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Substrate: Cell Design & Modeling, Epitaxial Growth & Fabrication

Nikhil Jain
ABSTRACT

Achieving high efficiency solar cells and concurrently driving down the cell cost has been among the key
objectives for photovoltaic researchers to attain a lower levelized cost of energy (LCOE). While the
performance of silicon (Si) based solar cells have almost saturated at an efficiency of ~25%, IlI-V
compound semiconductor based solar cells have steadily shown performance improvement at
approximately 1% (absolute) increase per year, with a recent record efficiency of 46%. However, the
expensive cost has made it challenging for the high efficiency IlI-V solar cells to compete with the
mainstream Si technology. Novel approaches to lower down the cost per watt for 111-V solar cells will
position them to be among the key contenders in the renewable energy sector. Integration of such high-
efficiency 111-V multijunction solar cells on significantly cheaper and large area Si substrate has the
potential to address the future LCOE roadmaps by unifying the high-efficiency merits of 111-V materials
with low-cost and abundance of Si. However, the 4% lattice mismatch, thermal mismatch polar-on-
nonpolar epitaxy makes the direct growth of GaAs on Si challenging, rendering the metamorphic cell

sensitive to dislocations.

The focus of this dissertation is to systematically investigate heterogeneously integrated 111-V multijunction
solar cells on Si substrate. Utilizing a combination of comprehensive solar cell modeling and experimental
techniques, we seek to better understand the material properties and correlate them to improve the device
performance, with simulation providing a very valuable feedback loop. Key technical design considerations
and optimal performance projections are discussed for integrating metamorphic I111-V multijunction solar
cells on Si substrates for 1-sun and concentrated photovoltaics. Key factors limiting the “GaAs-on-Si” cell
performance are identified, and novel approaches focused on minimizing threading dislocation density are
discussed. Finally, we discuss a novel epitaxial growth path utilizing high-quality and thin epitaxial Ge
layers directly grown on Si substrate to create virtual “Ge-0n-Si” substrate for ITII-V-on-Si multijunction
photovoltaics. With the plummeting price of Si solar cells accompanied with the tremendous headroom
available for improving the 111-V solar cell efficiencies, the future prospects for successful integration of
I11-V solar cell technology with Si substrate looks very promising to unlock an era of next generation of

high-efficiency and low-cost photovoltaics.
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Chapter 1

INTRODUCTION

Publication for Section 1.2

N.Jain and M. K. Hudait (Invited Review), "I11-V Multijunction Solar Cell Integration with Silicon: Present
Status, Challenges & Future Outlook", Energy Harvesting and Systems, 1 (3-4), pp. 121-145, 2014.

In this chapter, we discuss the current progress in the development of 111-V multijunction solar cell and
towards their integration onto Si substrate. The current state-of-the-art for I11-V-on-Si solar cells along with
their theoretical performance projections are presented. Next, the key design criteria and the technical
challenges associated with the integration of 111-V multijunction solar cells on Si are reviewed. Different
technological routes for integrating 111-V solar cells on Si substrate through heteroepitaxial integration and
via mechanical stacking approach are discussed. The key merits and technical challenges for all of the till-
date available technologies are summarized. With the plummeting price of Si solar cells accompanied with
the tremendous headroom available for improving the 111-V solar cell efficiencies, the future prospects for
successful integration of 111-V solar cell technology onto Si substrate looks very promising to unlock an era
of next generation of high-efficiency and low-cost photovoltaics.
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Fig. 1: Gap between theoretical and best research cell efficiencies along with the performance of
commercially available modules for different solar cell technologies. The graph clearly indicates the
headroom available to improve the performance of 111-V based solar cells (CPV-3J) [2]. Used under fair
use, 2015.



1.1 Overview of 111-V Solar Cell Technology
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Fig. 2: The evolution of various solar cell technologies over the last 40 years [1]. Used under fair use,
2015.

111-V compound semiconductor based multijunction solar cells have been the most successful technology
for delivering the highest photovoltaic conversion efficiency among all other competing photovoltaic
technologies, as shown in Fig. 1. The gap between theoretical and best research cell efficiencies along with
the performance of commercially available modules for different solar cell technologies is shown in Fig. 1.
The graph clearly indicates a tremendous headroom available to further boost the performance of 111-V
based solar cells utilizing concentrated photovoltaic (CPV) technology. Unlike silicon, the 111-V compound
semiconductor materials provide the flexibility to realize multiple solar cells stacked on top of each other
following same crystal lattice. The flexibility in band-gap selection for Il11-V materials provides an
unprecedented degree of freedom in solar cell design through metamorphic or lattice-matched
configurations based, allowing to achieve efficiencies reaching 46% in multijunction configuration under
concentrated sunlight [1], while the performance of single-junction (1J) Si solar cells has saturated at ~25%
and almost reaching the theoretical maximum as shown in Fig. 2. There has been almost 40-50% reduction
in the PV system cost over the last 4-5 years and to be on track with the Department of Energy’s SunShot
goals beyond 2020, significant reduction in the PV system cost would be required to increase market share

of renewable and clean solar energy, as shown in Fig. 3. With the performance of Si based solar cell almost
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Fig. 3: The evolution of the PV system cost with component costs breakdown. The SunShot targets and
beyond SunShot milestone are also indicated in the graph [5]. Used under fair use, 2015.

saturating, new avenues for high-efficiency solar cell technologies will be sought in the future (especially
beyond 2020) to address the cost per watt. Thus, providing a remarkable opportunity for high-efficiency
111-V solar cell technology. Novel approaches for reducing the cost of 111-V solar cells with strong focus on
economy of scale through higher production volume will be critical for 111-V technology to compete with

existing and new technologies.

The highest efficiency achieved from lattice-matched thin film 1J GaAs and 2J InGaP/GaAs solar cells are
28.8% and 31.1%, respectively at 1-sun [1]. A record efficiency of 34.1% at 467 suns has been demonstrated
for the 2J InGaP/GaAs cell on GaAs substrate [1]. Utilizing Ge (band-gap = 0.67eV) as the bottom subcell
in a lattice-matched 3J solar cell configuration, cell efficiency in excess of 40% was demonstrated for the
first time by King et al [3]. In search for 1eV bottom subcell, the most commonly followed path initially
was the integration of 1eV metamorphic InGaAs solar cell in the 3J solar cell configuration with lattice-
matched InGaP and GaAs as the top two subcells [4]. To gain additional performance benefits, the InGaAs
cell was grown the last in an inverted configuration and this approach is commonly known as inverted
metamorphic or IMM approach [4]. This IMM approach lead to an efficiency of 40.8% which utilized two
metamorphic InGaAs subcells with band-gaps of 1.34eV and 0.89eV as the bottom two subcells in the 3J
solar cell configuration and such IMM 3J solar cells have now attained an efficiency of 44.4% at 302 suns,
which stands the highest efficiency achieved using triple junction solar cells. [1]. With recent development
in the dilute nitride based I11-V materials, high quality 1eV InGaAsN alloys have been made possible by
molecular beam epitaxy [6]. Dilute nitride based solar cells utilizing InGaP (1.9eV)/ GaAs (1.4eV)/
InGaAsN (1eV) cell architecture have reached record efficiency of 44% under concentrated sunlight of 947

suns [6]. Although, four-junction (4J) 111-V based solar cells have been under research for a few years now,
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only recently their true potential has become visible to surpass the performance of 3J solar cells. Four-
junction solar cells become more challenging due to multiple metamorphic growths, tunnel-junctions and
the ability to grow and connect high-quality individual four-junctions. Utilizing the IMM-approach, NREL
has added an additional 0.7eV fourth junction (bottommost cell), which is grown last during the IMM solar
cell growth. An efficiency of 45.7% under 234 suns was achieved using this approach utilizing GalnP
(1.8eV)/ GaAs (1.4eV)/ GalnAs (1eV) / GalnAs (0.7eV) solar cells [1]. Researchers from Fraunhofer
Institute leveraged almost similar band-gap combination but utilizing all lattice-matched growth. Dual-
junction GalnP (1.88eV)/GaAs (1.42eV) solar cells grown on GaAs substrate were removed from the parent
GaAs substrate and wafer-bonded onto dual-junction GalnAsP (1.12eV)/GalnAs (0.72eV) solar cells which
were grown lattice-matched on InP substrate. Such wafer-bonded 4J solar cells hold the current world
record among all kind of solar cells at 46% under 508 suns [7]. Fig. 4 shows the progress of I11-V solar cell
technology in the last 6-7 years showing different approaches utilized to advance the state-of-the-art.
Furthermore, it can also be inferred the technology is shifting from 3J solar cells to 4J solar cells to achieve
further gain in performance. Fig. 5 shows the performance dependence of multijunction solar cells with
increasing number of junctions, indicating 4J efficiencies exceeding 50% should be achievable in the near
future. In spite of achieving the highest conversion efficiency amongst all the competing photovoltaic

technologies, their expensive cost has been the biggest impediment in their large scale deployment for



terrestrial applications. Thus, successful integration of 111-V solar cells on Si substrate can offer a great
promise for lowering the future levelized cost of energy by unifying the high efficiency merits of the 111-V

materials with the low-cost and abundance of the Si substrate.
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1.2 Motivation for 111-VV-on-Si Solar Cells

111-V compound semiconductor based multijunction solar cells have been the most successful technology
for delivering the highest photovoltaic conversion efficiency for space power applications. In spite of
achieving the highest conversion efficiency amongst all the competing photovoltaic technologies, their
expensive cost has been the biggest impediment in their large scale deployment for terrestrial applications.
The performance of single-junction (1J) Si solar cells has almost saturated at ~25%, with the most recent
accomplishment of 25.6% efficiency taking more than 15 years for an absolute 0.6% improvement in
efficiency [1]. Interestingly, I1I-V solar cells have steadily shown performance improvement at
approximately 1% (absolute) increase in efficiency per year [2], with the most recent world record
efficiency of 44.7% at 297 suns for a four-junction I11-V solar cell [1]. However, the dominance of silicon
solar cells and their plummeting prices in the recent years have made it challenging for high efficiency Il1-

V solar cells to make a strong commercial impact.

One of the most significant cost contributors to the bill of materials for 111-V solar cells is the cost of the
starting substrate. Typically, GaAs or Ge substrates are used for 111-V multijunction solar cell growth, which
are not only smaller in diameter, but are also significantly more expensive than the Si substrate. Successful
integration of I11-V solar cells on Si substrate can offer a great promise for lowering the future levelized
cost of energy by unifying the high efficiency merits of the 111-V materials with the low-cost and abundance
of the Si substrate. In addition to the substantial cost benefits associated with the larger-area, and low-cost
of Si substrate, Si also offers higher thermal conductivity and superior mechanical strength in comparison
to GaAs or Ge substrates. 111-V multijunction solar cell integration on Si substrate could potentially use the
starting Si substrate as an active bottom subcell or perhaps just as an inactive starting template. With a
bandgap of 1.12 eV, Si substrate is a better bottom cell candidate in comparison to Ge substrate (bandgap
- 0.67 eV) for integration with standard dual junction (2J) InGaP/GaAs based multijunction solar cells in
regards to current-matching [4]. Such triple-junction (3J) InGaP/GaAs//Si solar cells (monolithically or
mechanically stacked) are likely to be the quickest path for high efficiency 111-V-on-Si solar cells [3] with
theoretically efficiency in excess of 40% at AM1.5g and AM1.5d [4, 5]. A recent study has revealed that
transitioning from a 4” Ge substrate to an 8” Si substrate would correlate to about 60% reduction in cost
for multijunction solar cells [6]. When utilizing Si as an inactive starting template, I11-V-on-Si technology
could leverage commercially available substrate re-use techniques such as spalling [7] and epitaxial lift-off
[8] to explore additional cost savings schemes. The research on integrating 111-V compound semiconductor
materials on Si substrate for photovoltaic application was initiated in 1980s. However, the complexity

associated with the material growth, reliability and reproducibility led to decline in the research for I11-V-



on-Si solar cells in the late 1990s. In the last 5-6 years, 111-V-on-Si solar cell research has re-gained attention
pertaining to the research on new metamorphic buffer approaches, wafer bonding and mechanical stacking
techniques. With the declining cost of Si combined with the impressive headroom available for improving
the performance of I11-V solar cells, future prospects for successful integration of I11-V solar cell technology

on Si substrate looks very promising.
1.3 Design Criteria & Integration Challenges for 111-V-on-Si Solar Cells

There are two key approaches for integrating I11-V multijunction solar cells on Si substrate: (i)
heteroepitaxial growth (or monolithic) and (ii) mechanical stacking (and wafer-bonding). The terms
mechanical stacking and wafer-bonding will be used interchangeably in this chapter. The following section
reviews the key design criteria and technical challenges associated with both of these integration

approaches.
1.3.1 Heteroepitaxial Integration

Heteroepitaxial integration approach is believed to be a very promising path to integrate high-efficiency
I11-V solar cells onto Si substrate owing to the utilization of single substrate and single epitaxial process.
Lattice-matched 2J InGaP/GaAs solar cells have been the key building block for today’s most efficient 37J
and quadruple junction (4J) I11-V solar cells, with GaAs being predominantly used as the starting substrate.
Hence, integration of GaAs on Si substrate was the initial and the natural choice for realizing a “GaAs-on-
Si” virtual platform for the subsequent multijunction solar cell growth [9-11]. More recently, approaches
involving metamorphic graded buffers such as GaAsP and SiGe have gained a lot of attention for I11-V/Si
tandem solar cells [12-16]. Additional heteroepitaxial integration approaches, which in comparison to the
previously mentioned techniques have been less extensively explored include — (i) lattice-matched dilute
nitride (GaAsPN) solar cells on Si substrate [17-19] and (ii) lattice-mismatched InGaN based solar cells
[20-22] on Si substrate. The most critical challenges associated with heteroepitaxial integration of I11-V

materials on Si substrate are highlighted below:
1.3.1.1 Growth of lattice-mismatched I11-V materials on Si substrate

The 4% lattice-mismatch between GaAs and Si makes the direct epitaxy of GaAs on Si extremely
challenging, resulting in the formation of defects and dislocations such as threading dislocations and misfit
dislocations. Such defects and dislocations have a detrimental impact on the minority carrier lifetime and

hence the solar cell performance. The most noteworthy techniques which have been employed for direct
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GaAs epitaxy on Si to reduce the threading dislocation density (TDD) include (i) the thermal cycle
annealing (TCA) [23, 24] and (ii) the low temperature and low growth rate process during the initial GaAs
nucleation on Si [9, 22-25]. Growing thicker GaAs buffers have also been shown to facilitate dislocation
reduction [9] but adds to the overall cost and time of the epitaxial process. Additionally, thin strained layers
and superlattices introduced into the bulk GaAs buffer have been shown to facilitate the annihilation of TDs
and minimize the dislocation propagation into the active layers of interest. Such an approach led to one of
the highest efficiencies for heteroepitaxial 1J GaAs-on-Si solar cells [42, 47]. More recent approaches
involve the growth of metamorphic graded buffers (e. g., SiGe, GaAsP) to bridge the lattice-constant
between the Si and GaAs (or GaAsP) [12-16]. One of the most successful approaches in regards to
dislocation reduction has been the utilization of graded SiGe buffers, however such buffers are very thick
and their low bandgap precludes the use of the Si substrate as an active bottom cell. The larger bandgap of
GaAsP buffers could circumvent the problem of utilizing the Si substrate as an active subcell. Among the
various heteroepitaxial approaches employed for 111-V-on-Si epitaxy, the SiGe graded buffer [13] and the
direct GaAs on Si epitaxial approach involving strained layer superlattices [23] have reported the lowest
TDD ~ 1x10° cm. Further dislocation reduction to ~ 1x10° cm2would enable the GaAs-on-Si solar cells

to compete with lattice-matched GaAs-on-GaAs solar cells.
1.3.1.2 Heteroepitaxy of polar 111-V materials on non-polar Si substrate

Growth of compound semiconductors (e.g., GaAs) on monoatomic semiconductors (e.g., Si, Ge) results in
the formation of antiphase domains (APDs) which are structural defects generated due to heteroepitaxy of
polar material (GaAs) on non-polar materials (Ge or Si). The (001) surface of Si substrate consists of
monoatomic steps in which Si atoms are arranged in the form of dimers oriented in perpendicular directions
across two adjacent steps. During the initial stage of GaAs-on-Si growth, the arsenic dimers follow the
dimer orientations of the underlying Si layer and orient themselves in perpendicular directions across the
adjacent steps leading to the formation of As-As or subsequent Ga-Ga bonds, which initiates the formation
of antiphase boundaries. Significant research has been devoted to minimize the formation of antiphase
domains. Utilization of offcut Si substrates (4°-6") with double-layer step formation with the adjacent Si-Si
dimers in identical orientation facilitates similar trend for the subsequent GaAs, thus minimizing the
formation of APDs [25].

1.3.1.3 Thermal-mismatch between 111-V materials and Si substrate

The inherent difference in the thermal expansion coefficient (5.73x10° °C X for GaAs and 2.6x10° °C* for

Si) and the lattice-mismatch between GaAs and Si leads to residual strain in the films. This could lead to



the formation of defects and dislocations through lattice strain relaxation which could result in poor
crystalline quality. The defects and dislocations are primarily categorized into antiphase domains, misfit
and threading dislocations, twinning and stacking faults. One of the major concerns regarding the thermal
mismatch is the generation of microcracks in the GaAs epitaxial layer which could pose serious problems
related to solar cell reliability besides limiting the device area and performance. Faster sample cooling rate
promotes microcrack formation, hence it is extremely important to control the cooling rate to minimize the
microcrack density. Continued investigations to better understand the correlation between thermal
mismatch and solar cell characteristics would be essential to validate the reliability and long-term
robustness for GaAs-on-Si solar cells.

1.3.1.4 Buffer design — thickness, optical transparency, electrical conductivity & surface

passivation.

An appropriate buffer selection is extremely critical for the success of 111-V-on-Si solar cells. Optically
transparent and thin buffer layers are desirable in order to utilize the starting Si substrate as an active cell,
while the electrical conductivity of the buffer becomes more important for concentrated photovoltaic (CPV)
to minimize series resistance. Most of the metamorphic graded buffer approaches utilize a thick buffer layer
to bridge the lattice constant between the I1I-V’s and Si. The lattice-matched dilute nitride buffers
(GaAsPN) on Si and direct GaAs-on-Si buffers with strained layer superlattice are among the choices which
could offer comparatively thinner heteroepitaxial buffers. In terms of optical transparency for active bottom
Si substrate cell, wide bandgap GaAsP graded buffer would be a better choice than low bandgap SiGe
buffers. Interestingly, the SiGe buffers could serve as active bottom subcell offering bandgap and lattice-
constant tunability to allow integration with top GaAsP subcell for tandem cell designs [15]. An additional
important buffer selection criteria is to utilize a layer which would provide a good surface passivation for
the bottom Si subcell and serve as a window layer. Thus, there are important design trade-offs between the
respective buffer selections in relation to minimizing the dislocation density while enabling thin and

optically transparent buffers for utilizing Si substrate as an active solar cell.
1.3.2 Wafer Bonding & Mechanical Stacking

The approach of mechanical stacking for 111-V-on-Si integration can accommodate large amount of lattice-
mismatch and enable the integration of materials with ideal bandgap combination which are free from
lattice-mismatch constraints unlike in heteroepitaxial growth approach. The most critical challenges
associated with the mechanical stacking approach for integrating 111-V materials and solar cell structures

on Si substrate are highlighted below:



() Post-growth bonding approaches are favorable, otherwise the bond interface would go through
the high temperature epitaxial growth process and could potentially suffer from thermal-
mismatch between the I11-V materials and Si leading to wafer bowing or cracking.

(i) The bonding temperature must be compatible with the I11-V materials and the Si substrate.

(iii)  The bonding layer should be thin and optically transparent to allow the utilization of bottom Si
substrate as an active subcell.

(iv) For two-terminal solar cell operation under concentrated sunlight, it is of critical importance to
realize electrically conductive bond layers to avoid adding series resistance.

(v) The bonding interfaces should have low surface roughness and must be free from native oxides.

(vi) Viable 111-V substrate removal and re-utilization process with high yield and high throughput.

In addition to the integration challenges associated with either the heterogeneous or the mechanical stacking
approaches, the respective challenges for I111-V and Si solar cell design are also very critical for successful

I11-V-on-Si integration.
1.3.3 111-V and Si Solar Cell Design Challenges

Si being an indirect bandgap semiconductor typically limits the overall current when integrated in tandem
with conventional 2J InGaP/GaAs solar cells in 3] two-terminal configuration [4, 5, 27, 28]. Hence, the
design of bottom Si subcell is extremely important for current-matching in tandem cell design. An
additional important role of the initial 111-V layer on Si is to serve as effective window layer, allowing
sufficient optical transmission, surface passivation, majority carrier conduction and minority carrier
reflection. Emitter formation in the Si substrate can be challenging and different approaches are being
explored, such as in-situ epitaxial phosphorus diffusion [28], in-situ epitaxial growth of Si emitter [29], and
ex-situ conventional diffusion. The in-situ phosphorus diffusion from the gas phase was found to be less
intense for optimal junction formation in Si [29] translating to epitaxially grown or ex-situ diffused
junctions being more efficient. Although, 111-V/Si interface passivation is essential for subsequent I11-V
epitaxial growth, the influence of front surface recombination is not critical for multijunction designs, since
the top 111-V subcells would absorb most of the photons in the wavelength range which is affected by the
I11-V/Si interface, and only the high wavelength photons would reach the bottom Si subcell, hence a less
severe impact on the short-circuit current density (Js) of Si solar cell. Thinner Si emitters are preferred to
maximize both the open circuit voltage (Vo) and Jsc when the interface recombination velocity (IRV) is
low, however there is a strong trade-off between optimizing the Vo and Jsc when the IRV is high [31]. For
selecting the optimal doping in the emitter, lightly-doped Si emitter maximizes the V.. when the IRV is

low, while heavily doped emitter designs translate to higher Vo when the IRV is high [30]. The most
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important design criterion for utilizing Si as an active subcell with I11-V subcells in a multijunction
configuration, would be to engineer the backside of the Si substrate to enhance back surface reflection and
achieve good surface passivation because Si subcell typically limits the current in 11-V/Si tandem cell
designs [4, 27]. Numerical simulations reveal that a silicon nitride passivation layer along with aluminum
back reflector would provide substantial boost in quantum efficiency for higher wavelength regime of the
spectrum and enable Jsc >14 mA/cm? in the bottom Si subcell for successful integration with 111-V
multijunction solar cells [32].

In terms of the 111-V solar cell designs on Si, most crucial challenges are the reduction of TDDs and
realization of high-quality solar cell materials with bandgap-voltage offset (W) close to the radiative limit
of 0.3-0.4 eV. The TDs act as recombination centers for minority carriers, thus degrading the minority
carrier lifetimes. Higher dislocation density more adversely affects the V. than the Jscin a solar cell. The
major effect of TDs generated due to lattice-mismatch on the Vo and fill-factor (FF) is attributed to the
increased n = 2 reverse saturation current associated with bulk space-charge recombination due to the
reduced minority carrier lifetime [33, 37]. Minimizing the lattice-mismatch induced defects and
dislocations is expected to improve the minority carrier diffusion length and hence the overall solar cell
performance. Realization of high quality tunnel-junction is also a major challenge for connecting new
metamorphic solar cell materials such as SiGe, GaAsP, InGaP, GaAsPN, GaPN and InGaN for realizing
tandem I11-V/Si solar cells. An additional extremely important design aspect is the realization of the current-
matching condition taking into account the impact of TDs in metamorphic multijunction solar cells. Careful
consideration of all these design challenges would be very critical for the success of 111-V multijunction

solar cells on Si.

1.4 State-of-the-art 111-VV-on-Si Solar Cells

With the recent advancements in both heteroepitaxial and mechanical stacking integration approaches for
111-V-on-Si solar cells, 3] GalnP/GaAs//Si solar cells have now achieved two-terminal efficiencies in excess
of 27% (AML1.5d spectrum) under concentrated sunlight [2], with substantial headroom for further
improvement. The best experimental results for 111-VV-on-Si solar cells are summarized in Table I along
with the respective data for the solar cell figure-of-merits (efficiency (n), sun concentration, Vo, Jsc and FF.
Only two-terminal efficiencies are included in the Table I. A four-terminal GaAs-Si dual-junction solar
cell with an efficiency of 31% under 347 suns AM1.5d was demonstrated in 1988 [34]. More recently, a
spectral beam-splitting system utilizing independent 2J GalnP/GaAs, a Si and a GaSb solar cell achieved
an efficiency of 34.3% under 1 sun AM1.5d [35].
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The state-of-the-art results for 111-V-on-Si solar cells are shown in Fig. 6 along with the projected iso-
efficiencies for series-connected 2J and 3J solar cells under respective incident solar spectrums. The
projected efficiencies for 2J (yellow-dashes) and 3J (green-dashes) cells assume bandgaps of 1.7/1.1 eV
and 1.8/1.4/1.1 eV, respectively [36]. Iso-efficiencies in Fig. 6 were calculated assuming that the thickness
of the top junction was optimized for each bandgap combination (Kurtz et al. 1990). The efficiency numbers
in red represent results for 111-V-on-Si mechanically stacked solar cells, while the numbers in blue represent
the results for I11-V-on-Si solar cells realized using heteroepitaxial integration. Although iso-efficiency
results predict efficiencies in excess of 40% for 3J 111-V on Si tandem solar cells [4], such analysis typically
doesn’t take into account the indirect bandgap of Si, the dislocation-dependent current-matching,
dislocation dependent minority carrier lifetimes, surface recombination velocities and the tunnel junction
design. Several groups have been investigating 111-V-on-Si solar cell designs which provide more realistic
performance projections taking into account the impact of dislocations and surface recombination
velocities. Using finite element analysis, Jain et. al. showed that a 2J InGaP/GaAs solar cell on Si could
achieve efficiency in excess of 29% (AM1.5g-1000 W/m?, 1-sun) [37] and 33% (AM1.5d-900 W/m?, 600
suns) [38] at a realistic TDD of 106 cm™. Using a similar finite element analysis modeling approach, Brown
et. al. showed that an 2J InGaN/Si tandem cell could achieve an efficiency of 28.9% under AM1.5
illumination [21]. Triple-junction InGaP/GaAs//Si solar cells have also been numerically investigated as a

function of TDD under 1-sun [5, 26, 27] and concentrated sunlight [38]. Efficiencies exceeding 33% seems

State-of-the-art ITI-V-on-Si Solar Cell Efficiencies
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Fig. 6 Present state-of-the-art 111-VV-on-Si experimental solar cell results for AMO, AM1.5g and AM1.5d
spectrum. The projected iso-efficiencies for 2J and 3J solar cells under the respective spectrums are
shown in yellow and green, respectively. Results for both heteroepitaxial and mechanically stacked
integration approaches are shown in blue and red, respectively. [75] Used with permission from EHS,
2014.
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feasible at a realistic TDD of 10° cm2under 200 suns AM1.5d (1000 W/m?) spectrum [38]. Using areal
current-matching, a 2J GalnP/GaAs connected onto an enlarged bottom Si subcell is predicted to have 3J
efficiencies exceeding 43% under 1-sun AM1.5g spectrum [5]. Novel solar cell designs maybe feasible by
employing Si as an intermediate subcell instead of the bottommost subcell, however, it is extremely
challenging to experimentally realize such cell structures. Connolly et. al. have modelled 3J
GaAs/Si/Ing.74Gao2sAs and 3] GaAso77Po23 /Si/lne7aGaon26As solar cells with efficiencies of 32.9% and
36.5%, respectively, under 1-sun AM1.5¢g spectrum [39]. 4] AlGaAs/GaAs/Si/InGaAs tandem solar cells
utilizing Si as an intermediate subcell could achieve efficiencies exceeding of 45% [40]. Although
achieving such milestones will be experimentally very challenging, these modeling results showcase a
promising potential for I111-VV-on-Si solar cells.

1.5 Literature Review: Integration Approaches for I11-V-on-Si Solar Cell

1.5.1 Heteroepitaxial Integration Approaches for I11-V Solar Cells on Si

1.5.1.1 Direct GaAs-on-Si Epitaxy

Among various approaches being investigated for I11-V-on-Si integration for solar cell applications, the
direct GaAs-on-Si epitaxial approach was among the very first ones. For realizing high quality GaAs
epitaxial layers on Si substrate, the use of TCA has been proven to be a very important step for dislocation
reduction. The transmission electron microscopy (TEM) micrographs for GaAs directly grown on Si along
with their respective TDDs using TCA only and TCA along with InGaAs strained layer are shown in Fig.
7 (a) and (b), respectively [48, 49]. The insertion of a strained layer during the GaAs on Si growth relieves
the need for high temperature TCA and multiple TCA iterations.

