performance, and superior radiation resistance under harsh 

environments [2]. The early demonstrations of InGaN solar cells have been mainly based 

on bulk InGaN layers with either p-i-n or p-n structures [3], [9]–[14]. The common features 

of these cells with bulk InGaN layers lie in the low open-circuit voltage (VOC) and the 

relatively high short-circuit current density (JSC) values. Typical VOC lower than 2 V as 

well as large voltage-bandgap offsets (WOC) in such structures can be attributed to the low 

quality of the InGaN absorbing layers. Due to the large lattice mismatch between InN and 

GaN as well as the low indium miscibility in GaN, it has been experimentally difficult to 

preserve film quality while maintaining high indium incorporation and thick InGaN layer. 

Furthermore, the use of foreign substrates such as sapphire and Si exacerbates the material 

quality of InGaN and result in basal stacking faults and threading dislocations in an order 

of 109-1010 cm-3. As a result, the indium mole fraction in the reported  InGaN solar cells is 

generally below 20%, which corresponds to a bandgap energy of ~ 2.5 eV and a cut-off 

wavelength of ~ 500 nm. The trend of decreasing VOC with increasing indium content is 

clearly shown in Fig.13 in the reference [4].  

Therefore, the majority of research and progress in InGaN-based solar cells have 

been demonstrated in p-GaN/ InGaN / n-GaN heterojunction structures where multi-

quantum wells (MQWs) or superlattice (SL) is employed [15]–[54]. The film quality of 

InGaN absorbing layers is thus better maintained in MQWs since each InGaN layer is 

below critical thickness and also strained in each QW period. Consequently InGaN solar 

cells with MQWs or SL generally exhibit VOC values larger than 2 V and small WOC of 

around 0.5 V despite relatively low JSC. Transport and collection of photogenerated carriers 

inside QWs would be severely impacted if the barrier is too thick and the QW structure is 
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not properly designed, leading to a low JSC and low fill factor (FF). Nonetheless, a total 

thickness of InGaN layers greater than 200 nm is required for the complete absorption of 

incoming sun light, which still remains a great hurdle even with MQWs or SL structures.  

 Moreover, InGaN solar cells have demonstrated superior PV performance under 

concentrated sunlight conditions [30], [17], [49], [55], [56] and at high temperatures [37], 

[40], [44], [49], [57], [58]. These reports have characterized and revealed the positive 

temperature coefficients of JSC, FF and power conversion efficiency in certain ranges 

temperatures and concentrating ratios, in addition to superior thermal robustness. It’s also 

worth noting that a four-junction (4J) solar cell with InGaN top cell has been demonstrated 

for the first time using wafer bonding technique [59]. The PV performance of the 4J cell 

will be expected to be greatly enhanced if the bonding process is optimized and the current 

matching is taken into consideration. 

1.3 Dissertation synopsis 

In the following of this thesis, we will propose and demonstrate solutions to 

improve the PV performance of InGaN solar cells, as well as analyze underlying physical 

mechanisms. Part of this thesis have been previously published in several journals [58], 

[60]–[64].   

In Chapter 2, we will propose a semi-analytical model for solar cells to investigate 

the optical property, efficiency limits, and loss mechanisms in InGaN PV solar cells. 

Chapter 3 studies the nonpolar and semipolar InGaN/GaN MQW solar cells. The 

solar cell performance showed a strong dependence on the polarization-related effects, 

where nonpolar m-plane solar cells exhibited the best PV performance due to the 
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eliminated polarization effects, which were further confirmed by bias-dependent EQE 

measurements and energy band diagram simulations.  

Chapter 4 introduces the growth, characterizations and optimization of InGaN/GaN 

MQW solar cell devices. Both PV performance at RT and elevated temperatures are shown.  

In Chapter 5, we demonstrate that energy band engineering of InGaN multi-

quantum-well (MQW) solar cells using AlGaN electron- and hole-blocking layers enables 

the improving PV performance. These results indicate band engineering with AlGaN layers 

in the InGaN MQW solar cell structures can effectively enhance the carrier collection 

process and is a promising design for high efficiency InGaN solar cells for both room 

temperature and high temperature PV applications.  

Chapter 6 discusses thermal stability of InGaN solar cells are investigated under 

thermal stress at elevated temperatures from 400°C to 500°C. Experimental results suggest 

that while InGaN solar cells have high thermal stability, the degradation in metal contact 

could be the major limiting factor for these devices under high temperature operation. 

In Chapter 7, we demonstrate that the nonpolar InGaN solar cells showed a large 

working temperature range from room temperature (RT) to 450°C, with positive 

temperature coefficients up to 350°C. Using a mechanically-stacked tandem structure, we 

also demonstrated that the InGaN-GaAs tandem solar cell outperformed the sole GaAs 

solar cell at high temperatures beyond 350°C. 

Chapter 8 analyzes different carrier dynamics of two nonpolar m-plane InGaN/GaN 

QWs at high temperatures by combining scanning transmission electron microscopy 

(STEM) and photophysical characterization. In addition detailed analysis on exciton-

phonon scattering mechanisms reveals that both acoustic and optical phonon scatterings 
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play the dominant roles in the range of 300-600 K and afterwards impurity scattering is the 

main mechanism responsible for FWHM broadening. 

Finally, we present the summary and conclusions in Chapter 9. Several future work 

topics will also be discussed to further enhance the performance of InGaN solar cells and 

realize its full potential for specific applications. 
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CHAPTER 2 

ANALYSIS OF LOSS MECHANISMS IN INGAN SOLAR CELLS USING A SEMI-

ANALYTICAL MODEL 

Wurtzite (In, Ga, Al)N semiconductors, especially InGaN material systems, 

demonstrate immense promises for the high efficiency thin film photovoltaic (PV) 

applications for future generation[1]. Their unique and intriguing merits include 

continuously tunable wide band gap from 0.70 eV to 3.4 eV, strong absorption coefficient 

on the order of 105cm−1, superior radiation resistance under harsh environment, and high 

saturation velocities and high mobility[2]. Calculation from the detailed balance model 

also revealed that in multi-junction solar cell device, materials with band gaps higher than 

2.4 eV are required to achieve PV efficiencies greater than 50%[3], which is practically 

and easily feasible for InGaN materials. Other state-of-art modeling on InGaN solar cells 

also demonstrate great potential for applications of III-nitride solar cells in four-junction 

solar cell devices as well as in the integration  with a non-III-nitride junction in multi-

junction devices[4], [6], [65]. However, due to distinct material properties from 

conventional III-V PV materials, the fundamental PV processes and corresponding loss 

mechanisms in InGaN solar cells are still not well understood. It is therefore imperative to 

investigate the major loss mechanism in InGaN solar cells for the design and optimization 

of high efficiency InGaN solar cells. 

In this work, a semi-analytical model for solar cells[66] is adopted to investigate 

the optical property, efficiency limits and loss mechanisms in InGaN PV solar cells. 

Compared to commercial software such as Silvaco or Crosslight, this model requires less 

time to calculate and is capable of revealing the intrinsic physical reasons straightforwardly. 
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In the simulation, we also incorporate non-ideal properties such as photon recycling, 

spontaneous emission coupling, the non-step absorptance and emittance of junctions and 

absorption tails below the bandgap. The equations and details of these non-ideal properties 

can be found in Ref. 7. These factors are all accounted for complicated physical processes 

in real solar cells. The efficiencies and device performance are calculated for four different 

solar cell structures, and the loss mechanisms are examined thoroughly to provide basic 

guidance for the design of InGaN solar cells. 

We focus on four major loss mechanisms [66], [67] in InGaN solar cells: (i) 

transmission losses due to photons transmitting through the device without being absorbed; 

(ii) thermalization losses resulting from carriers in excited states returning to band edges; 

(iii) spatial relaxation losses due to carriers losing potential energy while being separated 

and collected at the contacts; and (iv) recombination losses due to Shockley-Read-Hall 

(SRH) and Auger recombination. [68] The expressions and details of losses and extracted 

power can be referred to Ref. 9. In order to focus on the intrinsic properties of materials 

and devices, this study do not take into account other losses, for instance, surface 

recombination, series resistance, and shunt resistance, which are closely related to the 

device fabrication process. The total current density of a single junction (1J) solar cell is 

given as  

                                          𝐽𝑡𝑜𝑡𝑎𝑙 = 𝐽𝑠𝑐 − 𝐽𝑟𝑎𝑑 − 𝐽𝑆𝑅𝐻 − 𝐽𝐴𝑢𝑔𝑒𝑟                                    (2.1) 

where Jsc is the short-circuit current density that is mainly determined by the absorptance 

of the cell, including below- bandgap absorption; Jrad, JSRH, and JAuger are the radiative, SRH, 

and Auger recombination current density, respectively. 
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2.1 Simulation methods and Optical properties  

Figure 2.1 presents four planar structures with different surface configurations that 

are simulated in the analysis. Structure A and C both have the non-reflective interface 

between semiconductor and substrate with smooth (structure A)/textured upper surface 

(structure C), respectively; structure B and D both have 100% ideal reflective lower 

interface with smooth (structure B)/textured (structure D) upper surface, respectively. All 

of these structures are commonly used in InGaN solar cells while more complicated planar 

structures were explored in Ref. [69]. Note that in this work, upper surface corresponds to 

the front surface facing incident sunlight and lower surface indicates the bottom surface of 

a semiconductor attaching to the substrate. For InGaN solar cells, structure A is first 

proposed in Ref. [3] and is widely adopted due to the simple fabrication processes, while 

structure C is proven to be more effective to trap light and improve the device performance, 

both in conventional PIN structure and in quantum well structure. [18], [55], [70], [71] 

Note that for textured upper surface widely used in InGaN solar cells and light emitting 

diodes (LEDs), they are applied on the top layers like contacts or anti-reflecting layers. 

Structure B and D are investigated for comparison. 
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Figure. 2.1. Schematic diagrams of four planar solar cell structures used in the study 

The AM1.5G solar spectrum is used in the calculation. In.15Ga.85N is employed as 

the active layer for the study and published material parameters of bandgap energy Eg, [72] 

refractive index nr,  [73] and Urbach tail energy Eu =0.050 eV (Ref.  [74]) are adopted. 

From statistical ray optics, the analytical equations of the absorptance are derived as 

follows:  

Aα  ≅ 1 − e−α·d ,for structure A,       (2.2) 

Aα  ≅ 1 − e−α·2d ,for structure B,         (2.3) 

Aα = 1 − tα ,for structure C,      (2.4) 

 Aα = 1 −
1 − 𝑡𝛼 

1−(1−
1

𝑛𝑟
2)𝑡𝛼

 , for structure D,        (2.5) 

where α is the absorption coefficient, d is the semiconductor thickness, nr is the refractive 

index, and tα indicates the fraction of lost photons in a single pass through the slab, with 

  𝑡𝛼 = ∫ 𝑒−𝛼·𝑑/𝑐𝑜𝑠𝜃2𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃𝑑𝜃
𝜋

2⁄

0
 , for structure C, (2.6) 

 𝑡𝛼 = ∫ 𝑒−2𝛼·𝑑/𝑐𝑜𝑠𝜃2𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃𝑑𝜃
𝜋

2⁄

0
 , for structure D, (2.7) 

 

where θ is the angle between the scattered light and the surface normal. By assuming the 

Lambertian scattering, the portion of light distributed in the solid angle sinθdθ is 2cosθ, 

which could also be modified by other scattering functions other than Lambertian scattering. 

The upper- and lower-surface emittance is given by 

𝜀𝑢𝑝𝑝𝑒𝑟 = 1 − 𝑛𝑟
2 ∫ 𝑒−𝛼·𝑑/𝑐𝑜𝑠𝜃2𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃𝑑𝜃

𝜋
2⁄

0
 , for structure A, (2.8) 

𝜀𝑙𝑜𝑤𝑒𝑟 = 1 − ∫ 𝑒−𝛼·𝑑/𝑐𝑜𝑠𝜃2𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃𝑑𝜃
𝜃𝑐

0
− ∫ 𝑒−2𝛼·𝑑/𝑐𝑜𝑠𝜃2𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃𝑑𝜃

𝜋
2⁄

𝜃𝑐
 ,                  

for structure A, (2.9) 

 𝜀𝑢𝑝𝑝𝑒𝑟 = 1 − 𝑛𝑟
2 ∫ 𝑒−𝛼·2𝑑/𝑐𝑜𝑠𝜃2𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃𝑑𝜃

𝜋
2⁄

0
 , for structure B, (2.10) 
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εlower = 0 ,for structure B and D,                           (2.11)  

εupper = Aα ,for structure C and D,                           (2.12) 

 𝜀𝑙𝑜𝑤𝑒𝑟 = (1 − 𝑡𝛼)[1 + (1 −
1

𝑛𝑟
2)𝑡𝛼], for structure C and D, (2.13) 

where θc is the critical angle. When the solar light is incident from all angles, the emittance 

is equal to absorptance. [66] In structure C and D with same textured surfaces, the upper 

surface emittance is equivalent to absorptance due to the same absorption and emission 

path of incident light, while there is zero emittance of lower surface because of the 

reflecting substrate in structure C and D. In comparison, for structure A and B with same 

smooth upper surface, the emittance is somewhat larger than absorptance because of 

shorter absorption ray path compared to emission. The energy dependent effective 

absorptance and emittance are defined as 

 �̅�𝛼 =
∫ 𝐴𝛼∙ 𝑛𝑠𝑢𝑛∙ 𝑑ℎ𝜈

∞

0

∫ 𝑛𝑠𝑢𝑛∙ 𝑑ℎ𝜈
∞

𝐸𝑔−𝐸𝑢

 (2.14) 

�̅�𝑢𝑝𝑝𝑒𝑟 =
∫ 𝜀𝑢𝑝𝑝𝑒𝑟∙(𝑛𝜈,𝑠𝑝−𝑛𝜈,𝑏𝑏)∙(ℎ𝜈)2 𝑑ℎ𝜈

∞

0

∫ (𝑛𝜈,𝑠𝑝−𝑛𝜈,𝑏𝑏)∙(ℎ𝜈)2 𝑑ℎ𝜈
∞

𝐸𝑔−𝐸𝑢

                                      (2.15) 

�̅�𝑙𝑜𝑤𝑒𝑟 =
∫ 𝜀𝑙𝑜𝑤𝑒𝑟∙(𝑛𝜈,𝑠𝑝−𝑛𝜈,𝑏𝑏)∙(ℎ𝜈)2 𝑑ℎ𝜈

∞

0

∫ (𝑛𝜈,𝑠𝑝−𝑛𝜈,𝑏𝑏)∙(ℎ𝜈)2 𝑑ℎ𝜈
∞

𝐸𝑔−𝐸𝑢

                                      (2.16) 

where nsun refers to the solar photon flux density per unit area and nv,sp and nv,bb are photon 

occupation numbers of spontaneous emission and blackbody emission, respectively. Note 

that this model incorporates below-bandgap tail absorption that is substantial in the 

practical situation, which is different from detailed balance model that assumes step-like 

emittance and absorptance identical to emittance. Figure 2.2 presents the (a) effective 

absorptance and (b) emittance under AM1.5G spectrum as a function of physical thickness 
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for four types of structures of In.15Ga.85N. For a given device thickness, structure D has 

much higher absorptance than structure A, B, and C, due to both textured surface and 

reflecting substrate, which strongly enhances light trapping and photon recycling processes. 

The absorptance of structure B and C is higher than that of structure A, indicating that both 

textured surface roughening and reflecting substrate are effective ways to enhance the 

absorptance, while structure B (reflecting substrate) is slightly better than structure C 

(textured surface). Moreover, for the same absorptance, structures A, B, and C require 

much larger device thickness due to limited optical path of light scattering and reflecting. 

Figure 2(b) shows that the emittance of upper surface of structures A, B, and C is much 

smaller than that of structure D. It is noteworthy that the emittance of lower surfaces of 

structure A and C is higher than that of upper surfaces. This is attributed to the adoption of 

non-reflective substrates, which gives rise to larger radiation loss in the solar cells. As a 

result, recent reports on high efficiency InGaN solar cells have been focusing on surface 

roughening (textured surface) rather than structures with smooth surface and substrate. [18], 

[55], [70], [71]  Other optoelectronic devices have been more inclined to employ pattern 

sapphire substrates (PSS) to enhance light extraction.  [75]–[79] Furthermore, despite 

costly and complicated growth and fabrication process, there have been reports proposing 

using diffraction grating on the back of the device for InGaN solar cells to enhance the 

optical absorption, 23 which combines the textured surface and reflecting substrate. These 

reports are also consistent with our findings here.  
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Figure. 2.2.  (a) Effective absorptance vs. physical thickness and (b) effective emittance vs. 

physical thickness for In0.15Ga0.85N solar cells in four structures. 

Figure 2.3 presents effective emittance as a function of effective absorptance, i.e., 

optical thickness, using different (a) effective bandgaps and (b) Urbach energy (Eu) values 

as integration boundaries for upper surface in structure C. In this work, the effective 

emittance represents how many Urbach tail states would contribute to radiative 

recombination. Since Urbach tail energy (Eu) of III-nitrides is normally larger than that of 

GaAs  [80] and Si [81], it is assumed that the variations of emittance of III-nitrides would 

be much more pronounced than those of GaAs and Si. Therefore, it is imperative to study 

different effective band gaps for integration boundaries to investigate the impacts on 
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optical properties and device performance of InGaN solar cells. In the calculation, different 

effective bandgaps and Urbach energy values have been applied, with integration boundary 

of Eg-Eu and Eu = 0.050 eV remaining the same, respectively. In Fig. 2.3(a), the effective 

emittance of upper surface maintains almost the same before effective absorptance of 0.8. 

Afterwards, the effective emittance gradually increases as Urbach tail energy (Eu) goes up. 

This trend suggests that within certain optical thickness, the value of Eu has little influence 

on the effective emittance. Meanwhile in Fig. 2.3(b), similar trends are also observed. As 

effective bandgap goes down, namely, more tail states contribute to radiative 

recombination, the effective emittance exceeds one and rises dramatically, which could be 

attributed to the facts that the effective band gap approaches the optimal bandgap of a single 

junction (1J) solar cell of about 1.4 eV (Ref.  [82]) and much more emission would be 

generated than in an ideal semiconductor with band edge at Eg-Eu. It is noticeable that Eu 

is easily affected by extrinsic factors, for instance, the material quality of active layers, 

defect states, doping density, local stress,  [83], [84] and device temperatures under 

operation,  [85] which indicates that it would change under particular circumstances, even 

as high as 60meV. [74] 
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Figure. 2.3. Effective emittance vs. optical thickness using different (a) effective bandgaps 

and (b) Urbach energy values as integration boundaries, both for upper surface in structure 

C. 

2.2 Analysis of loss mechanisms in single junction solar cell 

In this section, we study the PV performance and loss mechanisms in single 

junction (1J) InGaN solar cells. Instead of physical thickness, the effective absorptance, 

i.e., the optical thickness, is explored in this part. The SRH recombination current densities 

per unit length (JA/d) and Auger recombination current density per unit length (JC/d) are 

calculated based on Ref. 9. Figure 2.4(a) presents the energy conversion efficiency as a 

function of absorptance for single junction In0.15Ga0.85N solar cells in structure C with 
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various SRH recombination current densities per unit length (JA/d). An energy conversion 

efficiency of 7.35% is obtained for typical reported material quality ( 𝐽𝐴 𝑑⁄ =

1000 𝐴𝑐𝑚−2𝜇𝑚−1), while the peak efficiency of 8.81% can be achieved for ideal materials 

(𝐽𝐴 𝑑⁄ = 1 𝐴𝑐𝑚−2𝜇𝑚−1). Therefore, improving InGaN quality offers an efficient method 

to increase the solar cell efficiency. In Fig. 2.4(b), the losses and efficiency distribution 

were extracted for single junction In0.15Ga0.85N solar cells with structure C under AM 

1.5G one sun condition. Apparently, transmission loss dominates among all loss 

mechanisms due to large bandgap energy of III-nitrides than other III-V materials. The 

thermalization and spatial relaxation loss both rise with increasing effective absorptance 

due to larger portion of absorbed photons at larger thickness. It is noteworthy that the SRH 

loss accounts for most of the total recombination-related loss mechanisms, even though 

there are radiative loss generated from the loss of photon energies larger than bandgap (no 

reflecting surface employed in structure C) and Auger recombination loss owing to fairly 

large Auger recombination current density.  
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Figure. 2.4. (a) Energy conversion efficiency vs. effective absorptance (i.e., optical 

thickness) for 1J In0.15Ga0.85N solar cells in structure C with particular SRH recombination 

current densities per unit length, JA/d. (b) Losses and extracted power vs. absorptance for 

single junction In0.15Ga0.85N solar cell under AM 1.5G one sun condition, assuming SRH 

recombination current density per unit length 𝐽𝐴 𝑑⁄ = 1000 𝐴𝑐𝑚−2𝜇𝑚−1. 

Figure 2.5(a) demonstrates energy conversion efficiency as a function of SRH 

recombination current densities per unit length (JA/d) for four structures with typical Auger 

recombination current density per unit length (𝐽𝐶 𝑑⁄ = 1.9 × 104 𝐴𝑐𝑚−2𝜇𝑚−1 ). When 

JA/d is lower than 1000 𝐴𝑐𝑚−2𝜇𝑚−1  , the conversion efficiency shows minimum 

difference. As JA/d increases, the conversion efficiencies decrease collectively for all 

structures. These results reveal that SRH recombination plays a key role in degrading the 

conversion efficiency for InGaN solar cells. Furthermore, Fig. 2.5(b) illustrates the losses 
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and efficiency map for single junction In0.15Ga0.85N solar cells in structure C under AM 

1.5G one sun condition. For clarity, we plot the losses and efficiency map only to 20% 

while transmission loss still dominates in the losses part that is not shown. Both 

transmission and thermalization losses remain almost constant over all JA/d range at the 

given structure, while spatial relaxation loss accounts for the degradation of conversion 

efficiency as JA/d is greater than 0.1 𝐴𝑐𝑚−2𝜇𝑚−1. In recombination- related mechanisms, 

SRH recombination is still the primary mechanism, which is consistent with our previous 

results. This trend could be understood from Equation (2.1) that large amount of SRH 

recombination current diminishes the total collected current, thus deteriorating the 

performance of the solar cell.  
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Figure. 2.5. (a) Energy conversion efficiency vs. SRH recombination current densities per 

unit length (JA/d) for single junction In0.15Ga0.85N solar cells in four structures; (b) losses 

and extracted power vs. SRH recombination current densities per unit length (JA/d) for 

single junction In0.15Ga0.85N solar cell under AM 1.5G one sun condition in structure C, at 

the optimal junction thickness, with typical Auger recombination current density per unit 

length 𝐽𝐶 𝑑⁄ = 1.9 × 104 𝐴𝑐𝑚−2𝜇𝑚−1 . 

By virtue of unique and favorable merits of InGaN materials, their application and 

operation for harsh environment like space exploration are desirable and growing solar 

concentration turns out to be a potent and practical approach to achieve high conversion 

efficiency. Figure 2.6(a) presents energy conversion efficiency vs. solar concentrations for 

single junction In0.15Ga0.85N solar cells in four structures under AM 1.5G solar spectrum. 

