
 

 

  

Project 11: Project Scientific Progress – Fall 2009 to Fall 2015 
 

The project aims to develop low-cost, high efficiency solar cells by using new types of materials and 

nanotechnology. Many of the objectives of the project have been achieved. 

 

The project was organized into the following tasks: 

 

 Task I: Investigate the Bridgman growth of high-quality large-area CuInxGa1-xSe2 (CIGS) crystals 

and how to passivate the interfaces, with the objective to achieve CuInxGa1-xSe2 solar cells with 

further improved efficiency and lower cost. 

 

 Task II: Develop nanowire solar cells based on InGaN/GaN material system on a Si substrate as 

an intermediate band solar cell. 

 

 Task III: Explore the integration of CuInxGa1-xSe2, InGaAs metamorphic, InAs QD intermediate 

band, and InGaP quadruple-junction solar cells. 

 

Task 1: 

 

The collaboration between McGill University and the University of Ottawa has resulted in the completion 

of a part of the project which focused on the growth, characterization and device fabrication of 

CuInGaSe2 (CIGS) based solar cells using the Bridgeman growth method. We have chosen to end the 

growth and fabrication part of the project early due to difficulties in reconciling the growth methods of 

CIGS and other III-V semiconductors. 

 

An optimized multijunction cell which incorporates a CIGS subcell has been proposed.   The proposed 

design reaches an efficiency of 32.6% under normal sunlight conditions at room temperature with 105 

cm−2 threading dislocations, and 39.6% at 750X sun intensity.  The modeling work has also found the 

effect of defects in the materials and suggested the minimum level of material quality to produce to viable 

solar cell with a CIGS subcell.   

 

Task 2: 

 

The growth of the InGaN/GaN nanowires has undergone significant improvements since the project 

began in 2009, all which aim to demonstrate an intermediate band solar cell based this new material 

system.  The first optimization was to improve the conduction of positive charge carriers through the 

quantum dot region.  By only adding sources of charge carriers in between the quantum dots, current can 

flow more easily without losing as much energy to heat. This development allowed nanowires with 

significantly better power generation and light-emitting ability. 

  

Calculations of the limiting power conversion efficiency of intermediate band solar cells were made by 

seeing how the unique light absorption properties of intermediate band solar cells increase the amount of 

current that can be drawn while maintaining the operating voltage. A model of an InGaN/GaN quantum 

dot was successfully created, which provides insight into how much more light can be collected due to 

quantum effects in the nanowire. 

 



 

 

  

This year, we characterized our improved nanowire solar cells and found that they are able to convert low 

energy light to electrical power without adding multiple solar cells on top of each other.  This is the first 

observation of sub-bandgap current generation in InGaN/GaN nanowire solar cells. This fulfills one of the 

conditions for an intermediate band solar cell, which can in theory reach efficiencies almost triple that of 

silicon solar cells.  In the last part of this project, we will quantify the source of the additional current 

from the nanostructures in the devices. 

 

Task 3:   

 

The effects of adding InAs/GaAs quantum dots to the middle sub-cell of a lattice-matched structure 

InGaP/InGaAs/Ge solar cell were explored to see how the quantum dots can enhance cell performance. 

The quantum dot layers were modeled using an effective medium approach, in which a quantum dot layer 

introduces enhanced sub-bandgap absorption. 

 

The model of the multijunction solar cell containing quantum dot layers was constructed using device 

simulation software and allowed for calculations of the current-voltage curves of each of the subcells as 

well as their quantum efficiencies. These simulations were compared with real commercial solar cells 

quantum dots by Cyrium Technologies.  The addition of 125 layers of quantum dots shows an 8% boost 

in the short-circuit density while losing 3% of the voltage relative to a control structure. The overall 

efficiency of the quantum dot-enhanced cell is boosted by about 3% under normal sunlight. 