Spire Corporation utilized direct GaAs-on-Si epitaxy involving thick GaAs buffer layer to realize 1J GaAs
solar cell on Si substrate for 1-sun and concentrated photovoltaic application using thermal-cycle growth
(TCG) by metal organic chemical vapor deposition (MOCVD) technique [9, 33, 43, 46]. A low temperature
GaAs nucleation layer was grown at 400°C followed by the standard GaAs growth at 700°C. Ellipsometry
studies showed that the presence of arsine during the Si bakeout was one of the major sources of oxide
formation [9]. For a 1J GaAs cell structure, a 7 um thick n+ GaAs buffer was employed between the cell
structure and the Si substrate. An efficiency of 17.6% (Jsc=25.5mA/cm?, V4=0.891V and FF=77.7%) was
reported for 1J GaAs solar cell on Si under AM1.5 at a TDD of ~8x10° cm2[46]. Utilizing a similar growth
process with 2 um GaAs buffer, 1J GaAs concentrator solar cell on Si with an efficiency of 21.3% under
200-suns (AM1.5d) were also reported [43].
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Fig. 7 Cross-sectional TEM image of heteroepitaxial GaAs grown on Si using (a) only thermal cycle
annealing [49] and, (b) thermal cycle annealing along with Ing¢7Gao.9sAs strained-layer [48]. [75] Used
with permission from EHS, 2014.

Soga et. al. utilized AlGaAs as an active solar cell material for integration with active Si substrate[50].
Alo22Gao7sAs with a bandgap of ~1.7 eV is one of the ideal candidates for 2J 111-V/Si tandem solar cell.
However, the growth of AlGaAs active solar cell material on Si becomes more complex and challenging
with increased aluminum (Al) content as it incorporates more oxygen and forms deep level defects which
can act as recombination centers for minority carriers and in turn degrade the minority carrier lifetime [50].
A 2.5 um thick AlGaAs buffer was grown on (100) Si substrate with 2° offcut towards [110] using MOCVD
utilizing five TCA iterations performed at 950°C to realize a tandem p/n 2J Alo.15Gao.ssAs/Si solar cell [41].
Al 15GaogsAs (1.61 eV) solar cell material exhibited better quantum efficiency (QE) than Alo22Gao.7sAs

(1.7 eV) cell and was therefore better suited as the top-cell for current-matching with the bottom Si cell
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Fig. 8 (a) Cross-sectional schematic of 2J AlGaAs/Si solar cell structure, and the corresponding (b) J-V
characteristic (AMO) and (c) QE plots [41]. [75] Used with permission from EHS, 2014.
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[50]. A two-terminal 2J Alo1sGaogsAs/Si solar cell efficiency of 21.2% was achieved under AMO
(Jsc=23.6mA/cm?, V=157V and FF=77.2%) [41], which is the highest efficiency reported for
heteroepitaxial 2J 111-V/Si tandem solar cell. The corresponding solar cell structure, I-V and QE plots are
shown in Fig. 8 (a), (b) and (c), respectively. Further improvement in the 2J AlGaAs/Si efficiency would
require a superior quality and higher bandgap (Al-rich) top-cell (~1.7-1.8 eV), making it necessary to focus
efforts on improving the minority carrier lifetime in Al-rich AlGaAs solar cell material [41], besides
minimizing the TDs generated due to the lattice-mismatch with Si substrate.

Yamaguchi et. al. utilized Ino1GaosAs/GaAs strained layer superlattices (SLSs) in combination with TCA
to significantly minimize the TDD to ~ 1-2x10° cm™ for GaAs layers grown on (100) Si substrate by
MOCVD [23]. For the growth of 1J GaAs solar cell on Si, (100) Si substrates with 2° offcut towards [110]
were utilized [42]. An initial 10-15 nm thick low temperature GaAs was grown at 400°C, followed by the
subsequent growth of ~2 um thick GaAs at 700°C. Five iterations of TCA were performed at 900°C,
followed by the growth of 5 periods of Ingi1GagsAs/GaAs (10nm/10nm) SLS and 5 periods of
AlosGagsAs/GaAs (20nm/100nm) strained layer (SL), prior to the growth of 1J p/n GaAs solar cell
structure [42, 47]. The 1J GaAs-on-Si solar cells realized using the combination of TCA, SLS and SL buffer
demonstrated an efficiency of 20% under AM1.5g and 18.3% under AMO conditions (at a TDD of ~4.5x10°
cm2), both of which are the highest efficiencies reported for heteroepitaxial 1J GaAs-on-Si solar cells [42,
47]. The corresponding solar cell structure and the I-V curve are shown in Fig. 9 (a) and (b), respectively.
Further reduction in TDD < 1x10° cm 2, improvement in minority carrier transport properties and thermal
mismatch related issues would be essential to enable direct GaAs-on-Si solar cell performance to compete
with lattice-matched GaAs-on-GaAs solar cells.
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Fig. 9 (a) Cross-sectional schematic of 1J GaAs-on-Si solar cell using AlGaAs/GaAs SLs and
InGaAs/GaAs SLS [47], and (b) the corresponding I-V curve for a 1 cm? solar cell [42]. [75] Used with
permission from EHS, 2014.
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1.5.1.2 SixGe1-x Graded buffers

GaAs or Ge substrates are currently the conventional choice for commercial multijunction 111-V solar cells.
One of the inherent benefits of using step-graded SixGei.x buffer is the ability to realize high-quality, low
TDD and relaxed Ge layers on Si substrate providing a “virtual” Ge platform for subsequent GaAs growth
[51].

Most of the research on SiGe buffers for 111-V solar cell integration on Si substrate has been carried out
through collaborative research between Ohio State University (OSU) and Massachusetts Institute of
Technology (MIT) using combination of growth techniques including ultrahigh vacuum chemical vapor
deposition (UHV-CVD), molecular beam epitaxy (MBE) and MOCVD. Typically, the compositionally
step-graded 12 um thick SiGe buffers are grown by UHC-CVD on (100) Si with 6°offcut towards <110>
plane with final composition ending in 100% Ge [13, 45]. A TDD of ~2.1x10® cm2was reported for fully
relaxed Ge layers grown on SiGe/Si substrate [13, 45]. For the I11-V solar cell growth, an initial epitaxial
Ge layer was grown by MBE followed by the growth of GaAs on Ge at an initial low growth temperature
using migration-enhanced epitaxy, details of which can be found in reference 13, 52. This process has been
shown to suppress the formation of APDs due to the controlled nucleation at the GaAs/Ge interface, and
etch-pit density of 5x10° - 2x10° cm2was reported for the GaAs layers grown on virtual Ge substrate [52].

Detailed investigation on the impact of TDs on the minority carrier lifetimes revealed superior dislocation
tolerance for holes in n-type GaAs (1,~10 ns) in comparison to electrons in p-type GaAs (t,~1.5 ns) material
for a similar dislocation density and doping concentration [53, 54]. The reduced electron lifetime was

attributed to their higher mobility which translated to increased sensitivity towards the dislocations in GaAs
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Fig. 10 (a) Cross-sectional schematic of 1J GaAs solar cell structure grown on Ge/SiGe/Si substrate,
and (b) the corresponding cross-section TEM image showing most of the dislocations confined within
the buffer layer [13]. [75] Used with permission from EHS, 2014.
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layers grown on metamorphic SiGe buffers [54]. Such sensitivity of minority carrier lifetime in the
metamorphic GaAs material on Ge/SiGe/Si substrates led to superior performance for p*/n diodes over their
n*/p counterparts and hence the p/n solar cell showed higher V.. compared to n/p solar cell (0.98 V vs.
0.88V) at a TDD ~ 1x10° cm?, indicating device polarity dependence for metamorphic GaAs solar cells
grown on SiGe substrates [55, 56]. Utilizing step-graded SixGei.xbuffer, OSU and MIT teams demonstrated
a 1J p/n GaAs solar cell (see Fig. 10 (a) and (b) for the cell structure and the corresponding cross-sectional
TEM image) with an efficiency of 18.1% and 15.5% under AM1.5g and AMO conditions, respectively (see
Fig. 11 for the J-V characteristics) [13]. Such 1J GaAs solar cells on SiGe substrate were demonstrated to
exhibit similar performance virtually independent of the cell area, thereby addressing the concern of thermal
mismatch related issues between the GaAs epilayers and the Si substrate [13]. Addtionally, Lueck et. al.
reported a 2J GalnP/GaAs solar cell on similar Ge/SiGe/Si substrate with an efficiency of 16.8% under
AML.5 [45]. The overall performance of the 2J cell was limited by poor antireflection coating, large grid
coverage area, significant absorption in the GaAs tunnel junction and due to a lower Vo contribution from
the top GalnP subcell (primarily due to a lower top cell bandgap) [45].

Utilizing a low bandgap SiGe metamorphic buffer eliminates the possibility of utilizing the bottom Si as a
subcell since the SiGe buffer doesn’t provide the optical transparency needed for the bottom Si subcell.
Interestingly, Diaz et. al. have utilized an active SixGei-xcell on the graded SiGe buffer to realize 111-V/SiGe
tandem solar cell [15]. Both GaAsP and SiGe materials can be compositionally tuned to span a broad range
of bandgaps opening possibility for multijunction cells with internal lattice-matching between GaAsP and
SiGe. While the unconstrained two-terminal 2J ideal efficiency is 41.7% under AM1.5g for a bandgap
combination of 1.73/1.13 eV, the predicted efficiency for 2J GaAsP/SiGe cell is 39.4% (AM1.5g) under
lattice-matched conditions (with bandgaps of 1.54/0.84 eV) [57]. Diaz et. al. reported an efficiency of
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Fig. 11 J-V characteristic of 1J p/n GaAs solar cell on Ge/SiGe/Si substrate [13]. [75] Used with
permission from EHS, 2014.
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18.9% under AM 1.59 (Jsc=18.1mA/cm?, Vo=1.45V and FF=72%) for 2J GaAsossPo.1s /Sio1sGe€os2
(1.67/0.86 eV) tandem solar cell grown on (100)/6° offcut Si substrate by a combination of reduced pressure
chemical vapor deposition for SiGe buffer and MOCVD for 111-V growth [15]. The solar cell structure and
the corresponding cross-sectional SEM micrograph are shown in Fig. 12 (a) and (b), respectively. The
corresponding J-V and QE plots for the 2J GaAsP/SiGe tandem solar cell are shown in Fig. 13 (a) and (b),
respectively. The bottom SiGe subcell was found to be current-limiting with significant room for QE
improvement in the higher wavelength regime. Further improvements from series resistance minimization,
better current-matching and dislocation reduction in the top GaAsP subcell are expected to improve
efficiency to ~25% [15]. Research efforts at 4Power LLC have led to GaAsP/SiGe tandem solar cells with
an efficiency of ~20% (AM 1.5) at a TDD as low as 8x10° cm? indicating a promising future for
GaAsP/SiGe based tandem solar cells on Si substrate [58].

1.5.1.3 GaAsxP1x Graded buffers

A tandem 2J solar cell with a top subcell having a bandgap of 1.7-1.8 eV (GaAso.7Po3 being one of the
potential candidates) integrated onto a bottom 1.12 eV Si subcell is predicted to have efficiency exceeding
of 40% under AM1.5g [59]. Furthermore, 3J InGaP/GaAsP//Si (2.0/1.5/1.1 eV) solar cells are expected to
achieve > 45% efficiency under AM1.5g [59]. The large bandgap of GaAs.Pi.x buffer provides light
transmission to the bottom Si subcell unlike the graded SiGe buffer approach. Geisz et. al. utilized a thin
GaP nucleation layer, followed by the growth of lattice-matched GaNoo2Po.gs buffer layer which was
compositionally graded using GaAsxP1.x buffer to demonstrate a metamorphic GaAsy7Pos (1.71 eV) solar
cell on Si substrate for the first time [60]. 1J GaAso.7Possolar cell grown on Si substrate by MOCVD was

reported with an efficiency of 9.8% (AM1.5g) without antireflection coating. The performance of the solar
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Fig. 12 (a) Cross-sectional schematic of 2J GaAsSo.sPo.16/Sio.18Geo.s2 Solar cell structure grown on Si
substrate, and (b) the corresponding cross-section SEM image [15]. [75] Used with permission from
EHS, 2014.
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Fig. 13 (a) J-V characteristic (AM1.5g) and (b) QE plot of 2J GaAso s4Po.16/Sio.18Geo.s2 Solar cell structure
grown on Si substrate [15]. [75] Used with permission from EHS, 2014.

cell was limited by the high TDD of 9.4x107 cm™, which translated to a relatively high bandgap-voltage
offset, W of 0.73 eV [60].

Grassman et. al. have focused efforts on improving the quality of GaP/Si interface to minimize the
heterovalent nucleation-related defects, including APDs, stacking faults and microtwins for structures
grown by both MBE and MOCVD [29, 62]. Phosphorus diffusion during GaP-on-Si epitaxy was found to
be inefficient in forming a diffused emitter to realize an active bottom Si subcell. Hence, n-doped epitaxial
silicon emitter was proposed as a more promising alternative. GaP was shown to act as an effective window
layer for bottom Si subcell and provided good front surface passivation and minority carrier reflection. Fig.
14 shows the 2J GaAsP/Si solar cell structure along with the corresponding cross-sectional TEM image of
the MOCVD grown GaAso7Pos on GaAsP/GaP/Si substrate. A prototype 2J GaAso.7sPo.2s/Si solar cell

0-Si Emitter

p-Si Substrate (Base)

Fig. 14 (a) Cross-sectional schematic of 2J GaAsosaPo.16/Sio.18Geos2 solar cell structure grown on Si
substrate, and (b) the corresponding cross-section SEM image [63]. [75] Used with permission from
EHS, 2014.
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Fig. 15 (a) J-V characteristic (AM1.5g) and (b) QE plot of 2J GaAs.s4Po.16/Sio.18Ge0.52 Solar cell structure
grown on Si substrate [63]. [75] Used with permission from EHS, 2014.

exhibited an efficiency of ~10.65% under AM1.5g spectrum (Jsc=11.2 mA/cm?, V=156 V and FF=61%)
without any anti-reflection coating [63]. The corresponding J-V and QE characteristics are shown in Fig.
15 (a) and (b), respectively. The overall efficiency was limited by a low FF associated with the GaAso.75Po.25
tunnel diode, which was inefficient in providing a lossless interconnection between the subcells [63].

More recently, Yaung et. al. have focused efforts on further optimizing the metamorphic GaAsP growth on
GaP/Si templates by using MBE [16]. To promote strain relaxation in order to minimize TDD, GaAsP
growth temperature was varied from 600 to 700°C. Authors reported best optimization of rms roughness
and TDD at a growth temperature of 600 - 640°C. Consequently, improvement in the TDD translated to a
low bandgap-voltage offset, Wqc~0.55 for GaAse 77Po.23 (1.66 €V) on GaP/Si templates (TDD ~7.8x10° cm
2) compared to a Wo~0.53 on the GaP substrate. Such GaAsP material with W, approaching the 0.3-0.4
eV radiative limit represent good material quality for metamorphic 1J GaAsP grown on GaP/Si template.
Fig. 16 (a) shows the cross-sectional schematic of 1J GaAsy77Po.2s solar cell structure grown on GaP/Si
substrate, and the corresponding J-V characteristic (AM1.5g) and the QE plot are shown in Fig. 16 (b) and
(c), respectively. In addition, identical W, values were reported for both n*/p and p*/n polarities for 1J
GaAsP solar cells on GaP/Si template (unlike for the 1J GaAs solar cells on SiGe substrates), suggesting
future work should focus efforts on n*/p solar cell designs to take the advantage of GaP as an effective
window layer for the bottom Si subcell [61]. With improvement in the tunnel junction designs, addition of
optimal anti-reflection coating and further reduction in TDD in the metamorphic GaAsP cells, the future

for graded GaAsP buffer approach for integrating 111-V/Si tandem solar cell looks very promising.

Dimroth et. al. have utilized metamorphic GaAsP1.x buffer layer to bridge the lattice constant from Si to

GaAs in order to realize conventional 2J GalnP/GaAs solar cells integrated onto inactive Si substrate [14].
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A homoepitaxial silicon layer was first grown on (100) Si substrate with 6° offcut towards <1 -1 1>,
followed by the growth of thin GaP nucleation layer. Next, the graded GaAsxP1x buffer with seven steps
was grown at a growth temperatures of 640°C using MOCVD, details of which can found in reference 14.
A TDD exceeding 108 cm2was observed; suggesting future research efforts should focus on utilizing slower
grading and growth rates in addition to optimizing the growth temperature for metamorphic GaAsP buffer.
An efficiency of 16.4% (Jsc=11.20 mA/cm?, Vo=1.94 V and FF=75.3%) was measured under AM1.5¢ for
the 2J GalnP/GaAs solar cell grown on Si substrate, while the control 2J GalnP/GaAs solar cell grown on
GaAs substrate exhibited an efficiency of 27.1%, suggesting that the high TDD was the performance
limiting factor for the “on Si” solar cells. An additional important finding was that there was no indication
of cracking due to differences in thermal expansion coefficient between Si and GaAs. The QE curve for the
16.4% efficient 2J GalnP/GaAs solar cells realized on GaAsP/GaP/Si substrate is shown in Fig. 17. The
GaAs subcell was found to be current-limiting due to the reduced minority carrier lifetime associated with
high TDD, resulting in inefficient carrier collection in the thick (1.9 um) GaAs absorbers. Interestingly, the
GalnP subcell was less impacted by dislocations due to two possible reasons: (i) additional thermal budget
beyond the GaAs subcell growth helped in minimizing the propagation of the dislocations to the top GalnP
subcell and (ii) lower thickness (0.79 um) of the GalnP absorbers did not sufficiently impact the minority
carrier collection in spite of a high TDD. Such finding is consistent with dislocation dependent modeling

results for 2J InGaP/GaAs solar cells on Si, wherein the authors reported that lowering the GalnP subcell

Ni/AuGe

=
o

.................................. (a)

Window Layer (25 nm)
Ing 33Gay ¢;P:5i2x10'¥cm?

—on GaP/Si, E; = 1.66 eV
---0n GaP, E; = 1.67 eV

Current Density (mAicm:)
£ [}

X

0 0.2 04 08 0.8 1 ‘ 1.2
Heterojunction BSF (25 nm) Bias (V)

06,P 2x10 ¥ cm?

raded B! )8 steps) (3.6
GaAs,P, y:Be 5x10"7cm

Buffer (0.5 um) GaP:Be 5x10' cm*? E —EQE on GaP/Si
==-EQE on GaP

Nucleation Layer (40 nm) GaP:Si 3 —IQE on GaPISi

ey

400 500 600 700 800
A (nm)

Fig. 16 (a) Cross-sectional schematic of 1J GaAso.77Po23 solar cell structure grown on GaP/Si substrate,
and (b) the corresponding J-V characteristic (AM1.5g) and (c) the QE plot for the 1J GaAso 77Po23 solar
cell structure grown on GaP vs. GaP/Si substrate [16]. [75] Used with permission from EHS, 2014.
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indicating the bottom GaAs subcell limits the two-terminal current [14]. [75] Used with permission from
EHS, 2014.

thickness, allowed increase in the photon flux penetration to the bottom current-limiting GaAs subcell for
current-matching [37]. Such tandem 2J InGaP/GaAs solar cells on Si with efficiencies comparable to 2J
InGaP/GaAs solar cells on GaAs substrate are possible if TDD lower than10® cm can be achieved [37].
With this approach, 1-sun efficiency in excess of 30% would be realistic for 3] GalnP/GaAs//Si solar cells
on Si substrate, offering one of the most promising short-term paths for I111-V-on-Si solar cell integration.

1.5.1.4 Lattice-matched I11-V-N Materials on Si

The biggest advantage of dilute nitride based 111-V-N alloys is the ability to grow almost lattice-matched
I11-V materials on Si substrate for promising 111-V/Si tandem solar cells. The quaternary compounds of
GaAsxP1xyNyand In,GaixPyN1.yare attractive options for lattice-matched top subcells in 2J 111-V/Si tandem
architecture [18]. For lattice-matched 3J consideration, the ideal material selection is GaPogsNoo2 (2 eV)/
GaAso.20Po.73No.o7 (1.5 eV) // Si (1.1 eV) [18]. GaAso.09Po.s7Noos alloy (bandgap of 1.81 eV) lattice-matched
to Si substrate is an attractive top cell choice for 2J 111-V/Si tandem solar cell [18]. Furthermore, from
growth perspective, GaAsPN alloys are easier to grown in comparison to InGaPN due to the difficulties
associated with InN and GaN solid-phase miscibility [64-66].

Geisz et. al. reported the first 2] GaAso.10Po.ssNo.osa (1.80 eV)/Si tandems solar cell with an efficiency of
5.2% under AM1.5g (without an antireflective coating) utilizing an initial GaP nucleation layer, followed
by the MOCVD growth of lattice-matched GaNo.o2Po.0s layer [17]. The solar cell structure along with the
corresponding I-V and QE characteristic for this tandem solar cell are shown in Fig. 18 (a), (b) and (c),
respectively. The GaNP layer had a TDD <10° cmwith most of the misfit dislocations being confined at

the GaP/Si interface. The phosphorus diffusion during the initial GaP growth formed the n-emitter for the
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Fig. 18 (a) Cross-sectional schematic of lattice-matched 2J GaNPAs/Si solar cell structure grown on Si
substrate, (b) J-V characteristic (AM1.5g), and (c) the QE plot of 2J GaNo.04Po.ssAS0.1/Si solar cell grown
on Si substrate, clearly indicating GaNPAs is the current limiting subcell [17]. [75] Used with permission
from EHS, 2014.

p-Si substrate. Intuitively, one would expect the defects at the GaP/Si interface to influence the Si cell
response near the front emitter region, however most of the blue light is captured by the top cell and
therefore imperfect front passivation did not strongly degrade the Jsc of the Si bottom cell. The top GaAsPN
subcell was found to be limiting the two-terminal current (5.7 mA/cm? for GaAsPN subcell vs. 14.5 mA/cm?
for the bottom Si-subcell). Furthermore, the unintentional carbon and hydrogen impurities had a strong
influence on the minority carrier lifetimes in GaAsPN, resulting in low structural quality of the top nitride
subcell which translated to a low tandem cell efficiency. Improving the diffusion lengths in the dilute nitride
solar cell material would be pivotal to improve the QE response and hence the overall tandem cell
performance. Another important area of attention for the lattice-matched 111-V solar cells on Si would be
the development of tunnel-junction with abrupt interfaces and doping profiles and low series resistance,
especially for CPV operation. Recent advancements in dilute nitride materials, GaAsPN/GaPN multiple
guantum-well (MQW) structures, extensive research on GaP on Si epitaxy and the progress in lattice-
matched GaNAsP based lasers on Si [67] present an exciting opportunity to further advance the research

on I11-V-N based lattice-matched materials on Si for solar cell integration.
1.5.1.5 Lattice-mismatched InGaN on Si

With its tunable and direct bandgap spanning the entire useful range of the solar spectrum (0.65 eV — 3.4
eV), InGaN material is one of the most well suited materials for multijunction solar cells. InGaN solar cell
with a bandgap of ~1.8 eV would be an ideal candidate for 2J integration with an active 1.1 eV Si bottom
subcell. An additional advantage of using InGaN top subcell with Si bottom subcell is the band-alignment

of the n-InGaN conduction band with the p-Si valence band which exhibits same energy relative to vacuum,
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opening a promising option for tunnel junction between the two subcells [20]. Using simple analytical
simulations taking into account realistic diffusion lengths, an efficiency of ~30% (1-sun) is expected for 2J
InGaN/Si p/n solar cell, while 3] InGaN (1.9 eV)/InGaN (1.5 eV)/Si solar cell are predicted to have an
efficiency of ~35% (1-sun) [65]. The grading of the InGaN absorber layer close to the top heterointerface
(p-GaN/n-InGaN) in a p/n InGaN/Si tandem solar cell is expected to boost the performance as it removes

the barrier for hole transport [21].

The first experimental evidence of a tandem GaN/Si solar cell was demonstrated using GaN/AIN-buffer/
Si 2J p/n solar cell [68]. More recently, Tran et. al. demonstrated good quality Ing4GaoeN films grown on
GaN/AIN/Si(111) substrate with negligible phase separation using high-low-high-temperature AIN buffer
layers by MOCVD [22]. Utilizing a similar growth approach, 1J n-Ing4GaosN/p-Si hetero-structure solar
cell with enhanced Jsc was demonstrated, attributed to the use of indium tin oxide as the top n-type contact
[22]. A conversion efficiency of 7.12% under AM1.5g [22] was achieved, indicating a promising start for

InGaN solar cells on Si substrate.

Poor structural quality of nitride materials (especially for InGaN material with >30% indium content) and
the associated challenges for p-type doping have been the major impediments in the realization of high-
efficiency InGaN solar cells. Large lattice-mismatch between InN and GaN causes a solid-phase miscibility
gap due to the low solubility between these two materials [65, 66]. The difficulty in doping InNN material
with p-type dopant is presumably due to the compensation by native defects. Utilizing p-GaN/n-In,Ga;«xN
heterojunction is one of the ways to avoid the use of p-doped InyGai«N material, wherein the GaN layers
also serves as a window layer and reduces the surface recombination [21]. However, theoretical efficiency
of such GaN/InGaN heterojunction is limited to 11% for 1J devices due to the polarization effects, which
impedes the carrier collection [69]. Hence, homojunction devices would be essential to achieve higher
efficiencies because employing p-i-n structures could eliminate the polarization effects. Homojunction
Ino.60Gao.4oN p-n junctions with optimal device designs are predicted to be 21.5% efficiency under AM1.5g
conditions [74]. InGaN based p-i-n solar cells with InGaN as the intrinsic layer between GaN and with
graded indium composition up to 50% could lead to theoretical efficiency of 18.53% under AM1.5 [70].
InGaN homojunctions with indium-rich, highly p-doped and thick bulk layers with no phase separation
would be essential for the success of InGaN solar cells [69]. Utilizing metal modulated epitaxy (MME),
wherein the metal shutters are modulated with a fixed duty cycle under constant nitrogen flux is a promising
approach. This technique allows for control of the kinetics of Mg incorporation, while using low substrate
temperature for growth, thus offering great potential to overcome both p-type doping and phase-separation

limitations in In-rich InGaN. InGaN material with upto 66% In content, good crystallinity and rms
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roughness of 0.76 nm were demonstrated using this MME growth approach [69]. Further development of

high-quality In-rich InGaN material would be crucial for realizing InGaN/Si tandem solar cells in the future.

Table Il summarizes the key merits and technological challenges for the respective heteroepitaxial

integration approaches for I11-VV-on-Si solar cells.

1.5.2 Wafer Bonding & Mechanical Stacking Approach for Integrating 111-V

Materials on Si

1.5.2.1 lon-implantation induced layer transfer for Ge/Si templates.

In the hydrogen-induced layer transfer technique, Ge wafers were implanted with H* ions and then bonded
to Si substrate through a SiO, bond layer. The wafer bonding was done before starting the epitaxial cell
growth. The bonded pair was then annealed to 250-350°C under > 1MPa pressure to enable hydrogen-
induced layer splitting which initiates the propagation of micro-cracks parallel to the Ge surface upon

annealing [71].

Archer et. al. utilized such bonded templates fabricated with wafer bonding and ion implantation induced
layer transfer technique to realize 2J GalnP/GaAs solar cells (grown by MOVPE) on Ge/Si template with
comparable performance to those grown on epi-ready Ge substrate [72]. For the device grown on Ge/Si
template, the Jsc was comparable to the control samples on bulk Ge substrate, however the V,c was slightly
lower (1.97-2.08 V vs. 2.16 V). The drop in V. translated to 2J GalnP/GaAs efficiency of 15.5%-15.7%
(AM1.5d) on Ge/Si template compared to 17.2% - 19.9% on bulk Ge substrate. The authors attributed the
decrease in GalnP bandgap (for the samples grown on Ge/Si template) as one of the main reasons for lower
Voc. The decrease in GalnP bandgap was believed to be due to the difference in the Ge substrate miscut
used to make the Ge/Si template [72]. It is not trivial to decouple the contributions from the substrate miscut,
the GalnP ordering effect and due to the growth conditions on Ge versus Ge/Si substrates and warrants
further investigation. Nonetheless, a key advantage of this technique is its metal-free bonding approach
enabling the possibility of subsequent upright epitaxial growths. Metal involved for bonding process could
otherwise block light penetration in case an active subcell below the bond layer is desired. However the
thermal-mismatch between Si, Ge, I11-V materials and the bond layer could pose potential cracking issues

in thin solar cell layers [14] during the subsequent post-bonding epitaxial growth
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TABLE 11

Summary of Heteroepitaxial 111-V-on-Si Integration Approaches [75]. Used with permission from EHS, 2014.