The efficiencies of all four types of solar cell structures increase linearly with growing solar 

concentrations, where structure D has the highest efficiency. Note that in practical devices, 

the energy conversion efficiency will saturate due to the fact that the series resistance and 

other losses change with solar concentration, which are not considered in our model. Figure 

2.6(b) presents the losses and efficiency maps vs. solar concentration for single junction 

In0.15Ga0.85N solar cells in structure C, with typical 𝐽𝐴 𝑑⁄ = 1000 𝐴𝑐𝑚−2𝜇𝑚−1and 𝐽𝐶 𝑑⁄ =

1.9 × 104 𝐴𝑐𝑚−2𝜇𝑚−1 . The transmission loss still dominates over other loss mechanisms 

as a result of large bandgap of III-nitrides and there is minimum variation of transmission 

and thermalization losses with the specified structure. Moreover, spatial relaxation loss 

gradually drops as rising solar concentrations, which could be ascribed to the fact that the 

extractable energy of photogenerated carriers is enhanced with the solar concentration. It 

is noticeable that SRH recombination loss dominates over other recombination-related loss 
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mechanisms throughout the entire range of solar concentration. For GaAs solar cells, the 

radiative loss would take the lead after 500 suns. [66]  This difference may be attributed to 

the large amount of subband transition induced from unavoidable defect states during the 

growth of InGaN materials. 

 

Figure. 2.6. (a) Energy conversion efficiency vs. solar concentration for single junction 

In0.15Ga0.85N solar cells in four structures; (b) losses and extracted power vs. solar 

concentration for single junction In0.15Ga0.85N solar cell under AM 1.5G one sun condition 

in structure C, at the optimal junction thickness, with typical SRH recombination current 

density per unit length 𝐽𝐴 𝑑⁄ = 1000 𝐴𝑐𝑚−2𝜇𝑚−1  and Auger recombination current 

density per unit length 𝐽𝐶 𝑑⁄ = 1.9 × 104 𝐴𝑐𝑚−2𝜇𝑚−1 . 
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2.3 Analysis of loss mechanisms in two junction solar cell 

The large tunable direct bandgaps from InGaN material systems offer a unique and 

promising opportunity to design high-performance multi-junction (MJ) solar cells using a 

single ternary alloy system. In this section, we focus on the two-junction (2J) InGaN solar 

cells, which include two junctions in structure A. The loss analysis of 2J solar cell is based 

upon the typical material parameters and properties of InGaN. It is assumed in the model 

that the Urbach tail energy is 50meV, the effective absorptance of Aa =1, SRH 

recombination current density of 𝐽𝐴 𝑑⁄ = 1900 𝐴𝑐𝑚−2𝜇𝑚−1  and Auger recombination 

current density  𝐽𝐶 𝑑⁄ = 3.8 × 104 𝐴𝑐𝑚−2𝜇𝑚−1, which are proper up-to-date values of 

InGaN materials. The equations of SRH recombination current densities (JA) and Auger 

recombination current density (JC/d) and the corresponding coefficients are based on Ref. 

6. Figure 2.7 shows (a) bandgap energy and conversion efficiency vs. top-junction bandgap 

energy and (b) losses and extracted solar power vs. top-junction bandgap energy for 2J 

InGaN solar cells. The top junction bandgap window in Figs. 2.7(a) and 2.7(b) is very 

limited, which could be partly attributed to the perfect current matching condition assumed 

in the calculation. This was also found in the calculation of three- and four-junction InGaN 

solar cells (data not shown here), which could be a potential challenge for the design of MJ 

InGaN solar cells. With the top-junction bandgap varying from 1.68 eV to 1.82 eV, we can 

observe an efficiency of 43.5% under AM1.5G one sun radiation. The losses and efficiency 

map for 2J InGaN solar cells in Fig. 2.7(b) show that the transmission loss is no longer the 

major loss mechanism, while the spatial relaxation loss mainly accounts for the degradation 

of conversion efficiency, especially when the top junction bandgap exceeds 1.78 eV. These 

results indicate that 2- and multi-junction solar cells will reduce the transmission loss and 
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enhance the conversion efficiency compared to 1J structure. The drop of loss and extracted 

power at 1.78 eV may be attributed to the atmospheric features of AM 1.5G solar spectrum. 

Therefore, decreasing spatial relaxation loss will become a critical issue for the design of 

2J InGaN solar cells. Meanwhile, SRH loss still dominates in the recombination-related 

losses, which is again due to the material quality of the InGaN active layers. 

 

Figure. 2.7. (a) Bandgap energy and conversion efficiency vs. top-junction bandgap energy 

and (b) losses and extracted solar power vs. top-junction bandgap energy for 2J InGaN 

solar cells, with SRH recombination current density 𝐽𝐴 𝑑⁄ = 1900 𝐴𝑐𝑚−2𝜇𝑚−1  and 

Auger recombination current density 𝐽𝐶 𝑑⁄ = 3.8 × 104 𝐴𝑐𝑚−2𝜇𝑚−1 .  

To further investigate the possible PV applications of InGaN materials system, the 

correlated bandgap energies and maximum energy conversion efficiency are plotted in Fig. 
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2.8(a) along with losses and extracted power in Fig. 2.8(b). Figure 2.8(a) presents that the 

optimal bandgap energies of top junction and bottom junction remain almost constant and 

decrease significantly at 200 suns concentrations, which could allow more photons to be 

absorbed. While in Figure. 2.8(b), both transmission loss and spatial relaxation loss reduce 

collectively and thermalization loss tends to rise, which could be ascribed to the decreasing 

optimal bandgap energy as growing solar concentrations. Aside from that, SRH loss still 

takes up the most part of the total recombination losses. Hence, rising solar concentration 

proves to be an efficient approach for high performance InGaN solar cells, which 

corresponds to our previous results of single junction InGaN solar cells. 

To thoroughly investigate PV performance and loss mechanisms in InGaN solar 

cells, we apply a semi-analytical model to 1J and 2J solar cells. By considering photon 

recycling, spontaneous emission, non-radiative recombination losses, and non-step like 

absorptance and emittance, we explore four types of fundamental loss mechanisms with 

typical published material parameters. We determine that the width of Urbach energy has 

a significant effect on the emittance of surfaces, which is broad compared to other III-V 

materials and is not negligible in the whole solar spectrum. This below-bandgap tail boosts 

the light absorption, resulting in increasing the short-circuit current and reducing the open-

circuit voltage. 

Furthermore, we also investigate the roles of SRH recombination current densities 

per unit length and sun concentration for four structures. We identify that the transmission 

loss is the major cause responsible for loss and SRH loss is the dominant recombination 

loss mechanism under any solar concentration. As a result, both improving the material 

quality of InGaN active layers and rising solar concentration offer constructive ways to 
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enhance the performance of InGaN solar cells. With typical 𝐽𝐴 𝑑⁄  and 𝐽𝐶 𝑑⁄  values, the 

predicted energy conversion efficiency could be 7.6% for structure C. Moreover, 

conversion efficiency could be greatly enhanced by increasing solar concentration and the 

peak efficiency could be achieved as 9.0% under 1000 suns. As for 2J InGaN solar cells, 

the current matching issue would lead to the limited choice of top-junction bandgap while 

the efficiency as high as 43.5% is achieved with the top-junction bandgap from 1.68 eV to 

1.82 eV. By analyzing the optical properties and loss mechanisms, these results provide 

fundamental insights and detailed guidance for the future designs and developments of 

InGaN solar cells. 

 

 
Fig. 2.8. (a) Bandgap energy and conversion efficiency vs. solar concentration and (b) 

losses and extracted solar power vs. solar concentration for 2J InGaN solar cells, with SRH 
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recombination current density 𝐽𝐴 𝑑⁄ = 1900 𝐴𝑐𝑚−2𝜇𝑚−1  and Auger recombination 

current density 𝐽𝐶 𝑑⁄ = 3.8 × 104 𝐴𝑐𝑚−2𝜇𝑚−1 . 
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CHAPTER 3 

NONPOLAR AND SEMIPOLAR INGAN/GAN MULTIPLE-QUANTUM-WELL 

SOLAR CELLS WITH IMPROVED CARRIER COLLECTION EFFICIENCY 

3.1 Motivations and research background 

Recent years have seen an increasing interest in the development of III-nitride 

InGaN solar cells. This interest has been driven by the favorable physical properties of III-

nitrides for photovoltaic (PV) applications such as strong absorption coefficients (on the 

order of 105 cm-1 near the band edge), tunable band gap from 0.70 eV to 3.4 eV, outstanding 

thermal performance, and superior radiation resistance under harsh environments[2]. The 

InGaN solar cell is therefore a promising candidate for future high-efficiency thin film PV 

applications, especially for the fabrication of top cells in ultra-high-efficiency multi-

junction solar cells (e.g., > 50%), as well as for space and terrestrial concentrated PV 

applications. There have been many reports on the InGaN solar cells and their performance 

was steadily improved[3], [10], [12], [17], [18], [36], [86], [87]. The recent development 

of InGaN solar cells has further benefited from the comprehensive research efforts in other 

III-nitride optoelectronic devices[88]–[97] such as light-emitting diodes (LEDs)[88]–[91] 

and laser diodes (LDs)[88], [92]–[94], where InGaN/GaN multiple-quantum-well (MQW) 

structures are now being utilized for developing high-efficiency III-nitride solar cells[12], 

[15], [18], [24], [44], [86]. Despite the encouraging progress, the performance of current 

InGaN solar cells is still very low, especially compared with well-developed PV devices 

based on Si or III-V materials. Considerable materials and device challenges still need to 

be addressed before the full potential of InGaN solar cells can be realized. 
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3.2 Experimental details 

InGaN/GaN MQW solar cells were grown by conventional metal-organic chemical 

vapor deposition (MOCVD) on nonpolar m-plane, semipolar (202̅1) plane, and polar c-

plane GaN substrates, respectively. All the samples have the same device structures where 

the MOCVD growth conditions were carefully adjusted to achieve In compositions of ~20% 

in the QWs. The device structure consists of 1 µm Si-doped n-GaN ([Si]=5×1018 cm−3), 10 

nm highly Si-doped n+-GaN ([Si]=1×1019 cm−3), 20 periods of InGaN (6 nm) / GaN (10 

nm) MQWs, 30 nm Mg-doped smooth p+-GaN ([Mg]=1×1019 cm−3), 120 nm Mg-doped 

intentionally roughened p-GaN ([Mg]=3×1019 cm−3), and 10 nm highly Mg-doped p+-GaN 

contact layer ([Mg]=1×1020 cm−3). The schematic device structure is shown in the inset of 

Fig. 1. Material characterizations such as high resolution x-ray diffraction (HRXRD) 

analysis and atomic force microscopy were performed (data not shown here), which 

revealed similar material properties for all the samples in terms of alloy composition and 

surface roughness. The transmission, reflectance and absorption spectra of the samples 

were measured using LAMBDA 950/1050 UV/VIS/NIR Spectrophotometer from Perkin 

Elmer. The samples were then fabricated into 1 mm × 1 mm mesas by standard contact 

lithography and inductively coupled plasma (ICP) etching. Ti/Al/Ni/Au n-type contacts 

were deposited around the perimeter of the mesa and Ni/Au p-type grid contacts with a 

center-to-center grid spacing of 200 µm were deposited via electron beam evaporation. The 

fabricated solar cell devices were characterized by illuminated J–V measurements with a 

Keithley 2420 source meter under an Oriel Class A Solar Simulator with AM1.5G and 1 

sun condition. EQE measurement data was collected using a 150W Xenon arc lamp 

coupled with a Cornerstone 260 1/4m monochromator and calibrated with a reference Si 
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photodetector. Energy band diagrams were simulated using SiLENSe, developed by STR 

Group[98].  

3.3 Results and discussions 

Figure 3.1(a) presents the absorption spectra of InGaN/GaN MQW solar cell 

samples on nonpolar m-plane, semipolar (202̅1) plane, and polar c-plane GaN substrates, 

respectively. The results show that the absorption cutoff wavelength of the devices 

redshifts with increasing polarizations inside the materials, i.e., c-plane > (202̅1) plane > 

m-plane. This indicates a smaller effective bandgap in c-plane InGaN solar cells possibly 

due to a larger QW tilting caused by stronger polarization-related effects[99]. Figure 3.1(b) 

shows the Tauc’s plots for all the samples. The effective bandgap energies (Eg) are 2.85 

eV, 2.73 eV and 2.45 eV for m-plane, (202̅1) plane and c-plane samples, respectively. 

Furthermore, it was also observed that the absorption edge tends to broaden with increasing 

polarization of the devices, which can be characterized by the Urbach tail energy (Eu). Eu 

is strongly related to the band structures[85], [100]. In this case, this broadening of 

absorption edge can be attributed to the different band structures, e.g., valence band 

states[7], due to different polarity of the GaN substrates. This trend is also in a good 

agreement with our previous theoretical analysis, which suggests that Eu can modify the 

effective bandgap energy, thus affecting the optical properties and device performance of 

the solar cells[60].  
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Figure. 3.1. (a) Room temperature transmission spectra and (b) Tauc’s plots of m-plane, 

(202̅1) plane and c-plane InGaN MQW solar cells. The inset of Fig.1 shows the cross-

section schematic structure of the MQW InGaN solar cells.  

Figure 3.2 shows (a) illuminated J–V curves and (b) EQE spectra under zero bias 

and (c) IQE spectra for the fabricated nonpolar m-plane, semipolar (202̅1) plane, and polar 

c-plane InGaN/GaN MQW solar cells, respectively. Table I summaries the key device 

parameters including values of Eg from Tauc’s plots, open circuit voltage (Voc), bandgap-

voltage offset (Woc), short circuit current (Jsc), fill factor (FF), EQE, and IQE for all the 

devices. The IQE is defined as the ratio of EQE and absorption spectra: 𝐼𝑄𝐸 =

𝐸𝑄𝐸 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛⁄ , which is a fine gauge of carrier collection efficiency. The bandgap-

voltage offset Woc is defined as the difference between the effective bandgap and Voc, 

which is an indicator of quasi-Fermi level splitting at the open circuit condition[101]. 

Nonpolar m-plane solar cell device showed the smallest Woc value compared to other 

devices. Furthermore, it showed the best device performance, with a Voc of 2.32 V, Woc of 

0.59 V, Jsc of 0.803 mA/cm2, FF of 55.5%, and peak EQE of 39.4%. The performance of 
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m-plane InGaN solar cells is comparable to the previous reports of III-nitride solar cells, 

and further improvement can be expected with more advanced devices structures such as 

thicker absorption layers and better optical designs. Although polar c-plane solar cell 

initially showed the highest absorption in optical measurement [Fig. 3.1(a)], it showed 

lower EQE and IQE compared to nonpolar and semipolar (202̅1) devices. This result is 

possibly due to the strongest polarization-related effects on polar c-plane devices, which 

resulted in a poor carrier transport and collection in the electric measurement. This is also 

evident from the low Jsc on the polar c-plane devices. The short circuit current Jsc can be 

approximated by the equation:  

       𝐽𝑠𝑐 = ∫ 𝑞𝐹(𝜆) ∙ 𝐸𝑄𝐸(𝜆)𝑑𝜆 = ∫ 𝑞𝐹(𝜆) ∙ 𝐼𝑄𝐸(𝜆) ∙ 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛(𝜆)𝑑𝜆,             (3.1)
∞

0

∞

0

 

where 𝐹(𝜆)  is the photon flux of the given solar spectrum. It can be seen that Jsc is 

proportional to EQE, which is the product of IQE and absorption. Although the absorption 

spectra of c-plane solar cell is much higher than nonpolar and semipolar devices, the poor 

carrier collection efficiency, represented by IQE, leads to a very low Jsc and poor PV 

performance. Conversely, nonpolar m-plane and semipolar (202̅1)  solar cells showed 

higher EQE despite the lower absorption than polar c-plane device, which can be attributed 

to improved carrier collection efficiency from reduced polarization-related effect. This 

result suggests that the polarization-related effects will significantly impact the carrier 

collection efficiency and the PV performance of III-nitride InGaN solar cells.  
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Figure. 3.2. (a) Illuminated J–V curves for m-plane, (202̅1) plane, c-plane and reference 

c-plane InGaN MQW solar cells. (b) EQE and (c) IQE curves for m-plane, (202̅1) plane, 

c-plane InGaN MQW solar cells.  

Table 1 Summary of key device parameters for nonpolar m-plane, semipolar (202̅1) plane, 

and polar c-plane InGaN/GaN MQW solar cell devices.  

  Eg(e
V) 

Voc(
V) 

Woc(
V) 

Jsc(mA/cm
2) 

FF(%
) 

Peak 
EQE(%) 

Peak 
IQE(%) 

m-plane 2.85 2.32 0.53 0.803 55.5 39.4 61.4 

(202̅1)  2.73 1.92 0.81 0.736 43.2 27.1 39.6 

c-plane 2.45 0.33 - 0.644 29.9 21.5 25.2 

 
To further investigate the effect of polarization field on carrier transport on InGaN 

MQW solar cells, the EQEs of nonpolar m-plane, and semipolar (202̅1) plane, and polar 

c-plane MQW solar cells were measured under different negative bias and the results were 

presented in Fig. 3.3(a)–3.3(c). In order to better quantify the difference of EQEs under 

different bias, relative EQE was plotted where the EQE spectra from zero bias to −4V 

reverse bias was normalized using the peak EQE value under zero condition. For polar c-

plane solar cell, the ratio of peak EQE under −4V reverse bias and zero bias is as large as 

~7. While the ratios are only ~1.60 and ~1.23 for semipolar (202̅1) plane device and 

nonpolar m-plane, respectively. The high ratio of EQEs under negative/zero bias on polar 
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c-plane solar cells is consistent with previous report and was attributed to the large 

polarization-related effects.[21] The large polarization field on polar c-plane structures 

creates higher barrier between the QWs, thus affecting carrier tunneling and transporting, 

which will lead to reduced carrier collection efficiency of the solar cells under zero bias. 

The applied negative bias will screen and partially offset the polarization-induced electric 

field, and enhance the carrier transport and collection in the QWs, leading to an increased 

EQE for the solar cells under negative bias. On the other hand, the small difference of 

EQEs under zero/negative bias on nonpolar and semipolar (202̅1)  solar cells clearly 

indicates the much smaller polarization-related effects in these devices and is consistent 

with previous EQE results. In addition, it can be also observed that for polar c-plane solar 

cell, the absorption edge, or the cutoff wavelength of EQE spectra increases when the 

applied negative bias increase, indicating a strong change in the QW energy band profile 

due to the previously mentioned screening effects on the polarization-induced electric field. 

In contrast, only negligible change was observed in the absorption edge of nonpolar m-

plane device. 

 

Figure. 3.3. EQE spectra under different reverse bias conditions of m-plane, (202̅1) plane, 

c-plane InGaN MQW solar cells. Relative EQE was plotted where EQE spectra from zero 

bias to −4V reverse bias was normalized using the peak EQE value under zero condition. 
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To further illustrate the difference of polarizations-related effects on nonpolar m-

plane, and semipolar (202̅1) plane, and polar c-plane devices, simulations for InGaN/GaN 

MQW structures were carried out using the commercial package developed by the STR 

Group[98]. The potential distributions were calculated by solving the Schrodinger-Poisson 

equations self-consistently and include strain and polarization effects. The details of the 

methods can be found in Ref. 32. Figure 3.4 demonstrates the simulated energy band 

diagrams for In0.20Ga0.80N/GaN MQW solar cell with 6 nm InGaN QW and 10 nm GaN 

barrier on (a) nonpolar m-plane, (b) semipolar (202̅1) plane, and (c) polar c-plane. Figure 

12(d) shows the comparison zoom-in results of a single QW in three structures. For MQWs 

with 10 nm GaN barriers, tunneling is the dominant carrier transport mechanism in room 

temperature[34], [102]. Based on Wentzel-Kramers-Bruillouin (WKB) approximations, 

the tunneling lifetime of an electron in a QW is primarily determined by the barrier width 

and barrier height and is given by the following equation[102]: 

                                       
1

𝜏𝑇
=

𝑛𝜋ℏ

2𝑚∗𝐿𝑤
2

exp (∫ −2√
2𝑚∗(𝐸𝑐(𝑥) − 𝐸𝑛)

ℏ2
𝑑𝑥

𝐿𝑏

0

)                   (3.2) 

where 𝜏𝑇 is the tunneling lifetime, 𝑚∗ is the effective masses, 𝐿𝑤is the well thickness, 𝐿𝑏is 

the barrier thickness. To better quantify the effective barrier height for tunneling, 𝐻𝑒 is 

defined as 𝐻𝑒 = 𝐸𝑐 − 𝐸𝑛, where 𝐸𝑐 is the average values of conduction band minimum of 

the barrier on the left of the QW and 𝐸𝑛 is the nth subband energy of the electron. We take 

the electron ground state 𝐸1(𝑛 = 1) in one QW. Using this method, we calculated 𝐻𝑒 for 

electrons tunneling from the QW for three structures, which are 0.611 eV, 0.455 eV and 

0.410 eV for polar c-plane, semipolar (202̅1) plane, and nonpolar m-plane, respectively, 

as illustrated in Fig. 12(d). As the effective barrier height 𝐻𝑒 decreases, the tunneling rate 



  37 

increases, leading to better transport and higher collection of photogenerated carriers. The 

simulation results are consistent with the experiment results where nonpolar m-plane solar 

cells with lowest 𝐻𝑒  and polarization-related effects showed the highest collection 

efficiency and EQE compared to semipolar (202̅1)  plane and polar c-plane devices. 

Polarizations in III-nitride materials will therefore have significant impact on InGaN solar 

cell performance.  

 

Figure. 3.4. Schematic energy band diagrams for an In0.20Ga0.80N MQW solar cell with 20 

periods of InGaN (6nm)/GaN (10nm) MQWs on (a) non-polar m-plane, (b) semipolar 

(202̅1) plane, and (c) polar c-plane. (d) shows the comparison zoom-in results of a single 

QW in three structures and effective barrier height values. 
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3.4 Short summary 

In conclusion, we demonstrate the first nonpolar and semipolar InGaN/GaN MQW 

solar cells based on nonpolar m-plane and semipolar (202̅1) plane bulk GaN substrates, 

and their PV performance are systematically compared. Nonpolar m-plane InGaN/GaN 

MQW solar cell exhibits the best PV performance across all devices, which is attributed to 

the improved collection efficiency from the reduced polarization-related effect. The result 

is further confirmed by bias-dependent EQE measurements and energy band diagram 

simulations. Our results show the great potential of nonpolar and semipolar devices for 

future’s high-efficiency III-nitride solar cells. 
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CHAPTER 4 

GROWTH & CHARACTERIZATIONS OF C-PLANE SINGLE-JUNCTION 

INGAN/GAN MULTIPLE-QUANTUM-WELL SOLAR CELLS 

4.1 Experimental details 

We design 7 QW structures for InGaN solar cell samples. The detailed structural 

parameters are included in Figure 1 (a). These parameters were obtained from comparing 

the measured data and the simulation in HRXRD measurement using PANalytical X’Pert 

Pro materials research X–ray diffractometer (MRD) system with Cu Kα radiations, which 

were in good agreement with the design. Full structures of the InGaN/GaN MQW solar 

cells were as same as the last report.  

 

Figure. 4.1 (a) the detailed structural parameters of seven samples and (b) The 

representative illuminated JV measurements of the InGaN MQW solar cell for samples 

from 431 to 438 at room temperature. 