 

Growth and fabrication of InGaN/GaN dot-in-nanowire solar cells 

HQP Hieu, Ashfiqua and Huy have developed catalyst-free InGaN/GaN dot-in-a-wire solar cells on 

Si(111) substrates, with the quantum dots (QD) aligned near-perfectly at the center of the nanowires, due 

to the strain-induced self-organization. Their structural and optical properties can be controlled by varying 

the growth conditions in a single epitaxial step. By significantly enhancing the hole transport in the device 

active region using p-type modulation doping, the nanowires have shown to have significantly improved 

hole carrier mobility inside the quantum dot region, which exhibit an internal quantum efficiency of 

∼56.8% at room temperature relative to that measured at 5 K.  

  

 

Figure 1. (Left) Scanning transmission electron micrograph cross-section of a single InGaN/GaN 

nanowire with labelled quantum dots. (Centre) Scanning electron micrograph of an ensemble of 

nanowires. (Right) Rendering of the nanowire solar cell cross-section (not to scale). 

 



 

 

  

 
 

Figure 2. Optical micrograph of InGaN/GaN dot-in-wire solar cells. 

 

InGaN/GaN nanowires were grown on Si(111) by radio frequency plasma-assisted Veeco Gen II 

molecular beam epitaxy (MBE) reactor. The vertically oriented pn-junction nanowires are composed of 

~270 nm thick n-GaN base, a ~65 nm thick InGaN/GaN QD intrinsic region with ten QDs, a 10 nm thick 

p-AlGaN electron blocking layer, and capped with a ~200 nm thick p-GaN layer. The InGaN/GaN QDs 

were grown at 640°C while the GaN growth was performed at 750°C. The QD and barrier thicknesses 

were both 3 nm. The diameter of the nanowires is ~100 nm with an areal density of ~1010 cm-2. The n-

type GaN base was doped with silicon at ~1x1018 cm-3, while the p-type GaN emitter was doped with 

magnesium at ~1x1017 cm-3. The wire density is about 1x1010 cm-2.  

 Following nanowire growth, the surface was planarized with polyimide resist via spin-coating. The 

resist was then dry etched to expose the top nanowire surface. A grid of Ni/Au was used as a top contact 

while Ti/Au is used for the back contact on the silicon (111) substrate. The samples were patterned to 

form nominally identical solar cells with areas from 0.3 mm x 0.3 mm to 1 mm x 1 mm. 

 

Table I: Epitaxial structure of a single InGaN/GaN dot-in-wire nanostructure. 

Layer Material Thickness (nm)  Doping (cm-3) 

Top Contact ITO 100  

Top Contact Ni/Au 5/5  

Emitter p-GaN 200 1x1018 

QD x 10 i-InGaN/GaN x10  3/3  

Base n-GaN 270 9x1017 

Substrate n-Si (111) - >1x1019 

Bottom Contact Ti/Au 10/120  

 



 

 

  

Zetian Mi’s group at McGill University has also examined the structure of the nanowires using scanning 

electron microscopy (SEM), electron energy loss spectroscopy spectrum imaging (EELS-SI), and 

transmission electron microscopy (TEM). The results demonstrate the existence of discrete InGaN disks 

along the central axis of the nanowire. The dimension and composition of the nanowires are used as 

important parameters for numerical simulations. 

 

 

Figure 3. . (a) High-resolution high-angle annular dark-field image showing the atomic number contrast 

between InGaN quantum dots and GaN and (b) electron energy loss spectrometry spectrum imaging 

(EELS-SI) performed in the selected region (green box in (a)) showing the In distribution (red region). 

Theoretical studies of ideal intermediate band solar cell optical absorptions 

Summer student Akshay Krishna worked on developing a model of an intermediate band solar cell which 

assesses how the absorption characteristics affect the optimal efficiency. By comparing cases with and 

without overlapping absorption of photons with energies above the large energy transition, hawse show 

that the drop in efficiency is less severe with an intermediate band near the centre of the bandgap. 



 

 

  

 

Figure 4. (Left) Optimal conversion efficiency of an intermediate band solar cell without overlapping 

absorption bands, and (right) with overlapping absorption bands. The false colour map indicates possible 

energy conversion efficiencies, which range from 0 to 65 %. 