BEST
PATH MERITS CHALLENGES EEEICIENCY
o Start with lattice-matched GaP layer
e GaP buffer could serve as a window
GaAsP layer for the bottom Si cell « Mixed anion As-P complex growth 2J GalnP/GaAs -
Graded e Possibility for no N- or Al-containing ; 16.4% (AM1.59)
Buffer alloys e Thick graded buffer [14]
e Semi-transparent buffer for bottom Si
cell
e Non-transparent buffer, ruling out 1) GaAs - 18.1%
bottom-Si cell (AM1.59) [13]
SiGe Graded e Low dislocation density « Thick graded buffer &
Buffer ¢ Possibility to use Ge or SiGe as subcell . 2J GaAsP/SiGe -
e Ge poses severe thermal-mismatch 18.9% (AML.5¢)
concern [15]
e Large lattice-mismatch  between
e InGaN material composition can span InGaN and Si
the entire useful solar spectrum e Realization of In-rich InGaN bulk 1J InGaN//Si
InGaN-on-Si  * Avoid the need for As, P or Al based material (In>40%) challenging heterostructure —
materials e Difficulty in p-doping of In-rich 7.12% (AM1.59)
¢ Semi-transparent buffer for bottom Si InGaN layers [22]
cell o Problem of phase separation in In-rich
InGaN material and InN segregation.
e Only path for lattice-matched multi-
junction I11-V solar cells to Si ¢ Poor diffusion lengths in dilute nitride 2J GaAsPN//Si-
GaAsPN-on- e Transparent & relatively thinner buffers materials 5.2% (AM1.59g)
Si for bottom Si cell e Challenging to control composition of —No ARC
e GaP buffer could serve as a window quaternary alloys. [17]
layer for the bottom Si cell
2J AlGaAs//Si -
¢ High dislocation density 21.2% (AMO)
Direct GaAs- e Directroute for realizing record efficient e Might use thick buffers to minimize [41]
on-Si dilute-nitride based lattice-matched 3J dislocations in some cases &
cells on GaAs substrate . e Multiple thermal cycle anneals 1] GaAs — 21.3%
e Path  for  conventional inverted (AM1.5d, 200-suns)
metamorphic cells _ : [43]
Strained- * Semi-transparent buffer for bottom Si e Growth could involves multiple 1J GaAs — 20%
layers (SL)  * Lower dislocation density for SL super-lattice period o (AML1.50) &
for GaAs-on- approach o Shutter sequence during switching 18.3% (AMO)
Si could be challenging (eg [42]
InGaAs/GaAsP)
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Fig. 19 (a) Cross-sectional TEM image of direct-bonded p*-GaAs/p*-Si heterointerface solar cell
structure grown on Si substrate, and (b) J-V characteristic of the 2J Alo1GaosAs/Si solar cell realized
using direct-bonding [44]. [75] Used with permission from EHS, 2014.

process. Furthermore, rms roughness of films produced by this approach is ~ 25 nm and the ion implantation
induced damage extends to ~200 nm into the film, requiring additional steps for damage recovery and

polishing to reduce the surface roughness.
1.5.2.2 Direct Fusion Bonding

Tanabe et. al. demonstrated highly transparent and electrically conductive GaAs/Si heterojunctions using
direct fusion bonding technique [44]. Heavily doped (degenerate) layers at both the GaAs and Si bond
interface were found to be critical for realizing ohmic behavior. The p*-GaAs/p*-Si and p*-GaAs/n*-Si
combination exhibited ohmic behavior for bonding temperatures as low as 300°C in ambient air. However,
when non-degenerate p-GaAs was used, non-chmic behavior was observed even for samples bonded at
500°C. Utilizing the direct-fusion bonding process, 2J Alo1GaosAs/Si solar cells were fabricated, wherein
the Alg1GageAs subcell was grown on GaAs substrate by MBE and layer-transferred onto a Si subcell by
means of p*-GaAs/n*-Si direct bonding at 300°C. The p*-GaAs/n*-Si bond layer also served as the tunnel
junction between the two n-on-p subcells. The bonding was followed by the subsequent removal of the
GaAs substrate. Fig. 19 (a) shows the cross-sectional TEM image of a similar direct-bonded p*-GaAs/p*-
Si heteointerface. The 2J solar cell demonstrated the highest efficiency for bonded 2J 111-V/Si tandem solar
cell with an active Si subcell. The performance parameters were n= 25.2%, Jsc = 27.9 mA/cm? Vo, = 1.55
V and FF = 58% under a 600nm peaked halogen white light source of 1-sun intensity (100 mW/cm?). The
corresponding J-V curve is shown in Fig. 19 (b). One of the major challenge for this approach is the
selection of interfacial layers with appropriate polarity and doping concentration which might restrict the

design of solar cell polarity (n/p vs. p/n).
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1.5.2.3 Surface Activated Direct Wafer Bonding

Dimroth et. al. and Derendorf et. al. from Fraunhofer ISE demonstrated the use of semiconductor wafer
bonding to realize 2J GalnP/GaAs solar cells wafer bonded onto an inactive n-Si wafer as well as 3J
GalnP/GaAs//Si solar cells bonded on an active Si solar cell, respectively [4, 14]. This approach is similar
to the direct fusion bonding technique. One of the key advantages of this approach is the post-growth wafer
bonding which to an extent circumvents the thermal stress caused by difference in thermal expansion
coefficient between GaAs and Si, unlike the hydrogen-induced layer transfer technique to realize Ge on Si
template [72].

The fast beam activated direct wafer bonding process was carried out in an Ayumi SAB-100 system. For
the 2J GalnP/GaAs solar cells bonded onto Si substrate [14], the 111-V solar cells were first grown inverted
on a GaAs substrate. Thereafter, the GaAs substrate was removed by wet chemical etching and the bonding
was performed at 120°C. The Si substrate served as an inactive mechanical support and an electrical
conductor. The bonded structure was then annealed for 1 min at 400°C and processed into 4 cm? solar cells.
This 2J GalnP/GaAs solar cell bonded onto inactive Si substrate demonstrated a conversion efficiency of
26.0% under AM1.5g spectrum with a Voc = 2.39 V, Jsc = 12.7 mA/cm?, and FF = 85.9% (see Fig. 20 for
the J-V characteristics). The top GalnP subcell was reported to be current-limiting (Jsc = 12.9 mA/cm? for
GalnP subcell vs. 14.4 mA/cm? for the GaAs subcell). With improved current-matched designs, such an

approach should be able to achieve greater than 30% efficiency in the future.

The 3J GalnP/GaAs//Si solar cells employing an active n-p junction Si solar cell were also realized by the
same direct wafer bonding technique at room temperature under a vacuum pressure of 10 Pa. The 11-V
solar cells were grown upright on a GaAs substrate with a degenerately doped n-GaAs bonding layer.

Thereafter, the epitaxial structure was stabilized on a sapphire wafer, the GaAs substrate was removed by
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Fig. 20 J-V characteristic (AM1.5g) of 2J GalnP/GaAs solar cells wafer-bonded onto an in-active Si
substrate [14]. [75] Used with permission from EHS, 2014.
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Fig. 21 (a) Cross-sectional schematic of 3) GalnP/GaAs//Si solar cell structure grown on Si substrate,
and (b) the corresponding cross-section TEM image of the bonded GaAs/Si heterointerface [4]. [75]
Used with permission from EHS, 2014.

selective etching and the cell stack was bonded to the n-doped emitter for the Si subcell. The bonding was
initiated by applying a force of 5 kN for a minute. A 4-5-nm thin amorphous interface layer was formed by
the argon fast atom beam treatment, nonetheless the photovoltaic activity of the Si subcell proved a high
transparency of the bond interface. Fig. 21 (a) and (b) shows the cross-sectional schematic of the solar cell
structure and cross-section TEM micrograph of the GaAs-Si bond layer interface showing the thin
amorphous layer. The 3] GalnP/GaAs//Si solar cell was characterized under 1-sun AM1.5d spectrum and
demonstrated an efficiency of 20.5% (Jsc = 8.56 mA/cm?, Vo = 2.78 V and FF = 86.3%). The performance
of the 3J cell was limited by the low-current in the Si subcell due to the low absorption in the indirect
bandgap Si substrate. Surface texturing at the back side of the Si substrate and reduction of the I11-V layer
thicknesses is expected to improve the current-response of the bottom Si subcell. The I-V and QE
characteristic of this 3J solar cell are shown in Fig. 22 (a) and (b) respectively. Under concentrated
sunlight, this 3J design demonstrated an efficiency of 23.6% under 71 suns [2]. At higher concentration,
the significant influence of series resistance led to reduction of the fill-factor. The bond interface was
attributed as the main contributor to the series resistance which led to the reduced FF under concentrated
sunlight. Further optimization of the 3J GalnP/GaAs//Si solar cell has recently led to an efficiency of 27.9%
(AM1.5d, 48 suns) [2] with headroom for further performance improvement, indicating efficiencies
exceeding 30% could be attainable in the near future by employing such a wafer bonding technique for Il1-

V-on-Si solar cell integration.

30



Concentration factor: 1 sun 71 suns 288 suns 100

10 T T T T T T T T

E Cell ID: FE112EQE

- b T S Spectrur: AM 1.5d = ﬂ

< al e ) g0l ‘.'l' b‘n' h'-ih‘

E \ ; . A

5 3 \ " L, ' =

2 Cell ID: 3076-tan-112FE_x7y2 . ._ . ! " A

S 6F cellarea: 0.0547 [cm’] ' 1 _ B0t . ) e , a

5 - - - 2| 1 Ed - z u E | ‘= A

g | 1sun [71suns 288| | = " = ] - S i

g 4f |AM1.5d | | suns | g wl | £ E £ 4

s [V 278 | 333 346 ] » s ool g A

- a3 [ | ) ' w = ;

2 ,| J.ImAcm? | B56| 614 2471 ol doET 42 9 N
5 FF [%] | 863 | 829 757 : S S+ N oo mx A
g [[al%l 205 | 238 224| | . o | & .
P [ - A i i i L - L i i a L P 0 " d I' P - x
= S S — e PR PR B S
BRI B 300 400 S00 600 700 800 900 1000 1100 1200

Voltage [V] Wavelength [nm]

Fig. 22 (a) J-V characteristic (AM1.5d) of 3] GalnP/GaAs//Si solar cell under 1-sun and concentrated
sunlight, and (b) the corresponding QE plot for the 3J GalnP/GaAs//Si solar cell realized using direct
wafer bonding of 111-V solar cells onto an active Si subcell [4]. [75] Used with permission from EHS,
2014.

1.5.2.4 Direct Metal Interconnect

The direct metal interconnect technique (DMI) is a novel approach where the subcells are fabricated in
separate processes and joined mechanically and optically by a transparent epoxy, while the metal-to-metal
interconnect provides the electrical contact [5]. In simple sense, the metal interconnection can be considered
to perform the same function as tunnel junctions in conventional multijunction solar cells. DMI technique
is capable of providing high tolerance to disparate materials with difference in lattice constants and thermal
expansion coefficients, allowing for greater freedom in choosing the subcell materials with optimal bandgap
combinations. Yang et. al. demonstrated a 3J GalnP/GaAs/Si solar cell using the DMI approach [5]. The
2J GalnP/GaAs cells were first grown on lattice-matched Ge substrate, thereafter the substrate was removed
using epitaxial lift-off technique and the metallized front side of the 2J cell was attached to a transparent
quartz wafer for support. The bottom side of the 2J solar cell was also metallized to form grid fingers. This
structure was then connected to a larger area bottom Si subcell using the DMI technique such that the front
grid fingers of the Si solar cell crossed over the bottom grid fingers of the 2J cell, forming a natural cross
grid interconnections as shown in Fig. 23. An epoxy (Epo-Tek 301-2) covered the non-metallized area and
a pressure of ~50kPa was applied, followed by a subsequent cure at 80°C for 3 hours. The area of the bottom
Si subcell was enlarged to allow sufficient light to reach the bottom Si-subcell which typically limits the

current in such 3J GalnP/GaAs//Si solar cells. Additionally, in the DMI technique, due to the grid crossover
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Top 2J cell
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Fig. 23 Top-view of 2] GalnP/GaAs solar cell connected to the bottom Si subcell through direct metal
interconnection, forming a natural cross grid interconnection [5]. [75] Used with permission from EHS,
2014.

interconnection scheme, the bottom Si subcell experiences significant shading and hence enlarged bottom
Si subcell allows for realizing current-matching. Yang et. al. referred to this method of using large area for
bottom Si substrate compared to the top I11-V cells as areal current-matching (ACM). A 3J GalnP/GaAs/Si
solar cell with a two-terminal 1-sun efficiency of 25.5% was reported under AM1.5¢g (Jsc = 11.8 mA/cm?,
Vo = 2.74 V and FF = 79%) by employing the ACM technique for an areal Si-to-111-V ratio of 1.16. Fig.
24 (a) shows the I-V curve of this 3] GalnP/GaAs/Si solar cell. Utilizing the ACM technique, efficiencies
exceeding 40% are feasible for 3J GalnP/GaAs/Si solar cells as shown in Fig. 24 (b). An additional
advantage of such tandem cells employing ACM technique is their reduced sensitivity to temporal
variations and light non-uniformity. Further improvement in such 3J cells would require antireflection
coating at the back side of the I11-V cells and alignment of the metal-interconnection between the 111-V and
Si cells to allow maximum light penetration to the bottom Si subcell. Table 111 summarizes the key merits
and technological challenges for the respective mechanically stacked integration approaches for 111-V-on-
Si solar cells.
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Fig. 24 (a) 1-V characteristic of 3] GalnP/GaAs/Si solar cell realized using the areal current-matching
technique, and (b) AM1.5¢g theoretical maximum efficiency for of 3J GalnP/GaAs/Si solar cell as function
of the areal ratio of the bottom Si subcell with respect to the top two I11-V subcells [5]. [75] Used with
permission from EHS, 2014.
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TABLE Il

Summary of Mechanically Stacked 111-V-on-Si Integration Approaches [75]. With permission from EHS, 2014.
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induced layer
transfer
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temperature growth

roughness of the
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Direct Metal interconnection process grid pattern increases the shading 3J
Interconnect Low interconnection resistance for bottom cell GalnP/GaAs//Si-
(DMI) Improved sensitivity to temporal Alignment during the bonding 25.5% (AM1.59)
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1.6 Summary

In summary, I11-V multijunction solar cells are regaining attention for integration with Si substrates as a
potential solution to address the future levelized cost of energy and to unify the high-efficiency merits of
I11-V materials with the low-cost and abundance of Si. The current state-of-the-art results for I11-V-on-Si
solar cells are summarized along with the theoretical performance projections for 111-V-on-Si solar cell
technology. Several routes for integrating I11-V materials with Si substrate are discussed. Important design
criteria, challenges and trade-offs between the respective buffer schemes are reviewed in relation to
minimizing the dislocation density while enabling thin and optically transparent buffers for realizing Si as
an active bottom solar cell. Efficient utilization of the bottom Si substrate as an active subcell would require
backside Si substrate engineering to enhance the Si subcell current-density to realize current-matching
condition in 111-V/Si tandem solar cells.

Among the heteroepitaxial integration approaches, the realization of virtual GaAs-on-Si templates is likely
to be the most promising path to realize near-term high-efficiencies; however it is also one of the most
challenging paths. Such direct GaAs-on-Si templates could leverage the current state-of-the-art 2J
InGaP/GaAs (with active Si subcell) or 3] InGaP/GaAs/InGaAsNSb lattice-matched to GaAs. Although,
the graded SiGe buffer choice is more effective in terms of dislocation reduction, such buffers are typically
very thick and their smaller bandgap would preclude the use of an active bottom Si subcell. The graded
GaAsP buffer approach, on the other hand, offers an optically transparent buffer for active bottom Si subcell
with optimal bandgap selection for the top and the middle subcell to realize 3J InGaP/GaAsP/Si solar cells.
An interesting path combining the SiGe and the GaAsP approach could utilize SiGe as an active subcell to
realize 3J InGaP/GaAsP/SiGe solar cells. In the long-run, research on dilute nitride based lattice matched
I11-V-N materials on Si and lattice-mismatched InGaN based 111-V alloys on Si could also be promising.
Among the several mechanical stacking integration approaches, surface activated wafer bonding and direct
metal interconnect techniques are the most promising for near-term success of 111-VV-on-Si mechanically
stacked solar cells. However, one of the key challenges yet to be successfully addressed for mechanically
stacked solar cells is the realization of bond layers which are not only optically transparent for an active
bottom Si subcell, but are also electrically conductive to realize efficient two-terminal concentrated

photovoltaic operation.

Careful consideration of all these design challenges would be very critical for the success of future high-
efficiency and low-cost 111-V multijunction solar cells on Si substrate. Combination of these different

heteroepitaxial and mechanically stacked integration approaches has now opened a new range of
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possibilities for novel 111-V multijunction solar cell architectures on Si substrate. With the recent
advancements in both the heteroepitaxial and mechanically stacked integration approaches, efficiencies
exceeding 40% under concentrated sunlight seems achievable for I11-V-on-Si multijunction solar cells,

indicating a promising future for I11-V-on-Si solar cell technology.

1.7 Dissertation Objective & Organization

The central focus of the dissertation is oriented towards more efficient design and experimental realization
of heterogeneously integrated I11-V multijunction solar cells on Si substrate utilizing thin buffer layer (< 2
pm). Integration of such I11-V multijunction solar cells on significantly cheaper, more robust and large area
Si substrates can address the future levelized cost of energy roadmaps by unifying the high-efficiency merits
of I11-V materials with low-cost and abundance of silicon. One of the key objective is to be able to better
understand the material properties and correlate them to enhance the device performance. Simulation
provided valuable aid in predicting more efficient cell designs and provided continuous feedback to
improve the material quality and hence the device performance. Fig. 25 shows this critical feedback loop

involving iteration of simulation, epitaxial growth, material characterization, device fabrication and cell

In-house Design to Device Capability

EPITAXIAL DESIGN 11I-V MBE Epitaxial

Growth

Material
Characterization

Electrical & Optical
Characterization (I-V,
Quantum Efficiency)

Fig. 25 Feedback loop for complete in-house device optimization, starting from epitaxial device design

and simulation, material growth and characterization, solar cell fabrication and final solar cell electrical
and optical testing.
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testing with focus on correlating material properties to device performance in this disseration. The research
encompasses the design of dual-junction (2J) InGaP/GaAs solar cells on Si substrate and triple-junction
(3)) InGaP/GaAs//Si solar cells on an active Si substrate for both 1-sun and concentrated sunlight
applications. Using comprehensive modeling designs coupled with realistic material parameters, we
predicted the optimal performance of such 2J and 3J 111-V solar cells on Si substrate taking into account the
dislocation density. The findings will be prove to be very valuable for closing the performance gap between
lattice-mismatched I11-V solar cells on Si substrate and lattice-matched I11-V solar cells on GaAs substrate.
On the experimental front, the goal is to realize non-selective area and high-quality 111-V compound
semiconductors on Si using thin buffer layers and evaluate their quality using various material
characterization techniques. Finally, fabricate 111-V-on-Si solar cells using our in-house epitaxial material
and investigate the solar cell performance.

The dissertation is organized into seven chapters. Chapter 1 introduces to the motivation for I11-V-on-Si
solar cells research. An overview of the current state-of-the-art for 111-V-on-Si solar cells is presented along
with the theoretical performance projections for I1l1-V-on-Si solar cell technology. Next, key design
considerations and integration challenges associated with both heteroepitaxial approach and wafer-bonding

approach are discussed, highlighting the key merits of each approach.

Chapter 2 focuses on the modeling and design aspect of dual-junction (2J) InGaP/GaAs solar cells on Si
and triple-junction (3J) InGaP/GaAs//Si solar cells on Si for operation under 1-sun and concentrated
sunlight. The objective is to understand if we could carefully engineer the cell design to close the gap
between the performance of lattice-mismatched 111-V solar cells on Si and lattice-matched 111-V solar cells.
Some of the questions addressed include - (i) how high dislocation density can metamorphic 2J and 3J 111-
V solar cells designs on Si tolerate without significant performance degradation; (ii) are the subcells with
higher bandgap more sensitive to threading dislocations in comparison to subcells with lower bandgap; (iii)
is the degradation in current (in comparison to the voltage), a bigger factor affecting the cell performance
due to dislocation; (iv) how does the cell design alter for operation under concentrated sunlight; (v) what

are the trade-offs in adding Si substrate as an active subcell below 2J InGaP/GaAs solar cells.

Chapter 3 presents the epitaxial growth of 111-V compound semiconductors on Si substrate using molecular
beam epitaxy (MBE). Epitaxy fundamentals and different growth modes are discussed. Next, we discuss
the growth sequence for thin direct GaAs (< 2 um) buffers on Si and the subsequent 111-V solar cell growth
on Si substrate. The key knobs (such as temperature, flux and V/I11 ratio) influencing the initial GaAs buffer
growth are investigated. We also discuss the structural properties of 1J GaAs-on-Si solar cell structures

realized by utilizing an intermediate GaAsSh single-strained layer. Material characterization results for
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evaluating the structural properties of Il1-V-on-Si solar cell structures are discussed involving a
combination of techniques including - (i) in-situ reflection high-energy electron diffraction (RHEED), (ii)
X-ray diffraction (XRD) to investigate compositions and strain relaxation properties, (iii) transmission
electron microscopy (TEM) to understand defects and dislocation propagation and gauge into the

crystalline quality and (iv) atomic force microscopy (AFM) to characterize the surface morphology.

Chapter 4 concentrates on the fabrication process for I11-V-on-Si solar cells. Correlating the structural
properties to device performance, our motivation for introducing all front side metal contacts is presented.
Key process integration challenges including the mesa-etching, grid-finger lithography optimization are
discussed. Role of simulation in aiding the importance of critical fab steps, such as cap layer etching and

design of anti-reflection coating is also discussed.

In chapter 5, we present the electrical and optical characterization results of our fabricated I11-V-on-Si solar
cells to evaluate their performance under AM1.5g spectrum (1-sun). The light and dark |-V characteristics,
guantum efficiency, reflectance and contact resistance analysis are discussed. The significance of utilizing
both front-side metal contacts for 111-V-on-Si solar cells is also highlighted. Key factors limiting the
performance of “GaAs-on-Si” solar cells are identified, and on-going research efforts focused on

minimizing threading dislocation density are discussed.

In chapter 6, we present our preliminary results on a very promising alternate path for integrating I111-V
solar cells on Si substrate by utilizing high-quality and thin Ge layers grown directly on Si substrate. The
goal is to leverage the virtual “Ge-0n-Si” substrates for subsequent lattice-matched growth of GaAs to
realize I11-V-on-Si multijunction solar cells. Modeled 1-sun performance of 3J InGaP/GaAs/Si-Ge solar
cells and the excellent material quality achieved for epitaxial Ge directly grown on Si substrate lays a strong
foundation towards realizing virtual “Ge-on-Si” template, indicating a promising future for monolithically

integrated, low-cost and high-efficiency 111-V-on-Si photovoltaics.

Chapter 7 summarizes the key findings and accomplishments of this research. We also highlight important
lessons learnt during this research. Potential research direction to pursue heterogeneous integration of I11-
V-on-Si solar cell research is presented. Finally, we conclude with the prospects, opportunities and future

outlook towards further advancing the performance of 111-V-on-Si multijunction solar cells.
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This chapter focuses on the modeling and design aspect of dual-junction (2J) InGaP/GaAs solar cells on Si
and triple-junction (3J) InGaP/GaAs//Si solar cells on Si for operation under 1-sun and concentrated
sunlight. The objective is to understand if we could carefully engineer the cell design to close the gap
between the performance of lattice-mismatched 111-V solar cells on Si and lattice-matched 111-V solar cells.
Some of the questions addressed include - (i) how high dislocation density can metamorphic 2J and 3J 111-
V solar cells designs on Si tolerate without significant performance degradation; (ii) are the subcells with
higher bandgap more sensitive to threading dislocations in comparison to subcells with lower bandgap; (iii)
is the degradation in current (in comparison to the voltage), a bigger factor affecting the cell performance
due to dislocation; (iv) how does the cell design alter for operation under concentrated sunlight; (v) what
are the trade-offs in adding Si substrate as an active subcell below 2J InGaP/GaAs solar cells.

2.1 Modeling Background

Finite element analysis is one of the preferred modeling approach for solar cells as this method allows the
flexibility to vary multiple parameters simultaneously, namely — lifetime, surface recombination velocities,
band-gaps, anti-reflective coating design, material compositions, doping-type, doping concentration, layer
thicknesses etc. This numerical simulation platform enables the investigation of individual parameters as
well as coupled parameters in a much faster environment compared to analytical solutions. The modeling
process for optimizing our 111-V multijunction solar cell designs was performed using the APSYS simulator,
a general-purpose 2D/3D finite element analysis and modeling software for semiconductor devices. Finite-
element method (FEM) is a numerical technique for finding the approximate solutions to boundary value
problems. Analogous to the idea of connecting many tiny straight lines to form a circle, FEM combines
many simple element equations over many small subdomains, named finite elements, to approximate a
more complex equation over a larger domain. For solar cell modeling, 2D simulations were performed
using the APSYS simulator, which solves several interwoven equations, including the Poisson’s equation
and the drift-diffusion equation for electron and holes using FEM. These finite elements are represented
through mesh design in the device structures, wherein the density of mesh points and the spacing
arrangement between various mesh points can be defined. For instance, the regions in a device which are
more sensitive to the device performance can be assigned with more dense mesh design with mesh points
closely spaced. In a solar cell, these high density mesh regions include most of the interfaces, the base layer
and the tunnel junctions. The optical propagations in a solar cell, related to the electron-hole generation due
to the incident light, are modeled with the transfer matrix method and/or ray tracing by taking into account

the reflections at the interfaces. The tunnel junction models incorporate complex Zener-type tunneling
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models. All important generation and recombination mechanisms, such as Shockley-Reed-Hall

recombination (SRH), spontaneous and Auger recombination, were taken into account.

The most important equations solved by the simulator using FEM are the Poisson’s equation and the

continuity equation for electrons and holes. The Poisson’s equation is as follows:
-V (so:dc W)= —n+p+Np(l—fp) = Nafa + Ny (8 — fy) (2.1)

where V is the electric potential, €, vacuum dielectric constant, €4 relative DC or low frequency dielectric
constant, g electronic charge, n electron concentration, p hole concentration, Np the shallow donor density,
Na the shallow acceptor density, fo occupancy of the donor level, fa occupancy of the acceptor level, Ny
the density of the jth deep trap, f; the occupancy of the jth deep trap level, &;is 1 for donor-like traps and 0
for acceptor-like traps. The current continuity equation for electrons and holes are respectively expressed

as.
tj an afp
Vi — ZjRn_Rsp_Rst‘l'Rau‘l' G’opt ® =E+ Np ot (2.2)
tj _ dp ofp
V']p + z:]'Rp‘i' RSp+ Rst + Rau_Gopt = _E-{_NAE (2.3)

where J, and J, are electron and hole current flux density respectively. RY, and RY, are the electron and
hole recombination rates per unit volume through the jth deep trap, respectively. Gop is the optic
generation rate, Rsp, Rs;, and Ra, are the spontaneous recombination rate, the stimulated recombination

rate and the Auger recombination rate per unit volume, respectively.

InGaP cell

(1.86 eV)
—
I

Tunnel I
junction

GaAs cell
(1.424 eV)

Gahs Bulter - _

Si Substrate

e oM oy o —

Fig. 1 LayerBuilder schematic of 2J InGaP/GaAs solar cell on Si substrate.
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The most important files in a simulation project include: (i) layer file, (ii) sol file and the (iii) plt file. The
device structure is defined in the layer file, which can also be set up in the LayerBuilder. The LayerBuilder
schematic of our 2J InGaP/GaAs solar cell structure on Si is shown in Fig. 1. Multiple columns can be
constructed which are useful in defining the metal contacts. The mesh design is defined in the layer file.
Using the layer file, user can define the material composition, doping-type, doping concentration, layer
thicknesses and metal contact (Schottky vs. Ohmic). The sol file or the main solver lets the user define
material parameters such as the band-gaps, minority carrier lifetimes, surface recombination velocities,
tunnel junction position, anti-reflecting coating design as well as the associated reflection/transmission
properties and the incident solar spectrum. The simulation parameters in terms of the current/voltage sweep
range and step size are also defined in the sol file. The simulator generates files for the mesh, material and
doping from the layer file. The main solver for simulating the device utilizes all of these files. The plt file
lets the user define the plot description, the axis range and also allows the extraction of important solar cell
parameters such as the n, Voc and Jsc. The complete modeling sequence is described through a flow chart,

as shown in Fig. 2.

| .
— Jayer file
4 Alloy Composition
LAYER ~ —— Q Layer Thickness
d  Doping Concentration
U Metal Contacts
O  Grid-Dimension
SIMULATION
.sol file
ot fil O Material Parameters
plot nie = Band-gap
Q Plot = SRV
= Band-gaps A = Minority lifetime
= |-V curves & = ARC
= Absorption profiles 5 = Solar Spectrum
—_ = Tunnel-junction position
U Extract Cell Parameters Voltage
= Je O Newton Solver Parameters
" Vi -
= Efficiency O Sweep mode — 1 vs. V

Fig. 2 Flow chart of the modeling sequence in APSYS.
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2.2 Single-Junction GaAs & Dual-Junction InGaP/GaAs Solar Cell Design

on Si for 1-Sun

Multijunction I11-V solar cells are the dominant choice for space satellite power primarily due to their high
efficiencies under concentrated sunlight [1-4]. Efficiencies as high as 43.5% have been demonstrated for
GalnP/GaAs/GalnNAs I11-V solar cells under 418x suns [5]. However, the higher cost of Ge and 1lI-V
substrates have restricted the widespread commercialization of 111-V solar cells. Heteroepitaxy of 111-V
materials on large diameter, cheaper and readily available Si substrate can not only offer a path for low cost
and high efficiency IlI-V cells, but also significantly increase their yield per die. Furthermore,
implementation of 111-V solar cells on Si in conjunction with substrate re-use technologies [6, 7] can lead
to additional cost savings. However, viability of 111-V InGaP/GaAs solar cells on Si relies on the ability to
grow high quality GaAs on Si with careful lattice engineering and substrate treatment. The polar on non-
polar epitaxy and the 4% lattice-mismatch between GaAs and Si may results in formation of various defects
including dislocations. These dislocations can propagate into the photoactive cell region, significantly
impede the minority carrier lifetime and hence the overall cell performance [8-11].