Figure 4.1(b) presents the illuminated J–V results at RT of 7 samples. Among all, 

we can note that sample 431 and 432 delivered better performance, especially in terms of 

Jsc. This is due to relatively higher In composition (16%) and moderate barrier thickness 

(~6.7 nm). However, values of Voc in these 2 samples are 2.02 V and 2.05V, respectively, 
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which are slightly lower than the rest. This can be ascribed to the same reason (relatively 

higher In). In addition, high Voc were observed in sample 435 and 437, which were 2.32V 

and 2.27V. This is owing to better structural integrity from thick GaN barrier (>7nm). The 

Jsc values of other samples (433 to 438) were limited in the range of 0.8-1.0 mA/cm2. The 

possible reason for the poor FF observed in sample 433 are currently being researched and 

no HT PV measurements was performed on this sample.  

4.2 Results and discussions 

To investigate the HT PV performance of these samples, we first performed 

temperature-dependent EQE spectral of the InGaN MQW solar cell for samples from 431 

to 438 at different temperatures from 25°C (RT) to 450°C at a step of 50°C. These 

measurements were performed using a Linkam HFS600-PB4 stage with the capability of 

heating samples up to 600 °C. This stage is a small silver block with embedded resistive 

heater and thermocouple. This model has been used by others to carry- out similar 

measurements on GaAs and AlGaInP solar cells, and in those scenarios has demonstrated 

high accuracy and precision. 

First of all we can observe the redshift of the cutoff wavelength in all temperature-

dependent EQE spectra as temperature elevates. This corresponded to the decreasing 

bandgap energy of the InGaN absorbing layers with increasing temperature. In addition, 

the blue response at wavelengths shorter than ∼360 nm (at 25 °C) also drops significantly. 

This is attributed to the parasitic losses in p-GaN layers resulting from the short minority 

carrier lifetimes. This provides an optimization challenge of p-GaN thickness for voltage 

and carrier transport (thicker) versus decreased parasitic absorption (thinner).  
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Through comparing the EQE in sample 431 and 432 in Fig.4.2 (a, b), we can 

conclude that fewer periods of InGaN QWs accounts for the incomplete absorption of 

incident light as observed in Fig.4.2 (a). It’s exciting to note that sample 432 delivers the 

best EQE performance among all, with 78% peak EQE at RT and >70% at 450°C.  Sample 

435 [Fig.4.2(c)] and 436 [Fig.4.2(c)] also exhibited very stable EQE performance under all 

temperatures.  

 

Figure. 4.2 (a-f) Temperature-dependent EQE spectral of the InGaN MQW solar cell for 

sample 431 (a), 432(b), 435 (c), 436 (d), 437 (e) and 438 (f) at different temperatures from 

25°C to 450°C at a step of 50°C.  

Figure 4.3(a) presents the temperature-dependent illuminated JV measurements of 

the InGaN MQW solar cell for sample 431 (a),  432 (b), 435 (c), 436 (d), 437 (e) and 438 

(f) at different temperatures from 25°C to 450°C. The extracted VOC, JSC, FF and efficiency 

values as functions of temperatures are shown and compared in Fig.4 (a-f). In general, we 

can observe that Voc values of all samples decrease with increasing temperature. However, 
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this decreasing rate is faster than the effects of band gap narrowing and increased dark 

current density (J0 ) from thermally excited intrinsic carriers. This can be attributed to the 

thermal activation of the defects states in materials, considering all InGaN solar cell 

samples were grown on sapphires. In addition, Jsc values of all samples increase as 

temperature elevates, which is due to the enhanced thermal escape of carriers in the 

quantum wells. Moreover, it’s also interesting to note that the FF values of all samples 

(except 432) peak between 200°C and 300°C. This effect can be attributed to the competing 

mechanisms between the enhanced thermal escape of carriers and recombination under 

elevated temperatures. This roll-over effect in FF under temperature-dependent 

measurements was also reported in other solar cells using double-heterojunctions like CdTe. 

Nevertheless, sample 432 exhibited the best PV performance among all and its efficiency 

is > 2.0% at RT. This suggests the optimal design of the InGaN QW in sample 432. 

Therefore, these results provide guidance and insights into the future design on InGaN-

based solar cells. The PV parameters of all six samples under at 25°C, 250°C and 450°C is 

also tabulated below for clarity.  
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Figure. 4.3 (a-f) Temperature-dependent illuminated JV measurements of the InGaN 

MQW solar cell for sample 431 (a),  432 (b), 435 (c), 436 (d), 437 (e) and 438 (f) at different 

temperatures from 25°C to 450°C. Note that the ranges of y axis of sample 431 (a) and 432 

(b) are larger than the rest. 

Figure. 4.4 (a-f) Extracted VOC, JSC, FF and efficiency values as functions of temperatures 

from Fig.4.3 (a-f) for 431 (a),  432(b), 435 (c), 436 (d), 437 (e) and 438 (f). 

Table 2 Performance metrics for six InGaN MQW solar cell sample at 25°C, 250°C and 

450°C. 
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4.3 Summary 

We first design the structures for InGaN solar cell samples with different QWs, 

including different Indium composition, periods of QWs and barrier thickness. Structures 

of all seven InGaN solar cell samples were then characterized and calibrated by HRXRD 

measurement using PANalytical X’Pert Pro materials research X–ray diffractometer 

(MRD) system with Cu Kα radiations. The measured data were fitted to determine the 

critical structural parameters, such as well and barrier thickness, indium composition and 

layer thickness of p-GaN et al.  These measurements were all performed at room 

temperature (RT). The PL measurement was further performed to confirm the indium 

composition. 
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CHAPTER 5 

ENERGY BAND ENGINEERING OF INGAN/GAN MULTI-QUANTUM-WELL 

SOLAR CELLS VIA ALGAN ELECTRON- AND HOLE-BLOCKING LAYERS 

5.1 Motivations and research background 

III–nitride (III–N) materials have seen huge success in both electronics[103]–[108] 

and optoelectronics[109]–[112], [88], [91], [113]–[116], including power diodes[103]–

[108], solid-state lighting[109]–[112], [88], [91], and integrated photonics[113]–[116]. 

Ternary InGaN alloys, in particular, have emerged in recent years as promising candidates 

for photovoltaic (PV) applications[117], [4], [5], [60], [44], [49], especially for high 

temperature PV applications, terrestrial photovoltaic thermal (PVT) hybrid solar collector 

systems, space applications and top cells in multi-junction (MJ) solar cells. III-N materials 

suitability for these device applications arises from their unique intrinsic properties, such 

as tunable wide bandgaps, a high absorption coefficient, high thermal stability and 

outstanding radiation resistance [2], [118]. To date, rapid progress has been made in the 

development of InGaN solar cells, with major emphasis placed on improving material 

quality and avoiding polarization-related effects. As a result, various approaches have been 

reported that focus on the growth of InGaN absorbing layers and the consequent device 

performance[18], [19], [35], [61], [86], [119], [120]. These include the use of strained 

InGaN/GaN quantum wells[18], [19], the optimization of structural parameters[35], [86], 

the use of native GaN substrates[61], [119], growth on different GaN crystal 

orientations[61], [120], etc. These methods reveal the relation between material quality, 

structural integrity and the corresponding PV properties of InGaN layers. For example, the 

employment of free-standing GaN substrates can substantially boost power conversion 
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efficiency (PCE) of InGaN solar cells by reducing their dislocation densities[19], [86], 

[119]. Additionally, the polarization doping[21] and the adoption of nonpolar and 

semipolar GaN substrates[61] are also able to mitigate polarization-induced issues and 

facilitate carrier transport.  

Nevertheless, compared to traditional III-V materials, research on InGaN solar cells 

is still in its early stages and their PV performance is still far from satisfactory. The research 

efforts in developing high efficiency InGaN solar cells have been mainly focused on 

improving the material crystal quality, optimizing the optical designs, and controlling of 

the polarization effects. On the other hand, the engineering of energy bands of solar cells 

using, higher bandgap layers to act as window layers (or back surface fields), have been 

demonstrated as an effective approach to improve the carrier collection efficiency of solar 

cells. Such approach has already been successfully implemented in Si heterojunction with 

intrinsic thin-layer (HIT) solar cells[121], III-V solar cells[122]–[124] and II-VI solar cells 

like CdTe[125] and chalcogenides[126]. However, tailoring electronic energy band 

profiles with higher bandgap layers has not yet been thoroughly investigated in InGaN 

solar cells.  

In this work, we demonstrate InGaN multi-quantum-well (MQW) solar cell 

structures with AlGaN layers as electron- and hole-blocking layers. This energy band 

design leads to substantially increased carrier lifetimes in InGaN MQW solar cells and 

improved carrier collection dynamics. The illuminated current-density (J–V) and external 

quantum efficiency (EQE) characterizations showed significant improvements for the solar 

cells with AlGaN layers compared to those without, mainly due to the huge enhancement 

in the short-circuit current density (Jsc). Under high temperatures up to 450°C, those cells 



  47 

with the optimized AlGaN layers also surpassed the PV performance of the reference ones 

in terms of all key parameters. The detailed discussions are as follows. 

5.2 Experimental details 

The InGaN MQW solar cell structures were grown by conventional metal-organic 

chemical vapor deposition (MOCVD) on (0001) sapphires. The indium compositions in 

the MQWs were determined to be 15% by high resolution X-ray diffraction (HRXRD) and 

were further verified by photoluminescence (PL). The reference device structure consists 

of 2 µm Si-doped n-GaN ([Si]=3×1018 cm−3), 125 nm highly Si-doped n+-GaN 

([Si]=2×1019 cm−3), 30 periods of InGaN (3 nm)/GaN (7 nm) MQWs, 110 nm Mg-doped 

p-GaN, and a 10 nm highly Mg-doped p+-GaN contact layer. In addition, five InGaN MQW 

solar cells (namely 1A, 1B, 1C, 2A, and 2B) with different AlGaN layers were also grown 

and the details of their structures are summarized in Table I. All structures have the same 

InGaN MQW active regions. Samples 1A and 1B have p-Al0.15Ga0.85N layers of 5 nm and 

10 nm, respectively, and no n- Al0.15Ga0.85N layers.  Sample 1C has 5 nm of both p- and n- 

Al0.15Ga0.85N layers. Samples 2A and 2B have the same p-Al0.15Ga0.85N layers as the 

Sample 1A but with different p-GaN layer thickness (50 nm for 2A and 150 nm for 2B). 

Table. 3. Summary of five structure designs of InGaN/GaN MQW solar cells, including 

the reference structure. 
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Figure. 5.1 (a) The schematic device structure of the sample 1C and (b) The comparison of 

band diagrams between the reference sample and 1C. 

After the MOCVD growth, the crystal qualities of the InGaN MQW solar cell 

samples were characterized by HRXRD measurement using PANalytical X’Pert Pro 

materials research X–ray diffractometer system with Cu Kα radiations. The transmission 

and reflectance spectra of unprocessed wafers were characterized with LAMBDA 

950/1050 UV/VIS/NIR Spectrophotometer from Perkin Elmer. The PL and time-resolved 

PL (TRPL) measurements at room temperature (RT) were performed using a homemade 

micro-PL system equipped with an incident 405 nm laser and a HORIBA spectrometer 

with a liquid nitrogen cooled CCD detector. After material and optical characterizations, 

these InGaN epi-structures were then processed into solar cell devices with 1 mm × 1 mm 

mesas using standard contact lithography and inductively coupled plasma (ICP) etching. 

130 nm indium-tin-oxide (ITO) layers were deposited by dc-sputtering on top of the mesa 

as a current spreading layer with post-annealing in N2/O2 at 500 °C. Ti/Al/Ni/Au ring 

contacts and Ti/Pt/Au grid contacts were deposited around the perimeter and on the top of 

the mesa, respectively. Both metal contacts were deposited via electron beam evaporation. 
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The schematic device structure of the fabricated InGaN MQW solar cells of sample 1C is 

shown in Fig. 5.1(a).  Illuminated J–V measurements were taken using an Oriel Class A 

Solar Simulator at 1 sun condition under AM1.5G spectrum. The EQE measurement data 

were collected using an Oriel QEPVSI quantum efficiency measurement system and 

calibrated with a reference Si photodetector. A Linkam HFS600-PB4 stage with the 

capability of heating samples up to 600 °C was used to perform the temperature-dependent 

measurements. More details on characterizations, fabrications and PV measurements can 

be found in the reference [61], [62].  

5.3 Results and discussions 

Figure 5.1(b) shows the comparison of energy band structures in equilibrium 

between the reference structure and 1C. The energy band diagrams of InGaN MQW solar 

cells were simulated using TCAD Silvaco software. The detailed values of the confined 

ground states, band edges (at 100nm) and the band offsets for electrons and holes with and 

without p-AlGaN layer in the first and last quantum well are presented in the 

supplementary material (See Table S1 and S2). The employment of the p-Al0.15Ga0.85N 

layer introduces a 0.297 eV increase in the conduction band offset while maintaining the 

same barrier height in valence band. This enables more efficient extraction of holes to the 

p-GaN by blocking the overflowing electrons and reducing the recombination of electrons 

and holes in the p side. Likewise, the n-Al0.15Ga0.85N layer lowers the conduction band 

offset by 0.634 eV and increases the valence band offset by 0.866 eV, enhancing electron 

transport to the n side. Therefore both p- and n- Al0.15Ga0.85N layers improve carrier 

collection and reduce the surface recombination near the contacts.  
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Figure. 5.2. The typical results of HRXRD ω-2θ scans taken across (002) reflection for 

sample ref., 1A, 1B, 1C, 2A and 2B, respectively. 

The growth and doping issues of AlGaN layers are very complicated and will 

negatively impact the performance of InGaN MQW solar cells if the crystal quality is low. 

Therefore, before the device characterization, we performed HRXRD ω-2θ scans across 

(0002) reflection for all the InGaN solar cell samples to analyze the material quality and 

the results are shown in Fig. 5.2. The vertical dotted line indicates the main peak for GaN. 

The InGaN MQW peaks from the zeroth to the second order are well-distinguished and are 

located at nearly the same position. The indium compositions for all samples deduced from 

HRXRD results are ~ 15%. Overall, these results illustrate that all samples possess highly 

similar MQW structures without any negative effects caused by the addition of AlGaN 

layers. Additionally, the less obvious satellite peaks were found on sample 2A as shown in 

the XRD results. This is related to the less smooth interface between quantum wells and 

barriers, which leads to the slightly lower material quality in sample 2A[127]. Further 

investigations are being carried out to confirm this issue. 
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Figure. 5.3. (a) The light absorption spectra, (b) the room-temperature photoluminescence 

(PL) spectra and (c) room-temperature time-resolved photoluminescence (TRPL) results 

for sample ref., 1A, 1B, 1C, 2A and 2B, respectively. 

Figure 5.3 shows (a) the light absorption spectra, (b) the RT PL spectra and (b) the 

RT TRPL results for all the InGaN MQW solar cell samples. The absorption spectra were 

determined from Absorption (λ) = 100% − Transmission (λ) − Reflection (λ). The bandgap 

energies obtained from the absorption spectra and Tauc’s plot (not shown here) were ~2.75 

eV for all the 6 structures. This indicates an indium composition around 15%, which is in 

good agreement with the HRXRD results. Moreover, the emission peaks in PL 

measurements shown in Fig. 5.3 (b) are in the range of 445–450 nm, which also correspond 

to both the HRXRD and absorption results. The normalized TRPL results at RT are 

presented in Fig. 3(c) and the carrier lifetimes fitted from exponential decay functions are 

also shown. The lifetime in the reference structure is only ~7.8 ns while it’s in the range 

from 11 to 16 ns for the other samples with AlGaN layers. A longer carrier lifetime 

indicates a higher possibility for photogenerated carriers to be collected at contacts[39], 

[46]. Compared to the reference structure, those with AlGaN layers all exhibited 

significantly improved carrier lifetimes (> 40%). This is due to the increased band bending 

in the quantum wells and thus reduced carrier recombination[128]. By comparing structure 
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1A and 1B we can see that the thin p-AlGaN layer (5 nm) is preferred in solar cell design. 

This can be explained by fewer defects and/or dislocations being generated during the 

growth process. Additionally, a moderate thickness of p-GaN layer (100 nm) leads to the 

longest lifetime among structures 1A, 2A and 2B. This can be related to the tradeoff 

between the highly resistive nature of the p-GaN layer and material quality.  

 

Figure. 5.4. (a) The representative EQE spectra and (b) the representative illuminated 

current density–voltage (J–V) measurements for sample ref., 1A, 1B, 1C, 2A and 2B, 

respectively. 

Figure 5.4 presents (a) the representative EQE spectra and (b) the illuminated J–V 

measurements for the samples. The cutoff edges of the EQE for all samples are almost the 

same at 450 nm, which is in good agreement with the absorption and PL results. Samples 

1A to 2B all exhibited better EQE performance than the reference structure. The peak EQE 

for the reference sample is only ~47% while it exceeded 60% for the other structures. The 

highest peak EQE of 65% was found in structure 2A. The large difference observed in EQE 

and IQE (See Fig.S1) between the reference and other structures demonstrates that band 

engineering with AlGaN layers in InGaN MQW solar cells significantly enhanced the 
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carrier collection efficiency, leading to better solar cell performance. Furthermore, for J–

V curves all InGaN solar cell structures with AlGaN layers (1A to 2B) exhibited markedly 

improved Jsc as expected. In contrast, all structures exhibited essentially the same open-

circuit voltage (Voc) values except 2A. More details on the comparison of J–V performance 

are discussed in the following section.  

 

Figure. 5.5. The extracted values of (a) open-circuit voltage (Voc), (b) short-circuit current 

(Jsc), (c) fill factor (FF), and (d) power conversion efficiency (PCE) from J–V curves for 

sample ref., 1A, 1B, 1C, 2A and 2B, respectively. 

Figure 5.5 shows the extracted values of key PV performance parameters of (a) Voc, 

(b) Jsc, (c) fill factor (FF) and (d) PCE from J–V curves in the form of a box chart for the 

reference sample (ref.), and samples 1A, 1B, 1C, 2A and 2B. These values are also included 
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in Table I. The measurements were performed on ~ 10 devices for each structure and ~ 60 

devices in total. The Voc of ref. (2.09 V) is slightly smaller than those of 1A, 1B, 1C and 

2B. This is attributed to increased quasi-Fermi splitting for the solar cell samples with 

AlGaN layers. It’s also worth noting that the voltage-band gap offsets (Woc) of 1A, 1B, 1C 

and 2B are smaller than 0.6 V, which acts as an indicator of superior material quality in 

InGaN MQW solar cells[49], [129]. Sample 2A showed lower Voc possibly due to the 

inferior material quality. Additionally, the Jsc value of the reference sample is only 0.87 

mA/cm2, while the values for samples with AlGaN layers are larger than 1.27 mA/cm2, 

with an enhancement of more than 46%. The FF values of 1A to 2B range from 54% to 

63%, while it’s slightly lower in ref. (52.57%). As a result, the reference structure exhibited 

the lowest PCE of all (0.95%), which is largely limited by its Jsc. In contrast, sample 1A to 

1C exhibited a significantly improved PCE of more than 1.6%, which demonstrates an 

increase of more than 68%. The best solar cell performance was achieved on Sample 1A 

which exhibited a Voc of 2.20 V, a Jsc of 1.39 mA/cm2, a FF of 60.52% and a corresponding 

PCE of 1.85% under 1 sun AM1.5G equivalent illumination. These results show the high 

potential of adopting AlGaN layers as an effective band engineering method to improve 

PV performance of InGaN solar cells.  
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Fig. 5.6. The comparison of device parameters of normalized (a) power conversion 

efficiency, (b) short-circuit current (Jsc), (c) fill factor (FF), and (d) open-circuit voltage 

(Voc) between sample reference and 1C from high temperature J–V measurements. 

To further study the effects of AlGaN layers on the high temperature performance 

of InGaN solar cells, we performed high temperature J–V measurements ranging from 

25°C to 450°C. Figure 5.6 presents the comparison of device parameters of normalized (a) 

conversion efficiency, (b) Jsc, (c) Voc, and (d) FF between sample reference and 1C 

extracted from high temperature J–V measurements. To better compare the key device 

parameters under varying temperatures, we normalized each collection of parameters with 

the corresponding values of the reference at 25°C. Other InGaN solar cell devices with 

AlGaN layers that are not shown here exhibited similar trends as Sample 1C. Figure 5.6(a) 

shows that the efficiencies of 1C are much higher than that of the reference sample across 

the entire temperature range. It’s worth noting that the difference in efficiencies between 
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the two samples reduces as temperature increases. With an increase in temperature, the 

bandgap energies of AlGaN layers decrease and the thermionic emission rate of 

photogenerated carriers rises. Those two effects together result in the less pronounced 

enhancement effect originated from AlGaN layers. A similar trend was observed for Jsc 

values of the two samples as shown in Fig. 5.6(b). Furthermore, an increase of FF up to 

300°C was observed on both samples which is shown in Fig. 5.6 (c). This rollover 

phenomena in FF can be ascribed to the trade-off between carrier escape and recombination 

at high temperatures, which has also been identified in previous reports on InGaN/GaN 

MQW solar cells[37], [44]. Finally, both devices showed the similar values and trends for 

Voc as shown in Fig. 5.6(d).  This similarity originated from the temperature-dependent 

behaviors of the intrinsic carrier concentration and essentially the bandgaps of III-

nitrides[130]. Consequently, the reference InGaN solar cell samples shared many 

similarities in PV performance with previous reports[37], [44], [49]. Nevertheless, InGaN 

solar cells with AlGaN layers completely outperformed the reference solar cell samples in 

almost every aspect of PV performance across the entire temperature range in 

measurements.  

5.4 Summary 

In summary, we have performed the comprehensive study on energy band 

engineering of InGaN MQW solar cells using AlGaN electron- and hole-blocking layers 

and demonstrated that such approach can effectively improve the PV performance of 

InGaN MQW solar cells. Energy band simulation and TRPL results showed that the carrier 

collection and carrier lifetime were improved significantly with the incorporation of 

AlGaN layers in the InGaN solar cells. The illuminated J–V measurements further 
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confirmed that Jsc benefited most from this design and increased more than 46%. The PCE 

of the solar cell device with AlGaN layers almost doubled over the reference structure. 

Under elevated temperatures, those with AlGaN layers also achieved better performance 

than the reference sample.  These results demonstrate the feasibility and practicality of the 

adoption of AlGaN layers in the InGaN MQW solar cell structures for further improving 

the carrier collection process. This engineering of energy band therefore has the full 

potential to enable high efficiency InGaN solar cells for both room temperature and high 

temperature applications. 
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CHAPTER 6 

RELIABILITY ANALYSIS OF INGAN/GAN MULTI-QUANTUM-WELL SOLAR 

CELLS UNDER THERMAL STRESS 

6.1 Motivations and research background 

III–nitride (III–N) material system has attracted extensive research interests in both 

electronics and optoelectronics, including high-electron-mobility transistors [131], power 

diodes [103], [104], [132], solid-state lighting [91], [110], [133], photovoltaic (PV) [3], [4], 

[60], [61], photodetectors [95], [134], [135] and visible light communication[112]. Due to 

their unique properties, such as tunable wide bandgaps [118], high absorption coefficient, 

high thermal stability, and outstanding radiation resistance [2], InGaN materials have also 

been proposed as ideal candidates for PV applications especially for high temperature 

operation or under harsh environment. For example, InGaN solar cells have been proposed 

for applications in thermal (PVT) hybrid solar collector systems [136], terrestrial 

concentrated PV systems, [17] and those for space explorations [4]. For next generation 

concentrated PVT hybrid systems, a higher operation temperature (> 400°C) due to higher 

concentrations are required when comparing to conventional concentrated PV systems. For 

space missions near the Sun, the operating temperature of the PV systems can range from 

450°C for the Mercury mission [137], to 1400°C for the Solar Probe mission [138]. 