Current-Voltage Characteristics of InGaN/GaN dot-in-nanowire solar cells 

Using the multi-sun current-voltage characterization facility at the University of Ottawa, we aimed to 

accurately measure the electrical characteristics of InGaN/GaN nanowire solar cells under varying 

illumination intensities.  

 

Prior to 2014, no photocurrent was observed from fabricated devices. This manifested itself with near-

ohmic resistance properties in measured devices. Samples fabricated in 2014 and 2015 were designed to 

improve the surface passivation at the nanowire surfaces via an AlGaN shell. The efficiency of current 

devices has been improved by modulation doping the intrinsic QD barriers regions and minimizing 

surface recombination with the AlGaN shell. This modification yielded devices with measureable 

photocurrent.  

 



 

 

  

Figure 5. Current-voltage characteristics of an InGaN/GaN nanowire solar cell from 0.5 to 16 suns AM 

1.5G illumination. 

We have worked to assess the electrical performance of a functioning solar cell from InGaN/GaN 

nanowires to improve our understanding of the electrical properties of the AlGaN-coated InGaN/GaN 

material system for use in large-area nanowire solar cell. The photocurrent was found to increase 

approximately linearly with incident AM 1.5G light concentration. Under 16 suns illumination 

InGaN/GaN dot-in-wire solar cells demonstrate short-circuit currents (Jsc) of 1.7 mA/cm2, open-circuit 

voltages (Voc) of 0.21, and fill factors of 28.4%. Low Voc and fill factor indicate there are losses attributed 

to undesirable shunt and/or series resistances. The AlGaN-coated nanowire variant revealed an enhanced 

photoluminescence response due to the reduction in surface states of the nanowire core.  

 

Illuminated and dark current-voltage (I-V) characteristics were measured using a 4-point probe 

configuration on a temperature-controlled stage under illumination by a 16-sun Oriel solar simulator. A 

Keithley 201A electrometer was used to apply electrical bias and measure the resulting current. Intensity 

control of the AM 1.5G light source was achieved using sheets of finely perforated nickel with varying 

transmissivities. The light source used was a 1600W Xenon bulb. 

 

Theoretical determination of optimal growth parameters for InGaN/GaN intermediate band solar cells 

Our goal is to predict fabrication parameters (dot size, In concentration) to produce InGaN/GaN quantum 

dot in nanowire intermediate band solar cells with band gaps best matched to the solar spectrum. The 

band structures of intermediate band solar cells and quantum dot systems are shown in Figure 5.  

  

Figure 6. (a) Band diagram for an ideal intermediate band system and its sub-bandgap transitions. VB, 

IB and CB are the valence band, intermediate band and conduction bands, respectively. The arrows 

show a low-energy transition from VB to IB (red) and from IB to CB (green). Together, these two low-

energy transitions produce one CB-VB electron-hole pair, allowing increased solar cell efficiency. (b) 

The band structure of an InGaN quantum dot in GaN. The red and green arrows show the equivalence 

between the QD band structure and that of the ideal IB device in (a). 

 

The first portion consisted in applying detailed balance calculations to determine the ideal energetic 

position of the intermediate band within the bandgap [1], given the host GaN bandgap of 3.4eV. We 

neglected quantum confinement, treating the InGaN quantum dots as bulk material. From these 

calculations and use of existing data on the relation between indium content in bulk InGaN and its 

(a) (b) 



 

 

  

bandgap [2], we were able to predict an optimal efficiency of about 51% at full concentration, assuming a 

quantum dot with a 0.61 indium fraction and a corresponding 1.3eV bandgap. 

 

In the second portion of the work, we refined these predictions by including quantum confinement effects 

on the band gap, using an effective mass model for the band structures. We modeled the quantum dots as 

cylinders and the nanowire of infinite diameter. These calculations assume a single particle with an 

effective mass in a finite cylindrical potential. The potential is formed by the change in the conduction 

band minimum and valence band maximum in the two materials. Since quantum confinement increases 

the band gap, in small dots it is desirable to increase the indium content, bringing the gap back down. By 

this approach, combined with the results for the optimal band gaps from the detailed balance calculations, 

we predicted the ideal quantum dot indium content for varying dot height and radius, shown in Figure 6. 