We provide a systematic study on the correlation of threading dislocation density (TDD) and minority
carrier lifetime on the 1J and 2J cell figure-of-merits, namely, efficiency (1), open-circuit voltage (Voc),
short-circuit current density (Jsc) and fill factor (FF). The schematic of the 2J InGaP/GaAs cell structure

investigated is shown in Fig. 3. As a starting point in our simulation, the base thicknesses in the GaAs and

Metal Contact

n*-GaAs Cap

p-Alg;Gag ;AS TJ 5x10%° 10nm | qyone]
N-Alg;Gag goAS TJ 2x10%° 10 nm

Fig. 3 Schematic of 2J InGaP/GaAs solar cell on Si [30]. Used with permission from IEEE, 2013.
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InGaP cell were set to be 2.5 pum and 0.9 um, respectively [1]. We then discuss our design methodology to
engineer the metamorphic 2J InGaP/GaAs cell structure on Si to achieve the current-matching condition
between the subcells at a TDD of 106 cm™. The results from our detailed cell modeling provide a quantitative
assessment of solar cell figure-of-merits as a function of TDD, thus enabling more efficient cell design and

prediction of the metamorphic 2J cell performance on Si.

The impact of TDD on cell performance has been previously investigated [9-14], however, their analysis
was limited to only 1J GaAs cell on Si. For modeling the impact of TDD on Vo, Jsc was assumed to be
independent of TDD [13]. In reality Jsc decreases with increase in TDD and may have a significant impact
on the extraction of efficiency. Recently, the impact of minority carrier lifetime on cell performance was
investigated for InGaN cells on Si [15]. Recently, the effect of dislocations in metamorphic I111-V tandem
cells was also investigated, but did not incorporate any substrate [16]. There has not been significant work
done on the modeling-assisted design of metamorphic tandem solar cells incorporating the impact of TDD.
We provide the first study on the modeling and the optimization of metamorphic 2J n*/p InGaP/GaAs solar

cell on Si at AM1.5g spectrum using finite element analysis without assuming a constant Jsc.
2.2.1 Simulation Model, Assumptions & Calibration

Minority carrier lifetime is one of the most important figure -of-merit for the design of metamorphic solar
cells. Defects and dislocations generated at the 111-V/Si heterointerface may serve as recombination centers
and decrease the minority carrier lifetime and hence their diffusion length. The effective minority carrier
lifetime (tn oOr 1p) in a lattice-mismatched system varies as a function of TDD (f (trop)) [12, 24] and is

expressed as,

1 1 1
=5 T @
Z-n, p z-n, p TTDD

where t°, and t°, are the minority carrier lifetime for a dislocation free material. The trpp is the minority

carrier lifetime associated with the recombination at dislocation and can be expressed as,

4

T1pp = ﬂe,(TT)D 2)

where D is the minority carrier diffusion coefficient and TDD is the threading dislocation density in cm.
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Fig. 4 Correlation of threading dislocation density on minority electron lifetime in p-GaAs and p-InGaP
base [30]. Used with permission from IEEE, 2013.

Using the model described above, coupled with the material parameters summarized in Table I, we
computed the impact of TDD on the minority electron lifetime in p-GaAs and p-InGaP base as shown in
Fig. 4. Impact of TDD on minority carrier lifetime has been previously investigated in GaAs material [13].
From Fig. 4, it can be noted that for TDDs greater than 10* cmin GaAs subcell, the minority electron
lifetime significantly degraded. The onset of degradation in minority electron lifetime occurs at a higher
TDD (10°cm?) in InGaP subcell compared to GaAs subcell due to the lower electron diffusion coefficient
in p-InGaP material. By utilizing the minority electron lifetime variation as a function of increasing
TDD, coupled with the material parameters incorporated from Table I, we simulated the impact of TDD
on the performance of 1J GaAs and 2J InGaP/GaAs solar cell on Si [23]. The experimental lifetime values
for p-GaAs (red) and p-InGaP (green) are included in this figure [19, 25], indicating an excellent agreement

between the model and experiment.

In a solar cell, most of the light is absorbed in the thick base and the minority carriers generated far away
from the junction should have sufficient lifetime to reach the junction before being recombined. Therefore,
the variation of the minority electron lifetime in the base (t») was found to have a significant impact on the
cell performance. The minority hole lifetime (zp) in the thin emitter was considered to be constant. The
surface recombination velocity (SRV) was set to 10* cm/s for both holes (Sp) and electrons (S,) at InGaP
base/back reflector interface and emitter/window interface. The corresponding S,and S, values were set to

10°cm/s at both the interfaces in the GaAs subcell. In our model, the mobility of minority carriers was
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TABLE I

GaAs and InGaP material and transport parameters [30]. Used with permission from IEEE, 2013.

Parameters (Abbreviation, Units) GaAs InGaP
Band-gap (Eg, eV) 1.424 1.86
Minority electron mobility (pe, cm2Vs) 3088.8 1074 [20]
Minority hole mobility (un, cm?/V/s) 100 [17] 40 [20]
Electron diffusion coefficient (D, cm?/s) 80 [18] 27.816
Hole diffusion coefficient (Dp, cm?/s) 2.59 1.036
Peak minority electron lifetime (t°,, ns) 20 [12, 19] 10 [21, 22]
Minority hole lifetime (t°,, ns) 2.5 1

assumed to be independent of TDD [24] and the effect of band-gap narrowing and grid-shadowing were

not included. Therefore, the analysis discussed here provides an upper bound for the modeled cell results.

We calibrated our model with the 2J InGaP/GaAs cell structure in [26, 27]. A 1, value of 5.2 ns in p-InGaP
was reported in [26]. This value of lifetime corresponds to a TDD of 4x10° cmas shown in Fig. 4. Since,
the value of t, in p-GaAs was not provided, a t, value of 3.3 ns was used from Fig. 4. The simulation results
are compared to the experimental results in Table 1. Overall, the simulated and the experimental values
presented in Table Il are in agreement, thus validating our model and the parameters utilized in the

simulation.

The next section is divided into four subsections. First, the impact of minority carrier lifetime degradation
on the performance of 1J GaAs cell on Si and 2J InGaP/GaAs cell on Si are discussed, respectively. Next,
we describes our design methodology to engineer the 2J InGaP/GaAs cell structure on Si to realize current-
matching between each subcell at a TDD of 10° cm™2. Finally, we discuss the impact of surface

recombination on the 2J cell performance.

52



TABLE Il
Model calibration with 2J InGaP/GaAs experimental data [30]. Used with permission from IEEE,

2013.
Voc Jsc FF Efficiency
V) (mA/cm?) (%) (%)
Experiment [26] 2.48 14.22 85.6 30.28
Simulation 2.41 13.85 88.9 29.80
Experiment [27] 2.52 12.70 85.00 27.20
Simulation 2.58 12.53 85.19 27.64

2.2.2 Design of Single-Junction (1J) GaAs Solar Cell on Si

The p-GaAs base thickness in the 1J n*/p GaAs cell on Si was set to 2.5 um. The TDD in this GaAs cell
was varied from 10* cm? to 108 cm2. At a TDD of 10° cm, the minority electron lifetime in p-GaAs was
calculated to be 1.49 ns, as shown in Fig. 4, consistent with the experimentally determined minority electron
lifetime of 1.5 ns in p-GaAs [19].

Voltage at maximum power point, Vi, and V. were plotted as a function of increasing TDD in the 1J GaAs
cell on Si as shown in Fig. 5(a). At lower TDD, the higher value of both V.. and Vr was attributed to the
higher minority electron lifetime in the p-GaAs base. TDD below 10°cm had a negligible impact on the
Voc. However, beyond this TDD, V. started to degrade significantly. V. has a logarithmic dependence on
reverse saturation current density, Jo which is inversely proportional to the minority carrier lifetime. Thus,
at higher TDD, significant degradation in both V.. and Vm, was attributed to the higher reverse saturation

current density pertaining to the reduced minority electron lifetime.

Current density at maximum power point, Jm and Jsc were plotted as a function of TDD in the 1J GaAs cell
on Si as shown in Fig. 5(b). For a TDD below 4x10° cm, the minority electrons had sufficient lifetime to
reach the junction before being recombined and hence, TDD below 4x10°cm2had a negligible impact on

the Js.. For the 1J GaAs cell considered here, a t, value of at least 0.78 ns (at a TDD of 2x10° cm) was
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Fig. 5 Impact of threading dislocation density variation on 1J GaAs cell performance parameters: (a) Vo
and Vm, (b) Jsc and Jm, (c) n and (d) FF at AM1.5g spectrum [30]. Used with permission from IEEE, 2013.

necessary for the cell to function as a short diode. Beyond a TDD of 2x10® cm™, the cell behaved like a long
diode with the electron diffusion length becoming shorter than the GaAs base thickness. Thus, beyond a
TDD of 2x10° cm™?, the degradation in both Js. and Jn was attributed to the reduction in minority electron
lifetime. Interestingly, from Fig. 5(a) and 5(b), it can be seen that the beginning of degradation in Js

occurred at a higher TDD than V., indicating Jsc being more tolerant to TDD in the 1J GaAs cell on Si.

Fig. 5(c) shows the degradation in efficiency of the 1J GaAs cell on Si as a function of increasing TDD. It
can be seen that cell efficiency higher than 25% were attained for TDD below 2x10%cm™ (or t, greater than
5 ns). However, the cell efficiency significantly degraded beyond a TDD of ~10%cm™ due to the reduction

in both Jn and Vm, as discussed earlier. At an experimentally realistic TDD of 10° cm? [28], the
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corresponding cell efficiency was found to be 23.54% while at a higher TDD of 107 cm™, the corresponding

cell efficiency degraded to 19.61% due to the reduction in the minority electron lifetime.

The fill factor as a function of increase in TDD was plotted in Fig. 5(d). There was almost negligible drop
in fill factor below a TDD of 10°cm™. The percentage drop in both Jm and Vi from a TDD of 10*cm™to
108 cm was greater than the percentage drop in Jsc and V. respectively, as can be see from Fig. 5(a) and
5(b). Thus, at higher TDD, a greater percentage drop in the Jn*Vm product compared to Jsc*Voc, led to the
degradation in FF.

2.2.3 Design of Dual-Junction (2J) InGaP/GaAs Solar Cell on Si

For the analysis of metamorphic 2J n*/p InGaP/GaAs cell on Si, the base thicknesses in the GaAs and InGaP
subcells were set to 2.5 um and 0.9 pum, respectively. The TDD was varied from 10°to 108cm and it was

assumed that all the threading dislocations in GaAs bottom subcell propagated to the top InGaP subcell.

Fig. 6(a) shows the degradation in both Vo and Vi as a function of increasing TDD in the 2J InGaP/GaAs
cell on Si. The primary reason for the decrease in Vo was due to the strong dependence on the reverse
saturation current density, Joz, associated with the depletion region recombination. The Vo can be expressed

)
q Joo

where, Jo» depends on the minority carrier base lifetime, thase and is expressed as,

W 1
Jop = qnl—D(_] 4)

2 z-base

as,

where, n; is the intrinsic carrier concentration and Wp is the depletion layer width. At higher TDD, the
value of Joz increased due to the reduction in minority electron lifetime. Thus, the increase in Jo led to

significant degradation in both Vo and Vi, with increasing TDD.

The Jsc and Jm in the 2J InGaP/GaAs cell were plotted as a function of increase in TDD in Fig. 6(b). The
degradation in both Jsc and Jm at higher TDD was due to the simultaneous reduction in the minority electron

lifetime in both GaAs and InGaP base. The onset of degradation in Js in 2J cell configuration was also
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found to occur at higher TDD compared to Vo, similar to the 1J GaAs cell which was discussed earlier.
Thus, Jsc was more tolerant to TDD compared to Vo for both 1J GaAs and 2J InGaP/GaAs cells on Si,

consistent with prior work [14].

Fig. 6(c) shows the degradation of 2J InGaP/GaAs cell efficiency as a function of increasing TDD. At a
TDD of 10°cmin the 2J structure, the corresponding 2J cell efficiency was 26.22%. Beyond a TDD of 10°
cm2, the degradation in minority electron lifetime in the p-GaAs significantly hindered the 2J InGaP/GaAs

cell efficiency as p-GaAs material was found to be more sensitive to dislocations than the p-InGaP (see
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Fig. 4). Above a TDD of 10’ cm?, the 2J InGaP/GaAs cell efficiency degraded to that of 1J GaAs cell

efficiency, thus, making the contribution of the top InGaP cell redundant.

The J-V characteristics of 2J InGaP/GaAs (red curve) cell, the GaAs subcell (blue curve) and the InGaP
subcell (pink curve) were plotted in Fig. 7 at a TDD of 106 cm. It can be seen that the subcells were not
current-matched and the bottom GaAs subcell limited the Js in the 2J cell configuration. In practice, it is
challenging to improve the material quality of heteroepitaxial GaAs grown on Si to lower the TDD
significantly below 10° cm. Consequently, it becomes extremely important to optimize the metamorphic
2J InGaP/GaAs cell structure on Si at a realistic TDD of 106 cm by tailoring the design of each subcell.

2.2.3.1 Current-matching in 2J InGaP/GaAs Cell on Si

In a multijunction cell, one of the most important design criteria is to achieve the current-matching between
the subcells. Current-matching enables to extract the best performance from a multijunction cell. The cell
with a higher band-gap provides a higher Vo and lower Js.. For achieving the current-matching condition,
ideally Jm between each subcell should be matched. Here, we used Js for current-matching as Jsis a directly
measurable parameter during cell characterization and it has been widely used for current-matching analysis
[2, 29].

The subcells in our 2J configuration were not current-matched as shown in Fig. 7. Therefore, appropriate
design changes in our 2J cell structure were required to realize the current-matching condition between the
subcells. In a solar cell, most of the light in absorbed in the thicker base layer and, hence, the minority

carrier lifetime in the base plays a critical role in determining the current density contribution from a cell.

25
| — 1J GaAs - 2.5 ym base
1J InGaP - 0.9 um base
20+ —— 2J InGaP/GaAs
|
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o
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0306091215182124
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Fig. 7 J-V characteristic of 2J cell along with the InGaP and GaAs subcell before current-matching at
a TDD of 10°cm™at AM 1.5¢g [30]. Used with permission from IEEE, 2013.
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Thus, we optimized the base thicknesses in the GaAs and the InGaP subcells to achieve current-matching
condition at an experimentally realistic TDD of 106 cm[28]. At this TDD, the values of t, were 1.494 ns

and 3.171 ns in the p-GaAs and the p-InGaP base, respectively, as calculated in Fig. 6.

We first varied the thickness of p-InGaP base from 1.1 um to 0.3 um in a 1J InGaP cell configuration. This
is represented by the blue curve in the Fig. 8(a). Then, in the 2J cell configuration, the thickness of p-InGaP
base was again varied over the same range with the GaAs base thickness set to 1 um (pink curve) as shown
in Fig. 8(a). The same procedure was repeated for the GaAs base thickness of 2 um (black curve) and 3 um
(red curve). The InGaP cell structure was the same in both the 1J InGaP and the 2J InGaP/GaAs cell
configurations. It can be seen that thinning the base thickness in 1J InGaP cell lowered the Jsc due to
reduction in the absorption depth for the photons to be absorbed in the p-InGaP base. Interestingly, thinning
the InGaP base thickness in the 2J cell configuration allowed more photons through to the bottom GaAs
subcell, resulting in an increase of Jsc from the GaAs subcell at the cost of reduction in Jsc from the InGaP
subcell. This resulted in the overall increase in Jsc of 2J cell as the bottom GaAs subcell limited the J in
the 2J cell configuration. Furthermore, as the top cell base was being thinned, increasing the base thickness
of the bottom GaAs subcell allowed for additional photons through to the GaAs subcell. This led to further
improvement in the overall Jsc of the 2J cell. However, further increment in the GaAs base thickness beyond
2 um did not result in significant improvement of Js.. This was likely due to insignificant photocurrent

contribution from the GaAs subcell beyond a base thickness of 2 um.
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Fig. 8 (a) Short-circuit current density as a function of variation in the base thickness of the InGaP
subcell to realize for current-matching, (b) Current-matched J-V characteristic of the 2J InGaP/GaAs
cell on Si at AM 1.5g corresponding to the current-matched point B in Fig. 8(a) [30]. Used with
permission from IEEE, 2013.
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TABLE Il
2J) InGaP/GaAs cell parameters at AM 1.5¢g illumination [30]. Used with permission from IEEE, 2013.

Efficiency
2] cell (InGaP/GaAs base Voo e FF (%)
thickness in pm) V) (mA/cm?) (%)
Non-optimized (0.9/2.5) 2.35 12.41 89.73 26.22
C t-matched (0.38/2
urrent-matched ( ) 537 14.18 88.22 29.62

Utilizing the method discussed above, the current-matching condition was realized at point A (Js5c=13.5
mA/cm?) and B (J«=14.18 mA/cm?), as shown in Fig. 8(a). The J-V characteristics of the 2J cell and the
individual subcells corresponding to the point B were plotted in Fig. 8(b). At point B, the 2J cell exhibited
a conversion efficiency of 29.62% with a 2 um and a 0.38 um thick GaAs and InGaP base, respectively.
The cell parameters extracted after achieving the current-matching condition between the two subcells at a
TDD of 10%cm2were summarized in Table 111. These results illustrate that even at a TDD of 10%cm™, an
efficiency of greater than 29% can be realized for a metamorphic 2J InGaP/GaAs solar cell on Si by
carefully engineering the cell design. To further verify the results from this simulation study, experimental

work is underway.
2.2.3.2 Impact of Surface Recombination on 2J InGaP/GaAs Cell

Interface recombination could be a major factor limiting the performance of a tandem cell. Recombination
at top cell interfaces was found to have the most detrimental impact [20]. In our design, the thickness of the
top InGaP subcell was significantly reduced, hence, it was important to analyze the impact of SRV on the
overall 2J cell performance. Fig. 9 shows the impact of SRV at top InGaP subcell interfaces on the 2J cell
n and Js. Initially, all the SRVs were set to 10°cm/s at all the interfaces in the GaAs and the InGaP subcells.
Thereafter, the SRV was set to 10°cm/s in the GaAs subcell, while the SRV in the InGaP subcell was varied.
It can be seen that the SRV, when below 10* cm/s in the InGaP subcell, had negligible impact on the

efficiency of the 2J cell. However, the efficiency dropped to 27.35% at a SRV of 10°cm/s due to degradation
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in Js.. Thus, it is important to restrict the SRV below 10%cm/s in the InGaP subcell to achieve high efficiency
2J InGaP/GaAs cell on Si.

Summary

We have investigated the impact of threading dislocation density on the performance of 1J n*/p GaAs and
2J n*/p InGaP/GaAs cell on Si at AM 1.5g spectrum. Using our calibrated model, simulation predicts an
efficiency of greater than 23% for 1J GaAs cell on Si at AM1.5g spectrum at a threading dislocation density
of 10°cm™. For both 1J and 2J cell configurations, the onset of degradation in Vo was found to occur at a
lower TDD than in Jg, indicating that Voc was more sensitive to threading dislocation density.

The 2] InGaP/GaAs cell at a TDD of 10°cm exhibited an efficiency of 26.22% with a 2.5 um and 0.9 um
thick GaAs and InGaP base, respectively. The design of the metamorphic 2J InGaP/GaAs cell on Si was
optimized at a TDD of 10 cm to achieve current-matching between the two subcells. By thinning the top
InGaP cell from 0.9 um to 0.38 um, the 2J cell efficiency increased to 29.62% from 26.22%. Also, at the
interfaces in the top InGaP subcell, the surface recombination velocities below 10* cm/s had negligible
impact on the 2J cell performance. Thus, even in a lattice-mismatched 2J InGaP/GaAs cell on Si with TDD
of 10°cm?, a theoretical conversion efficiency of greater than 29% at AM1.5g is achievable by tailoring
the device design. Once experimentally realized, the 111-V cell technology on Si would offer a new paradigm
for the advancement of low cost I11-V solar cells and foster innovative avenues for both space and terrestrial

applications.
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2.3 Dual-Junction InGaP/GaAs Solar Cell Design on Si for Concentrated
Photovoltaics

Multijunction I11-V compound semiconductor solar cells have been the dominant choice for space
applications; however, their expensive cost has limited their application for the terrestrial sector.
Concentrated photovoltaic (CPV) systems utilizing I111-V multijunction cells provides a great promise for
delivering electrical power at lower cost than traditional flat-plate systems [1]. Under high sun
concentration, the concentrator begins to dominate the overall system cost as the cell size becomes much
smaller and the economics becomes strongly influenced by the efficiency-concentration relationship. The

relatively small cell size reduces the amount of material and consequently, the system cost.

Most of the I11-V solar cells utilized in CPV systems are grown on either GaAs or Ge substrate, both of
which are not only smaller in diameter, but are also more expensive than Si Direct integration of I11-V
semiconductors on large diameter, cheaper and readily available Si substrate is highly desirable for
increased density, low-cost and lightweight photovoltaics. 111-V integration on Si unifies the excellent
optical properties of 111-V materials with the volume manufacturability of Si, allowing a path for
significantly driving down the cost. Furthermore, 111-V on Si technology is also attractive for integration
with commercially available substrate re-use techniques such as spalling [2] and epitaxial lift-off [3-5] to
explore additional cost saving schemes. The approach of direct GaAs on Si epitaxy could be extended to
record efficiency 3J solar cells that utilize dilute nitride cell [6] as well as with the state-of-the-art inverted
metamorphic solar cells [7]. However, polar on non-polar epitaxy, thermal mismatch, and 4% lattice-
mismatch makes the growth of GaAs on Si challenging, rendering the metamorphic solar cell sensitive to

dislocations.

We have recently modeled a 2J InGaP/GaAs cell on Si with a theoretical efficiency greater than 29% (1-
sun) at a threading dislocation density (TDD) of 10° cm by carefully engineering the cell design and by
realizing the current-matching condition taking into account the TDD [8,9]. Experimental 2J
InGaP/(In)GaAs based solar cells have been an integral part of most of the high efficiency multijunction
solar cells [6,7,10,11]. The highest 1-sun efficiency reported for monolithic 2J InGaP/GaAs cell on Si is
18.6% [12]. There has not been significant experimental or theoretical work done on the monolithic
integration of 2J InGaP/GaAs solar cells on Si for operation under concentrated sunlight, which takes into
account the impact of TDD. To the best of our knowledge, this is the first simulation study on the CPV
performance of metamorphic 2J InGaP/GaAs solar cells on Si substrate which takes into account the impact
of TDD using finite element analysis [13]. The results from our work will be useful for future design and

optimization of metamorphic 3J and beyond I11-V solar cells on Si substrate.
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2.3.1 Theory and Modeling Process

In CPV systems, lenses focus the sunlight onto a small area cell, enabling higher efficiency under
concentrated sunlight. Typically, the current density of a solar cell is proportional to the intensity of the
incident light and inversely proportional to the cell area. The efficiency increases with the concentration
until series resistance or cell heating begins to limit the performance. For lattice-matched 2J InGaP/GaAs
cells, an absolute 4% drop in efficiency was observed for the cell operating at ~100°C compared to ~25°C
[14]. However, extremely small 2J cells (0.36 mm?) have been previously used under ~1000x concentration
without employing heat sinks for passive cooling [3]. Since we have utilized small cell dimensions (< 0.25

mm?2) in our model, we neglected the cell heating under concentrated sunlight for our prototype cells.
2.3.1.1 CPV Design Consideration for Metamorphic I11-V Solar Cells on Si

The most important design aspects for maximizing the CPV performance of multijunction solar cells
includes the (i) realization of current-matching, (ii) optimization of the design trade-offs between the front
metal shadowing and the series resistance, and (iii) proper tunnel-junction design. An additional aspect that
becomes extremely important for designing metamorphic tandem cells for CPV is the optimization of all

these parameters taking into account the impact of TDD.

We have utilized our calibrated model for 2J InGaP/GaAs cell on Si under AM1.5¢g [9] as the first step. The
entire structure is metamorphic with respect to Si substrate; however, the 111-V subcells are internally lattice
matched. Although, the InGaP subcell was lattice-matched to the bottom GaAs subcell, all the threading
dislocations (TDs) generated due to the mismatch between GaAs and Si were assumed to propagate into
the top InGaP subcell. We utilized the same material and device parameters, namely, band gaps, minority
carrier mobility and lifetimes, diffusion coefficients, and surface recombination velocities [9,15-21] to
evaluate the CPV performance under AM1.5d (900 W/m?). Utilizing an incident power density of 1000
W/m? would only alter the efficiency and not affect any of the other solar cell parameters. The schematic
of the 2J InGaP/GaAs cell structure on Si is shown in Fig. 10. The grid finger-pitch was defined as the end-

to-end distance between two adjacent fingers, each being 2pum wide.

2.3.1.2 Tunnel Junction Design under Concentrated Sunlight
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Fig. 10 Schematic depiction of 2J InGaP/GaAs solar cell on Si [32]. Used with permission from IEEE,
2014.

The tunnel junctions (TJs) may limit the overall performance if the current density of the solar cell exceeds
the peak tunneling current density (Jr-reak) O the TJ. However, it is extremely challenging to estimate the
carrier lifetimes in the heavily doped TJs at a given TDD. Therefore, for the simplification of our analysis,
the AlGaAs/GaAs TJ in our cell structure was assumed to be unaffected at a TDD of 10°cm™. The potential
risk of reduction in Jr-peak due to TDD can be mitigated by utilizing AlGaAs/GaAs quantum-well TJs, which

have Jr.peak OVer 300 A/cm?, equivalent to operation under 20,000 suns [22].
2.3.1.3 Series Resistance Losses during Grid Design

Typically, the degradation in cell performance under high concentration due to series resistance is attributed
to the (i) shadowing losses due to front grid obscuration, (ii) resistance of the epitaxial layers including the
sheet resistance of the window-emitter layers, (iii) contact resistance at the metal-semiconductor interface,
and (iv) resistivity of the metal gridlines. Selecting an appropriate metal stack and the annealing condition
during the cell fabrication can minimize the contribution from the latter two factors. Major contributions to
the power loss due to series resistance can be attributed to the shadowing of the metal fingers as well as the
emitter sheet resistance [23]. The optimization of these specific parameters is therefore extensively

addressed in this work.

There have been several methods proposed for characterizing the series resistance of a solar cell [24-28].
Most of the methods are based on computing slopes and may require current-voltage (I-V) measurements

at multiple concentration [27] or both light and dark 1-VV measurements [25-26]. Although, the most
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commonly used methods are based on computing the slope near the Vo, these methods are sensitive to the
point considered on the characteristic curve. To compute series resistance, we have utilized the method
proposed in Ref. [24], where the overall contribution of the series resistance is considered as an effective
series resistance, Rs and is calculated by evaluating numerically the area, A under the light I-V curve of the

solar cell [24] using:

Voo A kT 1
RS—Z[E—E—TI.;E (1)
where n is the effective ideality factor of the diode and k is the Boltzmann constant. This method of
computing the area is superior to computing the slope as this method smoothens the experimental data

errors rather than enhancing the noise.
2.3.2 Current-matching in 2J InGaP/GaAs Solar Cell on Si

In our device structure, owing to the lattice-mismatch between GaAs and Si, the TDs may propagate into
the active junctions and serve as recombination centers for electron and holes, leading to degradation in the
minority carrier lifetimes and thus the cell performance. In our model, the maximum minority electron
lifetime (tn) in lattice-matched p-type GaAs and p-type InGaP base were considered to be 20ns [15, 16] and
10ns [20,21], respectively. Due to the lattice-mismatch between GaAs and Si, 1, in p-type GaAs and p-type
InGaP base were estimated to be 1.49ns and 3.17ns, respectively at a TDD of 10°cm™ [9]. Carefully taking
into account the impact of these degraded lifetimes on the cell performance, we achieved the current-
matching condition between the two subcells under AM1.5d spectrum utilizing a similar method as outlined
earlier [9]. Owing to the spectral differences between AM1.5g and AM1.5d spectra, for the same current-
matched design under AM1.5g (2um thick p-GaAs and 0.38um thick p-InGaP base), the Js; in the GaAs
subcell was found to be 7.66% higher than the top InGaP subcell under AM1.5d spectrum.