Therefore, efficient and reliable operation of solar cells under high temperatures is critical 

for these applications, where III-N materials and devices hold great promise [138], [139]. 

By virtue of their large bandgaps and high atomic displacement energies [140],  III–

N materials and devices are promising for high temperature applications. To date, high 

temperature operation of III–N devices has been theoretically predicted and experimentally 
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demonstrated up to 600°C in air and 1000°C in vacuum [141]–[145]. For III-N InGaN solar 

cells, high efficiency operation at 300°C temperature have been demonstrated [37], [40], 

[57], [146], which is superior to traditional Si or III-V solar cells. Despite the promising 

results, very few studies on the thermal reliability of InGaN solar cells exist, and their 

degradation mechanisms under high temperature are still unclear. In addition to crystal 

qualities, other device parameters such as metal contacts, passivation layers, and surface 

properties of the solar cell will also play significant roles in determining the thermal 

reliability of devices under high temperature. For example, recent study has shown that the 

semiconductor/metal interface of  p–GaN/Ni/Au contacts is particularly vulnerable with Ni 

diffusion in GaN layers at high temperature and eventually crack after 700°C thermal 

treatment[143]. This will lead to degraded contact performance in InGaN solar cells under 

high temperatures. In contrast, n–GaN/metal contacts, typically formed in Ti/Al bilayers, 

were found to be thermally stable, possibly due to intermetallic compounds and high 

annealing temperatures [142], [147], [148].  

In this study, we perform comprehensive study on the thermal stability of InGaN 

multi-quantum-well (MQW) solar cells under thermal stress at 400°C, 450°C and 500°C. 

Both ex situ electrical measurements and materials characterizations were performed to 

analyze the possible degradation mechanisms of InGaN solar cells under high temperature 

conditions. After thermal stress testing, the external quantum efficiency (EQE) spectra of 

the devices showed small degree of degradation, while the short-circuit current (Jsc) 

remained nearly constant for all samples. The reduction of energy conversion efficiency 

was mainly attributed to the drop of open-circuit voltage (Voc), possibly due to the degraded 

contact performance under thermal stress. Furthermore, by fitting the Arrhenius equation, 
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the failure lifetime of the InGaN solar cells under different temperatures were also obtained. 

These results suggest that while InGaN solar cells have high thermal stability, the 

degradation in metal contact could be the major limiting factor for these devices under high 

temperature operation.  

6.2 Experimental details 

The InGaN MQW solar cell epi-structures were grown by conventional metal-

organic chemical vapor deposition (MOCVD) on (0001) sapphire. The indium 

incorporation was determined to be 16% using photoluminescence measurements and was 

further verified using HRXRD measurements. The device structure consists of 2 µm Si-

doped n–GaN ([Si]=3×1018 cm−3), 125 nm highly Si–doped n+–GaN ([Si]=2×1019 cm−3), 

15 periods of InGaN (3 nm)/GaN (6.6 nm) MQWs, 110 nm Mg–doped p–GaN and 10 nm 

highly Mg-doped p+–GaN contact layer. The InGaN epi-structures were processed into 

solar cell devices with 1 mm × 1 mm mesas using standard contact lithography and 

inductively coupled plasma (ICP) etching. Ti/Al/Ni/Au ring contacts and Pd/Ni/Au grid 

contacts were deposited around the perimeter and on the top of the mesas, respectively. 

Both contacts were deposited via electron beam evaporation and then annealed at 500°C in 

N2 atmosphere for 5 minutes using a rapid-thermal annealing process. None of the solar 

cell devices were coated with ITO or current spreading layers. The schematic structure of 

the InGaN MQW solar cells is shown in Fig. 6.1.   
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Figure. 6.1. The schematic structure of InGaN MQW solar cell samples investigated in the 

thermal stress testing.   

The crystal qualities of the InGaN MQW solar cell samples before and after the 

thermal stress treatment were characterized by High Resolution X-Ray Diffraction 

(HRXRD) measurement using PANalytical X’Pert Pro materials research X–ray 

diffractometer (MRD) system with Cu Kα radiations. A hybrid monochromator and a triple 

axis module were used for the incident and diffracted beam optics, respectively. 

Illuminated J–V measurements were taken using an Oriel Class A Solar Simulator at 1 sun 

condition under AM1.5D spectrum. EQE measurement data were collected using an Oriel 

QEPVSI quantum efficiency measurement system and calibrated with a reference Si 

photodetector. More details on J–V and EQE measurements can be found on reference [61], 

[125]. For thermal stress testing, the InGaN solar cell devices were subject to 400°C, 450°C 

and 500°C in N2 atmosphere using the Minibrute furnace. The time duration for each 

thermal stress period was set to be 2 hours. The devices were taken out from the furnace, 

and cool down to room temperature for ex situ electrical and materials characterizations. 

After all measurements, the devices were placed back in the furnace for another 2-hour 

period of thermal stress. The total time for the thermal treatment is 8 hours.   
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6.3 Results and discussions 

Before device characterizations, HRXRD measurement was performed to analyze 

the material quality of the samples. (002) symmetric and (102) asymmetric plane rocking 

curves (RCs) were measured before and after each period of thermal stress. The extracted 

full-width-half-maximum (FWHM) values from (002) and (102) plane RCs are shown in 

Figs. 6.2 (a) and 6.2(b). The screw and edge dislocation densities were also calculated 

based on the following equation [149]:  

                                                                                                                    (6.1) 

where ρ is the dislocation density; β is the FWHM value and is the Burgers vector. For 

samples under 400 °C and 450 °C stress, considering the variation from instrumental and 

measurement factors, FWHM values of (002) and (102) RCs are nearly constant with 

variations within 5%. The largest and smallest FWHM value of (002) RCs are 247 arcsec 

and 235 arcsec under 400 °C, and 240 arcsec and 231 arcsec under 450 °C, respectively. 

For (102) RCs, those values range from 272 arcsec to 265 arcsec under 400 °C and from 

267 arcsec to 251 arcsec under 450 °C, respectively. These results indicate that material 

quality remains nearly unchanged throughout the thermal stress testing. Furthermore, for 

samples under 500 °C stress testing, is was observed that the WFHM decrease considerably 

[-13% for (002) and -9% for (102) RCs]. These reduced FWHM values suggest that the 

dislocation density in the samples reduced as thermal stress testing proceeded. This 

improvement of material quality can be attributed to the quenching effect on the epitaxial 

layers. This effect has also been observed in another studies, where InGaN solar cell 

samples had been annealed at 450°C or higher temperatures and QW re-homogenization 

2

2

35.4 b



 =

b




  63 

was observed in transmission-electron-microscopy study [150], [151]. These results show 

that moderate thermal stress (e.g., 400 – 500°C will have minimum negative impact to the 

material quality of InGaN solar cells. This is also consistent with the fact that III-N 

materials are typically epitaxially grown under extremely high temperature (e.g., ~ 

1000°C), and therefore should be robust under high temperature stress.  

 

Figure. 6.2. The extracted full-width-half-maximum (FWHM) values from (a) (002) and 

(b) (102) planes RCs for InGaN solar cell samples. The calculated screw and edge 

dislocation densities are shown in (c) and (d), respectively.  

Figure 6.3 shows the time evolution of the representative EQE spectra of InGaN 

samples under (a) 400 °C, (b) 450 °C and (c) 500 °C thermal stress testing, respectively. 

Overall, all the samples exhibit robust thermal reliability in terms of EQE performance. 
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With increasing stress time, EQEs in the short and long wavelength regime are almost 

constant at all temperatures, while small variations around the peak EQE regions were 

observed possibly due to the variation of measurements from the setup. The robust EQE 

performance stems from the robust material nature of III-N materials.  This also 

corresponds to the nearly steady values of Jsc, which will be discussed in detail later.  

 

Figure. 6.3. The time evolution of the representative EQE spectra of the InGaN solar cell 

samples under (a) 400 °C, (b) 450 °C and (c) 500 °C thermal stress testing, respectively.  

Figure 6.4 presents the illuminated current density–voltage (J–V) measurements of 

devices as a function of stress time for InGaN solar cells under (a) 400 °C, (b) 450 °C and 

(c) 500 °C thermal stress, respectively. Figure 5 shows the extracted values of (a) Voc, (b) 

Jsc, (c) fill factor (FF) and (d) energy conversion efficiency from the J–V curves in Figs. 

6.4(a)–4(c). Both Jsc and FF showed minimal variation with increasing stress time at all 

temperatures. The trends of Jsc values are also in good agreement with the EQE spectra, 

which shows strong resistance to thermal stress. At 400°C stress, minimum degradation is 

observed in Voc and the efficiency remains almost constant around 1.4%. While at 450 °C 

stress, Voc reduces gradually as stress time increases, from 2.05 V (0 hr.) to 1.99 V (4 hrs.) 

and then 1.38V (8 hrs.). The conversion efficiency of the solar cell is the product of Voc, 

Jsc and FF. Since Jsc and FF are almost constant in this study, the conversion efficiency is 
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predominately determined by the Voc of the InGaN solar cells. Therefore, the efficiency 

reduces from 1.52% (0 hr.) to 1.42% (4 hrs.) and then to 1.10 % (8 hrs.). At 500 °C, Voc 

degrades more severely, which ranges from 2.03 V (0 hr.) to 1.22 V (4 hrs.) and then 1.15V 

(8 hrs.).  Accordingly, the efficiency of the solar cells drops from 1.42% (0 hr.) to 0.84% 

(4 hrs.) and then to 0.76 % (8 hrs.). In addition, the leakage current at negative bias for the 

InGaN solar cells increases dramatically, as shown in Fig. 5(c), which indicates a strong 

degradation in junction behavior. From above results, the reduction in Voc appears to be 

the major degradation mechanism in InGaN solar cells under the thermal stress. Since the 

thermal stress had minimum impacts on the material quality of the InGaN solar cell 

samples (as indicated from previous HRXRD studies), we performed comprehensive 

electrical characterizations on the metal contacts of the InGaN solar cells under thermal 

stress. Electrical property of N-type metal contacts was also measured and minimum 

degradation was observed (data not shown here).  

Figure. 6.4. The illuminated current density–voltage (J–V) curves as functions of stress 

time for 3 InGaN solar cell devices under (a) 400 °C, (b) 450 °C and (c) 500 °C thermal 

stress testing, respectively.  

The electrical behavior of p-GaN/metal contact was investigated by transmission 

line method (TLM) at room temperature (RT) after samples were taken out of the furnace. 
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Figure 6.6 presents the time evolution of I–V characteristics of the p-GaN/Pd/Ni/Au 

contacts (20 µm TLM) of the InGaN solar cell devices under (a) 400°C, (b) 450°C and (c) 

500°C thermal stress testing. For samples at 400°C stress testing, the contact was affected 

to a certain extent but still maintained a “semi-ohmic” behavior. At 0.5V bias, the current 

drops from 2.76 × 10-5 A (0 hr.) to 2.10 × 10-5 A (4 hrs.) and then to 1.86 × 10-5 A (8 hrs.). 

However, for those solar cells at 450°C and 500°C stress testing, the contact behavior 

changes dramatically, from ideal ohmic to the rectifying Schottky behavior. Moreover, the 

sample under 500°C stress experienced much more severe degradation than the one under 

450°C stress. Theoretically, the Voc of a solar cell can be determined from a diode equation 

as [152]:  

                                                                                                                  (6.2) 

                                                                      (6.3) 

where n is the ideality factor; T is the temperature; k is Boltzmann’s constant; q is the 

electron charge;  J0 is the dark saturation current density; Seff  is the effective surface 

recombination velocity,  and Δp and Δn are excess minority carrier concentrations near the 

contact interface. As contact properties are compromised, a large amount of defect states 

near the contact/p-GaN interface after thermal stress were generated. These defects or trap 

states result in the increasing of the surface recombination current, which leads to the rising 

J0,contact and thus the reduced Voc. The schematic band diagram of metal/p-GaN contact of 

InGaN MQW solar cell samples after the thermal stress testing is shown in Fig.S1 in 

supplementary information.  Furthermore, Fig. S2 shows the scanning electron microscopy 

(SEM) images of p-type metal contacts before and after thermal stress. It can be observed 
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that the surface morphologies of the metal contacts became rougher after the thermal stress. 

Bubbles and cracks on metal contacts were observed for sample after 500°C thermal stress. 

This contact morphology degradation after thermal stress is also consistent with previous 

studies[147], [153]. The compromised contact behavior is therefore likely to contribute to 

the reduction of Voc and efficiency of the solar cell devices.  

Figure. 6.5. The extracted values of (a) open-circuit voltage (Voc), (b) short-circuit current 

(Jsc), (c) fill factor (FF), and (d) energy conversion efficiency for the InGaN solar cells 

from J–V curves in Figs. 6.4(a)–4(c). 

Dark J–V measurements were further performed to analyze the electrical properties 

of InGaN solar cell samples after thermal stress testing. Based on the equation [152]  
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                                                               ,                                         (6.4) 

the series resistances (Rs) and ideality factor n of the devices were extracted from the 

intercepts of the linear fitting results for plots of dV/dJ vs 1/(J+JSC), which are presented 

in Fig. 6.7. The inset tables show the extracted values of Rs and n. The large ideality factor 

n over 2 can be caused by several mechanisms such as tunneling effects, leakage currents, 

and defect-related generation and recombination at the contacts and/or in the bulk of 

devices [154], [155]. All devices exhibited increased n after thermal stress. One possible 

reason may be more leakage paths generated during the process of thermal stress. Another 

reason can be related to the degraded contact behaviors after thermal stress as shown in 

Fig.5. Furthermore, the InGaN solar cell under 500°C stress showed the largest increase of 

n values. This is consistent with the large leakage current observed in Fig. 6.4(c).   

Figure. 6.6. The time evolution of I–V characteristics of the p-GaN/Pd/Ni/Au contacts (20 

µm TLM) for 3 InGaN solar cell samples under (a) 400 °C, (b) 450 °C and (c) 500 °C 

thermal stress testing. 

Another possible mechanism that is responsible for the degradation of Voc in 

InGaN solar cell is the formation of Schottky diodes between p metals and p-GaN after 
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thermal stress, as evidenced by Fig.6.6. The Schottky barrier height will reduce the forward 

voltage across the solar cell when the device is illuminated, thus decreasing the Voc. 

Figure. 6.7. Plots of dV/dJ vs 1/(J+JSC) and the linear fit curves for the InGaN solar cell 

devices. The inset tables show the extracted series resistance (Rs) and ideality factor n.  

The Arrhenius model was employed to predict the failure lifetime (tf) of InGaN 

solar cell samples, which is a standard approach for microelectronic reliability study [156], 

[157]. It is often presented as the following equation:  , where A is a scaling 

factor and Ea is the activation energy (eV) for the specific failure mechanism at temperature 

T. It can be further derived as: . The assumption here is that the 

degradation mechanisms are the same in the range of 400 °C and 500 °C. By linearly fitting 

the plots of efficiency vs. stress time, and defining tf as the value when efficiency drops to 

1/3 of its initial value, we can obtain tf for the solar cells samples, which are 133.8, 19.1 

and 11.2 hours, respectively. And the activation energy, Ea = 1.124 eV, and the scaling 

factor, A= 4.244× 10-7 h, can be extracted via fitting the Arrhenius plot in Fig. 8(b). 

Therefore, the estimated lifetime for InGaN solar cells is 3244 hours at 300°C, 523 hours 

at 350°C, and 55 hours at 425°C. Note that passivation layers were not coated in ours 
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devices. The estimated lifetime will thus be expected to be greatly improved if they are 

included. 

 

Figure. 6.8. (a) Energy conversion efficiency as a function of stress time for the InGaN 

solar cell devices under 400 °C, 450 °C and 500 °C thermal stress testing and their 

corresponding linear fittings. (b) Arrhenius plot of ln(tf) vs 1/kT for the InGaN solar cells. 

The inset shows the estimated failure lifetime under different temperatures.  

6.4 Summary 

In conclusion, we studied the thermal stability of InGaN solar cells by employing 

thermal stress testing in N2 under 3 different temperatures: 400°C, 450°C and 500°C. The 

stable EQE characteristics reveal the thermally robust nature of InGaN solar cells. Analysis 

of J–V curves shows that the reduction of Voc is mainly responsible for the degradation of 

efficiency after thermal stress, where Jsc and FF are almost constant. Furthermore, results 

from TLM and HRXRD measurement suggest that the deteriorated contacts under thermal 

stress may be the major degradation mechanisms for InGaN solar cells, while the crystal 

quality of InGaN had minimum negative impacts from the thermal stress. Additionally, we 

also estimated the failure lifetime of InGaN solar cells under different temperatures by 
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fitting the Arrhenius model. Our results show that InGaN solar cells are capable of 

maintaining PV performance under high temperature, and special attention has to be paid 

towards the design and fabrication of metal contact of InGaN solar cells for high 

temperature operations.   
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CHAPTER 7 

HIGH-TEMPERATURE POLARIZATION-FREE III-NITRIDE SOLAR CELLS WITH 

SELF-COOLING EFFECTS 

7.1 Motivations and research background 

High performance solar cells operating at high temperatures (e.g., > 300°C) are 

highly desired for high temperature photovoltaic (PV) applications, such as space missions 

near the Sun[137], [158]–[160], terrestrial photovoltaic thermal (PVT) hybrid solar 

collector systems[136] and concentrating solar power (CSP)/PV hybrid systems[161]. For 

example, the perihelion distance of Mercury is 0.307 astronomical units (AU) from the 

Sun. This resulted in an extremely high temperature of ~400°C at the Mercury planet 

surface[137], presenting a significant challenge for the efficient generation of solar power 

for spacecraft in NASA missions. Similarly, high operation temperature (> 300°C) is also 

a critical requirement for the next-generation terrestrial PVT hybrid system due to the 

concentrated solar power[162]. For CSP/PV hybrid systems, InGaN PV cells have been 

proposed to integrate with the current CSP systems as the photovoltaic topping cells[162]. 

This simultaneously allows for the generation of electricity through sunlight and the 

storage of dispatchable heat that can theoretically improve the efficiency by 46% compared 

to the CSP system alone. The current high temperature electronic technologies typically 

utilize active cooling process, which is however undesirable in these applications as it 

consumes a large amount of power and reduce the total efficiency of the system. Therefore, 

there is an urgent need for developing solar cells based on new PV materials that enables 

efficient operation at high temperatures.  
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Solar cells based on conventional III-V semiconductors, e.g., GaAs[163], [164], 

GaP/AlGaP[158], [165], AlGaInP[166] and even SiC[160], have been researched for high 

temperature applications with limited success. The intrinsic PV conversion efficiency of 

these devices typically showed a sharp decrease with increasing temperatures, i.e., these 

cells exhibit a negative temperature coefficient[164], [167]. For example, GaAs solar cells 

were reported with an absolute efficiency drop of 0.4% per 10-degree temperature increase 

at one-sun and failed shortly after exposure to high temperature[137], [163]. The escalating 

short-circuit current (Jsc) and dropping open-circuit voltage (Voc) at high temperatures of 

these cells are also detrimental to the PV module operation. Furthermore, other extrinsic 

effects such as degradation in metal contacts further exacerbate the device performance at 

high temperature[62], [141], [168].  

Wide bandgap III-nitride InGaN materials have emerged as a promising candidate 

for high temperature solar cells. InxGa1-xN alloys have a tunable direct bandgap from 

ultraviolet (GaN ~ 3.4 eV) to near infrared (InN ~ 0.7 eV) spectral regions derived by 

changing the In compositions that provide a perfect match to the solar spectrum[2], [60], 

[118], [169]. Due to the relatively wider bandgap compare to Si or III-V, InGaN solar cells 

are also expected to have higher operation temperatures and superior radiation tolerance[2], 

[62]. These properties therefore make them particularly suitable for aforementioned space 

missions and terrestrial PVT hybrid systems. Despite these advantageous properties, 

InGaN solar cells are still a nascent field in PV due to well-known challenges in III-nitrides 

such as high defect density due to lack of native substrates[4]. The first demonstration of 

III-nitride solar cell emerged around 2007 with InGaN/GaN p-i-n double heterostructure 

(DH) grown on c-plane sapphire substrates[3]. Later, it was realized that the performance 
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of InGaN solar cells can be further improved by utilizing strained InGaN quantum wells 

(QWs) or superlattice active layer structures, similar to the commercial III-nitride light-

emitting diodes (LEDs) [15], [18], [170]. It was argued that these thin QW layers could 

mitigate defect formations that occur in thick InGaN layers and thus lead to improved 

device performance. With such an approach, single-junction InGaN QW solar cells with 

relatively high external quantum efficiency of ~ 50%, and decent Jsc and Voc were 

demonstrated[17]–[19]. Several groups also reported that the PV performance of InGaN 

QW solar cells can be reasonably sustained at high temperatures (e.g., 300°C)[37], [40], 

[49], [63]. Despite these encouraging progresses, these conventional InGaN solar cells 

unavoidably suffer from the polarization-related effects from the adoption of c-plane 

sapphire substrates, which have profound impacts on the efficiency of InGaN solar cells at 

both the room temperature (RT) and high temperatures. At RT, the large polarization-

induced electric field inside the InGaN/GaN QWs will lead to a large quantum barrier that 

hinders the carrier collection in solar cells[21], [171]. At high temperatures, the 

polarization-related effects are convoluted with thermal escaping, making it even more 

challenging to probe, analyze and engineer the carrier dynamics of InGaN solar cells. 

Recently, our group has demonstrated novel polarization-free InGaN QW solar cells with 

significantly improved carrier collection efficiency using nonpolar m-plane bulk GaN 

substrates[61]. The new devices offer exciting opportunities for III-nitride solar cells to 

break the current performance limit particularly at high temperatures.  

In this study, we demonstrate the outstanding high temperature performance of III-

nitride solar cells using polarization-free (i.e., nonpolar) InGaN/GaN multiple-quantum-

wells (MQW). The InGaN solar cells showed a large working temperature range from room 
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temperature (RT) to 450°C, with positive temperature coefficients up to 350°C. The peak 

value of external quantum efficiencies (EQEs) of the devices showed a 2.5-fold 

enhancement from RT (~32%) to 450°C (~81%), which is distinct from all other solar cells 

ever reported. Time-resolved photoluminescence (TRPL) results reveal that an increase of 

over 70% in carrier lifetime in nonpolar InGaN MQW is partly responsible for the 

enhanced EQE. In addition, a thermal radiation analysis was performed on Si, GaAs, and 

III-nitride materials, which revealed a unique self-cooling nature of III-nitrides. These 

results offer new insights and strategies for the design and fabrication of high efficiency 

high temperature PV solar cells using III-nitrides, which will open up not just exciting 

possibilities but also breakthrough potential for transformative outcomes in solar cell 

efficiency and deployment. 

7.2 Experimental details 

Growth and structure parameters of nonpolar InGaN and GaAs solar cells.  

InGaN MQW solar cells on nonpolar m-plane substrates were grown by 

conventional metal-organic chemical vapor deposition (MOCVD). The growth condition 

was designed to achieve the Indium incorporation around 15% in samples. The designed 

device consists of 1 µm Si-doped n-GaN ([Si]=5×1018 cm−3), 10 nm highly Si-doped n+-

GaN ([Si]=1×1019 cm−3), 20 periods of InGaN (6 nm)/GaN (10 nm) MQWs, 30 nm Mg-

doped smooth p+-GaN ([Mg]=1×1019 cm−3), 120 nm Mg-doped p-GaN ([Mg]=3×1019 

cm−3), and 10 nm highly Mg-doped p+-GaN contact layer ([Mg]=1×1020 cm−3). None of 

these devices is coated with traditional ITO or current spreading layers.  