These results were used to design the final round of nanowire/quantum dots being grown by the McGill 

group. 

 

 

Figure 7. Optimal indium content curves for varying cylindrical quantum dot heights and radii, calculated 

from an effective mass model for InGaN/GaN quantum dots. h is the quantum dot height. 

In the third portion of our work, we have been developing a more sophisticated model for the quantum 

dot band structure that promises considerably improved accuracy. The model consists of an 8-band k.p 

model which includes spin-orbit coupling and crystal field that is to be solved numerically. The code is 

currently being written for InGaN dots in bulk GaN and will be adaptable for other systems. Once 

completed, it will allow the optimization of parameters such as dot size, shape and indium content. Strain 

will be added afterwards and perhaps other effects if deemed necessary for accuracy. 

References: 

 

[1] Luque, A. & Marti, A. Phys. Rev. Lett., 78, 26, 1997 
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 Photoluminescence Spectroscopy 

 

The photoluminescence (PL) spectroscopy setup at the University of Ottawa has been continuously 

improved over the past few years. The addition of a 200 mW InGaN 405 nm DPSS laser enabled the 

measurement of PL from the InGaN regions of the nanowires. Another laser, a 50 mW HeCd 325 nm 

laser was also added as a pump source to enable the measurement of PL of both the GaN and InGaN 

regions of the nanowires. The measured PL was used to determine carrier confinement in the nanowire 

and quantum dot nanostructures.  

 

A sample imaging system for the PL setup was constructed to assess incident spot size, spot position, and 

sample location. Two cameras were placed at different locations to image the sample surface: one camera 

was positioned beside the cryostat window to observe the macroscopic spot position on the sample, 

another camera was positioned in the collection plane in combination with a flip mirror and focusing 

objective to obtain a magnified view of the sample surface and spot characteristics. These improvements 

facilitated the PL measurement of a single solar cell, and provided a way to determine the incident laser 

source concentration.  

 

 PL spectroscopy was performed using a continuous-wave 405 nm GaN laser at 21 µW unless specific 

otherwise. The beam was focused perpendicular to the sample surface using a 50X long working distance 

objective lens for spot sizes of ~5 µm.  A 7.5 cm convex lens was used as the objective lens to focus the 

incident laser beam over a larger area for spot sizes of ~150 µm. The PL collected through the same 

objective and collected using a Yvon-Jobin spectrometer and a liquid nitrogen-cooled CCD detector. 

Reflected light off the sample was filtered out using a 450 nm long-wave pass filter prior to entering the 

spectrometer. The sample was mounted in a cryostat and photoluminescence was measured from 78K to 

300K. Photoluminescence of the nanowires indicates an inhomogeneously broadened PLsignal with a 100 

μm spot size. 

 

The relative PL intensity between samples was used to gauge the material quality. The PL signal from 

nanowires with Al-GaN shells was significantly stronger than those without any passivation (see Figure 

7). The addition of InGaN quantum dots in the nanowires broadens the emission, a potentially provides an 

intermediate band for sequential absorption of photons. 

 

 



 

 

  

 
 

Figure 8. PL spectra at 78K of InGaN/GaN nanowires with an AlGaN shell (black), and without an 

AlGaN shell (red). 

 

 

Quantum Efficiency Measurements 

 

Measurement of the quantum efficiency of fully fabricated solar cell devices based on the InGaN/GaN 

nanowires with quantum dots provides a tool for detection of intermediate band effects arising from the 

sequential absorption of photons. Special experimental techniques were developed at the University of 

Ottawa to characterize the external quantum efficiency for these samples. The small size of the solar cells 

required a very small spot size of the excitation beam which was realized by restricting the exiting beam 

from the monochromater. The difficulty in collecting very low levels of electrical current from the 

samples required the electrical probe to directly contact the rear electrode. This was achieved by Ross 

Cheriton and Shuo Han by of the solar cell by guiding an upward-facing electric probe through grooves in 

the stage. 