Our preliminary 2J InGaP/GaAs cell structure on Si employed a grid finger-pitch of 500um. In order to
maximize the Jsc of our 2J InGaP/GaAs cell and to achieve the current-matching condition under AM1.5d
at a TDD of 108 cm?, the thicknesses of individual layers in both the subcells were optimized as shown in
the Fig. 11(a). The optimal p-GaAs base thickness was found to be 2.7um, beyond which the minority
carriers could not be efficiently collected as a consequence of the reduced electron lifetime owing to the
dislocations in the p-GaAs base. The optimal thicknesses for the p-InGaP base was found to be 0.47um,
which allowed to extract the maximum current density from the bottom current-limiting GaAs subcell,

while still maintaining the current-matching condition. This current-matched 2J InGaP/GaAs cell design
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Fig. 11 (a) Short-circuit current density as function of variation in the base thickness of the InGaP subcell
to realize current-matching at a TDD of 10° cm? under AM1.5d, (b) Current-matched J-V characteristic of
2J InGaP/GaAs solar cell on Si under AM1.5g (dashed curves) and AM1.5d (solid curves) spectrum [32].
Used with permission from IEEE, 2014.

on Si exhibited an efficiency of 29.29% under AM1.5d (1-sun) with a Js. of 12.86 mA/cm?as indicated by
the solid curves in Fig. 11(b). The contribution of individual GaAs and InGaP subcells towards the 29.29%
efficiency were 11.44% and 17.85%, respectively and the V. of the GaAs and InGaP subcells were 0.94V
and 1.42V, respectively. The corresponding band gap-voltage offset, Woc (=E¢/g-Voc) for the GaAs and
InGaP subcells were calculated to be 0.48V and 0.44V, respectively. These values of W higher than the
ideal W value of ~0.4V [10] were indicative of the dominance of non-radiative recombination in the base
of both the subcells owing to the TDs. A comparative assessment of 2J InGaP/GaAs on Si solar cell
performance with varying TDD under AM1.5g and AM1.5d is presented in Table 1V. The incident power
density used was 1000 W/m? and 900 W/m? for AM1.5g and AM1.5d spectrum, respectively. Each

efficiency data point represents a current-matched condition.

TABLE IV
Impact of TDD on the performance of 2J InGaP/GaAs solar cell on Si — AM1.5g vs. AM1.5d

TDD 1-sun AM 1.5¢g Efficiency 1-sun AM 1.5d Efficiency
(cm?) (%) (%)

No TDD 33.26 32.75

106 29.29 29.29

10’ 26.05 25.88
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2.3.3 Optimization of Spacing between Grid Fingers

The performance of 111-V solar cells for CPV operation can be significantly impacted if the front grid design
is not optimized for a specific target concentration. Lowering the grid separation between the front gridlines
(or increasing the grid shadowing) improves the I°R resistive losses, but at the same time reduces the photon
flux that reaches the cell and in turn limits the Js.. Thus, there are design trade-offs between the shadowing
effect and the series resistance which needs to be optimized to enable the best performance under a specific

target concentration.

In order to optimize the losses due to shadowing effect and series resistance, we varied the grid finger-pitch
from 500pm to 50um to determine the optimal spacing for a cell design at a TDD of 10 cm. The influence
of variation in the grid finger-pitch on the efficiency (1), Vo, fill-factor (FF) (inset shows Js) and voltage
at maximum power point (Vm) with increasing concentration under AM1.5d were plotted in Fig. 12(a),
12(b), 12(c) and 12(d), respectively. It can be clearly seen that our preliminary cell with a grid finger-pitch
of 500um demonstrated the best performance under 1-sun. However, with increasing sun concentration the
performance began to degrade with the peak efficiency of 31.71% occurring at merely 50 suns. Due to a

wider grid finger-pitch of 500um, the effect of series resistance was more pronounced at low concentrations,
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Fig. 12. Impact of concentration on the performance of 2J InGaP/GaAs cell on Si: (a) n, (b) Vi, () FF
(inset shows Jsc), and (d) Vm for various grid finger-pitches under AM1.5d spectrum at a TDD of 10° cm™
[32]. Used with permission from IEEE, 2014.
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thus limiting the peak performance to only 50 suns and rendering this cell design inefficient for CPV

operation.

From Fig. 12(a), one can clearly find that as the front grid spacing was reduced, the efficiency at 1-sun for
the 50um finger-pitch dropped significantly due to the lower photon flux reaching the cell as a result of
increased grid shadowing. However, the advantage of reducing the front grid spacing was clearly seen at
higher concentration, evident by the improvement in efficiency and the extension of peak performance to
higher concentration. For the cell with a grid finger-pitch of 50um, the low absorbed photon flux (and the
corresponding low Js, as evident by the inset of Fig. 12(c)), overpowered the benefits gained by minimizing
the IR resistive losses. The cell with a finger-pitch of 100um exhibited the best performance at higher
concentration (32.49% at 300 suns). The grid finger-pitch of 100pum reduced the resistive path, while
allowing sufficient photon flux to reach the cell. Thus, underlining the importance of accurate grid design
at an intended concentrated level. The resulting solar cell performance parameters are compared for the
best grid finger-pitch of 100pum with the preliminary grid finger-pitch of 500pm in Table V. In addition, to
get a clear insight on the dependency of cell performance on the TDD, we simulated 2J InGaP/GaAs solar
cell on Si for CPV operation with TDD varying from 10°to 107 cm2, with subcells being current-matched
at each respective TDD. The grid finger-pitch design at each respective TDD was optimized and the

performance results obtained are summarized in Table VI.

From Fig. 12(a), it is also worth noting that even for the optimized 100um grid finger-pitch, the efficiency
peaked at 300 suns and then eventually decreased thereafter. The solar cell performance parameters (Js,

Voe, Jm, Vi) Were analyzed to investigate the root cause of the degradation in performance beyond 300 suns,

TABLE YV

Dependence of 2J cell performance on finger-pitch at TDD ~10° cm™

Grid Finger-Pitch Voc Jse FF Efficiency
(nm) V) (mA/cm?) (%) (%)
1-sun

500 pm 2.356 12.86 86.87 29.29
100 um 2.358 12.50 86.89 28.44
300-suns

500 um 2.681 3859.1 66.94 25.63
100 um 2.679 3751.13 87.37 32.49
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starting with Js; first. It is evident from the inset of Fig. 12(c) that the Jsc continued to increase with sun
concentration, irrespective of the finger-pitch and hence was not a performance limiting factor. From Fig.
12(b), it can be inferred that the Vo had a logarithmic dependence on the concentration. Assuming constant

temperature, Voc under concentrated sunlight can be expressed as [29],
X suns 1sun kT
Vi = Voo + n?lnX 2

where n is the effective diode ideality factor, k is the Boltzman constant, X is the sun concentration and q
is the elementary charge. From Fig. 12(b), one can find that the V. continued to increase with the
concentration and therefore was not a factor limiting the cell performance to increase beyond 300 suns.
Using (2), the slope of V. vs. logarithmic of concentration was calculated to be ~ 2.21kT, close to the
predicated value of 2kT for two series connected ideal diodes. The higher value of the ideality factor was
attributed to the recombination within the base region of the subcells owing to the TDD. We utilized this
ideality factor to compute the series resistance, which we discuss in the subsequent section. While Jsc and
Vo continued to increase with co ncentration, it is evident from Fig. 12(c) that the FF was adversely
impacted, especially for the cells which had wider grid finger-pitch. The decrease in FF at higher
concentration was attributed to the effect of series resistance associated with V. We next address in greater
details the role of series resistance and the associated 12R losses in limiting the cell performance at higher

concentrations.

TABLE VI

Dependence of 2J cell efficiency on threading dislocation density [32]. Used with permission
from IEEE, 2014.

TDD 1-sun AM 1.5d Efficiency Peak CPV Efficiency (%) (Peak
Concentration) — Optimal Grid
(cm?) (%) Finger-Pitch
10° 30.73 33.84 (100x) - 200um
10° 29.29 32.49 (300x) - 100um
107 25.88 29.12 (300x) - 100pm

2.3.4 Role of Series Resistance on the Cell Performance

Among the solar cell parameters (Vm, Jm, Voc, Jsc) Which influence the FF, we found that all of these

parameters continued to increase with concentration, except Vin. Unlike Vo, which increased logarithmically
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Fig. 13 (a) J-V characteristics of 2J InGaP/GaAs solar cell on Si (under AM1.5d, 300 suns) for various
grid finger-pitches at a TDD of 10° cm?, (b) 2J cell n, Rs and (Jm)?R resistive losses as a function of grid-
finger pitch at a TDD of 10° cm2[32]. Used with permission from IEEE, 2014.

with concentration; Vi, had a nonlinear dependence as shown in Fig. 12(d). Thus, the degradation in Vn
with increasing concentration limited the cell efficiency to rise beyond a certain concentration due to the
impact of both series and shunt resistance. With the increase in concentration, the degradation in Vi, was
found to be the less severe for narrower grid finger-pitch, as evident from Fig. 12(d). This was attributed
to the pronounced effect of series resistance for the widely spaced grid fingers owing to a longer resistive
path for the electrons to travel before being collected in the gridlines. As a consequence of the degradation
in Vi with increasing concentration, the efficiency was most severely impacted for the cell with wider grid
finger-pitch, as shown in Fig. 12(a). The resistive power losses increase with the square of current density,
having a stronger impact at higher concentration. The enhanced effect of series resistance with increasing
grid finger-pitch is illustrated in the J-V characteristics of the 2J InGaP/GaAs cell on Si at 300 suns at a
TDD of 10° cm™, as shown in Fig. 13(a). In order to gain quantitative insight into the design trade-offs for
optimizing series resistance and shadowing losses at higher concentration, we evaluated the effective series
resistance and the associated I°R losses at 300 suns. The efficiency of the 2J InGaP/GaAs cell on Si at 300
suns, the Rs and the associated (Jm)?Rs losses are plotted as a function of the variation in grid finger-pitch
in Fig. 13(b). One can clearly see that both the Rs and (Jm)?Rs resistive losses decrease with the decrease in
grid finger-pitch. This facilitated an increase in efficiency for the cells with narrower grid finger-pitch.
However, this trend of increase in efficiency with decrease in grid finger-pitch was effective only until the
shadowing losses began to dominate and limit the performance. This was evident in the cell with a grid
finger-pitch of 50pm. Although, the (Jm)?Rs losses were minimized for grid finger-pitch of 50um, the photon

flux reaching the cell was significantly reduced due to the increased shadowing losses, thereby limiting the
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cell performance. Thus, the design trade-offs between shadowing losses and series resistance for CPV

operation were best optimized at a grid finger-pitch of 100um.
2.3.5 Optimizing of the Doping in the Top Cell Window Layer

The conductivity of the top cell window-emitter layers play a significant role in extending the peak cell
performance towards higher concentration, enabling more efficient design for economical CPV. In a typical
n+/p solar cell, the electrons flow laterally in the top cell’s window layer before they are collected at the

gridlines. This lateral electron flow makes the optimization of the conductivity of the window-emitter layers
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J-V characteristic of the optimized 2J InGaP/GaAs solar cell with grid finger-pitch of 100um and window
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TABLE VII

Dependence of 2J cell efficiency on the window layer doping [32]. Used with permission from

IEEE, 2014.
Doping 1-sun Efficiency Peak Efficiency
Peak Concentration
(cm?) (%) (%)
(suns)

2.00x10%® 28.44 300 32.49
3.50x10%® 28.45 500 32.93
5.00x10% 28.45 600 33.11
8.00x10% 28.46 600 33.23

of key importance to minimize the I°R resistive losses and indeed translate to substantial performance

improvement.

Our optimized cell design with a grid finger-pitch of 100um, utilized an IngsAlosP window layer with a
doping concentration of n=2x10' cm. In order to optimize the doping concentration in the window layer,
we varied it from n=2x10% cm to n=8x10'® cm, while keeping the grid finger-pitch fixed at 100um and
taking into account the impact of TDD. The influence of increasing sun concentration on the n, Vi, and FF
for the 2J InGaP/GaAs cell on Si at two different window layer doping concentrations (n=2x10* cm=and
n=5x10% cm®) is illustrated in Fig. 14(a), 14(b) and 14(c), respectively and the key results are summarized
in Table VII. It is worth noting that as the doping concentration in the window layer was increased, the
peak cell efficiency continued to increase, with the best performance of 33.23% occurring at 600 suns for
n=8x10% cm=3. However, obtaining a high doping concentration of n=8x10® cmin the InAIP window
layer can be challenging during material growth. Therefore, we selected a more realistic and achievable
doping concentration of n=5x10'® cm?®. From Fig. 14(a) we can see that by increasing the doping
concentration from n=2x10% cm= to n=5x10'® cm, the peak performance of 32.49% at 300 suns was
extended to 33.11% at 600 suns. This improvement in cell performance was attributed to the improvement
in Vmand the FF (see Fig. 14(b) and 14(c)) owing to the reduction in the IR resistive losses. Although, the
gain in cell performance by increasing window layer doping concentration from n=2x10%8 cm™ to n=5x108
cm2was only 0.62%, the shift in peak performance from 300 suns to 600 suns will allow to significantly
scale down the cell size and contribute substantially towards cost reduction. The drop in cell performance

beyond 600 suns was attributed to effect of series resistance, emanating from the bulk resistance of the epi-
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layers. It was not due to the Js; of the 2J cell exceeding the peak tunneling current density of the TJ at 600
suns since AlGaAs/GaAs based TJs have been previously demonstrated with peak tunneling current density
in excess of 7.5 A/lcm? the Jsc of our 2J InGaP/GaAs cell on Si at 600 suns [30], [31]. Performance prediction
of ~33% for 2J InGaP/GaAs solar cells on Si is encouraging for future research and development of 111-V

solar cells on Si substrate for CPV application.
Summary

We have investigated the concentrated photovoltaic performance of metamorphic, monolithic InGaP/GaAs
dual-junction (27) solar cells on Si substrate under AM1.5d spectrum using finite element analysis. We have
demonstrated a design methodology oriented towards maximizing the performance of 2J InGaP/GaAs solar
cell on Si for concentrated photovoltaics, incorporating threading dislocations. The current-matching
condition under AM1.5d was realized at TDD varying from 10°to 10’ cm™, emanating from the mismatch
between GaAs and Si substrate. A theoretical conversion efficiency of 29.29% at a realistic TDD of 108
cm2 was achieved for the 2J InGaP/GaAs solar cell design on Si with a grid finger-pitch of 500 um under
1-sun AM1.5d spectrum. The bottom GaAs subcell was found to limit the overall performance of the 2J

InGaP/GaAs solar cell on Si.

The optimization of front grid spacing and sheet resistance of the window layer were the key design
parameters taken into consideration for extending the peak performance towards higher concentrations. The
design trade-offs between the losses due to grid shadowing and series resistance were optimized to
maximize the performance under higher concentration. At a TDD of 10 cm, the optimal grid finger-pitch
was found to be 100 pm, demonstrating an efficiency of 32.49% at 300 suns. Increasing the window layer
doping from n=2x10%® cm= to n=5x10'® cm= allowed to extend the peak performance to 600 suns,
improving the conversion efficiency to 33.11%, a greater than absolute 3.5% performance improvement
compared to 1-sun. We have demonstrated the importance of optimizing the cell design for a target
concentration at a specific threading dislocation density. Our model predicts theoretical conversion
efficiency in excess of 33% at 600 suns for 2J InGaP/GaAs solar cell on Si at a TDD of 10® cm™. The
performance results are encouraging and show a promising future for integrating metamorphic 111-V

concentrator solar cells on Si substrate for CPV applications.
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2.4 Triple-Junction (3J) InGaP/GaAs//Si Solar Cells for 1-sun and CPV

Attaining a lower levelized cost of energy (LCOE) is seen as one of the key success criteria for the
competing solar technologies to gain a substantial share of the future global PV market. While the
performance of Si based solar cells have almost saturated at an efficiency (n) of 25%, 111-V compound
semiconductor based solar cells have steadily shown performance improvement at approximately 1%
(absolute) increase per year, with a recent record efficiency of 44.7%. Integration of such high-efficiency
I11-V solar cells on significantly cheaper and large area Si substrate has recently attracted immense interest
to address the future LCOE roadmaps. A recently study reveals that transitioning from a 4” Ge to a 8” Si

substrate would correlate to a 60% cost reduction in multijunction solar cells [1].

There are two key approaches for realizing multijunction solar cells: (i) by mechanical stacking and (ii) by
monolithic (or heterogeneous) epitaxial growth. Several paths are being investigated to integrate 111-V solar
cells on Si, in which the Si substrate could be used as a passive template or as an active bottom subcell.
Among the most notable approaches for integration of 111-V solar cells on Si include the use of GaAsP
buffer [2-4], SiGe buffer [5, 6], nitride based I11-V solar cells on Si [7, 8], utilization of porous Si substrate
for 111-V solar cell integration [1] and wafer-bonding [9, 10]. The lattice-matched dual-junction
InGaP/GaAs solar cell combination has been the key building block for today’s high-efficiency 3J and
beyond I11-V solar cells. Although, ideal bottom junction material in a 3J configuration is a 1.0 eV solar
cell, Si with a band-gap of 1.1eV would be a very promising candidate in addition to the larger area and
significantly cheaper Si advantage. The iso-efficiency of an ideal 3J InGaP/GaAs/Si solar cell predicts a
theoretical efficiency in excess of 50% under concentrated sunlight [9]. However, recently demonstrated
3J InGaP/GaAs/Si solar cell by direct wafer bonding approach precludes the efficient operation of such
cells under CPV due to the bond interfacial layer [9]. The focus of this chapter is to investigate the
performance of heterogeneously integrated 3J InGaP/GaAs/Si solar cells on Si substrate for CPV operation.
Heterogeneous epitaxial growth approach employing a modestly doped buffer would provide a promising
platform for I111-VV-on-Si solar cell operation for medium sun concentrations. In addition, direct epitaxial
approach would enable a faster cell manufacturing process and would eliminate the probability of interfacial
oxide layer formation during the wafer bonding process. We systematically investigate three key design
challenges for successful heteroepitaxial integration of 3] InGaP/GaAs/Si solar cells on Si — (i) light
management in the bottom Si subcell by taking into account the incident light absorption in the I11-V/Si
buffer layer, (ii) optimal buffer design in terms of ideal thickness and doping parameters by taking into
account the impact of dislocations and (iii) performance evaluation of 3J InGaP/GaAs/Si under CPV as a

function of threading dislocation density (TDD). To the best of our knowledge, this is the first study on the
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Fig. 15 Schematic depiction of tandem 3J InGaP/GaAs/Si solar cell employing Si active bottom cell
[13]. Used with permission from IEEE, 2014.

design and performance prediction of heterogeneously integrated 3J InGaP/GaAs/Si solar cell for
concentrated photovoltaic operation by taking into account the impact of dislocations in the buffer and the
active 111-V layers.

The numerical simulation of the proposed 3J InGaP/GaAs/Si solar cell were performed using the APSYS
software. We have utilized our previously established methodology for dislocation dependent modeling of
multijunction solar cells [11, 12]. The solar cell design and modeling was performed under AM1.5d
spectrum (1000 W/m?). The efficiency is expected to be higher if an incident power density of 900 W/m?
is considered. A band-gap of 1.86 eV was utilized for the InGaP material. The schematic of the proposed
3J InGaP/GaAs/Si solar cell structure is shown in Fig. 15. A GaAs n-type buffer was selected to compliment
the arsenic diffusion during the nucleation of 111-V materials on the n-on-p Si solar cell. The band-diagram
revealed that n-type GaAs would also act as an effective window layer for the Si subcell as it would an
efficient minority hole reflector. A grid-finger width of 2pum and a grid-finger spacing of 496um (grid-
finger pitch of 500um) was selected for the 1-sun design. To evaluate the performance under CPV
operation, the grid-finger pitch was varied from 50 um to 500 um. An ideal anti-reflective coating design
was considered. The detailed solar cell design parameters, namely, minority carrier mobility, diffusion
coefficients and surface recombination velocities along with the model calibration were reported elsewhere
[11]. The minority carrier lifetimes in the GaAs and the InGaP base at different TDDs are summarized in
Table VIII.

74



TABLE VIII

Minority electron lifetime in GaAs and InGaP base with varying TDD
[13]. Used with permission from IEEE, 2014.

Lifetime in GaAs (ns)  Lifetime in InGaP (ns)

TDD
(p=1el7cm-3) (p=2e17cm-3)
No TDD 20 10
108 1.49 3.17
107 0.16 0.44

2.4.1 Buffer Architecture for I111-V-on-Si Integration

One of the key challenges for designing 3J InGaP/GaAs/Si solar cell is the light management to allow
sufficient photon flux to reach the bottom Si subcell. This is primarily due to the competition between the
GaAs and Si subcell to absorb a shared regime of the incident solar spectrum. The direct band-gap in GaAs
material allows the use of thinner active cell layers, however Si being an indirect band-gap material requires
a thicker layer to maximize absorption for current-matching. In the 3J InGaP/GaAs/Si solar cell design, the
indirect band-gap Si subcell was found to be the current-limiting one. Rigorous numerical iterations were
performed to maximize the short-circuit current density (Js¢) in the Si subcell. By utilizing a heavily doped

thin p-type Si layer beneath the base of the Si subcell, we were able to realize a Jx=40mA/cm?for a stand-
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Fig. 16 Impact of GaAs buffer thickness on 1J Si solar cell [13]. Used with permission from IEEE,

2014.
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alone Si cell. The impact of GaAs buffer layer grown above 1J Si solar cell was investigated next. The
efficiency and the short-circuit current density of the Si subcell for different GaAs buffer thicknesses (see
Fig. 16(a),(b) ) and GaAs doping concentrations (see Fig. 17(a),(b)) were evaluated. The red line
represents ideal stand-alone 1J Si solar cell efficiency. With increase in the GaAs buffer thickness, the light
penetration to the bottom Si subcell was significantly hampered as evident by the decrease in Js as shown
in Fig. 16(b). Furthermore, for the heavily doped GaAs buffer, increasing the buffer thickness had a
detrimental impact on the Si subcell performance. The decrease in Jscindeed correlated to the decrease in
Si cell performance (see Fig. 16(a)). The decrease in the Jsc was recognized as the key parameter degrading
the Si subcell performance as the open-circuit voltage (Voc) of the Si subcell reduced by less than 10% when
the GaAs buffer thickness was increased from 0.5um to 2um. Thus, a thinner GaAs buffer would be
preferable to maximize the Si subcell current response. Alternatively, materials with higher band-gap for
buffer layer (such as InGaP and AlGaAs), though might be challenging to grow, would relieve some of the
constraint on the buffer layer thickness for I11-VV-on-Si integration.

Next, we evaluated the influence of GaAs buffer doping on the Si subcell performance at a fixed GaAs
buffer thickness of 0.5 um. From Fig. 17(a), it is evident that the performance of Si subcell was most
severely impacted when the buffer was heavily doped. This was attributed to the band-gap narrowing in
GaAs associated with the heavy doping effect. Thus, in order to maximize the light penetration to the bottom

Si subcell, the n-type GaAs buffer should have doping concentration less than n=1x10%8 cm-=,
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Fig. 17 Impact of GaAs buffer doping on 1J Si solar cell [13]. Used with permission from IEEE, 2014.

2.4.2 Impact of Dislocations in the Buffer on Cell Performance
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We next investigated the impact of TDD in the GaAs buffer on the 1J Si solar cell efficiency (see Fig.
(18(a)) and the short-circuit current density (see Fig. 18(b)). The TDDs in the buffer layer were varied by
taking into account the degraded minority carrier lifetime in the n-GaAs buffer. From Fig. 18(a), it is
evident that the higher dislocation density in the GaAs buffer significantly degraded the Si subcell
performance, primarily due to the poor minority hole transport across the n-type GaAs buffer. Thus, the
incorporation of dislocations in the GaAs buffer makes the light management and carrier collection very
challenging, demanding very careful attention to dislocation dependent current-matching in the 3J tandem
cell configuration, which is addressed in the following subsection.
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Fig. 18 Impact of dislocation in GaAs buffer on 1J Si solar cell [13]. Used with permission from IEEE,
2014.

2.4.3 3J 1-Sun Design

The dislocations generated at the 111-V/Si interface could propagate through the buffer layer into the active
I11-V layers, thus rendering the task of current-matching as extremely challenging. Since, the Si bottom cell
was the current-limiting one, the top InGaP and GaAs subcell thicknesses had to be significantly reduced
to allow sufficient photon flux to reach the bottom cell. Interestingly, thinning the 111-V active cell layers
(mainly base) would imply that the minority carriers will have to travel shorter distance in the base to reach
the junction, thus translating to 3J 111-V solar cell designs on Si being less sensitive to TDDs. Based on our
GaAs buffer design optimization, we utilized a 0.5 um thick GaAs buffer with a doping concentration of
n=5x16 cmto evaluate the performance of 3J InGaP/GaAs/Si tandem solar cells under 1-sun and CPV

conditions.
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Fig. 19(a) shows the current-matched I-V characteristic of the 3J InGaP/GaAs/Si solar cell along with the
I-V curves of the individual subcells at a realistic TDD of 10® cm™. The current-matched thickness of the
top InGaP subcell (0.425 um) and the middle GaAs subcell (0.87 um) resulted in an efficiency of 29.30%
(1-sun) under AM1.5d spectrum at a TDD of 10°cm. The 3J design was also evaluated at a TDD of 10”
cm2and exhibited an efficiency of 27.23% (AML1.5d) under current-matched condition, as shown in Fig.
19(b). We also simulated the best-case scenario when no buffer was present between the GaAs subcell and
the Si subcell and entire cell stack was assumed to be free of dislocations. The Si subcell was connected to
the top two I11-V subcells by a GaAs/AlGaAs tunnel junction. The ideal case 3J design exhibited an
efficiency of 32.13% under AM1.5d (1-sun). The 3J design was also evaluated under AM1.5¢g spectrum to
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Fig. 20 Comparison of current-matched J-V characteristic of 3J InGaP/GaAs/Si solar cells under
AM1.5d vs. AM1.5g spectrum for the ideal scenario when no dislocations propagate into the 111-V layers.
[13]. Used with permission from IEEE, 2014.
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compare the spectral differences. The thicknesses of the individual subcells were redesigned for current-
matching, yielding an efficiency of 36.39% under AM1.5g (1-sun) as shown in Fig. 20. Table IX
summarizes the performance parameters for the 3J InGaP/GaAs/Si cell with TDD varied up to 10’ cm™. It
is noteworthy that even at a TDD of 10’ cm?, careful current-matching enabled an efficiency of ~27% under
1-sun, emphasizing that such 3J 111-V solar cells utilizing the Si as a bottom subcell would be feasible and
provide a promising path for extending single-junction Si solar cell performance. Such direct integration
schemes are also of key interest for approaches involving mechanically stacking, transfer-printing and
wafer-bonding of 111-V solar cells with Si solar cell.

TABLE IX

Performance dependence of 3J InGaP/GaAs/Si tandem solar cell on TDD at AM1.5d (1-sun)
[13]. Used with permission from IEEE, 2014.

Vo Jsc FF Efficiency
TDD
V) (mA/cm?) (%) (%)
No TDD 3.15 11.72 87.08 32.13
10° 3.01 11.45 85.10 29.30
107 2.9 11.14 84.31 27.23

2.4.4 3J Concentrated Photovoltaic Design

The concentrated photovoltaic performance of the 3] InGaP/GaAs/Si solar cell at a realistic TDD density
of 10°cm? was evaluated next. In order to mitigate the losses due to shadowing effect and series resistance,
the front grid-pitch was varied from 500 pm to 50 um to evaluate the optimal grid design for CPV. A doping
concentration of n=5x10% cm was utilized in the InAIP window layer to extend the peak performance
towards higher sun concentration, as previously reported [12]. The solar cell performance parameters,
namely efficiency, open-circuit voltage, fill-factor and peak voltage at maximum power point (V) are
plotted as a function of concentration in the Fig. 21(a), (b), (c) and (d), respectively. It can be clearly seen
that with the reduction in the front grid-spacing, the 3J peak cell performance was extended to higher sun
concentration. The design trade-offs between the losses due to the grid shadowing and the series resistance
were best optimized at a grid-spacing of 200 pm, resulting in a conversion efficiency of 33.50% at 200

suns. Reducing the grid-spacing lower than 200 pum reduced the photon flux reaching the cell as result of
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peak voltage at maximum power point [13]. Used with permission from IEEE, 2014.

increased grid-shadowing, thus overpowering the benefits gained by minimizing the resistive losses. The
drop in cell performance beyond 200 suns was attributed to effect of series resistance, particularly
emanating from the lightly doped and thick Si substrate. Results from our work on the heterogeneous I11-
V-on-Si solar cell integration employing an active bottom Si subcell will provide key design guidelines for
the future optimization of 3J and beyond I11-V-on-Si solar cells for 1-sun and CPV applications.