The GaAs cell was grown on p-type Zn-doped 5° off-cut (001) GaAs substrates 

using a Veeco K475 As/P MOCVD system. The structural details can be found on ref [122] .  
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Solar cell fabrication and characterization.  

Then InGaN solar cell samples were processed into 1 mm x1 mm mesas by standard 

contact lithography and inductively coupled plasma (ICP) etching. Ti/Al/Ni/Au and Ni/Au 

grid contacts deposited via electron beam evaporation were employed as n and p metal 

contacts, respectively. More structural and fabrication details on InGaN solar cells  can be 

found in ref [61], [62]. 

HRXRD measurement.  

The nonpolar InGaN solar cell sample was characterized by high-resolution X-ray 

diffraction measurement using PANalytical X’Pert Pro materials research X-ray 

diffractometer (MRD) system with Cu Kα radiations. Hybrid monochromator and triple 

axis module are used for the incident and diffracted beam optics, respectively. 

FIB and STEM imaging.  

The nonpolar InGaN solar cell specimens for STEM imaging were prepared with 

an FEI Nova 200 Dual-Beam FIB system with a Ga ion source. A JEOL-ARM200F 

scanning transmission electron microscopy (STEM) operated at 200 KV and equipped with 

double aberration-correctors for both probe-forming and imaging lenses was used to 

perform high-angle annular-dark field (HAADF) imaging. The compositional distribution 

of In element in MQW layers was accomplished by acquiring the energy-dispersive X- ray 

(EDX) spectroscopic spectra of In element. 

Illuminated current density–voltage (JV) and EQE measurement.  

Solar cell parameters such as the open-circuit voltage, fill factor and power 

conversion efficiency were extracted from LIV measurements taken using an Oriel Class 

A Solar Simulator. The Newport Class A solar simulator generates a 4-inch-diameter 
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collimated beam using a xenon arc lamp and a series of filters designed to provide 0.1Wcm 

2 at the surface of the testing stage. All JV curves of InGaN and GaAs cells were taken at 

1 sun condition AM1.5G spectrum. 

EQE measurement data were collected using under short-circuit conditions using 

an Oriel QEPVSI quantum efficiency measurement system and calibrated with a reference 

Si photodetector. This system is composed of a 150W Xenon arc lamp coupled with a 

Cornerstone 260 1/4m monochromator. 

The nonpolar InGaN solar cell sample is around 0.55 cm × 0.55 cm, which is 

slightly larger than the mesa area of one GaAs cell (0.5 cm × 0.5 cm). In the future cell 

design we will aim for the same size of top and bottom cells.  

A Linkam HFS600-PB4 stage capable of heating the samples up to 600 °C was 

used to perform the temperature-dependent measurements. For both the external quantum 

efficiency (EQE) and current- voltage (I-V) measurements, the temperature of the stage 

was increased from room temperature to 450 °C in steps of 25 – 50 °C with a ramp rate of 

10-20 °C/min. Once the desired temperature was reached, the sample was kept at the 

specified temperature for another 3 min. The experimental setup did not allow for the 

simultaneous acquisition of the temperature- dependent EQE and I-V. Therefore, these 

measurements were performed on the same InGaN cell while separately on different cells 

on the same GaAs wafer. For the EQE and I-V measurements for filtered GaAs cell, InGaN 

solar cell sample was carefully placed on top of GaAs cell when the desired temperature 

was reached and it was at the open-circuit state.  
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Photoluminescence and time-resolved photoluminescence measurements 

PL and TRPL measurements were done using a home-built system, where a 

picosecond 405nm pulsed laser diode (PDL 800-B) was used as excitation source. PL 

spectrum was collected by a Si array detector coupled with Horiba monochromator 

(TRIAX 320). TRPL was measured by a time-correlated single-photon counting system 

(TCSPC). A Si photomultiplier tube (PMT) detector is attached at the other output port of 

monochromator and its signal is then recorded by TCSPC board (SPC130 module). 

Transmission and reflection spectra measurement 

The transmission and reflectance spectra of fabricated nonpolar InGaN solar cell 

sample were characterized with LAMBDA 950/1050 UV/VIS/NIR Spectrophotometer 

from Perkin Elmer.  

Emissivity measurement 

The thermal radiation power density is obtained from experimentally characterized 

thermal emissivity of the solar cells by using a Fourier transform infrared spectrometer 

(Thermo Scientific Nicolet 6700). The absorptivity/emissivity spectra were obtained by 

subtracting the reflectance and transmittance from unity. The GaN, GaAs and Si substrates 

are all around 300 µm while the thickness of GaN grown on the sapphire is around 3 µm. 

Simulation of band diagrams 

The energy band diagrams of CdTe/MgCdTe, AlGaInP and InGaN/GaN double 

heterostructures were simulated using Silvaco ATLAS software. They all contain 6-nm 

absorbing layer and 10-nm barrier. The band structure parameters, the conduction and 

valence band offsets of CdTe/MgCdTe, AlGaInP and InGaN/GaN DHs were obtained from 

DiNezza et al[172], Meney et al[173] and Huang et al[61], respectively. Silvaco ATLAS 



  79 

is a commercial device simulation tool based on the drift-diffusion model. MQW 

simulation is based on a parabolic quantum well model implemented within Silvaco 

ATLAS. The bound state energies are calculated solving the Schrödinger equation along 

discrete slices in the quantization direction. 

7.3 Results and discussions 

High-Temperature Characterizations of the Nonpolar InGaN/GaN MQW Solar Cells.  

Figure 7.1(a) presents the schematic crystal planes of the polar c-plane (top) and 

the nonpolar m-plane GaN (bottom). Figure 1(b) shows the schematic zoom-in energy band 

diagrams of the active InGaN/GaN MQW regions of the two crystal planes. It can be seen 

that due to the large polarization-related effects, the energy band diagram of the MQWs on 

the conventional polar c-plane GaN is tilted. In contrast, the energy band diagram of the 

MQWs on the polarization-free nonpolar m-plane is flat. The distinct energy band profiles 

between two cases will have significant impacts on the carrier transport, leading to very 

different solar cell device performance under high temperatures. This will be discussed in 

detail in the following section. The complete energy band diagrams are shown in Figure 

S1. Figure 1(c) shows the schematic device structure for the fabricated nonpolar InGaN 

solar cell, while Fig. 1(d-f) show the cross-section high-angle annular dark-field (HAADF) 

scanning transmission electron microscopy (STEM) images of the nonpolar m-plane 

InGaN/GaN MQW solar cell structure with 20 periods of nominal 6-nm InGaN and 10-nm 

GaN MQW. The average thickness of one period of InGaN QW and GaN barrier is around 

17.5 nm. The hexagonal wurtzite structure of GaN can be clearly identified from Figure 1 

(e) and (f). Very high quality InGaN/GaN MQW structures were obtained as evidenced in 

the STEM images and high resolution X-ray diffraction (HRXRD) results in Fig.7.S2. The 
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EDX element mapping of In (displayed in blue false color) and the corresponding EDX 

spectrum profile along the growth direction are shown in the supplementary Fig.7.S3. The 

details of the epitaxial growth and fabrication processes for the solar cells can be found in 

Method section. 

  

Figure 7.1: a. The crystal planes of the polar c-plane (top) and the nonpolar m-plane GaN 

(bottom). b. The schematic zoom-in energy band diagrams of the active InGaN/GaN MQW 

regions of the two crystal planes.  c. The schematic device structure for the fabricated 
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nonpolar InGaN solar cell. d-f. The cross-section HAADF-STEM images of the nonpolar 

m-plane InGaN/GaN MQW solar cell structure with 20 periods of InGaN(6 nm)/GaN(10 

nm) MQW. d. The HAADF-STEM image of the entire solar cell structure. e. The HAADF-

STEM image of one InGaN/GaN QW on the atomic scale. The white dash lines are 

estimated interfaces between InGaN QW and GaN barrier layers and also serve as a guide 

to eyes. f. The zoom-in HAADF-STEM image of the GaN epilayer from Figure 1e. The 

hexagonal wurtzite structure of GaN can be clearly identified. Upward is the growth 

direction. 

The EQE performance of the fabricated nonpolar InGaN/GaN solar cell was 

characterized under various temperatures from 25°C to 450°C, and the results are shown 

in Fig. 2(a). As the temperature increases, the peak EQEs of the nonpolar InGaN solar cell 

continuously increase from ~32% at 25°C to ~81% at 450°C. This is distinct from previous 

reports[57], [71], as most solar cells show a large degradation in EQEs with increasing 

temperatures. Previous reports on polar InGaN solar cells have also shown that EQE 

performance degraded as temperature rose[40], [49]. Furthermore, the cutoff wavelengths 

in the EQE spectral of the nonpolar InGaN solar cells increases dramatically as the 

temperature increases (i.e., from ~435 nm at 25°C to ~480 nm at 450°C), due to the 

bandgap narrowing at high temperatures. In comparison, the onset wavelengths in the EQE 

spectral shows minimal changes with increasing temperatures. As a result, a broaden EQE 

spectral with enhanced peak EQE values were obtained from the nonpolar InGaN solar 

cells at high temperatures. This huge enhancement in EQE can also be attributed to 3 main 

physical mechanisms: (1) the thermally narrowing bandgap of InGaN along with the 

enlarged absorbing solar spectrum, leading to significant absorption boost of incident 
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photons; (2) the increased effective carrier lifetime at elevated temperatures. This indicates 

that longer lifetime enables more carriers to be collected at contacts, which can further 

facilitate more complete absorption of incident light in the active layers. As shown in 

Fig.3(c) and Fig.S4(c), higher effective lifetime in polar c-plane device contributed to 

higher power conversion efficiency and EQE at temperature below 150°C in Fig.S5. More 

details on carrier lifetime will be discussed in the following section. (3) The increased 

diffusion length at elevated temperature which contributed to the enhanced carrier 

collection and thus EQE. From the Einstein relation: = 𝜇𝑀𝑄𝑊𝑘𝑏𝑇/𝑞 , diffusion length can 

be calculated using 𝐿2 = 𝐷 ∙ 𝜏 = 𝜇𝑀𝑄𝑊𝑘𝑏𝑇/𝑞 ∙ 𝜏 , where 𝜇𝑀𝑄𝑊 , 𝑘𝑏 ,  𝑇 ,  𝑞 , 𝜏  stand for 

carrier mobility in MQW, Boltzmann’s constant, temperature, electrical charge and carrier 

lifetime, respectively. It’s worth noting that 𝜇𝑀𝑄𝑊 here is not in bulk material and thus it’s 

not dominated by phonon scattering [174]. Previous work on carrier transport across MQW 

demonstrates that effective mobility of both electrons and holes tend to increase through 

thermal-related carrier processes[175]. We can then safely conclude that diffusion length 

(𝐿 ) of carriers improves at elevated temperatures by considering the increasing carrier 

lifetime (𝜏). 

Figure 7.2(b) shows the temperature-dependent illuminated current density–voltage 

(JV) measurements of the nonpolar InGaN solar cell, while the extracted Voc, Jsc, fill factor 

(FF) and power conversion efficiency (eff.) as a function of temperatures are plotted in Fig. 

2(c). The Voc of the nonpolar InGaN solar cell decreases monotonously at a rate of ~2.85 

mV/°C in the range of 25°C – 450 °C. This is due to the increased carrier recombination 

(and thus the increased dark saturation current J0) as temperature increases, which is 

consistent in other solar cell reports[40], [49], [176]. However, it is noteworthy that the Jsc 
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increases monotonously from 0.52 mA/cm2 at 25°C to 1.91 mA/cm2 at 450°C, which 

suggests a 3.7-fold enhancement and is closer to the ideal Jsc of Shockley–Queisser limit 

at corresponding bandgap (~2.31 mA/cm2 at 2.85eV to ~4.67 mA/cm2 at 2.58 eV for 

AM1.5G spectrum).  This huge increase in Jsc also corresponds to the enhanced EQE 

spectra at elevated temperatures. The FF of the device shows a peak at 200°C due to the 

trade-off between Voc and Jsc. This rollover phenomena in FF can be ascribed to the trade-

off between carrier escape and recombination at high temperatures, which is also reported 

in other solar cells using double heterostructures[177]. As a result, the power conversion 

efficiency of the nonpolar InGaN solar cell increases monotonously from 0.55 % at 25°C 

to 0.94 % at 350°C, and then falls off to 0.812 % at 450°C. This large enhancement in solar 

cell efficiency up to 350°C has never been reported in other solar cell devices. This 

enhancement of conversion efficiency under elevated temperatures demonstrates the 

potential and feasibility of III-nitride-based solar cells for high temperature applications. 

Based on Shockley–Queisser analysis, the optimal bandgap of the solar cell changes from 

1.4 eV at RT to ~2.0 eV at 500 °C [178]. Though Si and GaAs have the nearly optimal 

bandgaps at RT, they deviate from the optimal values as temperature rises, resulting in a 

reduced efficiency. In contrast, with the tunable bandgap property, III-nitrides can be 

further engineered to match the optimal value of bandgap for the corresponding 

temperature (above 450 °C), indicating the huge potential and feasibility of wide-bandgap 

III-nitrides for high temperature PV applications.  
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Figure 7.2: a. Temperature-dependent EQE spectral of the nonpolar InGaN MQW solar 

cell at different temperatures from 25°C to 450°C. b. Temperature-dependent illuminated 

JV measurements of the nonpolar InGaN MQW solar cell. c. Extracted VOC, JSC, FF and 

efficiency values as functions of temperatures.  

Polarization-Effects in QW Carrier Escape at High Temperatures. 

To explore the fundamental understanding on the high temperature performance of 

nonpolar InGaN solar cells, we studied the temperature-dependent optical properties and 

carrier dynamics for nonpolar and polar InGaN MQW samples using photoluminescence 

(PL) and time-resolved photoluminescence (TRPL) measurements. The power of the 

pulsed excitation source was chosen to approximate the actual light intensity of solar cells 

under operation. PL and TRPL spectra from RT to 400 °C of m-plane device are plotted in 

Figure 7.3 (a) and (b), respectively. Those of c-plane sample are plotted in Figure 7.S4. In 

Fig.7. 3(a), it’s worth noting that strong PL peak intensity was observed for m-plane device 

even at high temperatures compared to its c-plane counterpart. This can be attributed to the 

strong radiative capability in m-plane III-nitride QW. On the other hand due to the strong 

yellow emission from III-nitrides, the PL peaks of MQW of c-plane sample are interfered 

and difficult to discern from 300°C. Therefore, TRPL spectra of c-plane sample in 300 °C 
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has very low signal/noise ratio and thus can be considered inaccurate to extract carrier 

lifetime.  

The extracted temperature-dependent carrier lifetime for nonpolar InGaN/GaN 

MQW devices are plotted in Figure 7.3 (c). Same measurements were also performed on 

polar c-plane device and results are shown in Figure 7.S4 (a)-(c) for comparison. It’s 

worthy to note that the lifetime of m-plane device rises as temperature increases and 

increases by over 70% at 400 °C compared to itself at RT. We attributed this surprising 

phenomenon to the strong radiative recombination ability of m-plane InGaN MQWs. This 

also corresponds to the relative strong PL emission at elevated temperatures for m-plane 

device shown in Fig.7.3(a).  It has been observed and confirmed by previous literatures 

that m-plane InGaN QWs has large radiative recombination rate compared to c-plane  

counterparts[179]–[181] . On the other hand, c-plane device has shown an opposite trend 

compared to the nonpolar device. 

The temperature-dependent carrier lifetime for nonpolar and polar InGaN/GaN 

MQW devices are also fitted to a carrier recombination model to determine the main 

recombination mechanism(s) under different temperatures. 3 major carrier mechanisms are 

considered in this analysis: radiative recombination (lifetime τrad), Shockley-Read-Hall 

recombination (lifetime τSRH), and thermionic emission (lifetime τth). For the QW structure 

we used in the experiment (6 nm InGaN QW and 10nm GaN barrier layer), the thermionic 

escape was found to be the dominant carrier transport mechanism[182], where the 

tunneling escape of carriers was treated as minor concerns. The analytical expressions of 

different temperature-dependent τrad, τSRH and τth are described in previous literature[183]. 

For simplicity, the aforementioned temperature-dependent lifetimes can be expressed as : 
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                                                    𝜏𝑟𝑎𝑑 ∝ 𝐶𝑟𝑎𝑑 ∙ 𝑇1.5                                                       (7.1)                         

                                                    𝜏𝑆𝑅𝐻 ∝ 𝐶𝑆𝑅𝐻 ∙ 𝑇−0.5                                                    (7.2)                            

                                                  𝜏𝑡ℎ   ∝ 𝐶𝑡ℎ ∙ 𝑇−0.5 ∙ 𝑒∆𝐸 𝑘𝑇⁄                                            (7.3)                                                      

Where ∆𝐸  is the barrier height for carriers,  Crad , CSRH and Cth were temperature-

independent coefficients for radiative recombination, Shockley-Read-Hall recombination 

and  thermionic emission processes[181], [183]. Then effective lifetime τeff contains all 

three recombination processes:  

1

𝜏𝑒𝑓𝑓
=

1

𝜏𝑟𝑎𝑑
+

1

𝜏𝑆𝑅𝐻
+

1

𝜏𝑡ℎ
                                                          (7.4) 

Solid markers in Fig.3 (c) and Fig.S4(c) represent the effective lifetime obtained from 

TRPL measurements, while dash lines indicate the fitting curves to equations (7.1)-(7.4). 

It’s worth noting that τrad is the only recombination process that positively correlates with 

temperature[183], [184].  For m-plane device, τeff increases from 0.72 ns at 25 °C to 1.29 

ns at 400 °C, which is over 70% larger. TRPL Results suggests that m-plane device is 

mostly dominated by radiative recombination at all measured temperature range. In 

addition, this excitonic nature of the radiative recombination in m-plane sample can be 

directly attributed to the polarization-free quantum well structure. The larger overlap of 

wavefunctions and higher exciton binding-energy due to the nonpolar QWs have been 

reported to contribute to the enhanced radiative ability[181]. The radiative recombination 

lifetime will then increase due to this temperature-dependent excitonic nature of radiative 

recombination. In addition, thermionic emission process is not applicable in analyzing 

effective lifetime in nonpolar device and SRH recombination also plays a role at high 

temperatures since extracted PL lifetime of m-plane device are not completely proportional 

to T1.5. This prolonged carrier lifetime also accounts for the enhanced Jsc at high 

temperatures.   
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On the other hand, c-plane device has shown the opposite trend compared to the 

nonpolar device. This indicates that SRH recombination and thermionic emission processes 

play a critical role at high temperatures. In addition, the radiative recombination lifetime 

of c-plane device is also about one order of magnitude larger than that of m-plane device. 

This also corresponds to strong polarization effect in c-plane QWs, leading to lower 

radiative probability.  

 

Figure 7.3. (a). Temperature-dependent photoluminescence (PL) and (b). time-resolved PL 

measurements of nonpolar InGaN/GaN MQW solar cell devices. (c). Extracted 

temperature-dependent carrier lifetime for this nonpolar devices (blue solid markers). The 

dashed lines indicate fitting results for τeff (black), τrad (blue) and τSRH  (green). 

Self-Cooling Effects in GaN Using Thermal Radiation Analysis.  

To further investigate the physical nature of high temperature performance of III-

nitrides, the emissivity measurement was taken and the thermal radiation power analysis 

was carried out where Si and GaAs were used as references. The calculations are performed 

by a finite-difference based thermal simulator, taking into account the solar cell absorbed 

power under AM 1.5G illumination, the heat dissipation by thermal radiation of the cell, 

as well as the non-radiative heat dissipation to the environment by conduction and 
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convection[185]. Figure 7.4a shows the calculated temperature difference between the 

InGaN solar cell and the heating stage at various heating stage temperatures. As a 

comparison, the temperature differences for GaAs and Si are also plotted. As shown in Fig. 

4a, the temperature difference (absolute value) for III-nitride is significantly larger than the 

others and increases as the stage temperature increases. This is mainly due to the increased 

heat dissipation through thermal radiation of GaN cell at elevated temperatures (Fig. 7.4b). 

Similar trends are also observed for GaAs and Si cells. However, the temperature 

differences of those two cells are much smaller than GaN cell, due to the weaker heat 

dissipation through thermal radiation.  

This outstanding heat dissipation capability through thermal radiation of III-nitride 

can also contribute to the low temperature coefficient of Voc of InGaN-based solar cell 

compared to Si and GaAs. From the one-diode model, the expression for Voc is 

, where n is the ideality factor; q is the electron charge; J0 is the 

dark saturation current density. Then the temperature coefficient of Voc is defined as   

                                              (7.5) 

Moreover, J0 is extremely sensitive to the temperature[186], as defined as 

, where C is the material parameter and Eg is the bandgap energy. 

Therefore, under the same stage/ambient temperature, the higher temperature difference 

(in absolute value) suggests less dark current density J0 and less thermal bandgap 

narrowing. Thus for III-nitrides, the decreasing in Voc will be suppressed and CVoc is 
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smaller. For the nonpolar InGaN solar cell, it is -0.136 %/K for Voc and is also in consistent 

with previous reports[40], [71] and far better than those of GaAs (-0.238 %/K) and Si cells 

(-0.329 %/K)[40], [130]. The lower thermal radiation power density of Si compared to 

GaAs also corresponds to the lower temperature coefficient of Voc (higher in absolute 

value). Consequently, this self-cooling effect of III-nitrides can also potentially be 

beneficial for InGaN/III-V tandem or multijunction cells. The employment of an InGaN 

top cell is capable of reducing the operating temperature of the underlying III-V cells at 

elevated temperatures, as evidenced in Fig.7.4(c). 

 

Figure 7.4. a. Net thermal radiation power density Prad for GaN, GaAs, Si calculated from 

experimentally measured thermal emissivity. b. Calculated temperature difference between 

InGaN solar cell sample and heating stage temperature at different heating stage 

temperatures. The temperature difference of GaAs and Si are also plotted for reference. c. 

Calculated temperature difference between GaN-GaAs tandem cell sample and heating 

stage temperature at different heating stage temperatures. The temperature difference of 

GaAs is also plotted for reference. It clearly shows that with III-nitride as the top cell, the 

operating temperature of the underlying GaAs cell reduces effectively. 
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High-Temperature Performance of the 4T Mechanically Stacked InGaN-GaAs 

Tandem Cells.  

To evaluate the possibility of III-nitride/III-V tandem solar cells, we investigated 

the PV performance of a mechanically-stacked four-terminal (4T) InGaN/GaAs tandem 

cell. Compared with the conventional two-terminal solar cell design, 4T tandem cells are 

able to avoid the current-matching constraint by comprising electrically independent 

subcells[187]. The 4T scheme has been demonstrated on multiple scenarios, including III–

V-on-silicon[188], III–V-on-III–V[189], and perovskite-on-silicon devices[190], [191], 

which have exhibited promising efficiencies. Nevertheless, very few reports on 4T InGaN-

GaAs tandem cell exist.  

