
Fig. 21: Progress in the solar cell 

efficiencies for the last 15 years. 
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Introduction 
To date, solar cells with the highest efficiencies, ~33.8%

1
 and 40.7%

2
 have been realized in III-V 

stacked cells and concentrators, respectively, as shown in Fig. 21. Although such high-efficiency 
devices have dominated the space market, their terrestrial applications have been very limited, largely 
due to the high cost associated with the Ge or III-V substrates

3
. 

Another material of choice for high efficiency thin film solar cells 
is CuInxGa1-xSe2 (CIGS), a I-III-VI semiconductor whose 
bandgap can be continuously varied from 1.02 to 1.69 eV by 
adjusting the indium composition. This technology has led to the 
most efficient thin film solar cells to date, achieving up to 
19.9%

4
. Thin film devices are desirable due to their reduced use 

of material, reduced weight, lower energy input during 
fabrication (reducing energy payback time), and suitability to 
flexible substrates

5
. 

 
An integrated approach, comprising the most efficient III-V and 
I-III-VI solar cells with the very low cost Si and CIGS substrates 
may ultimately provide a viable route for the realization of next generation high-efficiency and low-cost 
multi-junction solar cells for applications in terrestrial megawatt-capacity energy generation. Central to 
this development, however, is the demonstration of III-V and I-III-VI solar cells with further improved 
efficiency and, more importantly, the achievement of high quality III-V heterostructures on Si and CIGS 
substrates for lower cost devices. 
 
The importance of the substrate lies mainly in its cost and size. Silicon substrates are intrinsically lower 
cost than germanium substrates (which are mostly used for the most efficient III-V devices). In addition, 
Si brings the added advantages of a significantly higher thermal performance and much greater 
resistance to breakage. Moreover, germanium wafers are presently limited to 4” diameters, with a 
roadmap to move towards 6” in the future. In contrast, Si wafers presently used in the electronics 
industry typically have 12” diameters, providing 9× the area for more efficient fabrication processing. 
CIGS substrates can be manufactured on large substrates, limited only by the size of the deposition 
equipment, which could potentially be increased in existing facilities up to ~18”. The goal of this project 
is to combine the highest efficiency materials and device structures with the lowest cost substrates to 
reduce the cost of energy output from a photovoltaic system, reaching towards grid-parity. We propose a 
synergetic effort for the development of novel I-III-VI and III-V solar cells, with the incorporation of 
self-organized quantum dots (QD), to achieve enhanced energy conversion efficiency in the spectral 
range of 1.0–1.5 eV on low-cost Si and CIGS substrates. In addition, the monolithic integration of I-III-
VI and III-V solar cells for the realization of lower-cost ultra-high efficiency multi-junction devices will 
be investigated. 
 
Project Objectives 
Based on our goal to lower the cost of high-efficiency solar cells, we propose to utilize nanoscale 
materials and bandgap engineering of I-III-VI and III-V semiconductors to develop novel solar cell 
designs with improved efficiency, particularly in the spectral range of 1.0–1.5 eV in which conventional 
devices exhibit poor performance. To accomplish this goal, we define the following three tasks during 
the course of this research project: 
Task I: Investigate the Bridgman growth of high quality large-area CuInxGa1-xSe2 crystals, a 

technology that has been carried out in the McGill laboratory since the 1980s, and study the 



Fig. 22: Illustration of the utilized 

solar power spectrum of a triple 

junction InGaP/GaAs/Ge solar cell. 

passivation of CuInxGa1-xSe2 surfaces and solar cells, with the objective to achieve    
CuInxGa1-xSe2 solar cells with further improved efficiency. 

Task II: Develop InGaAs metamorphic and InAs QD intermediate band solar cells on Si and CIGS 
substrates. 

Task III: Explore the monolithic integration of CuInxGa1-xSe2, InGaAs metamorphic, InAs QD 
intermediate band, and InGaP quadruple-junction solar cells. 

The proposed research addresses the development of two technologically critical areas – III-V and I-III-
VI semiconductors in photovoltaics – and represents a major step for the integration of the most efficient 
III-V and I-III-VI solar cells with very low cost Si and CIGS substrates, thereby providing a viable route 
for the achievement of next generation ultra-high efficiency and lower-cost multi-junction solar cells. 
 
Tasks I and II will be carried out during the first three years of the research program, while Task III, 
which is dependent upon the earlier results, will take place during the last three years. Growth and 
fabrication will be investigated for all three tasks at McGill. Device simulation and calibrated 
characterization will be done at the U. of Ottawa SUNLab.  
 