Summary

We have proposed a novel design for heterogeneous integration of 3J InGaP/GaAs/Si tandem solar cell
with Si as an active subcell. We present key insight into the design of GaAs buffer architecture for the
optimal down-selection of the buffer doping and thickness to maximize the photon flux penetration to the
bottom Si subcell. Rigorous numerical simulations reveal the importance of a thin GaAs buffer architecture
with doping concentration less than n=1x10% cm= in order to allow maximum light penetration to the
bottom current-limiting Si subcell. Current-matched 1-sun 3J cell efficiency of 32.13% and 36.39% was

realized when no buffer layer was present between the I11-V and Si subcell under AM1.5d and AM1.5¢g
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spectra, respectively. When a 0.5 pm thick GaAs buffer layer was employed, the 1-sun efficiency (AM1.5d)
dropped to 29.30% at a TDD of 10°cm™ and to 27.23% at a TDD of 107 cm™. Efficiency in excess 27.23%
at a TDD of 10’ cm suggests good tolerance of dislocations in our designed structure primarily due to
reduced thickness of the IlI-V solar cell layer needed for current-matching. Finally, a novel 3]
InGaP/GaAs/Si solar cell design at a TDD of 108 cm is presented with theoretical efficiency in excess of
33% at 200 suns, suggesting a promising future for integrating I11-V solar cells on Si substrate for
concentrated photovoltaics.
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Chapter 3

Epitaxy & Material Characterization of I1I-V-on-Si Solar
Cell Structures

This chapter presents the epitaxial growth of 111-V compound semiconductors on Si substrate using
molecular beam epitaxy (MBE). Epitaxy fundamentals and different growth modes are discussed. Next, we
discuss the growth sequence for thin direct GaAs (< 2 um) buffers on Si and the subsequent 111-V solar cell
growth on Si substrate. The key knobs (such as temperature, flux and V/III ratio) influencing the initial
GaAs buffer growth are investigated. We also discuss the structural properties of 1J GaAs-on-Si solar cell
structures realized by utilizing an intermediate GaAsSb single-strained layer. Material characterization
results for evaluating the structural properties of I111-VV-on-Si solar cell structures are discussed involving a
combination of techniques including - (i) in-situ reflection high-energy electron diffraction (RHEED), (ii)
X-ray diffraction (XRD) to investigate compositions and strain relaxation properties, (iii) transmission
electron microscopy (TEM) to understand defects and dislocation propagation and gauge into the
crystalline quality and (iv) atomic force microscopy (AFM) to characterize the surface morphology.

3.1 Epitaxy Fundamentals and Growth Modes

Thermodynamically, growth regimes could typically be classified into mass transport limited regime or

surface reaction rate limited regime depending on the growth (or deposition) temperature. Most common

Mass Transport Limited

/ Surface Reaction Limited
Desorption

/

Growth Rate

Temperature

Fig. 1 Arrhenius plot for growth rate versus inverse temperature.
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I11-V epitaxy processes (MBE and MOCVD) fall under the mass transport regime, where the growth rate
becomes almost independent of the growth temperature, providing a broader process window. The
Arrhenius plot for growth rate versus temperature is shown in Fig. 1. Commonly used atomic layer
deposition (ALD) technique for oxide depositions falls under the surface reaction limited regime, where
the growth rate could be a strong function of the deposition temperature. While MBE and ALD techniques
are non-equilibrium processes, MOCVD is a near-equilibrium process. The MBE growth process is a
sublimation process and the growth rate is governed by the group-I11 element flux. In MOCVD, the growth
rate has strong dependence on the group-111 metalorganic cracking temperature. Much higher growth rates
are achieved in MOCVD growth process in comparison to MBE. Hydride vapor phase epitaxy (HVPE) is
another 111-V growth technique in which extremely high growth rates (higher than MOCVD) could be
achieved under almost atmospheric pressure. However, the low growth rate in MBE could be advantageous
to have precise interface switching control, as in the case of quantum-wells and super-lattice structures. In
comparison to MOCVD, MBE is an expensive growth technique primarily due to the ultra-high vacuum
(UHV) requirements, expensive high purity precursors and due to the liquid nitrogen flow essential to keep
the chamber walls extremely cold to prevent spurious fluxes of atomic and molecular species from the

reactor walls.

During growth by MBE technique, a molecular beam of atoms or molecules is thermally evaporated from
a solid or a liquid elemental source. The UHV deposition chamber ensures sufficient mean free path of the
effused species, thus preventing their collision between the beam and the background vapor in the reactor.
The growth duration and shutter sequencing allows to control the thickness and composition of respective
layers. The substrate heaters allows for continuous substrate rotation to ensure growth uniformity. The
substrate heater is equipped with an ion gauge on its opposite side and allows to measure and calibrated the
beam-equivalent pressure (BEP) from individual sources [1]. Typically, most of the research MBE tools
are equipped with an in-situ surface monitoring system - reflection high-energy electron diffraction
(RHEED). Electron beams almost parallel to the growth surface are reflected on a phosphorous coated
screening forming a surface reconstruction in the reciprocal space. Such RHEED patterns could be very
valuable in providing information about the surface crystallography during oxide-desorption and to monitor
the epitaxial growth process. A spotty RHEED pattern likely reflects non-smooth and island like growth,
while a streaky RHEED pattern with long lines typically reflects smooth 2D layer-by-layer growth. RHEED
tool is also very instrumental in precise determination of growth rates requiring on-axis substrates. The
RHEED intensity oscillation frequency has a relation with the epitaxial monolayer thickness that allows to

generate a linear relation between the growth rate and beam equivalent pressure.
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Frank-van der Merwe mode Volmer-Weber mode Stranski-Krastanov mode

(2 dimensional growth mode) (Island growth mode)

Fig. 2 Comparison between three thermodynamic growth modes [3]. Used under fair use, 2015.

Three mostly commonly observed thermodynamic epitaxial growth modes are discussed in the next section
[2, 3]:

1. Layer-by-layer Growth (Frank-van der Merwe)

The film atoms are more strongly bound to the substrate than to each other, resulting in formation of 2D
layer-by-layer growth. The adatom cohesive forces are weaker than the surface adhesive forces. Generally
the crystalline quality is the highest for this growth mode. As the growth proceeds, the surface energy of
the growing layer reduces, resulting in complete wetting of the surface and forming smooth layers.

2. lIsland Growth (Volmer-Weber)

The film atoms are more strongly bound to each other than to the substrate, resulting in formation of 3D
islands. The adatom cohesive forces are stronger than the surface adhesive forces. As the growth proceeds,
the surface energy of the growing layer and the interface increases, resulting in layer 3D balling-up on the

substrate.
3. Mixed Growth (Stranski-Krastanov)

The growth initiates with layer-by-layer growth, but then forms 3D islands beyond crossing the critical
thickness threshold. The initial first layers are able to wet the surface, but the subsequent layers are not able
to. As the growth proceeds, the strain in the growing film, typically due misfit strain favors 3D growth.

Fig. 2 shows the comparison between the three thermodynamic growth modes.
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3.2 111-V Buffers and Solar Cell Structures Directly Grown on Si

3.2.1 MBE Growth

All the epitaxial structures discussed in this dissertation were grown by molecular beam epitaxy. The Veeco
Gen-1lI molecular beam epitaxy cluster tool with 11I-V and Ge MBE chambers connected via ultra-high
vacuum transfer chamber with the ADSEL group is shown in Fig. 3. The group V element source equipped
includes P (500 cc), As (500 cc), Sh (200 cc) with all three being valve crackers cell Mark V generation.
Group three elemental sources included In, Ga and Al. The Ga cell used was a sumo cell. For the aluminum
cell, unlike most of the other cells, the tip temperature was kept colder than the base.

The growth for “GaAs-0n-Si” samples were performed on 3-inch diameter Si (100) substrates with a 4° off-
cut towards <110> and on Si (100) substrates with a 6° off-cut towards <110>. The 4° off-cut Si wafers
were boron-doped (resistivity- 1-5 ohm-cm) and the 6° off-cut Si wafers were arsenic-doped (resistivity- >
0.004 ohm-cm). Unless otherwise mentioned, the Si substrate referred in the entire dissertation is 4° off-
cut. Fig. 4 shows the current best three approaches for the highest heteroepitaxial 1J GaAs-on-Si solar cells
utilizing a thick (7 um) GaAs buffer (left), thick ~10 um SiGe buffer (middle) and utilizing multiple super-
lattice periods [4, 5, 6]. However, such thick buffers are very time consuming to grow, they typically require
growth interruption for chemical mechanical polishing step to smoothen out the surface (in case of SiGe
buffer), add significantly to the bill of materials, elevate the issue of thermal mismatch and furthermore
eliminates the scope of leveraging the Si substrate as an active subcell due to significant absorption in the
buffer. On the other, the strained-layer super-lattice structures are very complex to grow, requiring precise
interface switching and composition control, making the approach not so attractive in terms of scalability.

Fig. 3 Front and back view of VVeeco Gen-Il molecular beam epitaxy cluster tool with 111-V and Ge MBE
chambers connected via ultra-high vacuum transfer chamber (ADSEL Group, Virginia Tech).
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Fig. 4 Current best three approaches for highest 1J GaAs-on-Si solar cells utilizing a thick GaAs buffer
(left), thick SiGe buffer (middle) and utilizing multiple super-lattice periods [4,5,6]. [4] Used with
permission from IEEE, 1988; [5] used with permission from IEEE, 2005; [6] used with permission from
MRS, 1988.

Thus, our approach is to utilize a GaAs buffer connecting the Si substrate and the active I11-V solar cell
with target thickness of <2 pum to achieve thin and low-cost buffer platforms for subsequent I11-V solar cell
growth which are easily scalable.

The direct GaAs epitaxial growth on Si substrate is initiated by a low-temperature, low-flux growth process
followed by subsequent high-temperature and high-flux growth involving periodic high-temperature
annealing schemes. The motivation for the initial low-temperature growth is to introduce misfit dislocations
into a continuous psuedomoprhic film such that a continuous layer is created before structural defects are
introduced allowing more area for defects to annihilate and glide. If an initial high-temperature GaAs
growth is employed, the dislocations are introduced before the islands coalesce and propagate as the growth
proceeds, as shown in Fig. 5. The two-step GaAs-on-Si growth was optimized with two key goals: (1)
minimizing the dislocation density and (2) maintaining the thin buffer thickness to be less than 2 pum. All
the temperatures for MBE related growth mentioned in this dissertation are thermocouple temperatures.
The Si substrate was outgassed at 950°C for oxide desorption under the absence of arsenic over pressure.
The Si substrate was lowered to temperatures below 450°C (thermocouple temperature) for the initial low-
temperature and low growth rate GaAs growth. Fig. 6 shows the growth sequence for growing 2 pm GaAs

directly on Si using a series of 5 cycles of thermal annealing. During each high-temperature anneal cycle,
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Fig. 5 The motivation for growing initial GaAs layer at low temperature. Left: dislocations and other
structural defects are introduced before the islands coalesce. Right: MDs are introduced into a continuous
pseudomorphic film [22]. Used under fair use, 2015.

the gallium cell temperature was lowered to minimize the coating on the shutter. After growing the 2 um
thick GaAs buffer on Si substrate, the 1J GaAs solar cell structure was grown next at 575°C. A control 1J
GaAs solar cell structure was also grown on GaAs substrate at a growth temperature of 650°C. After the 2
pm GaAs buffer, a 1 um thick, heavily p-doped (using Beryllium) lateral conduction layer was grown to
serve as a high conductivity layer to realize bottom contact. Thereafter, the standard n-on-p configuration
1J GaAs solar cell structure was grown as shown in Fig. 7 comprising of the Aly,GaosAs back surface
reflector (BSF), GaAs base, GaAs emitter, Alg7Gag3As window layer and finally heavily doped GaAs cap
layer. The entire solar cell structure was grown at a fixed GaAs growth rate of 0.5 um/hr, except for the
window and the cap layer that was grown a slower GaAs growth rate. A slower Ga growth rate for the

AlGaAs window layer was chosen to restrict very high operating temperature of aluminum cell. A slow

Growth of GaAs on Si

Bake-out

[Anneal | ———>

Nucleation Grow | ——)

Fig. 6 Growth scheme for growing 2 um GaAs directly on Si using multiple cycles of thermal annealing.
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Fig. 7 Schematic of 1J GaAs solar cell structure grown directly on Si substrate using MBE.

growth rate for growing GaAs cap layer was chosen to be able to maximize Si dopant incorporation in the

GaAs cap layer for minimizing the contact resistance.

Next, we discuss the material characterization techniques utilized to evaluate the quality of the GaAs solar

cell structure grown on Si substrate.

3.2.2 Structural & Material Characterization

Comprehensive material characterization studies were performed to evaluate the quality of direct epitaxial
GaAs and the GaAs solar cell structure grown on Si substrate in terms of crystalline quality, residual strain
due to thermal mismatch, surface roughness and dislocations and defects formation. We performed material
characterization spanning a series of experiments including X-ray diffraction (XRD), transmission electron
microscope (TEM), atomic force microscope (AFM) and in-situ reflection high energy electron diffraction

(RHEED) monitoring during epitaxial growth.
Following set of characterization tools for employed to evaluate the structural and material quality:

1) STAIB Instruments RHEED system for analyzing surface reconstruction and growth rate.
2) JOEL 2100 TEM for defects and dislocation analysis
3) PANalytical X-Pert Pro system for determining compositions and strain relaxation properties

4) Bruker Dimension lcon AFM system for surface morphology
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Fig. 8 RHEED patterns from the surface of (100) GaAs substrate exhibiting a streaky (2x4) surface
reconstruction.

The surface reconstruction of GaAs grown on Si substrate was investigated using in-situ RHEED analysis.
Fig. 8 shows the RHEED patterns from the surface of (100) GaAs substrate for the in-plane [110] and [1-
10] azimuths. The sharp and a streaky (2x4) surface reconstruction indicate a high quality for epitaxial

GaAs structure directly grown on Si substrate.

Next, to investigate the dislocation propagation mechanism and the extent of dislocation propagation in the
GaAs structures directly grown on Si substrate, we performed high-resolution TEM analysis. The electron
transparent foils of thin film cross-sections were prepared by using standard polishing sequence involving
mechanical grinding, followed by dimpling and temperature Ar ion beam milling. Fig. 9 shows the cross-
sectional TEM micrographs of (a) 1J GaAs solar cell grown on (100)Si substrate with 4° off-cut towards
(110), (b) GaAs/Si (100) interface, (c) high-resolution (HR) TEM of GaAs/Si interface, (d) GaAs
emitter/base layer with window & BSF, (e) HRTEM of AlGaAs window and the adjacent interfaces. The
blue arrows indicate the growth direction. The corresponding high-resolution TEM micrograph in Fig. 9
(b) and Fig. 9 (c) reveal good crystal quality for direct epitaxial GaAs grown on Si. It can be clearly seen
that a few dislocations propagate into the active cell area as seen in Fig. 9 (d), while the majority have been
confined with the initial 1 um of the buffer. Almost negligible threading dislocations were observed to

propagate and reach the top part of the cell (emitter, window and cap layer), suggesting the electrical
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Fig. 9 XTEM micrographs of (a) 1J GaAs-on-Si solar cell, (b) GaAs/Si (100) interface, (c) HRTEM of
GaAs/Si interface, (d) GaAs emitter/base layer with window & BSF, () HRTEM of AlGaAs window and
the adjacent interfaces. The blue arrows indicate the growth direction.

performance of the solar cell should be comparatively less impacted by photon absorption in the emitter
layer.

To quantitatively investigate the crystalline quality and strain relaxation properties of our GaAs on Si epi
structure, we performed XRD analysis using Cu Ka-1 line-focused X-ray source. Fig. 10 shows the ©/20
XRD scan (004) for GaAs solar cell structure directly grown on Si utilizing a 2 um GaAs buffer. The Si
(004) ® peak position was noted to have a full with at half-maximum (FWHM) value of ~21 arcsec, while
that corresponding FWHM value for the entire GaAs solar structure including the buffer layer and the lateral
conduction layer (~ 5 um) was ~36 arcsec, which is representative of excellent crystal quality, considering
the 4% lattice-mismatch. Clearly, the good structural quality observed in the TEM micrographs is in
accordance with the XRD analysis. The symmetric (004) and asymmetric (115) reciprocal space maps
(RSMs) of GaAs solar cell structure directly grown on Si utilizing a 2 um GaAs buffer are shown in Fig.
11 (a) and Fig. 11 (b), respectively. It can be clearly seen from the symmetric (004) scan that the GaAs
epitaxial film exhibited no observable lattice tilt and the film was almost fully relaxed with respect to the

Si substrate, as seen from the asymmetric (115) RSM analysis.
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Fig. 10 ®/26 XRD scan (004) for GaAs solar cell structure directly grown on Si utilizing a 2 um thick
GaAs buffer.

The characterization of surface morphology is important metric to evaluate the surface quality of
metamorphic structures and analyze pin-holes and other surface defects. The surface morphology and

roughness was investigated using atomic force microscope (AFM) in Scan Asyst Mode on Bruker
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Fig. 11 a) Symmetric (004) and (b) asymmetric (115) RSMs of GaAs solar cell structure directly grown
on Si utilizing a 2 um GaAs buffer. The GaAs epitaxial film exhibited no observable lattice tilt and the
film was almost fully relaxed.
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Dimension Icon AFM system. Excellent surface morphology was achieved on lattice-matched GaAs solar
cell structures grown on GaAs substrate with an RMS roughness of 0.32 nm for a 20 um x 20 um scan area,
as shown in Fig 12 (a). Furthermore, it was confirmed that the AIGaAs window layer with high aluminum
content (70-75%) did not degrade the surface roughness on lattice-matched structures. The corresponding
RMS roughness on our 2 um thick GaAs buffers directly grown on Si substrate was ~ 1.76 nm for 20 um
X 20 um scan area, as shown in Fig. 12 (b). The quality of our GaAs-on-Si epitaxial films have greatly
improved since starting the first few GaAs-on-Si runs. Key knobs which contributed to improving the
guality of direct GaAs-on-Si growth included: (1) in-house developed modified RCA cleaning process of
Si substrate in SC-1, SC-2 solution followed by oxide-strip in BOE, (ii) Si substrate oxide desorption in the
absence of arsenic at temperatures ~ 950°C thermocouple temperature, (iii) initial cold GaAs (< 450°C)

nucleation on Si substrate under low gallium flux and (iv) thermal anneal cycle to allow dislocation

GaAs-on-GaAs

20 pm

20

< 20 um >

GaAs-on-Si

Fig. 12 AFM micrographs of (top) - the surface GaAs solar cell structure grown on GaAs substrate and
(bottom) — surface of 2 um thick GaAs buffer directly grown on Si substrate.
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Fig. 13 Optical image showing epitaxial quality of GaAs grown directly on Si substrate by MBE. Left -
initial direct GaAs-on-Si runs prior optimization, Right — surface quality of current optimized process-of-
record (right) utilizing a sequence of LT/HT growth.

annihilation. Fig 13 shows the optical image showing epitaxial quality of GaAs buffers grown directly on
Si substrate by MBE. The image on the left shows the surface quality of our initial direct GaAs-on-Si runs
prior optimization and the image on the right shows the surface quality of our current optimized process-
of-record.

3.3 111-V Buffers and Solar Cell Structures Grown on Si with an

Intermediate Single Strained-Layer

Utilization of multiple strained-layer super-lattice (SLS) structures has been shown to be an effective
method for dislocation reduction in GaAs epitaxial layers grown on Si [8-14] Yamaguchi et. al. utilized
Ino.1GageAs/GaAs SLS in combination with thermal cycle annealing to significantly minimize the TDD to
~ 1-2x10% cm for GaAs layers grown on (100) Si substrate [8]. Researchers have also investigated
dislocation reduction mechanism by utilizing SLS comprising of InGaAs/GaAsP multiple periods [11].
However, the precise ternary composition control, precursor switching sequence, especially during the
growth of mixed-cation and mixed-anion super-lattice structures such InGaAs/GaAsP and multiple periods
required for such structures renders this approach less attractive from scalability and reproducibility stand-

point. Utilizing single strained-layer such as InGaAs has shown to be an effective technique to achieve
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Fig. 14 Cross-sectional TEM micrograph of GaAs buffer grown on Si with an Ing¢7Gaoe3As interlayer
showing how the single strained layer is helping to bend the dislocation due to the misfit strain [15]. Used
with permission from APL 1998.

threading dislocation density as low as 1.2x10° cm?[15]. The thickness of the InGaAs interlayer, 200 nm
was beyond the critical thickness and a relaxation of the InGaAs interlayer was found to be on the order of
70% by x-ray analysis [15]. The relaxation of the misfit strain in the InGaAs layer allowed the bending of
threading dislocations in the epilayers near the surface, thus restricting their propagation into the active
layer. Fig. 14 shows the cross-sectional TEM micrograph of GaAs buffer grown on Si substrate with an
Ino.07Gao.esAs interlayer showing how the single strained-layer is helping to bend the dislocation due to the
misfit strain [15]. However, such an approach hasn’t been given much attention for realizing 111-V-on-Si
solar cells. We propose to utilize GaAsSb as the single strained-layer to investigate the impact in reducing
dislocation for GaAs grown on Si. Careful control of GaAsSb composition, placement in the buffer stack
and thickness could prove to be a promising approach to bend the dislocation due to the relaxation of misfit
strain associated with the different lattice constants. The GaAsSbh path could further help minimize
dislocation density since Sb would act as a surfactant and help glide dislocation density [16] better than In
(for InGaAs case). The proposed 1J GaAs solar cell structure grown on Si substrate utilizing an intermediate
200 nm thick GaAsSb single strained-layer is shown in Fig. 15.

3.3.1 Calibration Sample for Antimony Composition

Valve cracker arsenic and antimony source was used to provide the As and Sb flux with each respective
cracking zone temperature held constant at 900°C. An antimony composition calibration sample was grown

on (100)/20 off-cut GaAs substrate at fixed Ga growth rate of 0.3 pm/h. First an initial homoepitaxial GaAs
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Fig. 15 Schematic of proposed 1J GaAs solar cell structure grown on Si substrate utilizing an
intermediate 200 nm thick GaAsSb single strained-layer.

layer about 125 nm in thickness was grown on GaAs substrate at a substrate temperature of 450°C,
following the oxide desorption. Next, a 3-step graded GaAsxShi.x epitaxial layer structure was grown at a
fixed substrate thermocouple temperature of 450°C, starting with the lowest Sb composition layer first. The
thickness of each layer grown was ~ 400 nm. The As/Ga and Sbh/Ga ratio were varied for the three respective
layers. First GaAsxShi.x layer was grown with ratios of As/Ga ~ 26 and Sh/Ga ~ 1, second GaAsxShi.x layer
was grown with ratios of As/Ga ~ 16 and Sh/Ga ~ 1, and third second GaAsxShi« layer was grown with
ratios of As/Ga ~ 11 and Sb/Ga ~ 1.2, as shown in Fig. 16(a). The alloy composition and strain relaxation

properties of each GaAs\Sbi. layer were characterized by high-resolution x-ray diffraction using both

(b)
(a) Sh% ~14.7% Sb GaAs

3 — GaAsSb (As/Ga-11; Sb/Ga-1.2) J ~23.6% Sb

33.9% Sbl 1

Intensity (a.u.)

As%

30 3L 32 33 3 35
Omega-2Theta (degree)

Fig. 16 (a) scematic growth structure and (b) /26 XRD scan (004) for the step-graded GaAsxSbi-x
epitaxial layers grown on GaAs substrate for calibration of Sb composition and growth parameters using
our new installed Sb cracker cell.
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rocking curve (®/20 scan) and reciprocal space maps (RSMs). Fig. 16(b) shows the ®/26 XRD scan (004)
for the step-graded GaAsxShi.x epitaxial layers grown on GaAs substrate. The measured Sb composition in
the respective GaAsxShix layers were found to be ~ 14.7%, 23.6%, and ~ 33.9%, respectively using the
Vegard’s law. The symmetric (004) and asymmetric (115) RSMs of the step-graded GaAs,Shi. epitaxial
layers grown on GaAs substrate are shown in Fig. 17 (a) and Fig. 17 (b), respectively. The measured Sb
composition is indicated at each reciprocal lattice point taking into account the tilt component and
relaxation. High Sh composition layer exhibits contour (RSM) and peak broadening (RC) likely due to the
higher lattice-mismatch and only ~ 400 nm thickness to accommodate the dislocations and defects. Each
respective layer was found to be almost fully relaxed with respect to the GaAs substrate from the
asymmetric (115) analysis. From the extracted alloy compositions, it can be inferred that the Sb composition
had a direct dependence on the As/Ga and the Sh/Ga ratio, consistent with prior observation [17]. We
always investigated the surface morphology and root-mean-square (rms) roughness of the surface by atomic
force microscopy in the Scan Asyst mode (similar to contact mode) to determine if Sb was forming clusters
at the surface and making the surface rough. Fig. 18 shows the AFM micrograph of the surface of
GaAso.e6Sho.3a grown on GaAs substrate utilizing a step-graded GaAsxShi«buffer. A very weak cross-hatch
pattern was observed, most likely suppressed due to the high Sb composition final layer. An RMS roughness
of 2.29 nm for 20 um x 20 um scan area suggests very good surface morphology. Sb clustering during

growth also appears likely, which could be contributing to the surface roughness over lower composition
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Fig. 17 a) Symmetric (004) and (b) asymmetric (115) RSMs the step-graded GaAsxShi.x epitaxial layers
grown on GaAs substrate for calibration of Sb composition and growth parameters.
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Fig. 18: AFM micrographs of the surface of GaAsossShoss grown on GaAs substrate utilizing a step-
graded GaAs,Shi.x buffer. The RMS roughness for scan area of 20 pm x 20 pm was 2.29 nm.

GaAs,Shix grown on GaAs. Further optimization of the growth temperature could help achieve even

smoother surfaces.

A good understanding of the modulation of Sb composition in ternary GaAs,Shi« layers was achieved using
As/Ga and Sh/Ga as the key knob. Our next goal was to determine the Sb composition in the single strained
GaAs,Shix layer and realize high-quality GaAs-on-Si buffers and 1J GaAs-on-Si solar cell structures by
utilizing an intermediate GaAsSb single-strained layer. It was found that the stress field associated with
SLS has a shear component that forces the 60° dislocations to bend at the SLS interfaces and the individual
layer thickness should be close to maximum critical layer thickness to maximize the gliding forces acting
on the dislocations [12]. The number of bent-over threading dislocations in a given system depends
critically on the total energy change (A.E) associated with the introduction of misfit dislocations segments.
Generally, A.E is determined by the strained-layer thickness, h and the misfit strain, f between the strained
layer and substrate [14]. The energy model by EI-Masry et. al defines the minimum critical thickness as the
thickness at which the threading dislocation will spontaneously bend along the strained interface [14]. The
other models like the one by Matthews and Blakeslee, define it as the thickness above which bending can
occur [18-20]. Fig. 19 shows the comparison between the calculated minimum critical layer thickness
versus the misfit strain calculated from mechanical equilibrium and the energy equilibrium model [14]. Our
goal was to demonstrate a proof-of-concept and experimentally determine if a single strained-layer of
GaAs,Shix was effective in bending the dislocations and minimize the dislocation propagation during

GaAs-on-Si growth. No attempts of optimization in terms of Sb composition, thickness and placement were
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Fig. 19 Comparison between the calculated minimum critical layer thicknesses versus the misfit strain
calculated from mechanical equilibrium and the energy equilibrium models [14]. Used with permission
from APL 19809.

made in this dissertation. This could be an interesting subject for future research not only from material
standpoint but also in implementing such buffer structures to realize 111-V-on-Si devices. We chose an
initial Sb composition of ~ 10% and fixed the thickness of GaAsxShi.x strained layer at 200 nm, higher than
the proposed thickness by the energy equilibrium model from Fig. 19 as a starting conservative approach
to understand dislocation interaction at the GaAs,Shi.x Strained layer interfaces. Preliminary GaAs buffers
(1.6 pm in thickness) were grown on n-type Si (100) substrate with 6°off-cut towards <110> by utilizing
an intermediate 200 nm thick GaAsSb single-strained layer. The GaAs buffer thickness below the GaAsSh

9 nm 5nm 3nm

12 nm 7 -6 nm -2 nm

Fig. 20 AFM micrographs for GaAs buffer (1.6 um) grown on Si substrate utilizing a GaAsSb single-
strained layer. Scan areas are: (a) 20 pm x 20 pm, (b) 2 pm x 2 pm, and (c) 500 nm x 500 nm.
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layer was 1.2 um, and an additional 0.2 um GaAs was grown above the GaAsSb strained layer. Fig. 20
shows the AFM micrographs of the surface of GaAs buffer (1.6 um) grown on Si substrate including an
intermediate 200 nm thick GaAsSb single-strained layer (a) 20 um x 20 pum, (b) 2 um x 2 um, and (c) 500
nm x 500 nm. An average roughness of ~ 1.80 nm was measured on 20 um x 20 um scan area, indicating
excellent quality of lattice-mismatched GaAs grown on Si substrate utilizing the strained GaAso.4Sho.1s
layer. Additionally, it can be inferred that the addition of GaAso.ssSho.15 layer does not degrade the surface
roughness of the GaAs buffer (comparable to the roughness reported in the previous section for 2 um thick
GaAs buffer directly grown on Si substrate — Fig. 12).

Next, we discuss the growth of 1J GaAs-on-Si solar cell structures realized by utilizing an intermediate
GaAsSb single-strained layer. The strain relaxation properties, surface morphology and defects and

dislocation propagation in the epitaxial GaAs-on-Si solar cell structure are discussed.