To investigate the potential of InGaN as the top cell for other III-V cells, we 

explored PV performance on the 4T scheme with the aforementioned nonpolar InGaN cell 

and high efficiency GaAs cells. As shown in Fig. 7.5(a), the InGaN cell was utilized as the 

UV filter and the GaAs cell was the rear subcell. At short wavelengths (i.e., < 500 nm), the 

majority of the incoming light is absorbed by the top InGaN cell. Figure 7.5(b) shows the 

EQE spectra of the InGaN and the filtered GaAs solar cells. While at long wavelengths 

(i.e., > 500 nm), about 60–65% of the incoming light is transmitted to the GaAs rear cell 

[shown in Fig.S10 (d)]. Most of the light loss is due to the reflection from the InGaN subcell, 

which offers a pathway to optimize the 4T device performance. In addition, we employ the 

recently proposed empirical construct of spectral efficiency to access the potential impact 

of the InGaN cell. It is defined as the power conversion efficiency of a solar cell resolved 

by wavelength and more details can be found in reference[192]. The external spectral 

efficiency of the InGaN and the filtered GaAs cells under various temperatures (25°C, 
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100°C, 200°C, 300°C and 400°C) were plotted in Fig. 7.5(b). As temperature increases, 

the shunt resistance becomes more dominant that negatively impacts the GaAs cell. Thus 

the external spectral efficiency of the GaAs cells dropped dramatically. This severe 

shunting effect is also similar to the previous report[163], which can be attributed to the 

oxidation of the material and degradation of metal contacts[166]. We assume that the 

degradation of PV performance of rear cells due to elevated temperature could be mitigated 

through the systematic design of InGaN top cells that arises from the self-cooling nature of 

III-nitrides. It’s worth noting that the external spectral efficiency of the InGaN cell 

improved up to 350°C and outperformed itself at 25°C.  

 

Figure 7.5: (a) The 4-terminal tandem schematic of the InGaN/GaAs cell, (b) the external 

spectral efficiency of the InGaN and the filtered GaAs cells under various temperatures, 

respectively and (c) column plots of the energy conversion efficiency under AM 1.5G of 

pristine GaAs cell (in grey), nonpolar InGaN top cell (in blue) and filtered GaAs cell (in 

red). The column combined with red and blue colors indicate the total efficiency of the 4T 

InGaN-GaAs cell.   

Figure 7.5 (c) summarizes the conversion efficiency under AM 1.5G for the single 

GaAs cell, single nonpolar InGaN top cell, single GaAs cell with the filtering InGaN solar 

cell and 4T InGaN-GaAs tandem cell. At 300°C, the efficiency of the 4T InGaN-GaAs 
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tandem cell is approaching that of the single GaAs cell. Above 300°C, the 4T InGaN-GaAs 

tandem cell completely outperforms the single GaAs cell. At 400°C, the efficiency of the 

4T tandem cell is about three times of that for the single GaAs cell. It’s also noteworthy 

that InGaN cell could work efficiently even at 450°C while GaAs cell showed no PV 

performance after 400°C. This results show the great potential of InGaN top cell for tandem 

or MJ solar cell configurations for high temperature applications. Future device 

engineering, such as employing broadband anti-reflection coatings on InGaN top cell to 

reduce the light reflection, optimizing the luminescence coupling between the two 

junctions, and aligning electrodes of both cell to reduce reflection, could further enhance 

the device performance. 
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Figure 7.6. (a) The temperature-dependent EQE spectra, (b) LIV measurements and (c) the 

extracted Voc, Jsc, FF and conversion efficiency values of the GaAs solar cell before the 

filtration and (d-f) show those results after the filtration of InGaN solar cell sample, 

respectively. The transmission spectra at room-temperature of the nonpolar InGaN MQW 

solar cell is also displayed in Fig.7.6 (d).  

High-Temperature Performance of the 4T Mechanically Stacked InGaN-GaAs 

Tandem Cells.  

The temperature-dependent EQE spectra, LJV measurements and the extracted Voc, 

Jsc, FF and conversion efficiency values of the GaAs solar cell are shown in the Fig. 7.6 (a-

c) before the filtration and in the Fig. 7.6 (d-f) after the filtration of InGaN solar cell sample, 

respectively. The transmission spectra at room-temperature of the nonpolar InGaN MQW 

solar cell is also presented in Fig. 7.6(b). At short wavelengths (i.e., < 500 nm), the majority 

of the incoming light is absorbed by the top InGaN subcell. At long wavelengths (i.e., > 

500 nm), about 60–65% of the incoming light is transmitted to the bottom GaAs subcell. 

The rest of the incoming light is reflected from the top InGaN subcell, which can be further 

engineer to optimize the device performance. Moreover, as shown in the Fig. 7.6  (c) and 

7.6  (f), both EQE spectra increase slightly up to 300°C and then drop dramatically. The 

peak EQE values also increase from ~79% to ~82% between 25°C and 300°C for pristine 

GaAs cell while ~45% to ~48% for filtered cell. This can be attributed to the decreasing 

bandgap energy of GaAs cell. After 350°C, the shunt resistance becomes the dominant 

factor that negatively impacts the GaAs cell and thus EQE drops quickly. This severe 

shunting effect is also similar to the previous report[163]. It can be attributed to the 

oxidation of the material and degradation of metal contacts[166]. Besides, Figure 7.6 (b) 
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and (e) show the temperature-dependent illuminated JV measurements of GaAs solar cell 

without and with the InGaN top cell, respectively. The extracted Voc, Jsc, FF and efficiency 

as functions of temperature for InGaN cell before and after filtration are presented in Fig. 

7.6 (c) and S10 (f), respectively. For both circumstances, the Voc is found to drop at a rate 

of ~2.38 mV/°C in the range of 25°C - 400°C at 1 sun intensity, which is consistent with 

previous reports[163], [166]. This Voc degradation at elevated temperatures is believed to 

be the major factor affecting the PV performance of GaAs cells[166]. As for pristine GaAs 

cell, Jsc rises from 23.5 mA/cm2 (25 °C) up to 27.1 mA/cm2 (250 °C). This is slightly 

different from the trend observed in EQE and this discrepancy between Jsc and EQE may 

be attributed to the different tested cells, and/or degradation of metal contacts and/or the 

thermal stress effect on cells. The shunt resistance starts to reduce from 250 °C and leads 

to the complete shunting of the cell at 350 °C.  

 

7.4 Summary 

In conclusion, we demonstrated a high performance nonpolar InGaN MQW solar 

cell with great potential for high temperature PV applications (e.g., > 350°C). The single-

junction nonpolar m-plane InGaN solar cell exhibited a large positive temperature 

coefficient for EQE and PV efficiency from RT to 350°C, which is distinct from any solar 

cells ever reported. A 70% efficiency enhancement was observed from RT to 350°C in this 

nonpolar InGaN cell. This superior thermal performance is also attributed to several 

factors: (i) improved material quality through the homo-epitaxial growth enabled by single-

crystal substrates; (ii) enhanced radiative capability due to nonpolar crystal orientation, 

thus improved effective lifetime of the photogenerated carriers in the QWs; and (iii) 
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narrowed large energy bandgap at high temperatures, offering better matching with solar 

spectrum. Furthermore, thermal radiation heat dissipation analysis revealed a unique self-

cooling effect of III-nitrides. Near-unity emissivity of GaN resulted in a significant 

reduction of the device temperature, which leads to the reduced Voc loss in InGaN solar 

cells. The self-cooling III-nitride top cell could serve as a heat shield for the underlying 

subcell(s) by reducing their device temperatures in the tandem design. These results offer 

new insights and strategies for the design and fabrication of high efficiency high 

temperature PV solar cells using III-nitrides, which will open up exciting new applications 

such as in space applications, and potentially lead to transformative outcomes in solar cell 

efficiency and deployment.  
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CHAPTER 8 

ANOMALOUS CARRIER LOCALIZATION AND CARRIER DYNAMICS IN 

NONPOLAR M-PLANE INGAN/GAN QUANTUM WELLS AT HIGH 

TEMPERATURES 

8.1 Motivations and research background 

Recent advances in III-nitrides are poised to radically alter the design and 

implementation of optoelectronics[95], [193]–[199] and electronics[200]–[202]. In recent 

years, there has been tremendous progress in realizing nonpolar III-nitrides light-emitting-

diodes (LEDs)[203], [204] and laser diodes (LDs)[205], [206]. In addition, novel devices 

and applications based on nonpolar III-nitrides are now emerging. Nonpolar InGaN solar 

cells exhibit improved carrier collection efficiency compared to c-plane counterparts[61] 

and deliver increased carrier lifetime and enhanced performance at elevated 

temperatures[58]. Another notable recent example is the vertical m-plane GaN p-n diodes 

that potentially leads to advanced vertical selective-area-doped power devices[207], [208].  

This ongoing interest in nonpolar III-nitrides structures has been driven by their 

favorable properties, such as elimination of detrimental polarization-related effects, 

enhanced radiative recombination and high degree of polarized luminescence [209], [210]. 

Conventional polar c-plane III-nitride quantum wells (QWs) based emitters are currently 

constrained by the strong polarization-induced electric fields, inducing the tilted energy 

band profile and compromised radiative efficiency. To address this challenge, nonpolar 

crystal orientation of III-nitrides has been intensively researched for light-emitting 

applications. Several studies proposed that thick QWs and large active region in nonpolar 

structures can be employed to further exploit the advantage of high overlap of electron and 
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hole wavefunction in nonpolar QWs[180], [194], [211]. Others pointed out that excitonic 

recombination is dominant in nonpolar InGaN QW at room temperature while radiative 

lifetime in polar QW depends on the injected carrier density[180], [212], [213]. Theoretical 

studies also revealed that in nonpolar InGaN QWs, localization of holes originates from 

indium alloy fluctuation while electrons are tightly bound to holes via coulomb 

interaction[214], [215]. Furthermore, strong localization effects in hole wavefunction, 

rather than the electron wavefunction, explicitly accounts for the inhomogeneous 

broadening of emission energy of QWs. This difference is attributed to the small 

localization length of holes compared to electrons[215], [216]. 

Despite the rapid progress in the field, there are significant challenges that remain 

before the realization of full potential of nonpolar III-nitrides. Therefore, it’s imperative to 

investigate carrier dynamics inside nonpolar QWs at both cryogenic and elevated 

temperatures. Numerous studies of carrier localization effect at cryogenic temperatures 

have been reported[212], [213], [215], [217]–[219], but very few reports exist on the 

analysis of carrier dynamics above room temperatures. In this study, we have 

experimentally and theoretically investigated the carrier localization and its impact on 

carrier dynamics on nonpolar m-plane InGaN/GaN QWs at elevated temperatures. 

Photophysical characterizations combined with high-resolution scanning transmission 

electron microscopy (STEM) and theoretical modeling suggest that the lack of integrity 

and uniformity in QWs significantly impact carrier confinement and localization, thus 

making carriers more prone to nonradiative recombination. In addition, analysis on 

exciton-phonon scattering mechanisms reveals that both acoustic and optical phonon 

scatterings dominate in the temperature range of 300-600 K. These detailed results and 
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analysis provide substantial understanding toward improving the optoelectronic 

performance of III-nitrides. 

8.2 Experimental details 

Growth and structure parameters of nonpolar InGaN/GaN MQWs.  

Two InGaN/GaN MQW on nonpolar m-plane substrates were grown by conventional 

metal-organic chemical vapor deposition (MOCVD). The freestanding nominally on-axis 

bulk m- plane GaN substrates with low defect density (~106cm-2) were provided from 

commercial vendors. The growth condition was designed to achieve the Indium 

incorporation around 12-14% in samples. The designed device consists of 1 µm Si-doped 

n-GaN ([Si]=5×1018 cm−3), 10 nm highly Si-doped n+-GaN ([Si]=1×1019 cm−3), 20 periods 

of InGaN (nominal 3 or 6 nm)/GaN (10 nm) MQWs, 30 nm Mg-doped smooth p+-GaN 

([Mg]=1×1019 cm−3), 120 nm Mg-doped p-GaN ([Mg]=3×1019 cm−3), and 10 nm highly 

Mg-doped p+-GaN contact layer ([Mg]=1×1020 cm−3).  

FIB and STEM imaging.  

The nonpolar InGaN/GaN specimens for STEM imaging were prepared with an FEI Nova 

200 Dual-Beam FIB system with a Ga ion source. A JEOL-ARM200F scanning 

transmission electron microscopy (STEM) operated at 200 KV and equipped with double 

aberration-correctors for both probe-forming and imaging lenses was used to perform high-

angle annular-dark field (HAADF) imaging.  

Temperature-dependent photoluminescence and time-resolved photoluminescence 

measurements 

PL and TRPL measurements were done using a home-built system, where a picosecond 

405nm pulsed laser diode (PDL 800-B) was used as excitation source. PL spectrum was 
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collected by a Si array detector coupled with Horiba monochromator (TRIAX 320). TRPL 

was measured by a time-correlated single-photon counting system (TCSPC). A Si 

photomultiplier tube (PMT) detector is attached at the other output port of monochromator 

and its signal is then recorded by TCSPC board (SPC130 module). 

A Linkam HFS600-PB4 stage capable of heating the samples up to 600 °C was used to 

perform the temperature-dependent measurements. For both PL and TRPL measurements, 

the temperature of the stage was increased from room temperature to 400 °C in steps of 25 

– 50 °C with a ramp rate of 10-20 °C/min. Once the desired temperature was reached, the 

sample was kept at the specified temperature for another 5 min. 

Streak camera spectroscopy measurement 

The Picosecond–microsecond time-resolved fluorescence Spectrometer, Streak Camera 

System consists of a femtosecond Titanium:Sapphire laser system operated at both MHz 

and KHz repetition rates (Coherent). The MHz system is a broadband Ti:S oscillator 

coupled with a pulse selector and a second harmonic generator, covers a wavelength region 

from 700 – 1000 nm and 350 – 500 nm and a repetition rate from single shot (1 Hz) to 76 

MHz. The KHz system uses the MHz oscillator as a seed laser to pump a regenerative 

amplifier and an OPA operated between 100 – 250 KHz. The output wavelength covers 

from 250 – 750 nm. The detecting system consists of a spectrograph, a streak camera with 

fast and a slow time sweep unit. The system is designed to record fluorescence signal as a 

function of time and wavelength with a time resolution of 5 ps and wavelength region from 

320 – 950 nm. 
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Simulation of band diagrams 

The energy band diagrams of InGaN/GaN double heterostructures were simulated using 

Silvaco ATLAS software. They contain 3- or 6-nm absorbing layer and 10-nm barrier. The 

band structure parameters, the conduction and valence band offsets of InGaN/GaN DHs 

were obtained from Huang et al[61], respectively. Silvaco ATLAS is a commercial device 

simulation tool based on the drift-diffusion model. MQW simulation is based on a 

parabolic quantum well model implemented within Silvaco ATLAS. The bound state 

energies are calculated solving the Schrödinger equation along discrete slices in the 

quantization direction. 

 

8.3 Results and discussions 

Figure 8.1 present the cross-sectional high-angle annular dark-field (HAADF) images 

of two nonpolar m-plane InGaN/GaN MQW samples taken along [112̅0] zone axis, which 

are denoted as m6 and m3, respectively. The sharper and better-defined interfaces of QWs 

of sample m6 can be observed in Fig. 8.1(a) and (b) compared to those of m3 in Fig. 8.1(c) 

and (d). The QW interfaces are also spatially resolved for m6 in the intensity profile 

mapping in the supplementary Fig. 8.S1(c) due to the Z-contrast nature of STEM-HAADF 

images. On the contrary in Fig. 8.S1 (f) and (g), long Indium distribution tail in GaN barrier 

layers (upper interfaces) can be observed, which resembles the graded InGaN/GaN QWs. 

From Fig. 8.S1(a) and (e), the average thicknesses of one period of InGaN QW and GaN 

barrier are approximately 18 nm for m6 and 15 nm for m3, respectively. We can therefore 

conclude that structural uniformity is better preserved in sample m6 rather than m3. 

Consequently, the potential fluctuation in m6 are most likely to be induced from QW 
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thickness fluctuation as evidenced in Figure 8.S1(a-d), while the indium compositional 

fluctuation mainly accounts for potential fluctuation in m3, assuming similar random alloy 

disorder and strain in both samples. In addition, it’s also worth noting that the interface of 

InGaN/GaN layers [upper interfaces, see Fig. 8.1(b) and (d)] is generally sharper than that 

of GaN/InGaN layers [lower interfaces, see Fig. 8.1(a) and (c)]. This phenomenon has also 

been observed in previous reports on InGaN/GaN QWs[215], [220], [221], and is typically 

known as compositional pulling effect[222].  

 

Figure 8.1: STEM-HAADF images of interfaces of InGaN/GaN QWs in the atomic-scale 

for (a-b) sample m6 and (c-d) m3, respectively. (a) and (c) explicitly display the upper 

GaN/InGaN interfaces while (b) and (d) for lower InGaN/GaN interfaces. Both upper and 

lower interfaces of InGaN/GaN QWs of m6 are much sharper than those of m3. 
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The excitation power-dependent PL and TRPL measurements have been widely 

adopted to investigate the underlying recombination process and the corresponding carrier 

dynamics in III-nitride emitters[223], [224], [212]. Figure 8.2 illustrate the (a) integrated 

PL intensity and (b) effective carrier lifetime extracted from TRPL at room temperature as 

a function of excitation laser power for sample m6 (blue) and m3 (purple), respectively. 

The decay curves of power-dependent time-resolved photoluminescence (TRPL) are 

shown in Figure 8.S3. Generally, the integrated PL intensity (I) is proportional to the 

excitation power (P) , i.e., optically injected carrier density, and can be given by I ∝ Pn, 

where n is an indicator of radiative or nonradiative recombination mechanism. In Fig. 8.3 

(a), the values of n for both m6 and m3 are approaching 1.18 which is larger than 1, 

suggesting the co-existing radiative and Shockley–Read–Hall recombination in both 

samples in the range of excitation power employed in our study. Nonetheless, 2 samples 

exhibit distinct carrier dynamics under laser excitation, even though they share similar 

effective lifetime at weak excitation. In Fig. 8.2 (b), the effective lifetime in m6 keeps 

reducing until excitation power around 10 μW and remains almost constant afterwards. 

This tendency of unchanged carrier lifetime has been reported previously on both nonpolar 

m-plane[220] and polar c-plane[223] InGaN/GaN QWs. We attribute this decreasing 

lifetime of m6 to band filling effect of localized centers and higher energy levels rather 

than the Coulomb screening of the internal electric field in QWs, due to the elimination of 

internal intrinsic electric filed in m-plane QWs. Regarding the saturation of the effective 

lifetime after ~10 μW, it can be ascribed to the fully occupied higher energy levels and a 

wholly excitonic recombination mechanism, which has been previously reported[180]. In 

comparison, the effective lifetime in m3 tends to increase up to excitation power around 10 
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μW and then the rising rate slows down. This can be accounted by the gradual quenching 

of nonradiative recombination centers with more optically injected carriers. Overall, 2 

samples exhibit drastically different behavior of carrier lifetime even though sharing 

similar lifetime under low excitation condition. 

 

Figure 8.2: (a) Integrated PL intensity and (b) effective carrier lifetime extracted from 

TRPL measured at room temperature as a function of excitation laser power for m6 (blue) 

and m3 (purple), respectively. 

To gain more insights into the impact of structural uniformity and carrier 

localization on carrier dynamics, we have carried out temperature-dependent time-resolved 

photoluminescence (TRPL) measurements. They are measured at 3 different excitation 

powers of 1 μW, 5 μW and 50 μW, which correspond to an estimated excited carrier density 

of 3×1012cm-3, 1×1013cm-3 and 1×1014cm-3, respectively. The PL effective lifetime τeff under 

each temperature and excitation power was extracted from each PL decay curve with the 

fast decay in a biexponential decay function, which is also shown in Figure 8.S4. The 

temperature-dependent time-resolved TRPL measurements of sample m6 and m3 in range 

of 20–400 °C and at three different excitation power (1, 5 and 50 μW) are shown in the 
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supplementary Figure 8.S3. In Fig. 8.3 (a),  τeff in sample m3 tends to increase and then 

reduce after 150 °C(~420K). In contrast, τeff in sample m6 in Fig. 8.3 (b) remains almost 

constant till 200 °C (~470K) and then rises.  

 

Figure 8.3. Comparison of carrier dynamics of two m-plane InGaN/GaN QW samples. 

Measured QW effective lifetime (circles) for (a) m6 and (c) m3 at three different excitation 

powers. Solid lines represent the simulated effective lifetime and the grey dash lines 

indicate theoretical simulated nonradiative lifetime (τnr) at 1 μW of laser power. Figure 

3(b) and (d) show the ratio of density of free exciton versus localized exciton (nfree/nloc) 

deduced from the model for (b) m6 and (d) m3, respectively. In all figures three different 
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excitation powers are plotted with 3 individual colors: grey for 1 μW, blue for 5 μW and 

red for 50 μW. 

The temperature-dependent τeff  of each sample was simulated with a theoretical 

lifetime model that accounts for carrier localization effect[220], [225]. This model assumes 

that the densities of both free and localized excitons keep in thermal equilibrium. Thus, the 

effective decay lifetime (τeff) of excitons in the QW is given by  

1

𝜏𝑒𝑓𝑓
= (

𝑛𝑙𝑜𝑐

𝜏𝑙𝑜𝑐
+

𝑛𝑓𝑟𝑒𝑒

𝜏𝑓𝑟𝑒𝑒
)/(𝜏𝑙𝑜𝑐 + 𝜏𝑓𝑟𝑒𝑒),                                           (8.1) 

where nloc and nfree are localized and free exciton densities, respectively while τfree and τloc  

represent characteristic decay time for localized and free excitons. The ratio between nloc 

and nfree is then give via Saha’s law[225] by 

𝑛𝑓𝑟𝑒𝑒

𝑛𝑙𝑜𝑐
=

2𝑀𝑋𝑘𝐵𝑇

𝜋ℏ2𝑁𝐷
∙ 𝑒−𝐸𝑙𝑜𝑐/𝑘𝐵𝑇,                                         (8.2) 

where MX is the exciton mass, Eloc is the localization energy, and ND is the localization 

center density in QWs. The τloc is considered as temperature-independent due to the fact 

that it only depends on the coherence volume of localized excitons[226]. In addition, the 

effective decay lifetime of free exciton (τfree) constitutes of both radiative (τr) and 

nonradiative lifetimes (τnr):  

1

𝜏𝑓𝑟𝑒𝑒
=

1

𝜏𝑟
+

1

𝜏𝑛𝑟
,                                                      (8.3) 

The radiative lifetime of free exciton (τr) increases linearly with temperature[227] and is 

given by  

𝜏𝑟 =
6𝑀𝑋𝑘𝐵𝑇

ℏ2𝑘∥
2 𝜏0,                                                      (8.4) 

where τ0 represents radiative lifetime of free excitons at 𝑘∥ = 0, 𝑘∥ is the in-plane wave 

vector of free excitons within the light cone. The value of τ0 was taken as 10 ps in the 
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simulation[220]. On the other hand, a nonradiative recombination process with a 

characteristic activation energy EA is also taken into account: 

 

where τnr0 is the indication of  interaction between excitons and nonradiative recombination 

centers. Therefore, there are five main parameters for fitting: τloc, Eloc, ND, τnr0 and EA. 

During the fitting procedure, τloc has been set to match the lifetime around room 

temperature (~300 K). Eloc and ND have been optimized to fit the increasing range of 

effective lifetime. τnr0 and EA have been tuned to account for the reduction of the effective 

lifetime ( > 650 K for m6 and > 400 K for m3).  