 

Initial solar cells based on the InGaN/GaN nanowires did not reveal any measured photocurrent due to 

large surface state effects. Subsequent iterations of device designs removed the issues with surface states 

and improved the carrier transport through the quantum dot regions and towards the contacts to support 

observable current generation. In 2014, Ross Cheriton and Shuo Han measured current generation from 

absorption in the GaN regions of the nanowire, along with sub-bandgap current generation from the 

nanowires. This is the first observation of sub-bandgap current generation in InGaN/GaN nanowire solar 

cells. This result proves that an intermediate band solar cell can be fabricated from such nanowires. These 

results were presented during a presentation at the European Photovoltaic and Solar Energy Conference. 

 

Further measurements show that with increasing monochromatic illumination power, the contribution 

from sub-bandgap absorption decreases. This observation is in disagreement with the characteristics of an 

intermediate band solar cell. A possible cause for this discrepancy may be the local reversal of the built-in 

electric field across the intrinsic region, inhibiting carrier collection. Modelling is being currently 

performed to verify this hypothesis. 

 



 

 

  

The external quantum efficiency (EQE) of the solar cells was measured at short-circuit conditions using a 

Newport IQE-200, The IQE-200 uses monochromater to filter the broadband spectrum from a 300W 

Xenon arc lamp.  The current was extracted using a 2-probe configuration. The temperature of the cell 

was held at 25° C by a TID temperature controller.  The EQE was measured at wavelengths from 300to 

800 nm at short-circuit conditions. The EQE demonstrating sub-bandgap current generation is shown in 

Figure 8. 

 

 
 

Figure 9. External quantum efficiency of InGaN/GaN dot-in-wire nanostructures with increasing incident 

light intensity.  

Crosslight simulations 

In addition to simulating intermediate band effects in InGaN/GaN quantum dots using numerical 

simulations by Luc Robichaud, complementary numerical methods were employed to simulate device 

performance using Crosslight Apsys software by Ross Cheriton and Anna Trojnar. Crosslight is a 

commercial device simulation application. Crosslight Apsys solves the drift-diffusion equations in a 

modeled semiconductor device, as well as uses 6-band k.p calculations to compute carrier states and 

wavefunctions for low-dimensional structures. The purpose of the simulation is to model the electrical 

and optical characteristics of a complete InGaN/GaN p-i-n nanowire solar cell. Currently, a p-i-n 

GaN/InGaN/GaN structure with six quantum wells has been simulated to investigate the hybridization of 

quantum dot states and carrier transport through the solar cell.  



 

 

  

 

Figure 10. Conduction band (red) and valence band (blue) profile at equilibrium of a p-i-n InGaN/GaN 

solar cell with six quantum wells. The green line indicates the Fermi level. Occupied quantum well states 

are illustrated along with their confined carrier wavefunction amplitude. The x-axis is defined in relative 

terms across the quantum well region. By quantifying the number of confined electron and hole states, the 

optimal quantum dot size, composition, and barrier thickness can be determined to produce an 

intermediate band solar cell. 

 

Implementation of I-III-VI on III-V Solar Cells in Modeling Environment 

 

The collaboration between McGill University and the University of Ottawa has resulted in the completion 

of the part of the project which focused on the growth, characterization and device fabrication of 

CuInGaSe2 (CIGS) based solar cells using the Bridgeman growth method. We have chosen to end the 

growth and fabrication part of the project early due to the difficulties in compatibility between the 

Bridgeman growth of the I-III-VI material system with the method of growing the III-V semiconductors 

via molecular beam epitaxy.  

 

The modeling work has been continued, since a hybrid sputtering and evaporation growth method has 

been shown to integrate CIGS grown on a GaAs substrate [1] and the growths performed by Dr. Rockett’s 

group at the University of Illinois shows promising results.  