3.3.2 Solar Cell Growth on Si and Structural Characterization

The epitaxial growth process for GaAs-on-Si solar cell structures with the intermediate GaAsSb single-
strained layer was performed was very similar to the approach for 1J GaAs solar cells directly grown on Si
substrate. Same growth conditions such as growth rate, thicknesses, doping densities and growth
temperatures were utilized. The solar cells with the intermediate strained-layer samples were grown on 3-
inch n-type Si (100) substrate with 6°off-cut towards <110>. Our goal was to still target a buffer thickness
of less than <2 um below the start of the lateral conduction layer. The proposed 1J GaAs solar cell structure
grown on Si substrate utilizing an intermediate 200 nm thick GaAsSb single strained-layer is shown in Fig.
15. The growth initiated in a similar fashion compromising of low-temperature, low-growth step followed
by subsequent high-temperature and high growth-rate step. The temperature of the GaAs buffer layer was
eventually bridged in small steps to reach the 575°C temperature for solar cell growth. While, the entire
solar cell structure was grown at a fixed substrate temperature of 575°C (thermocouple temperature), the
GaAsSh intermediate layer was grown at 450°C to achieve a target Sb composition of 10% based on the
findings from our calibration sample. The GaAs thickness below and above the GaAsSb strained layer was
~ 1.3 pm. The last 1 pm of GaAs thickness above the GaAsSb layer was very heavily doped p-type to
realize the lateral conduction layer. We discuss the material characterization results to investigate the
guality of such 1J GaAs solar cell structures grown on Si substrate utilizing an intermediate strained
GaAsSh layer.

To gain further insight into the defect properties and structural quality of 1J GaAs solar cell structure grown

on Si substrate utilizing a single strained GaAsSb layer, we performed cross-sectional TEM analysis. Fig.
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Fig. 21 (a), (b) XTEM micrographs of 1J GaAs-on-Si solar cell structure utilizing an intermediate GaAsSb
single-strained layer and Fig. 21 (c) shows the high-resolution TEM micrograph of the GaAs buffer region.
It can be seen that due to the misfit strain, the dislocation bend horizontally at the GaAsSb interfaces and
only few threading dislocation propagate beyond the GaAsSb strained-layer.

21 (a) and Fig. 21 (b) shows the cross-sectional TEM micrographs of 1J GaAs-on-Si solar cell structure
utilizing an intermediate GaAsSh single-strained layer and Fig. 21 (c) shows the high-resolution TEM
micrograph of the GaAs buffer region. The respective thicknesses of each layer are marked in the figure.
The fringes on the upper right hand side of Fig. 21 (a) are likely due to sample preparation related issue. It
can be clearly seen from these TEM micrographs that the strained-layer is effective in minimizing the

Simulation.

Measured

Intensity (a.u.)

32 33 34 35
Omega-2Theta (degree)

Fig. 22 ©/20 XRD scan (004) for 1J GaAs solar cell structure grown on Si utilizing an intermediate 200
nm thick GaAsSb single strained-layer. By taking into account the strain relaxation in the GaAsSh layer,
rock curve simulation was utilized to extract the Sb composition.
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dislocation propagation beyond the strained-layer and very few dislocation propagate into the active GaAs
base region. From these TEM micrographs, it is also evident that the strained-layer is also generating a few
defects, which could like be attributed to some strain relief mechanism allowing partial relaxation of the

film.

Next, we discuss the XRD composition analysis for the GaAsSb strained-layer and evaluate the strain
relaxation properties of the entire solar cell structure as well as the GaAsSb strained-layer. Fig. 22 shows
the ®/26 rocking curve (004) along with a simulated rocking curve to extract the Sb composition in the
strained GaAsSb layer. The symmetric (004) and asymmetric (115) RSMs of 1J GaAs solar cell structure
grown on Si substrate with a 1.8 um thick buffer comprising of an intermediate 200 nm thick GaAsSb
single-strained layer are shown in Fig. 23 (a) and (b), respectively. From the measured RSMs, the out-of-
plane lattice constant, ¢ (from (004) RSM), and the in-plane (in the growth plane) lattice constant, a (from
(115) RSM), were determined. The relaxed lattice constant, a;, and strain relaxation values were extracted
from each RSM using the methods introduced in [21]. Table | shows the strain relaxation analysis of 1J
GaAs solar cell structure grown on Si utilizing an intermediate 200 nm thick GaAsSb single strained-layer
It can be clearly seen from the (115) RSM of Fig. 23 that the GaAsSb layer was not fully relaxed, while the
GaAs buffer and the cell structure was found to be almost fully relaxed with the reciprocal lattice points
(RLPs) along the 15.8° full relaxation line. The relaxation in the GaAsSb film was found to 47% and the

7100 5750
| (b) Sl | @) (004)
7000 - o 5650 -
] I,’ : |
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Fig. 23 a) Symmetric (004) and (b) asymmetric (115) RSMs of 1J GaAs solar cell structure grown on Si
utilizing an intermediate 200 nm thick GaAsSb single strained-layer. A relaxation of 47% was calculated
for the strained GaAsSb layer, while the GaAs buffer and the solar cell structure were almost fully relaxed.
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Table | Strain relaxation analysis of 1J GaAs solar cell structure grown on Si utilizing an intermediate
200 nm thick GaAsSb single strained-layer

&l Eperp
layer hkl004 lkl115 ¢ a a, GaSb MF [ppm] [ppm] Relaxation (%) Tilt (arcsec) Strain (%, wrt substrate)
sub (GaAs) 0.6813 0.7080 5.6533 5.6533
epi; (GaAsSb)  0.6724 0.6992 5.7282 5.6762 5.7022 11.1 4558 -4551 47% 18 0.87

associated Sb composition was about 11%. By fitting in the relaxation component of the GaAsSb layer, we
confirmed the composition by overlaying rocking curve simulation with the experimental data, as shown
in Fig. 22. It was due to this misfit strain from GaAsSb layer that allowed the bending of the threading
dislocations horizontally instead of vertical propagation into the active device layers. However, this partial
relaxation was expected since the 200 nm thickness of GaAso.s9Shi1 exceeded the critical layer thickness (~
25 nm from Matthews and Blakeslee theory and ~ 60 nm from the energy equilibrium theory from Fig. 19).
Thus, reducing the thickness of the GaAsSb would further help minimize the dislocation propagation, as
observed in the cross-sectional TEM micrographs in Fig. 21. Nonetheless, the proof-of-concept and the
effectiveness of utilizing a single strained GaAsSb layer has been demonstrated. No further attempts were
made to optimize the parameters of the GaAsSh layers such as the composition, thickness, placement and
growth temperature. This could be an interesting subject for future research not only from material

standpoint but also to implement such buffer structures to realize 111-V-on-Si devices.

3.4 Summary

The key technical challenge to improve the performance of “GaAs-on-Si” solar cell is to reduce the TDD.
We have demonstrated a non-selective area, high-quality and thin (2 um) epitaxial GaAs buffer directly
grown on Si substrate. Si substrate cleaning, oxide desorption and initial low-temperature GaAs nucleation
were found to be among the most critical components influencing the quality of GaAs-on-Si buffer.We
have also demonstrated a novel proof-of-concept to reduce the TDD by leveraging the misfit strain from
single-strained GaAsSh layer embedded in the direct GaAs buffer on Si. This is a promising path to bend
the threading dislocations horizontally instead of allowing them to propagate vertically into the active
device layers. Such an approach of a single strained-layer is a more scalable and controllable process in
comparison to multiple strained layer super-lattice structures. Further investigation and optimization of the
GaAsSb ternary layer in terms of Sb composition, layer thickness, and layer position and growth conditions

could be exploited to achieve substantial reduction in dislocation density.
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Chapter 4

Solar Cell Fabrication & Process Integration Challenges

This chapter concentrates on the fabrication process for I111-VV-on-Si solar cells. Correlating the structural
properties to device performance, our motivation for introducing all front side metal contacts is presented.
Key process integration challenges including the contact resistance optimization, placement of bottom-
metal on the front-side, anti-reflection coating design, mesa-etching and grid-finger swim-away are
discussed. Role of simulation in aiding the importance of critical fab steps, such as cap layer etching and

design of anti-reflection coating is also discussed.

4.1 Overview of Fabrication Process

The complete solar cell fabrication process was developed in-house at the Micro and Nano Fabrication
Facility at Whittemore Hall, Virginia Tech. One of our key goals for 111-V-on-Si solar cell fabrication was
to achieve an all-front contact processed solar cell device. The motivation was to avoid the carriers from
travelling through the highly-dislocated GaAs buffer connecting the I11-V solar cell to the Si substrate. A 1
pum thick heavily doped GaAs lateral conduction layer was grown above the 2 um thick GaAs buffer on Si
for realizing the bottom contact. We also fabricated a few devices with conventional bottom-side metal on
the back side of the substrate (Si and GaAs). A 4-level lithography process was developed and image-
reversal IR) AZ 5214-IR photoresist was used. Initial developer we employed was AZ 400K, but now our
process-of-record utilizes MF 319. The reasons for the switch in the developer are discussed in the
subsequent section on process integration challenges. The cleanroom tools utilized for the solar cell

fabrication process are listed below:

(1) Karl Suss MA-6 mask aligner

(2) KJ Lesker PVYD-250 - E-beam metal deposition

(3) Trion PECVD - plasma enhanced chemical vapor deposition
(4) Filmetric

(5) Brucker Detak profilometer

(6) Acid and solvent bench

(7) Trion ICP-RIE Dry Etch tool

(8) In-house developed metal contact annealing furnace (with forming gas)
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(9) LEO (Zeiss) 1550 field-emission SEM
(10) Woolam - Ellipsometer

4.1.1 Solar Cell Fabrication Process Flow: 1J GaAs-on-Si

The fabrication process sequence for 1J GaAs-on-Si solar cell is as follows:

() Native oxide clean in NHsOH:DI water solution (1:1 by volume ratio)
(i) Level I Lithography (positive lithography)
- Mesa-etch pad definition
- Wet mesa-etch for device isolation (phosphoric acid for GaAs cell)
(iti)  Level Il Lithography (negative lithography)
- Front grid-finger metal contact definition
- PVD metallization (Au/Ge/Au/Ni/Au alloys for n-GaAs terminal)
- Lift-off in acetone

(iv) Level 11l Lithography (negative lithography)

‘ Alignment marks t
Level 11 l & Level 111

[ =

\ TLM Contact Resistance Pads

Fig. 1 Mask-set for the 4-level lithography process of 1J GaAs-on-Si solar cell fabrication
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- Bottom-side metal contact definition
- PVD metallization (Ti/Pt/Au for p-GaAs terminal)
- Lift-off in acetone
(v) GaAs cap-layer selective wet-etch w.r.t AIGaAs window layer using citric acid
(vi) Level IV Lithography (positive litho for ARC lift-off & negative litho for ARC etch)
- Front and bottom metal contact probe-area definition
- ARC deposition (PVD for MgF2/ZnS and PECVD for SixNy)
- Lift-off in acetone

The L-EDIT mask layout design for the 4-level lithography process to fabricate 1J GaAs-on-Si solar cell is
shown in Fig. 1. The contact pads for transfer length measurement to determine both front and bottom metal
contact resistance are shown in the figure. The process sequence changes slightly depending upon if the
anti-reflection coating layer is lifted-off or is etched. For the ARC lift-off process, the level-1V positive
lithography is performed first, followed by the GaAs cap-etch just prior to loading into the PVD chamber
for MgF»/ZnS based ARC deposition. Thereafter, the ARC layer is lifted-off, opening front and bottom-
metal areas for probing. For ARC-etch based process, the silicon nitride based ARC is deposited first,
followed by level-1V negative lithography. This allows to etch the ARC-layer above the front and bottom-

Substrate Clean Level | — Mesa Etch

Level Il — Back Metal

Cap n++ GaAs n++ GaAs n++ GaAs
Emitter - -
Base p-GaAs p-GaAs p-GaAs
BSF
LCL p++GaAs
i-GaAs Buffer i-GaAs Buffer . iGaAsBuffer

Si (100) 4° Substrate Si (100) 4° Substrate Si (100) 4° Substrate

4 | |
n++ GaAs
p-GaAs p-GaAs
m m p++GaAs
i-GaAs Buffer i-GaAs Buffer i-GaAs Buffer

Si (100) 4° Substrate

Level 111 — Front Metal

Si (100) 4° Substrate

Si (100) 4° Substrate

Selective Cap Etch

Level 1V - Anti-reflection Coat

Fig. 2 Fabrication process flow for 1J GaAs-on-Si solar cell
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Fig. 3 Optical image of 0.5 cm? 1J GaAs solar cell grown on Si substrate with both front-side metal
contacts.

metal probe areas. The complete 4-level lithography process for fabricating 1J GaAs-on-Si is summarized
in Fig. 2 (ARC lift-off process). Our mask design had options of 3 different cell sizes — 1x1 cm?, 0.5x0.5
cm? and 0.2x0.2 cm?. An optical image of a processed 0.5x0.5 cm? 1J GaAs-on-Si solar cell with both front-
side metal contacts is shown in Fig. 3. A one cent coin is shown adjacent to the cell for size comparision.
Various optical and SEM images were taken at specific regions of the cell to examine fine details of the
processed device and understanding possible design changes which will improve the subsequent cell
fabrication process flow. Some of these images are shown in Fig. 4.

4.2  Anti-Reflection Coating Design

Achieving low reflectance at the front surface of a solar cell is extremely important to be able to capture
most of incident photons from the solar spectrum. It is very critical to careful bridge the refractive index of
the air-medium to the I11-V cap layer (GaAs in our case). For developing anti-reflection coating, we initially
utilized a single layer silicon nitride as the ARC layer [1]. The SixNywas deposited using PECVD process
at a temperature of 250°C to minimize the effects associated with the high-temperature exposure of the high
Al-content AlGaAs window layer (>70%). The SiN coatings were processed using the ARC etch process
as discussed in section 8.1 and both wet and dry etching were investigated. For wet-etching, buffer oxide
etch was utilized, while the process gas for dry RIE-etching utilized was SFs. We have now transitioned to
a dual-layer MgF»/ZnS based ARC layer as our current process of record, deposited using PVD at room
temperature. The room temperature PVD process allows the possibility of MgF./ZnS ARC lift-off that was
not possible when using SiN based ARC layer. The high temperature process involved in the PECVD
process would not be compatible with the photoresist processing temperatures. Regardless of the ARC lift-
off or ARC etch process, the GaAs cap layer was precisely etched before the ARC deposition (discussed in
section 8.3). The importance of precise etching of GaAs cap-layer and an ideal ARC design for a prototype
1J GaAs solar cell is highlighted by the simulated performance results shown in Fig. 5. The Crosslight

simulation results suggest that the absolute performance of 1J GaAs solar cell could exceed 25% by
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Fig. 4 Optical and SEM images of specific regions of a processed 1J GaAs-on-Si solar cell.

combining a well-controlled cap-etch process with an optimal ARC-design. We eventually plan to transition
to a tri-layer SiO2/SixN,/TiO2 which maintain excellent transmission over substantial range of the incident
solar spectrum, necessary for multi-junction solar cell designs as evident from Fig. 6. It can be clearly seen

that a tri-layer SiO./SixNy/ TiO- anti-reflection coating design is more efficient and would outperform a bi-
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Fig. 5 1J GaAs-on-Si performance prediction using Crosslight simulation signifying the importance of
GaAs cap-etch and an optimized ARC cell design (this result utilizes a bi-layer MgF,/ZnS ARC layer).
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Fig. 6 Anti-reflection coating (ARC) designs: purple — bare I1-V solar cells with no ARC; orange —
single layer SiN ARC layer, red — bi-layer MgF»/ZnS layer blue — tri-layer SiO2/SixN,/ TiO; layer, green
— reference AM1.5¢ spectrum. It can be clearly seen tri-layer ARC serves as the best broadband layer.

layer MgF2/ZnS stack for multijunction solar cells to span a wide range of the solar spectrum. The AM1.5¢g

solar spectrum and reflection percentage for bare AlGaAs window layer is also included for reference.

4.3 Process Integration Challenges

Several complex process challenges were comprehensively investigated and addressed during this PhD
work. Some of the key process related challenges faced includes: (1) realize positive sidewall slopes and
no under-cut during mesa-etch process essential to realize both front side metal contacts — motivation was
to prevent current from flowing through the GaAs buffer with high dislocation density, (2) precise control
of the mesa-etch depth into the lateral conduction layer for bottom-metallization (under-etch would results
in bottom metal positioned in the base or BSF of the cell), (3) un-even floor due to non-uniform etch across
the four adjacent floors of the solar cells during mesa-etch process (dependent on how you hold the sample
and sample size, (4) unclean mesa-etched streets due to post wet mesa-etch residue, 5) grid-fingers swim-
away in the acetone bath during lift-off due to lithography issues, (6) selective etch of GaAs cap layer w.r.t
to the AlGaAs window layer and minimizing the under-cut while using grid-finger lines as the wet cap-etch
mask, (7) anneal sequence — do we anneal post cap-etch, prior to cap-etch or post ARC deposition. All these
individual challenges were given great attention to fine-tune the process and develop a more robust and a

repeatable fab process.
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Fabrication Process Development - Mesa Wet Etch
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Fig. 7 Improvement in wet mesa-etch process: SEM micrograph suggesting positive-slopes attained
across both cell edges to realize both front-side metal contacts to minimize carrier flow through highly-
dislocated GaAs buffer connecting the 111-V cell with the Si substrate.

Mesa-etching for GaAs cell isolation was initially performed using dry etching (ICP-RIE), but due to RIE
chamber and repeatability issues we decided to use wet-etch process for GaAs mesa-etch using phosphoric
acid based wet chemistry (HsPO4:H,02:H,0) [2]. The volume ratio of this chemistry was optimized to
achieve a modest etch rate (~30 nm/s) to have a precise etch-depth control. A non-positive mesa-etch slope
will block the deposition of the bottom metal. Such an approach of both front-side metal contacts is targeted
to eliminate current flow through the GaAs buffer with high dislocation density and also minimize the
resistive path, improving fill-factors. Using the optimal ratio for the phosphoric acid based wet chemistry,
we were able to achieve positive side-walls across all the four edges of the cell in order to realize both metal
contacts on the front side of the cell as shown in Fig. 7. The non-uniform etching across the perpendicular
edges of the cell was addressed by using rectangular or square samples shapes such that the sample can sit
flat on the sieve (with two of the sample edges almost parallel to the sieve floor). The sample was rotated
180° half-way through the etching to allow a more uniform-etch across all the four edges. After the mesa-
etch, the samples were dipped in a 1:4 NH,OH:DI for about 10s to remove the etch-residue and clean-up

the mesa-etched streets between the cells.

Another challenging issue we encountered during the initial processing days was the grid-finger swim away
during lift-off in acetone as shown in Fig. 8. This issue was attributed to rough grid-finger edges as shown

in Fig. 9 due to non-optimized lithography parameters. The positive exposure time was reduced for the
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Grid-finger swim away

Fig. 8 Optical image showing solar cell grid-finger swim away during lift-off in acetone due to rough
edges.

image reversal AZ 5214 resist (from 12s to ~ 6s), the flood exposure time and the bake time were also
optimized which resulted in improving the rough edges and achieve more uniform grid-finger patterns as
shown in Fig. 9. The improvement in the grid-finger lithography process almost completely eliminated

grid-finger swim-away issues leading to a more robust and reproducible solar cell fabrication process and
better yields.

For the AlGaAs window layer etch, a citric acid based chemistry was developed for selective wet-etching
of GaAs contact layer from the AlGaAs window to minimize parasitic light absorption in the 1J GaAs solar
cell. We used a 1:4 volume ratio of citric acid: DI water solution with an etch time of 20s for etching 50
nm GaAs cap. Over-etching was minimized to avoid severe grid-finger under-cuts that could also lead to
grid-finger swim away.

Some of the key take-away points for fabrication are listed below:

(1) Periodically clean the mask with IPA and acetone and blow dry with nitrogen gas.

AZ 5214 Image Reversal

| Prior Optimization | | Post Optimization |

-
-
-
-

'.J L_—-—J - A .4
: . 3
v > (10 pum)
o i Jagged-rough edges Improved and smooth edges

Fig. 9 Lithography process improvement targeted towards improving the rough grid-finger edges to
minimize swim-away and improve yield, besides developing a more robust and repeatable process.
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(2) Try cleaving square or rectangle shape for processing devices.

(3) Load PVD samples close to the center of the mounting plate, especially for ARC deposition

(4) Priorto metal/ARC deposition —a quick dilute NH40H clean helps clean up the surface and removes
native oxide.

(5) Use of very dilute NH40H post mesa and cap-etches cleans up the surface.
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Chapter S

Performance Analysis of GaAs-on-Si Solar Cells

In this chapter, we present the electrical and optical characterization results of our fabricated 111-V-on-Si
solar cells to evaluate their performance under AM1.5g spectrum (1-sun). . The significance of utilizing
both front-side metal contacts for I11-V-on-Si solar cells is discussed. The light and dark current-voltage (I-
V) characteristics, quantum efficiency (QE), reflectance and contact resistance analysis are also discussed.
Key factors limiting the performance of “GaAs-on-Si” solar cells are identified, and on-going research

efforts focused on minimizing threading dislocation density are discussed.

5.1 Motivation for both Front-Side Metal Contacts

Conventional 1J GaAs solar cells and most 1J GaAs-on-Si solar cells utilize the back-side of the substrate
as the bottom contact. In-order to circumvent the carrier flow through the highly dislocated GaAs buffer,
we proposed to utilize our bottom-contact on the front-side of the wafer above the GaAs buffer. For a 1J

GaAs Cell

Window  50-100nm |
|
Emitter 100-200 nm ‘

BSF 50-100 nm |

GaAs Buffer

Fig. 1 1J GaAs solar cell structure grown directly on Si substrate using a 2um GaAs buffer and the
corresponding cross-sectional TEM micrograph, indicating some dislocations propagate into the active
cell. To circumvent the carrier flow from the highly dislocated buffer, we employed both front-side contact
scheme.
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GaAs solar cell on Si substrate, researchers have previously employed a 7 um thick n+ GaAs buffer between
the cell structure and the Si substrate to achieve an efficiency of 17.6% (J=25.5mA/cm?, V.=0.891V and
FF=77.7%) Si under AM1.5 at a TDD of ~8x10° cm[1]. Such thick buffers are expected to result in lower
dislocation density, attributed to the additional thermal budget associated with growing thicker films.
However, such thick buffers not only significantly add to the overall growth time but also to the overall
cost. Thus, it could be expected that our GaAs solar cell directly grown on Si substrate using only a 2 um
thick GaAs buffer would more than likely have higher dislocation density. Fig. 1 shows 1J GaAs solar cell
structure grown directly on Si substrate using a 2um GaAs buffer and the corresponding cross-sectional
TEM micrograph, indicating some dislocations propagate into the active cell. To circumvent the carrier
flow path from the highly dislocated buffer, we proposed to employ both n- and p-terminal contacts on the
front-side of the cell. Additional benefits could include eliminating the series resistance component from
the bulk Si substrate if both contacts are used on the front side as shown in Fig. 1. A downside of this
approach is losing the active front solar cell surface area, but our motivation was to investigate if there is a
significant performance benefit which could potentially outweigh the front side area loss. A 1 pm thick
heavily doped GaAs lateral conduction layer was grown above the 2 um thick GaAs buffer on Si for
realizing the bottom contact. We also fabricated a few devices with conventional bottom-side metal on the
back side of the substrate (Si and GaAs). This particular Si substrate was doped p-type (boron doped) with
resistivity in the range of 1-5 ohm-cm. Fig. 2 shows the J-V characteristics of a prototype 1J GaAs-on-Si
solar cell indicating the impact of both front side metal contacts in comparison to conventional one front
top side contact and the bottom contact on the back-side of the wafer. This particular 1J GaAs-on-Si solar

cell was chosen from the lot which had issues with one of the fabrication steps (likely bottom-contact

Impact of both front side metal contacts
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Fig. 2 J-V characteristics of a prototype GaAs-on-Si solar cell indicating the impact of both front side
metal contacts.
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alignment). The fill-factor drops from 57.58% to 46.56%, while the AM1.5g 1-sun efficiency drops from
6.043% to 4.91%, when conventional bottom contact on the wafer back-side is utilized. Utilizing bottom
contact on the back-side of the unpolished Si wafer drastically affects the fill-factor as seen from the J-V
characteristics. This was attributed to the cumulative effect of high dislocation density in the GaAs buffer
and the series resistance contribution from the Si substrate. Thus, the performance benefits by utilizing both
front side metal contacts are clearly evident from Fig. 2. Interestingly, there was no increment in the Jsc or
Voc When the conventional back-side contact on the bottom side of the Si wafer was utilized. Hence, it could
be inferred that the arsenic exposure to Si wafer during initial growth was insufficient in forming an active

Si junction on the p-type Si substrate.
5.2 Contact Resistance Analysis

Achieving low contact resistance is very important for optimizing the performance of solar cells, especially
for operation under concentrated sunlight. The impact of high-contact resistance could affect the short-
circuit current, the fill-factor and in-turn the cell performance. Improper metallization condition, non-
optimized contact layer parameters (doping, composition and thickness), anneal conditions and appropriate
pre-metal native oxide removal technique. The contact resistance of our n-type GaAs and p-type GaAs
contacts was analyzed using the well-established linear transfer length method (TLM). For n-on-p solar cell
configuration, the top contact above the window layer was a heavily doped (Si-doped) n-type GaAs layer,
~ 50 nm in thickness with a target concentration of 1x10%° cm. For the p-type contact, a 1 um thick lateral
conduction layer was utilized below the BSF of the 1J GaAs solar cell as the bottom-contact layer. This

TLM - Rnet vs. Pad Separation
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Fig. 3 Net resistance versus pad spacing for TLM contact resistance extraction using 4-probe I-V
measurement for n-type GaAs (Si-doped) contacts. An optical and SEM image of the TLM pads is shown
on the right. A specific contact resistance of 4.57x10* Q-cm? was extracted for gate metal stack of
Au/Ge/Au/Ni/Au.
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layer was Be-doped with a target concentration of 8x10™ cm. For n-type GaAs, a metal stack of
Au/Ge/Au/Ni/Au was utilized, while for p-type GaAs, a metal stack of Ti/Pt/Au was utilized, with the top
gold layer thickness of 150 nm for both contact types. Prior metallization, the patterned sample were dipped
in 1:4 NH,OH:DlI solution for ~30s. Increasing the thickness of top gold layer or adding additional thickness
of a very conductive metal layer is further expected to improve the series resistance. Fig. 3 shows the net
resistance versus pad spacing plot for TLM contact resistance extraction using 4-probe I-V measurement
for n-type GaAs (Si-doped) contacts. An optical and SEM image of the TLM pads is shown on the right. A
specific contact resistance of 4.57x10* Q-cm? was extracted for the n-type GaAs gate metal stack of
Au/Ge/Au/Ni/Au, while there is still room to optimize the p-GaAs contact.

5.3 Quantum Efficiency & Reflectance Analysis

Quantum efficiency analysis provides key insight into the cell design. Especially, for multijunction solar
cells, short-circuit current density could be extracted from individual subcells using QE measurements and
aid in current-matching. The QE and the |-V station set-up used for characterizing our in-house fabricated
solar cells are shown in Fig. 4. The QE system (Newport IQE200 series) utilizes a xenon lamp and has the
capability to measure the internal quantum efficiency (IQE), external quantum efficiency (EQE) and
reflectance over the entire solar spectrum starting from 300 nm — 1800 nm using a Si/Ge detector. The
system has specific filters and light biasing capability to do QE measurements on individual subcells in a
multijunction solar cell. For QE measurements, the incident beam spot size was much smaller than the
sample area, unlike I-V measurement where the incident beam area is bigger than the cell size. While, the
QE measurements was performed using a 2-wire measurement, all the 1-VV measurements were performed
using a 4-wire measurement set-up to minimize the influence of parasitic resistance. Some of the most
important definitions and formulas used for the solar cell performance analysis in this chapter are
highlighted below:

# Electrons collected as photocurrent/s

External Quantum Efficiency, EQE(Q) = # Photons moident /s (D
Internal Quantum Efficiency IQE(A) = # Elecmr#l;i;liz;Ze;ibisrz:;t;:uwent/ 2 (2)
IQE = Hefl% 3)
Spectral Response, SR (%) = M?jn) . 1239.8 (4)
Short-circuit current density, Js. = q [ b, (E).QE(E).dE (5)
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Fig. 4 Quantum efficiency and light/dark 1-V measurement facility with the ADSEL group.

where A is the incident wavelength and bs(E) is the incident photon flux density ( # incident photons/ unit

area/ unit time in the integral energy range from E to E+dE).

In the initial stages, to calibrate our system and investigate the quality of in-house GaAs solar cells, we
performed QE measurements on a commercial space 3J solar cells from one of the leading solar cell
manufacturer (in red) and compared its performance with our 1J GaAs solar cell grown lattice-matched on

Our GaAs on GaAs compared to space solar cell
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Fig. 5 Internal quantum efficiency (IQE) and reflectance plots for 1J GaAs solar cell. The plot in green is
for our in-house 1J GaAs solar cell grown on GaAs substrate, while the plot in red is for a GaAs subcell
in a 3J commercial space solar cell for validation.
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GaAs substrate (in green), as shown in Fig. 5. The idea was to validate our epitaxal quality and our in-house
developed solar cell fabrication process. The QE spectrum for commercial spectrum start from around 600
nm because the small wavelength is aborbed by the top subcell of the 3J solar cell, while our GaAs solar
cell was a standalone 1J cell. Also, the shift in QE cut-off towards higher wavelength reflected smaller
bandgap of the middle solar cell in the 3J configuration, likely due to the addition of indium to form an
InGaAs subcell for better spectral-match. Nonetheless, comparable values for the IQE (> 90%) and the
reflectance validate our epi and in-house fabrication process for GaAs solar cell. It is worth mentioning
that, we utilized a bi-layer MgF./ZnS anti-reflection coating layer which might be different that the ARC
layer on the commercial 3J solar cell. Furthermore, there is trenemdous scope of reflectance improvement
for our cell in the low wavelength regime (300-500 nm).