The solid lines in Fig.8.3(a) and (c) exhibit the fitting results for 2 samples under 3 

excitation power. All fitting parameters are tabulated in Table I. The grey dashed lines in 

Fig. 8.3(a) and (c) represent the nonradiative recombination lifetime at the excitation power 

of 1 μW, which are plotted for better illustrative purpose. The localization center density 

ND is around 2×1010cm-2 for m6 while approximately 1×108cm-2 for m3. This parameter 

obtained from previous reports under cryogenic temperatures is in the range of 1010 and 

1011cm-2 cm in AlGaAs/GaAs QW where exciton localization is induced from monolayer 

variation of well width[228]. Moreover, it’s approximately 1×1012cm-2 in m-plane 

InGaN/GaN MQW[220], which is within the scale of Indium fluctuation observed from 

atom probe tomography study[229]. In comparison, localization center density ND obtained 

in our study is at least 2 orders of magnitude lower than the previous reports, which can be 

treated as deep localization centers in MQWs. This significant difference can be accounted 

for by the measurement temperature range, thus providing substantial insights into 

𝜏𝑛𝑟 = 𝜏𝑛𝑟0 ∙ 𝑒−𝐸𝐴/𝑘𝐵𝑇,                                                (8.5) 
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approaches to evaluate emission properties of III-nitride MQW above ambient 

temperatures in addition to cryogenic studies.  

Furthermore, we can also obtain the Eloc of ~0.34eV for m6 and ~0.30 eV for m3. 

It’s worth noting that they are roughly close to the value of conduction band offsets in each 

sample, as shown in Figure 8.S2. We therefore posit that under high temperatures, the 

major transport mechanism for electron is delocalization via thermal escape from QWs to 

barriers and then recombine nonradiatively. This is possibly related to the large localization 

radius of electrons compared to holes[216]. 

Table 4. Parameters from fitting lifetime model for m6 and m3 at 3 excitation powers. 

 
τnr0 (ns) EA (meV) ND(×108cm-2) Eloc 

(meV) 

τloc (ns) 

𝑚6 − 1 𝜇𝑊 0.351 62.0 2.73×102 352 0.525* 

𝑚6 − 5 𝜇𝑊 0.218 75.6 2.80×102 342 0.316* 

𝑚6 − 50 𝜇𝑊 0.126 77.5 5.04×102 341 0.296* 

𝑚3 − 1 𝜇𝑊 0.293 48.2 7.90 300* 0.55* 

𝑚3 − 5 𝜇𝑊 0.439 23.6 1.10 300* 0.55* 

𝑚3 − 50 𝜇𝑊 0.433 24.2 1.13 300* 0.55* 

*The numbers with asterisks (*) mean that they are fixed in the fitting. 

Moreover, the ratio of free and localized carrier densities can be also estimated from 

this model and plotted in Fig. 8.3(b) and (d). For m6, nloc and nfree become equal in the 

range of 550 to 600K, which corresponds to the temperature where FWHM of PL peaks 

increases significantly as shown in Fig. 8.6. In contrast for m3, free excitons become 
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dominant at around 300K, especially under high excitation conditions. By taking into 

account of the STEM studies in Fig.1 and results of excitation-dependent carrier lifetime 

as shown in Fig. 8.2(b), we can then propose that the fundamental difference in carrier 

dynamics of both samples lies in disparate potential confinement of carriers. For m3, the 

significant Indium fluctuation across barrier layers contributes to obscure interface 

between QWs and barriers, diminishing carrier confinement in QWs. This effect further 

populates carriers more spatially in both QW and barrier regions and more energetically 

into higher energy levels, which in turn make carriers susceptible to nonradiative centers. 

Therefore, this accounts for larger nfree/nloc ratio and the decreasing lifetime after 400K 

observed in m3. In comparison, m6 acquires explicit and uniform QW/barrier interface and 

hence better carrier confinement. Therefore carriers stay at localization centers and are able 

to maintain strong radiative capability, especially considering exciton radius is much 

smaller than the QW width[230].  
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Figure 8.4: Streak camera spectroscopy images of sample (a) m6 and (b) m3 recorded at 

room temperature. The resonant laser excitation of 400 nm was used. Transient PL spectra 

after laser excitation of the sample (c) m6 and (d) m3, with an interval of 0.1 ns and 0.3 ns 

for each curve, are displayed for m6 and m3, respectively. 

Figure 8.4(a) and 8.4(b) present the streak camera spectroscopy images for two m-

plane samples recorded at RT under identical high excitation power.  We observe a much 

broader emission spectrum of MQW of m6 in Fig. 8.4(a) compared to that of m3 in Fig. 

8.4(b) at early delays. Then the emission spectra of MQW progressively diminish with 

increasing time delays in the vicinity of 2.85 eV for m6 and 2.90 eV for m3.  

To further elucidate the evolution of carrier dynamics of both samples, Figure 8.4(c) 

and 8.4(d) show the time-resolved spectra extracted from streak images at 4 different time 

delays. A time interval of 100 ps is chosen for m6 and 300 ps for m3. The broad and 

asymmetric emission from MQW at early delays of both samples can be attributed to the 

phase space filling effect.  In addition, a progressive carrier cooling process of exciton is 

evidenced by the gradual declining slope of the high-energy tail. Moreover, the slight 

redshift of the peak energy of m6 is observed in Fig. 8.4(c) while it remains almost constant 

for m3. This suggests that only partial localization centers have been saturated under such 

excitation, which is also consistent with higher localization carrier density estimated from 

Figure 8.3 and the larger FWHM value of m6 at RT in Figure 8.5. It’s also worth noting 

that there exists a carrier redistribution process in the range of 2.70 to 2.90 eV for m6 [see 

Fig. 8.4(a) and (c)], which is not observed in m3. For m6 in the early decay, emission from 

lower energy centers first rises rapidly (from t0 to t0+100ps) and then reduces which 

resembles the evolution of the emission from the extended states. This result serves as a 
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strong indicator of carrier localization effect in m6 and also reinforces our previous 

arguments for the temperature-dependent carrier dynamics in Fig. 8.3(a-b). This carrier 

redistribution has also been observed in other nonpolar InGaN QW[217].On the other hand 

for m3, no sign of carrier redistribution indicates that photoexcited carriers populate into 

higher energy states and tend to follow a global Fermi distribution and carrier localization 

is smaller than in m6.  

 

Figure 8.5: Temperature-dependent PL emission spectra of the sample (a-c) m6 and (d-f) 

m3 in range of 20–400°C and under three different excitation power (1, 5 and 50 μW). All 

data are not normalized. The shaded area indicates the evolution of FWHM of both samples. 

Figure 8.5 shows the temperature-dependent PL emission spectra of the sample (a-

c) m6 and (d-f) m3 in a range of 20–400 °C and under three different excitation power (1, 
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5 and 50 μW). The common feature of both samples is the redshifting of peak energy with 

rising temperature which is attributed to thermal narrowing of bandgap energy. We can 

also observe strong emission from lower energy centers which is comparable to that from 

the band-to-band recombination from the extended states. This can possibly be attributed 

to the localization centers induced from thickness fluctuation of QW which is also 

evidenced in Figure 1 and S1. Previous reports also discovered that this broad emission is 

related to the surface morphology with pyramidal hillocks in on-axis m-plane QW[211], 

[231]. In addition, the shaded grey areas in each subplot represent the evolution of FWHM 

values. For m6, it first reduces gradually with temperature up to 150°C and then starts to 

increase. In contrast, the FWHM of m3 tends to rise from 50°C. It’s worth noting that the 

narrowing FWHM of PL indicates the exciton/carrier delocalization with enhanced thermal 

energy. This also corresponds to the carrier redistribution dynamic observed in m6 in Fig. 

8.4(c).  
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Figure 8.6: PL emission peak energy as a function of temperature for (a) m6 and (b) m3 

at three different excitation powers (1 μW for grey, 5 μW for blue and 50 μW for red).  

To further investigate the underlying physical mechanisms in the temperature-

dependent PL emission, we have also extracted both the peak energy and PL FWHM values 

and fitted them with related models. Figure 6 present the temperature dependence of PL 

peak energy for two samples at three different excitation powers which are shown as 

hollowed circles. The fitted data from the model are displayed with lines. To further 

elucidate the degree of exciton/carrier localization, we have applied a modified Varshni 

empirical model [232]–[234] to fit the data: 

 

where Eg(0) the bandgap energy of InGaN at 0K, T is temperature in Kelvin, kB is the 

Boltzmann constant, α and β are the Varshni fitting parameters and σ is a parameter 

indicative of the degree of exciton localization. A unified Debye temperature β = 630 K is 

used in the fitting procedure. All σ parameters are also summarized in Figure 8.6. We can 

observe that the degree of exciton localization (σ) in m6 is almost twice as large as the ones 

in m3, which is in good agreement with the experimental results from Figure 3 to 5. The 

difference in σ suggests that the exciton localization existed in both samples arise from 

different physical origins, which is also evidenced in STEM analysis in Figure 8.1. In 

addition compared with the fitted σ values from previous reports, σ values of m3 are 

comparable to those from green polar InGaN MQW of ~ 30 meV[235], while m6 obtains 

a much higher σ, which also are close to those reported in green semipolar InGaN 

MQW[233]. 

 

𝐸𝑔(𝑇) = 𝐸𝑔(0) −
𝛼𝑇2

𝛽+𝑇
−

𝜎2

𝑘𝐵𝑇
,                                             (6) 
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Figure 8.7. Temperature dependence of PL FWHM of 2 samples. FWHM of the steady-

state PL spectra as a function of temperature for (a-c) m6 (in blue) and m3 (purple). In 

Fig.7(d-i), the hollow circles are the FWHM values of the main peaks in sample m6 and 

m3 by fitting with multiple Gaussian peaks. Grey, blue and red circles correspond to 1 μW, 

5 μW and 50 μW. The solid lines in Fig. 8.7(d-i) are fitted using Segall’s expression of 

𝛤(𝑇) = 𝛤𝑖ℎ + 𝛤𝐿𝑂 + 𝛤𝑎𝑐 + 𝛤𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦 , which account for contributions from 

inhomogeneous broadening, Fröhlich coupling with LO and AC phonons and impurities. 

The broadening of PL linewidth with temperature arises from inhomogeneous broadening 

(𝛤𝑖ℎ, horizontal green dash-dot line), Fröhlich coupling between charge carriers and LO 
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phonons (𝛤𝐿𝑂, red dash line) and acoustic phonons (𝛤𝑎𝑐, orange dash line), and scattering 

from ionized impurities (𝛤𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦, brown dotted line).  

To further elucidate exciton-phonon scattering mechanisms at elevated 

temperatures, we have extracted the full width at half maximum (FWHM) of temperature-

dependent PL spectra of both samples and plotted them in Figure 8.7 (a-c). For m6, FWHM 

first reduces with temperature up to 150°C (~420K), which can be attributed to a more 

homogeneous redistribution of carriers with enhanced thermal energy from surrounding 

potential minima. Afterwards FWHM tends to rise and the increase is related to both 

phonon- and impurity-induced broadening mechanisms. In comparison, m3 exhibits 

similar rising tendency with temperature above 100°C except the slight decrease near the 

room temperature. 

Considering that the PL spectrum is convoluted with the emission from both 

radiative band-to-band recombination and localization sites, we have applied multiple 

Gaussian functions to fit each spectrum and obtained FWHM from the main peak (extended 

states) with the strongest PL emission. The results are shown in Figure 8.7 (d-f) for m6 and 

Figure 8.7 (g-i) for m3, respectively. All extracted FWHM values have been fitted with 

Segall’s equation. The overall broadening of FWHM with temperature can be described as 

the sum of three types of phonon-induced linewidth broadening mechanisms[236], [237] 

as well as the scattering from ionized impurities[238]–[240]: 

𝛤(𝑇) = 𝛤𝑖ℎ + 𝛤𝑎𝑐 + 𝛤𝐿𝑂 + 𝛤𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦 

𝛤(𝑇) = 𝛤𝑖ℎ +  𝛾𝑎𝑐𝑇 +
𝛾𝐿𝑂

exp (𝐸𝐿𝑂/𝑘𝐵𝑇)−1
+  𝛾𝑖𝑚 exp (

−𝐸𝑖𝑚𝑝

𝑘𝐵𝑇
) ,                                                       (8.7) 



  115 

where 𝛤𝑖ℎ  is the temperature-independent inhomogeneous broadening constant which 

stems from scattering due to exciton–exciton interactions, crystal disorder and 

imperfections[236]. In the second and third terms ( 𝛤𝑎𝑐  and 𝛤𝐿𝑂 ), 𝛾𝑎𝑐  and 𝛾𝐿𝑂  are the 

acoustic  and longitudinal optical (LO) phonon coupling constants, respectively[237]. ELO 

represents the characteristic energy of LO phonon which is set as 91 meV in the fitting 

procedure. The last term (𝛤𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦) accounts for the scattering from ionized impurities 

with an average activation energy Eimp. Generally, two major homogeneous broadening 

mechanisms (𝛤𝑎𝑐  and 𝛤𝐿𝑂) are scattering of deformation potential[241]. The interaction 

between exciton and acoustic phonon involves only intraband scattering of excitons[237] 

and is linearly dependent on temperature. In contrast, the interaction between exciton and 

LO phonon is typically described as Fröhlich interaction, which originates from Coulomb 

interaction between electrons and electric field induced by the out-of-phase displacements 

of oppositely charged atoms due to LO phonon. For polar semiconductors such as GaN, 

LO phonon dominates the scattering mechanism[232], [236].  

 

Table 5. Parameters determined from fitting for the PL emission from the extended states 

for m6 and m3. 
 

𝛤0 
(𝑚𝑒𝑉) 

𝛾𝑎𝑐 
(𝜇𝑒𝑉/𝑘) 

𝛾𝐿𝑂 
(𝑚𝑒𝑉) 

𝐸𝐿𝑂 
(𝑚𝑒𝑉) 

𝛾𝑖𝑚 
(𝑒𝑉) 

𝐸𝑖𝑚𝑝 
(𝑒𝑉) 

𝑚6 − 1 𝜇𝑊 109.2 11.4 95.0 91.3
* 44.4 0.400 

𝑚6 − 5 𝜇𝑊 114.1 10.0 55.9 91.3
* - - 

𝑚6 − 50 𝜇𝑊 108.5 10.0 143.2 91.3
* - - 

𝑚3 − 1 𝜇𝑊 90.6 24.4 90.0 91.3
* 10000 0.739 

𝑚3 − 5 𝜇𝑊 98.9 10.0 55.0 91.3
* 599.5 0.548 

𝑚3 − 50 𝜇𝑊 75.0 15.0 139.8 91.3
* 10000 0.888 

*The numbers with asterisks (*) mean that they are fixed in the fitting. 
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For m6, the contribution of impurity broadening (𝛤𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦) can only be observed 

under 1 μW excitation. Acoustic phonon broadening (𝛤𝑎𝑐) dominates under 5 μW while 

LO phonon broadening is the main broadening mechanism under 50 μW. From Figure 

8.7(g) to 8.7(i), the broadening of FWHM of m3 is dominated mostly by both acoustic and 

LO phonon scattering prior to 600K. Under low excitation conditions including 1 μW and 

5 μW, the crossover temperature where these two homogeneous broadening mechanisms 

contribute equally is approximately 400K. After 600K, impurity scattering (𝛤𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦 ) 

becomes dominant. Previous paper suggested that this activation energy could also provide 

an estimated localization depth of excited carriers dephasing into surrounding InGaN 

materials[239]. 

 
Figure 8.S1. The HAADF-STEM images of (a & e) the entire m-plane InGaN/GaN MQW 

structure, (b & f) the representative 5 periods of QW and barrier layers and (c & g) 

corresponding intensity profiles, and (d & h) the magnified images of 2 periods of QW and 
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barrier layers. Figures (a-d, the top row) were taken from m6 while (e-h, the bottom row) 

from m3. 

 

Figure 8.S2: Schematic zoom-in energy band diagrams of (a) m6 and (b) m3, respectively. 

The grey lines indicate the ground states of the fifth QW for electron and hole in conduction 

band and valence band, respectively. 

 

Figure 8.S3. Power-dependent time-resolved photoluminescence (TRPL) for (a) m6 and 

(b) m3, respectively, from 1μW to 50 μW.  
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Figure 8.S4. Temperature-dependent time-resolved photoluminescence (TRPL) studies of 

sample (a-c) m6 and (d-f) m3 in range of 20–400 °C and at three different excitation power 

(1, 5 and 50 μW). 

 

8.4 Summary 

In conclusion, experimental investigations on two m-plane InGaN/GaN QWs demonstrate 

that in relatively thin QW structure, the obscure interfaces between QW and barriers and 

the lack of structural uniformity induced from Indium compositional fluctuation tend to 

delocalize carriers and make them more prone to the nonradiative Shockley-Reed-Hall 

recombination. Nonetheless in the case of thick QW design, carrier localization is more 

likely to originate from thickness fluctuation of QW and/or barrier which enables InGaN 

QWs maintain strong radiative capability even at elevated temperatures. It’s therefore vital 

for device designers to carefully manage QW integrity and uniformity in pursuit of a 
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thicker m-plane InGaN active region. From the analysis of temperature-dependent carrier 

lifetime, the major carrier delocalization mechanism at elevated temperatures is possibly 

thermal escape of electron from QW. In addition, detailed analysis on exciton-phonon 

scattering mechanisms reveals that both acoustic and optical phonon scatterings play the 

dominant roles in the range of 300-600 K and afterwards impurity scattering is the main 

mechanism responsible for FWHM broadening. These results offer new insights and 

strategies for further development of InGaN-based optoelectronics toward the theoretical 

limit of their efficiency.  
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CHAPTER 9 

CONCLUSIONS AND OUTLOOK 

9.1 Conclusions 

Wide bandgap InGaN materials have emerged as a promising candidate for high 

efficiency solar cells due to their unique intrinsic properties. This work has devoted great 

efforts to improve the PV performance of InGaN-based MQW solar cells both theoretically 

and experimentally. This dissertation first analyzed loss mechanisms and studied the 

theoretical limit of PV performance of InGaN solar cells (Chapter 2). Then three device 

design techniques have been proposed and demonstrated: band polarization engineering 

using nonpolar and semipolar native GaN substrates (Chapter 3), device structure design 

(Chapter 4) and band engineering via AlGaN elelctron- and hole-blocking layers (Chapter 

5). Afterwards, the dissertation has revealed and investigated three physical mechanisms 

related to high temperature performance of InGaN solar cells: thermal reliability issue from 

400°C to 500°C (Chapter 6), enhanced EQE and conversion efficiency with rising 

temperatures (Chapter 7) and carrier dynamics and localization effects inside nonpolar m-

plane InGaN QWs at high temperatures  (Chapter 8). 

Chapter 2 studies the photovoltaic performance of single-junction and two-junction 

InGaN solar cells using a semi-analytical model. We analyze the major loss mechanisms 

in InGaN solar cell including transmission loss, thermalization loss, spatial relaxation loss, 

and recombination loss. We find that transmission loss plays a major role for InGaN solar 

cells due to the large bandgaps of III-nitride materials. Among the recombination losses, 

Shockley-Read-Hall recombination loss is the dominant process. Compared to other III-V 

photovoltaic materials, we discovered that the emittance of InGaN solar cells is strongly 
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impacted by Urbach tail energy. For two- and multi-junction InGaN solar cells, we discover 

that the current matching condition results in a limited range of top-junction bandgaps. 

This theoretical work provides detailed guidance for the design of high-performance 

InGaN solar cells. 

In Chapter 3, we demonstrate the nonpolar and semipolar InGaN/GaN MQW solar 

cells grown on nonpolar m-plane and semipolar (202̅1) plane bulk GaN substrates. The 

optical properties and PV performance of the nonpolar and semipolar InGaN solar cells 

were systematically studied, and the results were compared to the conventional polar c-

plane devices. The absorption spectra, current density–voltage (J–V) characteristics, 

external quantum efficiency (EQE), and internal quantum efficiency (IQE) were measured 

for nonpolar m-plane, semipolar (202̅1) plane, and polar c-plane InGaN/GaN MQW solar 

cells, respectively. Nonpolar m-plane InGaN/GaN MQW solar cells showed the best 

performance across all devices, with a high open-circuit voltage of 2.32V, low bandgap-

voltage offset of 0.59V, and the highest EQE and IQE. In contrast, the polar c-plane device 

showed the lowest EQE despite the highest absorption spectra. This huge difference is 

attributed to the better carrier transport and collection on nonpolar m-plane devices due to 

the reduced polarization effects, which were further confirmed by bias-dependent EQE 

measurements and energy band diagram simulations. This study demonstrates the high 

potential of nonpolar and semipolar InGaN solar cells and can serve as guidance for the 

future design and fabrication of high efficiency III-nitride solar cells. 

Chapter 4 presents a detailed study on the MOCVD growth, characterizations and 

optimization of InGaN/GaN MQW solar cell devices. Both PV performance at RT and 

elevated temperatures are characterized for comparison for future study. 
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Chapter 5 performs a comprehensive study on energy band engineering of InGaN 

MQW solar cells using AlGaN electron- and hole-blocking layers. InGaN MQW solar cells 

with AlGaN layers were grown by MOCVD, and high crystal quality was confirmed by 

high resolution X-ray diffraction (HRXRD) measurement. Time-resolved 

photoluminescence (TRPL) results showed that the carrier lifetime on the solar cells with 

AlGaN layers increased by more than 40% compared to that on the reference samples, 

indicating greatly improved carrier collections. The illuminated J–V measurements further 

confirmed that the short-circuit current density (Jsc) of the solar cells also benefited from 

the AlGaN layer design and increased 46%. At room temperature, the InGaN solar cells 

with AlGaN layers showed much higher power conversion efficiency (PCE), by up to two-

fold, compared to reference devices. At high temperatures, these solar cells with AlGaN 

layers also delivered superior PV performance such as PCE, Jsc and FF than the reference 

devices. These results indicate band engineering with AlGaN layers in the InGaN MQW 

solar cell structures can effectively enhance the carrier collection process and is a 

promising design for high efficiency InGaN solar cells for both room temperature and high 

temperature PV applications. 

Chapter 6 explored the thermal stability of InGaN solar cells under thermal stress 

at elevated temperatures from 400°C to 500°C. HRXRD analysis reveals that material 

quality of InGaN/GaN did not degrade after thermal stress. The EQE characteristics of 

solar cells were well-maintained at all temperatures, which demonstrates thermally robust 

nature of InGaN materials. Analysis of J–V curves indicates that the degradation of 

conversion efficiency of the solar cell is mainly caused by the decrease in Voc, while Jsc and 

FF remain almost constant. The decrease of Voc after thermal stress is attributed to the 
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compromised metal contacts. Transmission line method (TLM) results further confirmed 

that p-type contacts became Schottky-like after thermal stress. The Arrhenius model was 

employed to estimate the failure lifetime of InGaN solar cells under different temperatures. 

These results suggest that while InGaN solar cells have high thermal stability, the 

degradation in metal contact could be the major limiting factor for these devices under high 

temperature operation. 

Chapter 7 shows a demonstration of III-nitride solar cells using polarization-free 

(i.e., nonpolar) InGaN/GaN MQW which showed a large working temperature range from 

room temperature to 450°C, with positive temperature coefficients up to 350°C. The peak 

EQEs of the devices showed a 2.5-fold enhancement from RT (~32%) to 450°C (~81%), 

which is distinct from all other solar cells ever reported. This can be partially attributed to 

an increase of over 70% in carrier lifetime in nonpolar InGaN MQW obtained from TRPL. 