 

After completing the simulation of single junction CIGS solar cells, the model was integrated into multi-

junction solar cell models composed of an InGaP top sub-cell, an InGaAs middle sub-cell and a CIGS 

bottom sub-cell (Figure 10 (a)). Since the III-V semiconductor materials InGaP and InGaAs are not lattice 

matched to CIGS, the generation of threading dislocations are expected, which have a major effect on the 

electrical behaviour of the affected sub-cell (Figure 10 (b) and (c)). To maintain high crystalline material 

quality, the device requires an inverted growth on a GaAs substrate such that the formation of threading 

dislocations resulting from the LMM induced strain is confined within a compositionally graded buffer 

(CGB) region located away from the active regions of the middle and top sub-cells. Effect of the 

threading dislocation is modelled by modification of the recombination lifetimes in the affected materials 

which depends primarily on the threading dislocation density.  



 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 (a) A suggested 3J solar cell design considered in the model. The effects of the treading 

dislocation density (TDD) on the bottom sub-cell EQE (b), and current-voltage characteristics of the 

multi-junction solar cell (c).  

 

Device performance under standard testing conditions and concentrated illumination was examined and 

compared to a reference lattice mismatched (LMM) 3JSC composed of GaInP (1.9 eV)/Ga(In)As (1.4 

eV)/GaInAs (1 eV). We have shown that the advantage of CuInSe2 is its higher absorption coefficient, 

which requires only 1 𝜇m of active material compared to 4 𝜇m of GaInAs in the bottom sub-cell of the 

reference cell. The proposed design reaches an efficiency of 32.6% under 1 sun illumination at 300 K 

with 105 cm−2 threading dislocations and 39.6% at 750 suns. 

 

[1] D. Liao, A. Rockett. “Epitaxial growth of Cu(In,Ga)Se2 on GaAs(110),” J. of Appl. Phys., 91(4), 

1978-1983, 2002. 

 

 

III-V Semiconductor Nanostructure Solar Cells 

 

A nanostructure can be introduced to a middle sub-cell of a standard MJSC to increase the 

photocurrent of the device by capturing light that would normally be absorbed in the current 

overproducing bottom sub-cell. With a re-optimized top sub-cell, the overall photocurrent of the 

device can be increased, which enhances the overall efficiency of the device. In this part of the project, 

(a) (b) (c) 



 

 

  

we have explored the effects of adding InAs/GaAs quantum dots (QDs) in the middle sub-cell of a 

lattice-matched structure composed of InGaP/InGaAs/Ge MJSC. The QD and wetting layers are 

modeled as an effective medium, which focus on their most fundamental properties, namely 

generation and recombination.  

 

The top, middle and bottom sub-cell external quantum efficiency simulations were compared to room 

temperature measurements of a Cyrium product solar cell, where effective band offsets were adopted 

to mimic carrier escape and capture. 

 

 

 

Figure 12 (a) Simulated EQE of a QD enhanced MJSC with 125 QD layers compared to experimental 

measurements on a Cyrium product cell. Note a feature at 920 nm arising from QD absorption. (b) 

Simulated J–V curves of four MJSC structures with (1) n-p middle subcell without QD; (2) n-i-p middle 

subcell without QD; (3) n-i-p subcell with 125 layers of QD (0 meV band offset); and (4) n-i-p subcell 

with 125 layers of QD (80 meV effective band offsets).  

 

Figure 11 (a) demonstrates that incorporation of QD layers in the middle sub-cell allows for a 

redistribution of photons (and therefore photocurrent) from the Ge bottom sub-cell without significant 

degradation effects to the remaining middle sub-cell EQE. Figure 11 (b) shown the simulated J-V curves 

of four MJSCs. The increase in photocurrent in a QD-enhanced cell is explained by the increased 

absorption from the nanostructures, whereas the decrease in the open-circuit voltage is explained by 

increased recombination as well as a decreased effective bandgap within the middle subcell. The addition 

of 125 layers of QD with realistic confinement approximations shows an 8% boost in the short-circuit 

density, along with a 3% degradation of the open-circuit voltage relative to a control structure. The 

overall efficiency of the QD-enhanced cell is boosted by just over 1% absolute at 1 sun illumination. 

 