Methodology 
1. Device Fabrication: 
Recently, I. Shih has achieved a record efficiency of 14% for single crystal CIGS solar cell

6
, and 

drastically improved efficiency is expected by using large area devices with passivated surfaces. For III-
V solar cells, further increase in the efficiency has been restricted, 
to a large extent, by the energy bandgap of suitable materials. 
Illustrated in Fig. 22 is the portion of the solar power spectrum that 
is effectively utilized by a state-of-the-art InGaP/GaAs/Ge triple-
junction solar cell. In this device, the efficiency of InGaP has 
already been optimized. However, the efficiencies of Ge and GaAs 
sub-cells need to be significantly improved, particularly to address 
the current-equilibration requirement between sub-cells in a multi-
junction solar cell. A large part of the solar spectrum in the energy 
range of 1.0–1.5 eV has not been utilized. Therefore, it is 
imperative to develop novel materials that can significantly 
enhance the conversion efficiency for photons in the energy range 
of 1.0–1.5 eV. In this regard, Z. Mi has recently achieved nearly 
defect-free metamorphic InGaAs and quantum dot heterostructures 
on GaAs and Si with energy bandgap in the range of 1.0–1.2 
eV

7,8,9,10
. 

 
The growth of CuInxGa1-xSe2 will be performed using a vertical Bridgman growth method. Both the 
lowering rate of ampoule and the temperature profile will be varied and the effects on the ingot quality 
will be examined. The grown ingots will be examined by x-ray diffraction, electron probe micro-
analyzer, and scanning electron microscopy to determine the crystalline phase, compositional variation 
with position and morphology. The results will be compared to those obtained from runs with reduced 
amounts of materials, with the objective to achieve high quality large area ingots required for solar cell 
fabrication. Solar cells with a structure of ZnO(n+)/CdS(i)/CIS (or CIGS) will be fabricated on the 
passivated substrates obtained from the Bridgman-grown ingots. Here, an intrinsic CdS layer will be 
prepared by a chemical bath deposition method established in the McGill laboratory whereas the ZnO 
layer will be sputtered from an Al-doped target (with 2% Al). It has been recognized that quality and 
conditions of deposition for the intrinsic CdS layer are critically important for the realization of high 
efficiency CIS or CIGS solar cells. Conditions such as bath temperature, ion concentration and pH will 
be fine tuned to ensure high resistivity (> 10

5 
Ohm-cm) of the intrinsic layer. 

 
We also propose to investigate the design, growth, fabrication, and characterization of InAs/GaAs QD 



intermediate band solar cells. Self-organized QD are formed in the Stranski-Krastanow growth mode 
during epitaxial growth and are ideally suited for such applications, with the intermediate band arising 
from the three-dimensional confinement of electrons and holes in the dots. Self-aligned InAs QDs have 
typical height/base diameter of 7nm/20nm. An inherent advantage in using QD is the wide range of 
tunability that is afforded. QD size, shape, composition, and barrier material composition can be 
changed to alter the energy position of the electron and hole states, thereby altering the absorption 
spectrum. Enhanced response, due to the absorption of sub-band-gap energy photons, has been 
demonstrated in InAs QD intermediate band solar cells

11
. With the incorporation of optimized QD 

layers, intermediate band solar cells with significantly improved efficiency, compared to the 
conventional devices, therefore, is practical. 
 
Finally, a device with multiple junctions will leverage the advances of the other tasks, including the 
metamorphic materials growth, intermediate band QD layers, and growth on Si and CIGS substrates. 
 
2. Device Test and Simulation: 
Device characterization and modeling will be done using the SUNLab research facilities at the U. of 
Ottawa. The devices will be characterized under low concentration (0.1 to 100 times the intensity of the 
sun) using an Oriel Class-AB solar simulator

12
, and under high concentration (up to 2000×) using a 

Spectrolab Class-A solar simulator specifically designed for the broadband absorption of high-efficiency 
multi-junction solar cells

13
. The solar simulators have a series of calibrated filters for the relevant solar 

spectra, and the Spectrolab unit also includes the capability to continuously tune the wavelength 
spectrum over various wavelength bands to investigate the performance of current-limiting junctions. 
The solar cells are temperature-controlled to emulate cell performance within a concentrator system. 
Device performance will be compared to NREL-calibrated III-V multi-junction solar cells for accurate 
comparison of solar cells and quantification of efficiency. 
 
The SUNLab’s spectroscopy capabilities cover the full sunlight wavelength range pertinent to high-
efficiency solar cells, from ultraviolet to infrared, and also include electroluminescence and 
photoluminescence imaging capabilities to visualize and quantify material and cell quality. 
 
Simulation of the solar cell constituents, sub-cells, material quality, and complete device structures will 
be executed leveraging the commercial software package, Synopsys Sentaurus, available in the U. of 
Ottawa lab via CMC Microsystems. This lab presently has functioning models of both a single sub-cell 
and a complete design of a triple-junction, as well as the very important tunnel junction which 
electrically connects adjacent sub-cells

14,15
. These models have allowed comparison of performance with 

fabricated triple-junction devices, and provide analysis for optimizing devices. The target of the 
simulation in this project will be to incorporate I-III-VI and II-VI materials into Sentaurus, develop a 
single junction model for a CIGS solar cell, and to design and model a dual-, triple-, and quadruple-
junction CIGS/III-V solar cell, incorporating metamorphic lattice-mismatched layers

16
 for optimal 

choice of bandgaps. Optimized anti-reflection coatings will be designed for the final devices
17

. These 
simulations will feed directly back for the optimization of device fabrication. 
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