Furthermore, a thermal radiation analysis revealed a unique self-cooling effect for III-

nitride materials, which also helps enhance device performance at high temperature. These 

results offer new insights and strategies for the design and fabrication of high efficiency 

high temperature PV cells. 

Chapter 8 investigates different carrier dynamics of two nonpolar m-plane 

InGaN/GaN QWs at high temperatures by combining scanning transmission electron 

microscopy (STEM) and photophysical characterization. Both experimental and 

theoretical results suggest that carrier lifetime in both samples increases with temperature 

in a certain range of temperature. In addition, the reduced integrity and uniformity of QWs 

make carriers more prone to the nonradiative Shockley-Reed-Hall recombination. 

Moreover, both acoustic and optical phonon scatterings dominate from 300 to 600 K 
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through the analysis on the evolution of photoluminescence spectra. Overall, these detailed 

studies provide insights into approaches to evaluate carrier dynamics at elevated 

temperatures and improve emitting performance to further push the practical efficiency 

limit. 

9.2 Outlooks 

To further harness and exploit the full potential of InGaN solar cells, the hybrid 

integration of InGaN with other high-Eg III-V is highly desired and currently under 

investigation. Two integration schemes have been proposed and explored previously[242], 

[243], as shown in Figure 9.1. The first method is oxide-oxide bonding, which has been 

heavily explored for III-V/Si laser integration[124]. In such scheme, the two wafer surfaces 

are coated with PECVD-deposited nitride, rigorously cleaned and then subjected to O2 

plasma activation. Bonding can then be initiated by using wafer-bonding equipment. Such 

bonds are durable at elevated temperatures, and typically strengthen as temperature is 

increased beyond 300°C[244]. Issues with thermal stress-induced de-bonding are a less 

concern, since the coefficient of thermal expansion for GaAs and GaN are remarkably 

similar. While this approach has the advantage that the III-N and III-V devices do not need 

to be current- or polarity-matched, the disadvantage is the additional interconnect 

processing and, ultimately, the need for circuitry to combine the mismatched power being 

supplied. 
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Figure 9.1: Schematic of (a) oxide-oxide bonding scheme, (b) GaAs-GaN wafer fusion. 

TEM images are adapted from ref [242], [243].  

The second scheme is to create semiconductor-to-semiconductor bonded, 

electrically conductive interfaces between the bottom of the III-N top cell and the III-V 

bottom cells, as depicted in Fig.9.1(b). Previous research works have shown the feasibility 

and practicality of wafer-fused GaAs/GaN transistors. Atomic-scale smooth and clean 

interface was achieved and outstanding electrical performance was also demonstrated[242], 

[245].  In such wafer fusion, GaN and GaAs wafers were first rinsed with solvents and 

joined together in methanol, and annealed at 450 °C -750 °C for different time (0.5-1 h) in 

N2 under 2-5 MPa of uniaxial pressure. Afterwards, mechanical polishing and wet etching 

were carried out to thin down and totally remove the GaAs substrate. With this approach, 
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III-V and GaN samples can be well bonding and the crystal structures of GaAs and GaN 

are maintained with the atomic arrangements clearly seen beyond the bonded interface 

without threading dislocations. Other successful work of GaAs to InP for integrated 

monolithic four-junction solar cells has proven that the photovoltaic performance was not 

affected by the bonded interface[246]. However, there is still no work on directly bonded 

GaAs-to –GaN solar cells and research effort is needed to investigate the effect of bonding 

interface on photovoltaic performance of such bonded tandem cells. Moreover, the 

bandgaps of InGaN and the underlying III-V materials require careful design to satisfy the 

current-matching of these tandem or multijunction cells. In addition, to realize a fully 

functional 2T device, an additional tunnel junction will need to be grown above the III-V 

cell such as Ga1-yInyP. 
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Figure 9.2: (a) Schematic of a GaInN/GaInP/GaInAs/Ge four-junction solar cell, (b) Solar 

cell characteristics under AM 1.5G (1 sun) irradiation and (c) Characteristics of each 

device[59].   

In 2019, a four-junction (4J) solar cell with InGaN top cell was reported for the first 

time using wafer bonding technique [59] (see Fig.9.2). A bonding temperature of 450 °C, 

bonding pressure of 500 N, and bonding time of 60 min are applied to achieve the optimal 

bonding between n-GaAs and p-GaN. The bonding strength (as per tensile testing) is 4.5 

MPa, which is higher than that of an Au/Au junction (3.3 MPa), despite the PV 

performance is not satisfactory. The PV performance of the 4J cell will be expected to be 

greatly enhanced if the current matching is taken into consideration. In this case, 4 terminal 

scheme of such multi-junction cell is expected to be a more feasible and practical approach. 
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Nowadays, the continuance of Moore’s law has become quite stringent for 

semiconductor foundries due to the limits of physics and fabrications [247], [248]. 

Meanwhile, conventional Si based MOSFETs are facing the fundamental limitation of the 

subthreshold swing (SS) by Boltzmann’s theory[249] . To keep providing faster computing 

systems for customers in the future generation electronics, innovative materials and 

technologies have been explored extensively. These include Ⅲ-Ⅴ compounds [250], two-

dimensional (2D) materials [251], topological insulators [252] and neural networks[253].  

Recently, researchers proposed to employ tunneling FETs and integrate 

ferroelectric materials on gate of FETs to realize the steep subthreshold switching [254], 

[255]. However, the average SS of these devices was larger than 30 mV/decade, which is 

still unsatisfying. Another effort includes adopting graphene-based resistive-switching 

device to achieve steep slope (sub-10 mV/decade) and low leakage current [256]. It’s 

claimed that this filament transistor can be scaling down to sub-10 nm without sacrificing 

performance. Nonetheless, the repeatability and homogeneity still remain a critical 

challenge for such 2D material-based devices.  

An alternative approach is to combine phase-change materials with conventional 

FETs to realize phase-FET or hyper-FET. The metal-insulator-transition (MIT, or Mott 

insulator) materials such as VO2 and NbO2 are commonly utilized on gate or source 

electrodes to obtain SS less than 8 mV/dec [257]–[259]. For example, a GaN-based phase-

FET was demonstrated which integrated AlGaN/GaN MOS-HEMT with a VO2 resistor 

[259]. Nonetheless, the claimed steep-switching occurred at the current saturation region 

in transfer characteristics and the SS at threshold voltages (Vth) has not been modulated by 

VO2. In addition, Mott insulators suffer from thermal instability in high frequency 
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applications. Another effort includes adopting threshold switching device based on Ag and 

Cu to achieve steep slope (sub-5 mV/decade) and low leakage current [260]–[262]. 

In this study, we implemented SiO2-based threshold switching device with the 

advanced AlGaN/GaN metal-insulator-semiconductor HEMTs (MIS-HEMTs) on Si 

substrates and demonstrated a steep-slope transistor (SST). Compared to Mott insulators, 

SiO2 -based resistive random-access memory (RRAM) is favored primarily owing to the 

low leakage current  and compatibility in the back-end-of-line (BEOL) processing in 

integrated circuits foundries [263]–[267]. This integrated SS-HEMT device achieved ~ 

5mV/dec subthreshold swing with a transition range of over 105 in the transfer 

characteristics in both scan directions at RT. The Vth was also improved significantly. This 

SS-HEMT also inherited low leakage current (~10-5 μA/μm) and a high ION/IOFF ratio (>107) 

from the original MIS-HEMTs. These results not only enable this novel transistor 

architecture to extend to other transistor systems, but also offer considerable possibilities 

for low-power switching and high frequency applications. 

 
Fig. A1. (a) Schematic cross-section view of the steep-threshold-switching AlGaN MIS-

HEMT, (b) schematic structure of MIM used in this study and (c) schematic circuit 
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diagrams of the stand-alone (left) and integrated steep-switching AlGaN MIS-HEMT 

device (right). 

The AlGaN/GaN device epilayers for the MIS-HEMTs were grown by the 

metalorganic chemical vapor deposition (MOCVD) on 2-inch Si substrates. 

Trimethylgallium (TMGa) and trimethylaluminum (TMAl) were used as the precursors for 

Ga and Al, respectively, and ammonia (NH3) was the source for N. The carrier gas is H2. 

As showed in Fig. 1(a), the heterostructure consists of a highly resistive GaN buffer layer 

grown on a Si substrate, a 100-nm GaN channel layer, a 1 nm AlN interlayer, a 28 nm 

Al0.26Ga0.74N barrier layer, and a 2 nm GaN-cap layer. A 20-nm Si3N4 layer grown by low-

pressure chemical vapor deposition (LPCVD) serves as the gate dielectrics and a 

passivation layer. The LPCVD-grown Si3N4 layer was deposited at 780 °C with ammonia 

(NH3) flow of 280 sccm, a SiH2Cl2 flow of 70 sccm, and a deposition rate of 3.5 nm/min 

[268].  

The AlGaN/GaN HEMTs were fabricated using the conventional photolithography. 

The wafer was cleaned in acetone and isopropyl alcohol under ultrasonic, and then dipped 

briefly in hydrochloric acid before metal depositions. Planar device isolation was achieved 

by multi-energy fluorine-ion implantation [269]. The LPCVD- Si3N4 in the source/drain 

contacting area was etched away by reactive ion etching (RIE). Ohmic contacts for source 

and drain regions were formed by e-beam evaporation of Ti/Al/Ni/Au (20/130/50/150 nm) 

and annealed at 890 °C for 30 s in N2 ambient. Then gate metals were deposited by e-beam 

evaporation with Ni/Au (50/150nmm) and lift-off process. The gate-to-source space, the 

gate-to-drain space, the gate width, and the gate length are 4, 15, 100, and 4 μm, 

respectively. After the MIS-HEMT fabrication, a 2-D electron gas density of ∼ 1×1013 
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cm−2 and electron Hall mobility of ∼1800 cm2/(V·s) were measured at room temperature. 

More details on device fabrications can be found in references [269]–[271], [207]. The 

circuit symbols for MIS-HEMT device denoting the source (S), gate (G) and drain (D) 

terminals are illustrated in Fig. A1(a). 

Threshold switching devices with a metal-insulator-metal (MIM) structure were 

then fabricated on the source contacts of the MIS-HEMT, as showed in Fig.A1 (a). Figure 

A1(b) shows the MIM structure including a 12 nm Ti bottom electrode (BE), a 12nm SiO2 

switching layer and a 15 nm Ag top electrode (TE), sequentially deposited by e-beam 

evaporation without interrupting the vacuum. Each MIM cell is circular with a diameter of 

30 μm. No thermal annealing was conducted afterwards. The finial devices were denoted 

SS-HEMT. More details on the deposition and fabrication of SiO2-based threshold 

switching cells can be found in [272]. DC characterizations of oxide-based threshold 

switching devices were carried out using a Keithley 2400 sourcemeter and transfer curves 

of the MIS-HEMTs and SS-HEMTs were performed using a Keithley 4200-SCS parameter 

analyzer. All measurements were performed at room temperature.  
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Fig. A2. Representative current–voltage characteristics of the Ag/SiO2/Ti oxide-based 

threshold switching devices showing the resistive switching processes at current 

compliance of 5 μA (in red) and 7.5 μA (in blue). The scan sequence follows the labeled 

number: 1-2-3-4.  “𝑉𝑇𝐻
𝑜𝑛” and “𝑉𝑇𝐻

𝑜𝑓𝑓
” represent the threshold voltages of MIM device 

switching to “ON” and “OFF” states, respectively.  

 

Figure A2 shows the representative resistive switching curves of the Ag/SiO2/Ti 

oxide-based threshold switching devices at two different current compliances (ICC) of 5 μA 

(in red) and 7.5 μA (in blue). The scan was taken at a sequence of 1-2-3-4, as labeled in 

the Figure A2. For each current compliance, ~ 30 cycles were conducted to ensure the 

device repeatability and endurance. Threshold switching devices will go from a high 

resistance state (HRS) to a low resistance state (LRS) or “ON” state at a threshold voltage 

(Vth). All Vth values are marked in the Figure 2. For ICC = 7.5 μA, VTH
on

 are ~ 3.7 V for 

positive scans and ~ −1.8V for negative scans. In contrast for ICC = 5 μA, VTH
on  are ~ 3.2 V 

and ~ −2.8V. In addition, the ON state switched back to OFF state when the voltage sweeps 

back to a low level ( VTH
off =1.5V for ICC = 7.5 μA and VTH

off =2.5V for ICC = 5 μA). The 

rectifying ratio of ~ 102 can be further enhanced with smaller MIM devices due to the 

inverse proportional relation between HRS and device size[262]. The device performance 

can be improved by reducing surface roughness of source electrodes and optimizing 

fabrication process. The possible threshold switching mechanism is proposed as the 

formation of unstable or even discontinuous conductive filaments at low compliance 

currents. More details on resistive switching mechanisms of the SiO2-based threshold 

switching devices can be found in [273], [274].  
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Figure A3 (a) illustrates the ID-VGS transfer characteristics of the stand-alone 

AlGaN/GaN MIS-HEMTs at drain voltages (VDS) from 3V to 9V and gate voltages (VGS) 

from −14V to 4V in both linear and logarithmic scales. The threshold voltage for HEMT 

(Vth), defined as the voltage at a current of 10−2 μA/μm, was determined as −12.28 V at a 

VDS of 6 V in the forward scan.  In addition, the hysteresis of Vth values between forward 

and backward scans is also obtained from Fig. A2(b) and (c). The hysteresis of Vth (ΔVth) 

is defined by the following equation: ΔVth = Vth (backward) − Vth (forward). The ΔVth can 

originate from the acceptor-like trap states in the Si3N4/GaN interface [275], [276]. At VDS 

= 6 V, a low ΔVth of 0.22 V was observed due to a high quality interface between GaN and 

Si3N4 grown by LPCVD [269]. It’s also noteworthy that hysteresis ΔVth has a tendency to 

reduce as VDS increases. This can be ascribed to the fact that fewer electrons would be 

captured by those aforementioned trap states when VDS increases and then the electrical 

stress between gate and drain (VGD) reduces. The saturation drain current (ID) at VGS = 4V 

and VDS = 9V is 515 μA/μm. The ON/OFF ratio of over 107 was also achieved in this stand-

alone AlGaN MIS-HEMT device. 

Figure A3 (b) and (c) show the ID-VGS transfer characteristics of integrated SS-

HEMT at VDS from 5V to 10V for both forward scans and backward scans in logarithmic 

scales.  The steep-subthreshold-switching behaviors were clearly observed in both scan 

directions. This steep slope switching occurs at a huge current range from ~10-5 μA/μm to 

more than 102 μA/μm, indicating a high ON/OFF ratio of more than 107. This large current 

transition range of over 7 decades is 100 times greater than previous report on Ag/TiO2-

Based steep-slope transistor [277]. All subthreshold-switching values are below 5 mV/dec. 

In addition, the drain current (ID) was suppressed in the SS-HEMT compared to the stand-
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alone MIS-HEMT. This can be ascribed to the additional source resistance from the SiO2-

based threshold switching devices, leading to the reduction of the actual bias applied on 

the drain and thus the decrease of the drain current. For instance, at VGS = 3V and VDS = 

9V, the drain current was 432 μA/μm for SS-HEMT device while it was 513 μA/μm for 

the stand-alone MIS-HEMT. This suppressed ID phenomena is also consistent with 

previous reports on steep-slope transistors, such as AlGaN phase-FET with VO2 [259], a 

Si MOSFET with NbO2 on gate [257] and a Si MOSFET with atom switch devices based 

on Ag and Cu [262]. On the other hand, a positive shift in Vth values was observed in both 

scan directions compared to the standalone HEMT in Fig.A3(a). This trend is also 

consistent with previous work on steep-switching transistors [257]–[262], [277]. This 

shifting VTH can be attributed to the intrinsic low leakage current and high resistance of 

SiO2. SiO2 has a huge bandgap of ~9.0 eV.  This leads to the lower leakage current, larger 

current transition and smaller SS in our demonstrated steep-slope transistors. Once the 

threshold switching device is switched on, the integrated transistor will immediately rectify 

to the current saturation mode since the standalone HEMT is already turned on given the 

same gate voltage. In comparison, TiO2 and other oxides typically have a relatively small 

bandgap between 3.0 and 6.0 eV. The leakage current or OFF current would be higher in 

transfer characteristics (ID-VGS measurements) and such steep-threshold-switching 

performance would be less pronounced if these oxides are adopted in our design. More 

details will be discussed in the later section. 
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Fig. A3. The ID-VGS transfer characteristics of (a) the stand-alone AlGaN/GaN MIS-

HEMTs in both logarithmic(left) and linear (right) scales, and the integrated steep-slope 

AlGaN/GaN HEMTs (SST) for (b) the forward scan and (c) the backward scan in 

logarithmic scales. 

Figure A4 (a)-(h) show the extracted subthreshold swing (SS) as a function of the 

drain current for the integrated SS-HEMTs at VDS= (a) 5 V, (b) 6V,  (c) 7V, (d) 8V, (e) 9V  

and (f) 10V in both scan directions, and (g) for the stand-alone AlGaN/GaN MIS-HEMTs 

at VDS= 6V. For the MIS-HEMT device, the SS values were much higher than the 

Boltzmann limit of 60 mV/dec at RT and the minimum values were ~ 85 mV/dec in the 

forward scan and ~80 mV/dec in the backward scan, respectively. With the integration of 

silica-based threshold switching devices, the steep subthreshold switching occurs at an 

abrupt transition range of drain current, which is higher than 5 orders of magnitude in 

forward scans [See Figure A4(a)-(f)]. Figure A4(h) shows the summary of SS values at a 

function of applied drain voltage VDS. Starting from VDS= 5 V, the SS-HEMT exhibited 

the steep-subthreshold-switching behavior and dropped dramatically to 1.94 mV/dec, 1.79 

mV/dec, 1.47 mV/dec, 1.47 mV/dec, 1.40 mV/dec and 4.07 mV/dec at VDS= 5 V, 6V, 7V, 

8V, 9V and 10V in the forward scans. In backward scans, SS values were still far smaller 

than the Boltzmann limit of 60 mV/dec at RT, i.e., 1.81 mV/dec, 1.49 mV/dec, 2.96 mV/dec, 

2.04 mV/dec, 2.02 mV/dec and 1.90 mV/dec at VDS= 5 V, 6V, 7V, 8V, 9V and 10V, 
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respectively. It’s worth pointing out that in the steep-slope ranges, SS values are 

comparable in both scan directions. However, this is not a general case for measurement 

results of more than 50 times. SS values in backward scans are generally larger than in the 

forward scans, which has previously been observed in the steep-switching AlGaN phase-

FET with VO2 [259]. This can be attributed to the fact that more electrons are accumulated 

in the SiO2-based threshold switching devices during sweeping of VGS from negative to 

positive range. Future work on characterizing the switching performance of this type of 

integrated AlGaN/GaN SS-HEMTs will be conducted to investigate the modulation 

capability.   

 
Fig. A4. The extracted subthreshold swing (SS) as a function of the drain current (ID) for 

the integrated steep-switching AlGaN/GaN HEMTs (SS-HEMTs) at VDS= (a) 5 V, (b) 6V, 
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(c) 7V, (d) 8V, (e) 9V and (f) 10V, and (g) the stand-alone AlGaN/GaN MIS-HEMTs at 

VDS=6V.  (h) shows the summary of the SS values at a function of the applied drain 

voltages VDS of the SS-HEMT and the stand-alone HEMT at VDS= 6V. All data displayed 

in black indicated the forward scan and the red for the backward scan. Grey dash lines 

indicate the subthreshold swing limit at room temperature for traditional transistor.  

In order to confirm the repeatability of the steep-slope HEMT device, we performed 

IDS-VGS measurements on multiple devices for more than 50 times. Summary of VSS values 

(defined as the gate voltage where the steep slope transition occurs) at a function of applied 

drain voltages VDS in the SS-HEMT and the summary of SS values at a function of applied 

drain voltages VDS are shown in the Figure A5 (a) and (b), respectively. For each sweep 

direction of each drain voltages VDS, more than 10 IDS-VGS curves were chosen to calculate 

the statistical distribution of VSS and SS values. We can see that a positive shift in all 

subthreshold gate voltages where the steep slope transition occurs (VSS) compared to those 

in a normal stand-alone HEMT device (~ -12.5 V). In addition, VSS in backward scans are 

generally more negative than these in forward scans. This can be accounted for by electron 

accumulation in both MIM and HEMT devices during sweeps. As for SS ranges shown in 

Figure 5 (b), SS appears to be more stable at around 2 to 5 mV/dec as VDS increases. Future 

work on achieving better stability of SS and device can be incorporating GaN-based 

threshold switching devices [270] and improving fabrication process. 

The proposed threshold switching mechanisms are concluded as follows: with the 

SiO2 threshold switching device on the source of a HEMT, the original gate voltage VGS is 

composed of 2 parts: VGS’ and VS’S [see Figure A1(c)].  The VS’S (<0V) is equal to the 

condition where Ag electrode was applied a positive voltage, namely VSS’ >0, since this is 
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a depletion-mode HEMT and steep switching occurs at a negative VGS. There are three 

possible device operation scenarios: 

(1) As VGS < Vth of HEMT [Vth (HEMT) ~ -12 V], the integrated HEMT behaves like a 

stand-alone HEMT and the device was turned off; 

(2) As Vth < VGS < 0, at a certain level of VGS, VS’S will exceed the Vth of the SiO2 threshold 

switching device [Vth (MIM)]. Then conductive filaments form between top and bottom 

electrodes. As the MIM device turns to LRS, the integrated transistor (HEMT in this case) 

will immediately rectify to the current saturation region and the steep switching occurs. 

This is due to the similar resistance states for both for SiO2 MIM structure and HEMT since 

the OFF current is in the range from 10-9 to 10-7 A for SiO2 MIM structure while the OFF 

current of HEMT is lower than 1×10-8 A (this is the detection limit of the setup-up). 

(3) As VGS sweep back, VS’S will exceed the Vth (MIM) at another certain level of VGS. 

Then conductive filaments break, the MIM device turns to HRS, the steep switching occurs, 

and the transistor turns off. 

 
Fig. A5. (a) Summary of VSS values (defined as the gate voltage where the steep slope 

transition occurs) at a function of applied drain voltages VDS of the SS-HEMT and (b) 
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Summary of SS values at a function of applied drain voltages VDS of the SS-HEMT. SS 

values of the stand-alone HEMT at VDS= 6V are also plotted for reference. 

In summary, we implemented the SiO2-based threshold switching devices on the 

improved AlGaN/GaN MIS-HEMTs on Si substrates and demonstrated a steep-slope 

transistor. This integrated SS-HEMT device achieved ~ 5mV/dec subthreshold swing with 

a current transition range of over 105 in the transfer characteristics in both scan directions 

at RT. It also inherited low leakage current (~10-5 μA/μm) and a high ION/IOFF ratio (>107) 

from the MIS-HEMTs. Advantages of SiO2-based threshold switching devices include 

intrinsic low leakage current, facile fabrication process, CMOS-compatible and 

controllable switching properties. Further engineering approaches can be adopted to 

fabricate the steep-slope transistor with desired switching behavior. For example, an 

enhancement-mode GaN HEMT, III-V transistors and even Si FinFETs can also be 

integrated with such SiO2-based threshold switching devices. In addition, OFF current level 

can be further reduced by laterally scaling down the size of MIM structure. Therefore this 

novel transistor design harnesses the unique properties of facile and CMOS-compatible 

SiO2-based threshold switching devices and promises numerous performance advantages 

over conventional three-terminal transistors.   

 