Next, we evaluated the optical response of our 1J GaAs solar cell grown directly on Si substrate utilizing a
2 um thick GaAs buffer. Fig. 6 shows the IQE, EQE and reflectance plots for 1J GaAs solar cell directly
grown on Si substrate (blue) versus 1J GaAs solar cell grown on GaAs substrate (green). High dislocation
density degraded the carrier collection in the GaAs base, as can be interpreted from the QE response from
700 - 900 nm. The impact is less severe for the low wavelength regime (<650 nm) likely due to two reasons:
(1) high-dislocation density doesn’t drastically impact the carrier collection in the thin GaAs emitter, (2)
While growing the cell structure, GaAs emitter is grown after growing a 2 um thick GaAs base, therefore

the additional thickness and thermal budget help annihilate dislocations and restrict their propagation in the
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Fig. 6 Internal quantum efficiency (IQE), external quantum efficiency (EQE), and reflectance plots for 1J
GaAs solar cell directly grown on Si substrate (blue) using a 2um GaAs buffer versus 1J GaAs solar cell
grown on GaAs substrate (green). High dislocation density degraded the carrier collection in the GaAs base.
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direction of the growth, as evident from the cross-sectional TEM micrograph of Fig. 1. Further
improvement in the QE response for the base region could be achieved by — (i) minimizing dislocation
density propagation from the buffer layers into the active cell, and (ii) reducing the base thickness to allow
better carrier-collection with the trade-off in reducing the absorption volume. Utilizing multiple periods of
strained-layer super-lattice (SLs) have been once successful path to reduce the threading dislocation density
[2], but the epitaxial growth is very challenging and not the ideal volume production route. Thus, novel
techniques employing single strained layer (SL) such as InGaAs [3] and GaAsSh, with small percentage of
In or Sb, would be promising to bend the dislocation due to the relaxation of misfit strain associated with
the different lattice constants. The GaAsSh path could further help minimize dislocation density since Sh
would act as a surfactant and help glide dislocation density.

5.4 Light and Dark I-V Characteristics

Light 1-V measurement provides a direct tool for evaluating the sunlight to power conversion efficiency of
a solar cell. Furthermore, the impact of series and shunt resistance could also be gauged into by I-V
measurement analysis. On the other hand, dark I-V measurements are important as they help provide insight
into the series and shunt resistance of the device and could help identify process induced shunt mechanisms
(such as metal deposition providing a shunt path due to incorrect alignment across the mesa edge, defects
and dislocations in the epitaxial layers etc.). Furthermore, we can extract the diode parameters such as the
reverse saturation current (lo), which is strongly dependent on the temperature; and ideality factor (n), which
provides insight about various radiative & non-radiative recombination mechanisms. The -V
measurements were performed on Oriel SOL 2A 150W solar simulator equipped with AM1.5g filter. A
calibrated Si reference solar cell was utilized to adjust the I-V station probing height to calibrate for precise

1-sun measurement. Important equations utilized during this analysis are highlighted below:

Dp n nf
Ny N_ (6)

nZ o T3, exp (7)
kT I
Voe =n—ln(ﬁ+1) (8)

where nj is the intrinsic carrier concentration, Dp and Dy are the diffusion coefficients, and Na and Np are

doping concentrations. Fig. 7 shows the dark I-V characteristic of 1J GaAs solar cell directly grown on Si
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Dark I-V : on GaAs vs. on Si

Log Current (A)
O
A N O ©

1
[N
(o]

1
[N
(0]

)
o

o

0.2 0.4 0.6 0.8 1
Voltage (V)

qv qv
Jaark = Jo1 Em—l +Jo2 em—l

Diffusion (n=1) Depletion Recomb. (n=2)

Fig. 7 Dark I-V characteristic of 1J GaAs solar cell directly grown on Si substrate (in red) using a 2um
GaAs buffer versus 1J GaAs solar cell grown on GaAs substrate (in blue). High dislocation density for
“GaAs-0n-Si” solar cell resulted in higher dark current due to increased recombination.

substrate (in red) using a 2um GaAs buffer versus 1J GaAs solar cell grown on GaAs substrate (in blue).
The extracted high value of the ideality factor is indicative of n=2 depletion region recombination process

dominating over n=1 diffusion limited recombination process. As a result, much higher dark current was
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Fig. 8 Light J-V characteristics of 1J GaAs solar cell directly grown on Si (red) using a 2 um GaAs buffer
versus grown on GaAs substrate (blue) under AM1.5g spectrum (1000 W/m?) for a cell area of 0.2 x 0.2
cm?. High dislocation density impacts the Vc drastically and limits the “GaAs-on-Si” cell performance.
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TABLE I

Performance comparison of 1J GaAs solar cell (grown on GaAs vs. on Si substrate)

I YT T

V. [V] 0.99 0.71
T, [mA/cm?] 28.74 25.80
FF [%] 83.61 63.01
N [%] 23.83 11.55

measured for the “GaAs-0n-Si” solar cell attributed to the high dislocation density, likely to be the main

contributor to the recombination.

A direct consequence of the higher dark current for the 1J GaAs-on-Si solar cell can be seen in the light I-
V characteristic. Fig. 8 shows the light J-V characteristics of 1J GaAs solar cell directly grown on Si (red)
using a 2um GaAs buffer versus grown on GaAs substrate (blue) under AM1.5g spectrum (1000 W/m?).
The fabricated cells were of different size — 0.2 x 0.2 cm? and 0.5 x 0.5 cm?. 1J GaAs-on-Si demonstrated
an efficiency of 11.55% (cell area: 0.2 x 0.2 cm?), while lattice-matched 1J GaAs solar cell on GaAs
substrate (control sample) demonstrated a 23.55% under AM1.5g spectrum. The high dislocation density
which degraded the carrier collection in the GaAs base as shown in the QE plot of Fig. 6 was responsible
for the degraded performance of the 1J GaAs-on-Si solar cell. The open-circuit voltage was found to be
more impacted by dislocations than short-circuit current density, a finding inconsistent with our dislocation
assisted solar cell modeling. The performance parameters are summarized in Table 1 and our 1J GaAs-on-
Si solar cell results are compared with 1J GaAs-on-Si solar cell results from Spire Corporation [4] in Table
11, (both utilize same GaAs buffer thickness) suggesting that Vo is strongly goverened by the dislocation

TABLE Il

Performance comparison of 1J GaAs solar cell on Si (Spire Corporation vs. VT)

V. [V] 0.69 0.71
J,, [mA/cm™2] 14.8 25.80
FF [%] 67.2 63.01
N [%] 7 11.55
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density. Thus, the high dislocation density was identified as the key factor limiting the performance of

“GaAs-on-Si” solar cell.

5.5 Role of Si Substrate Offcut

The growth for “GaAs-on-Si” solar cells was also performed on 3-inch diameter, arsenic-doped (resistivity-
> 0.004 ohm-cm) Si (100) substrates with a 6° off-cut towards <110> (see Section 3.2.1). Fig. 9 shows the
light J-V characteristics of 1J GaAs solar cell directly grown on Si substrates with 4° (ADSEL0127) and 6°
(ADSELO0144) offcut with a same buffer thickness of 2 um. The J-V characteristic in Fig. 9 are for cells
processed only till level-I11 front metal lithography and prior to cap-etch and ARC depositions (hence the
term PRE). Thus, lower Jc was expected in these partially processed cells due to light absorption in the
GaAs cap layer and due to the absence of ARC layer. The only other difference in the cell structure of these
two samples was in the GaAs base thickness (ADSEL0127 -2 um and ADSEL0144 -1.5 pm). Typically,
for a 1J GaAs solar cell the Js saturates beyond a cell thickess of ~ 0.5 um. It can be clearly seen that the
FF and V. improved for ADSEL0144 likely due to reduction in dislocation density attributed to
combination of greater Si substrate offcut, conducting substrate and thinner base.

To confirm the consistency in the improved Vo, we also analyzed the performance of large area 1J GaAs

solar cells grown on Si substrate. The fabricated cells were of size — 0.2 x 0.2 cm? (127-S and 144-S) and
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Fig. 9 Light J-V characteristics of 1J GaAs solar cell directly grown on Si with 4° (ADSEL0127) and 6°
(ADSELO0144) offcut prior to GaAs cap-etch and ARC deposition. The buffer thickness was held constant
at 2 um and the cell area was 0.2 x 0.2 cm?.
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TABLE 111

Dependance of 1J GaAs-on-Si Solar Cell Performance on Area

_ 127-S 144-S 144-B

V. [V] 0.63 067  0.669
J.[mAlcm?] 1236 1215  11.13

FF [%] 53.46 70.90 67.01
n [%] 4.16 5.78 4.99

0.5 x 0.5 cm? (144-B) processed together on the same wafer piece. Table 111 shows the dependence of 1J
GaAs-on-Si solar cell performance on the area for sample ADSEL0127 (4°) and ADSEL0144 (6°) prior to
GaAs cap-etch and ARC deposition. It can be clearly seen that there is almost no degradation in Vo (144-
B) for large area 1J GaAs-on-Si solar cell in comparision to smaller area cell (144-S). The reduction in Js
and FF are likely due to increased series resistance contribution from the lateral conduction layer for the
larger area cells. Small area solar cell 144-S was also analyzed after the GaAs cap-etch and ARC deposition.
Fig. 10 shows the light J-V characteristics of 144-S, demonstrating an efficiency of 12.77% under AM1.5g
spectrum, the highest 1J GaAs-on-Si solar cell efficiency achieved during this PhD study. Further
optimization of the growth condition and utilization of novel buffer schemes would be critical to minimize

the dislocation density and improve the electrical performance of GaAs-on-Si solar cells.

JV Characteristics of 1J GaAs Solar Cell on Si Substrate (6%)
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Fig. 10 Light J-V characteristics of 1J GaAs solar cell directly grown on Si with 6° (ADSEL0144) offcut
after GaAs cap-etch and ARC deposition. The cell area was 0.2 x 0.2 cm?,
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Chapter 6

Towards “Ge-on-Si” Virtual Substrates via Direct Epitaxy

N. Jain, et. al., “Towards a Monolithic, an All-Epitaxial and a Reusable-Substrate Design for 111-V-on-Si
Solar Cells,” in Proc. 42nd IEEE Photovoltaic Spec. Conf., 2015.

In this chapter, we present our preliminary results on a very promising alternate path for integrating I11-V
solar cells on Si substrate by utilizing high-quality and thin Ge layers grown directly on Si substrate. The
goal is to leverage the virtual “Ge-on-Si” substrates for subsequent lattice-matched growth of GaAs to
realize I11-V-on-Si multijunction solar cells. Modeled 1-sun performance of 3J InGaP/GaAs/Si-Ge solar
cells and the excellent material quality achieved for epitaxial Ge directly grown on Si substrate lays a strong
foundation towards realizing virtual “Ge-0n-Si” template, indicating a promising future for monolithically

integrated, low-cost and high-efficiency I11-VV-on-Si photovoltaics.

6.1 Motivation and Approach

Integration of 111-V multijunction solar cells on Si substrate can address the future levelized cost of energy
by unifying the high-efficiency merits of 111-V materials with the low-cost and abundance of Si. Achieving
high-quality GaAs epitaxial layers on Si substrate is highly desirable for growing subsequent subcells to
realize 111-VV multijunction solar cells. The 4% lattice-mismatch, the polar on non-polar material epitaxy
and the thermal mismatch makes it really challenging to grow high-quality GaAs on Si substrate. While the
efficiency of mainstream Si based solar cells has almost saturated at ~25%, I11-V multijunction solar cells
have steadily shown performance improvement, reaching a recent record efficiency of 46%. Integration of
such H1-V multijunction cells with Si can address the future levelized cost of energy by unifying the high-
efficiency merits of I11-V materials with low-cost and abundance of Si. Till date, efficiency of 3J llI-V/Si
tandem solar cells have merely exceed 25% even after employing non-monolithic techniques such as wafer-
bonding [1] and areal current-matching [2]. Challenges associated with material growth, reliability and
reproducibility have limited the success of 111-VV-on-Si technology. Thus, novel approaches are sought for

realizing the potential of I11-V-on-Si multijunction solar cells.

An alternate to this approach is to grow epitaxial Ge on Si substrate and create virtual “Ge-0n-Si” substrate
for subsequent lattice-matched GaAs epitaxy. Significant research has been devoted towards a similar

approach but by employing graded SixGe.x buffers, however they utilize very thick (~10 pm) buffers [3-
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5]. Single-junction GaAs solar cell with efficiency of 18.1% under AM1.5g spectrum have been
demonstrated using the graded SixGei-x thick buffer approach [3]. However, such thick buffers are very time
consuming to grow, they typically require growth interruption for chemical mechanical polishing step to
smoothen out the surface, add significantly to the bill of materials, elevate the issue of thermal mismatch
and furthermore eliminates the scope of leveraging the Si substrate as an active subcell due to the smaller
bandgap of SiGe. Here, we proposed a novel approach to integrated GaAs on Si by utilizing direct epitaxial
Ge-on-Si. Very thin epitaxial Ge layer could allow the option to utilize the bottom Si substrate as an active
subcell. We investigate a Si-compatible monolithically integrated 3J InGaP/GaAs/Ge-Si solar cell design
with a hybrid Ge-Si bottom cell. The intermediate Ge buffer layer forms the emitter for the bottom hybrid
subcell and allows the de-coupling of key challenges for subsequent GaAs-on-Si growth: polar on non-
polar epitaxy and lattice-mismatch epitaxy, thus allowing an all-epitaxial and diffusion-free process. High-
quality virtual Ge-on-Si template would also find be very promising applications for transistors [6-8], LEDs
[9], photodetectors [10-12] and solar cells [13]. Prior simulation studies have shown that efficiencies
approaching 28% under AM 1.5g spectrum could be achieved using Si-Ge tandem solar cells [13]. For
transistor application, 111-V epitaxy on Ge-on-Si template could allow to realize high electron mobility 111-
V n-channel and high hole mobility p-channel Ge transistor heterogeneously integrated on Si substrate for
high-speed and low-power CMOS applications [8]. Several groups are investigating the growth of 1l1-V
compounds on Ge-on-Si substrates [8, 14-16]. Unlike some of the prior reports on Ge integration on Si
substrate using patterned and selective area epitaxy [17, 18], we focus on developing a non-selective area
Ge-on-Si epitaxial process with a key goal of realizing thin epitaxial Ge layers allowing light penetration
to the bottom Si substrate cell. Researchers have investigated several techniques for growing Ge on Si
substrate including metalorganic chemical vapor deposition [19], ultra-high vacuum chemical vapor
deposition (UHV-CVD) [18, 20, 21], rapid thermal chemical vapor deposition (RTCVD) [22], reduced
pressure chemical vapor deposition (RPCVD) [23, 24], low-energy plasma-enhanced chemical vapor
deposition (LEPECVD) [12], DC magnetron sputtering [25] and molecular beam epitaxy (MBE) [9-11, 16,
26-28]. However, most of these processes are CVD based and require relatively higher growth temperature
and typically involving gaseous precursors containing hydrogen and carbon which could make the surface
reactions relatively difficult to control. High-quality epitaxial Ge-on-Si was realized using gas-source MBE,
but required precise admixture tuning of the gaseous precursor [27]. Solid-source MBE approach could not
only allow ultra-low growth rates but also beam of high purity evaporated germanium source (unlike
gaseous precursors) providing a better control over the substrate temperature and initial growth conditions.
Thus, we focus our efforts on solid-source MBE for direct epitaxial Ge growth on Si substrate. Most of the
approaches for direct epitaxial growth of Ge on Si using MBE utilize a very high intermediate annealing

temperature (>800°C) [9, 10, 16], a high growth temperature (>500°C) [26] or would employ very thick
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epitaxial Ge layers on Si [16]. A low-temperature process (< 600°C) for Ge-on-Si could be extremely
beneficial for Si-compatible CMQOS applications. Additionally, a low-temperature process could also
minimize the thermal mismatch induced tensile strain in epitaxial Ge, allowing almost fully-relaxed
epitaxial Ge layers on Si substrate. Our goal is to achieve a high-quality, non-selective area, ultra-thin (<
200 nm) epitaxial Ge-on-Si virtual substrates under low thermal budget (< 600°C). Using comprehensive
simulation, we propose the preferred polarity for Ge-on-Si templates to realize 111-V-on-Si multijunction
solar cells and predict their ideal performance. Furthermore, using a combination of experimental material
characterization techniques, we gauge the crystalline quality, surface roughness and inter-diffusion and
transport properties for epitaxially grown direct Ge-on-Si samples.

Successful demonstration of virtual “Ge-on-Si” template could significantly reduce the cost per watt
attributed to the large area and low cost of Si substrate. Interestingly, utilizing Ge intermediate layer de-
couples two critical challenges for GaAs-on-Si growth: (i) polar on non-polar epitaxy and (ii) lattice-
mismatch growth. Typically, Si subcell limits the current in 3J InGaP/GaAs//Si cell [29, 30], however that
is not the case in 3J InGaP/GaAs/Ge-Si solar cell. Owing to a small bandgap, Ge layer absorbs a wide
spectrum of the incident sunlight and therefore the hybrid Ge-Si subcell does not limit the current. The Ge
intermediate layer approach for 111-V-on-Si integration could be utilized (i) to create virtual “Ge-0on-Si”
template for subsequent GaAs growth (could involve active Ge subcell), (ii) solely as an ultra-thin buffer
layer for connecting I11-V cells to an active Si bottom subcell, and (ii) as the emitter layer for bottom Si
base, forming a hybrid Ge-Si subcell. Utilizing a Si homojunction cell beneath the Ge buffer layer would
likely require a diffusion process and a thicker Si substrate for current-matching in comparison to the hybrid

3
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I p-InGaP Window 30nm
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Ge-Si

Fig. 1 Schematic depiction of 3J InGaP/GaAs/Ge-Si solar cell utilizing a hybrid Ge-Si bottom subcell.
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Ge-Si approach. Furthermore, to allow sufficient light penetration to active Si subcell, extremely thin Ge
buffer would be essential, rendering the subsequent GaAs growth very challenging. Thus, we focus on the
design, modeling and epitaxial growth for hybrid Ge-Si bottom subcell, wherein the epitaxial Ge layer
serves as a uniformly doped emitter for bottom subcell. This approach precludes the need for diffused Si
junction, allowing an in-situ and an all-epitaxial process for subsequent 111-V growth requiring very thin Si
layers (< 60um). Such 3J cells with very thin Si would also be very promising for CPV applications and
could further benefit from additional cost savings by leveraging substrate re-use schemes utilizing
amorphous Si (a-Si) as a release layer and seed layer for subsequent Si epitaxy [31].

6.2 Modeling of 3J InGaP/GaAs/Ge-Si Solar Cells

The numerical simulation of the proposed 3J InGaP/GaAs/Ge-Si solar cell structure and the band-alignment
simulations were performed under AM1.5g spectrum using APSY'S software and schematic of the proposed
3J solar cell structure which utilizes a hybrid Ge-Si bottom subcell is shown in Fig. 1. An ideal anti-
reflective coating design was assumed for modeling. Most of the light absorption for bottom hybrid subcell
occurs in the Ge emitter, thus adjusting the thickness of Ge layer allows for easy current-matching, while
the direct Ge-on-Si virtual substrate provides template for subsequent GaAs growth. Typically, Si subcell
limits the current in 3J InGaP/GaAs//Si cell [29, 30], however in 3J InGaP/GaAs/Ge-Si solar cell, middle
GaAs subcell was found to be the current-limiting one. Since, V. is directly related to the bandgap, the V.
from the hybrid Ge-Si subcell was found to be intermediate between that of Si and Ge homojunction cells.

However, as mentioned the key advantage lies in the ability to utilize much lesser material and integration
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Fig. 2 Band-alignment at Ge/Si heterointerface: (a) p-Ge/n-Si, and (b) n-Ge/p-Si, indicating hole flow
is restricted for case (b).
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into account SRVs, (b) Current-matched JV characteristics for 3J InGaP/GaAs/Ge-Si and individual
subcell staking into account SRV under AM1.5g, 1-sun.

through epitaxial Ge layer, allowing a lattice-matched platform for subsequent GaAs growth. For deciding
the polarity of Ge and Si for realizing an active hybrid Ge-Si bottom subcell, we carried our band-alignment
simulation at the Ge-Si heterointerface. Fig. 2 shows the band-alignment at Ge/Si heterointerface for (a) p-
Ge/n-Si heterostructure, and for (b) n-Ge/p-Si heterostructure. It is clear from these band diagrams that the
flow of photo-generated holes in Ge is restricted into the p-side of the junction, as shown in Fig. 2 (b).
Thus, comprehensive band-alignment assessment revealed the necessity of utilizing p-Ge with n-Si polarity
to allow unrestricted carrier flow to enable an active bottom Si subcell. These band-alignment results are

consisted with prior analysis for Ge-Si photodetectors [12].

Fig. 3 shows the current-matched I-V characteristic of 3] InGaP/GaAs/Ge-Si solar cell demonstrating an
efficiency of 32.70% and 34.42%, respectively, with and without taking into account the surface
recombination velocities. As can be seen from Fig. 1, only 50 um thick Si was required with a 0.8 um thick
Ge emitter for current-matching. For Ge emitter thickness greater than 0.8 pum, Si base with ~ 10 um
thickness would be sufficient for current-matching. Thus, intermediate Ge buffer layer with thickness > 0.8
um would be ideal to minimize the Si base thickness, while at the same providing sufficient thickness for
accommodating the dislocations due Ge/Si mismatch. Such cells utilizing thin Si could entirely be grown

epitaxially and allow to release the 3J cell from the Si substrate using an a-Si release layer [31].

6.3 MBE Growth of Direct Ge-on-Si
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The epitaxial Ge layers were grown directly on (100) Si substrate with 6° offcut towards the <110> direction
in a dual-chamber molecular beam epitaxy (MBE) cluster tool. One of the chambers is solely dedicated for
Ge epitaxy and is connected to a separate MBE chamber for I11-V epitaxy via an in-situ ultra-high vacuum
transfer chamber. This unique growth capability enables superior Ge epilayer quality with precise thickness
control and minimal cross-contamination. The Si substrates were immediately loaded into the load lock of
MBE chamber after RCA cleaning. Silicon oxide desorption was performed in the absence of arsenic over
pressure at ~950°C in Il1-V growth chamber and was monitored in-situ using reflection high-energy
electron diffraction (RHEED). The substrate was cooled to 150°C and then transferred via an ultra-high
vacuum transfer chamber to the Ge MBE chamber. Three direct epitaxial Ge samples were grown on
(100)Si substrates: (1) 1-step low-temperature (LT) 250°C epitaxial Ge (Sample A), (ii) 1-step high-
temperature (HT) 400°C epitaxial Ge (Sample B), and (iii) two-step LT/HT epitaxial Ge ~ 135 nm thick
(Sample C). A growth rate of ~0.025um per hour was utilized for Ge epitaxy and following the Ge growth,
the sample was slowly cooled down to prevent any thermal cracking.

6.4 Structural and Material Characterization

Comprehensive material characterization studies were performed to evaluate the quality of direct epitaxial
Ge grown on Si in terms of crystalline quality, residual strain due to thermal mismatch, surface roughness,

dislocations and defects formation, atomic inter-diffusion and electrical transport properties.

6.4.1 Surface Morphology — AFM

The surface morphology and roughness was investigated using atomic force microscope (AFM) in Scan
Asyst Mode on Bruker Dimension Icon AFM system. For a scan size of 10x10 pum, the rms roughness of
sample A (grown at 250°C) and sample B (grown at 400°C) were found to be 1.37 nm and 2.32 nm,
respectively as shown in Fig. 4(a) and (b), respectively. The film surface for sample grown at LT was
smoother since the growth mode was more like Frank—van der Merwe (or layer-by-layer) growth. However,
such a LT epitaxial Ge template would not be stable for subsequent HT GaAs growth. Hence, a combination
of LT and HT growth sequence was utilized (sample C) resulting in an rms roughness of 1.91 nm, as shown
in Fig. 4(c).

6.4.2 Crystallinity and Strain Relaxation Properties — XRD

High-resolution triple-axis X-ray diffraction allowed insight into the crystal quality of the epitaxial Ge layer
grown on Si. The XRD measurements were performed on a Panalytical X’pert Pro system. A full-width at

half maxima (FWHM) of 250 arcsec for 135 nm thick Ge directly grown on Si substrate is representative
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of excellent crystal quality for sample C as shown in Fig. 5. Furthermore, XRD measurements revealed no

formation of SiGe compound, attributed to suspected diffusion during the initial growth of Ge on Si. Also,
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Fig. 5 XRD rocking curve for sample C, indicating an excellent FWHM-~ 250 arcsec, with no formation
of SiGe compound.
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it is worth mentioning that, in spite of an initial low growth temperature of 250°C, a FWHM of 250 arcsec

represents excellent crystalline quality of sample C.

6.4.3 Defects and Dislocations - TEM

High-resolution tunneling electron microscopy (HR-TEM) was performed on sample C using a JOEL 2100
microscope. The electron transparent foils of thin film cross-sections were prepared by using standard
polishing sequence involving mechanical grinding, followed by dimpling and low temperature Ar ion beam
milling. The TEM micrographs of Fig. 6(a) illustrates a uniform thickness of ~ 135 nm of epitaxial Ge
grown directly on Si with a well-defined and an abrupt interface (sample C). The corresponding high-
resolution TEM micrograph in Fig. 6(b) reveals good crystal quality for direct epitaxial Ge grown on Si. A
few dislocations propagating into the Ge layer cancel out themselves, likely due to the thermal annealing
during the growth as shown in Fig. 6(b), while a few micro-twins, such as the one shown in Fig. 6(c)
propagate towards the Ge surface. Further understanding of growth mechanism at the Ge-Si interface would

be necessary to minimize such dislocation propagation.

Si (100) 6° offcut substrate
500 nm

Fig. 6 (a) TEM micrographs for sample C, (b) HR-TEM micrographs indicating few dislocations cancel
out themselves as shown in (b), while a few micro-twins propagate to the Ge surface, as shown in (c).
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6.4.4 Raman Spectroscopy

Raman spectroscopy was performed to gauge the in-plane strain in Ge epilayers and to further evaluate the
crystalline quality in relation to the peak broadening. The measurements were performed utilizing a JY
Horiba LabRam HR800 system equipped with a 514.32 nm Laser Physics 100S-514 argon laser excitation
source. Fig. 7 shows the Raman spectroscopy plot for bulk Ge substrate and for directly grown epitaxial
Ge-on-Si sample (sample C). The thermal expansion coefficient for Si, GaAs and Ge are - o(Si) = 2.6x10°
6°C? a(GaAs)=5.7 x10°°Ct and a(Ge) = 5.9-10-6 “C* at 300 K, respectively. The peak located at 300.90
cmtis the Ge-Ge phonon mode from bulk Ge and the slightly shifted peak at 301.44 cm™is from the virtual
Ge-on-Si substrate (sample C). The shift in wavenumber for the Ge-on-Si sample could be attributed to the
minimal residual strain in the Ge epilayer induced during cooling of the sample after growth (thermal
mismatch between Ge and Si). It is evident that the 135 nm epitaxial Ge grown directly on Si substrate is
almost fully relaxed. It is well known that impurities, defects and dislocations could distort the lattice
structure and attribute to the FWHM broadening. It is also worth noting that there is minimal change in
peak broadening associated with the FWHM for Ge-on-Si sample in comparison to bulk Ge substrate,
suggesting very good crystal quality of direct epitaxial Ge layer grown on Si substrate.
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Fig. 7 Raman spectroscopic plot for bulk Ge substrate and for direct Ge grown on Si sample (sample C).
Almost negligible FWHM associated peak broadening is observed for sample C in comparison to bulk
Ge and almost no residual strain is induced in the direct epitaxial Ge-on-Si films.
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6.4.5 Atomic Inter-diffusion - SIMS

Dynamic secondary ion mass spectrometry (D-SIMS) was used to profile the epitaxial Ge/Si interface and
determine the extent of interdiffusion between layers. SIMS analysis was performed using a Cameca IMS-
7f GEO utilizing a 5 kV Cs+ bombardment and molecular Cs ion detection (CsGe+ and CsSi+) in order to
reduce matrix effects and minimize mass interference. Transmission electron microscopy measurements of
the epitaxial Ge layer thickness were used to establish the depth scale within an estimated error margin of
~5%. The inter-diffusion between Ge and Si atoms across the heterointerface is shown in Fig. 8. Almost
negligible inter-diffusion depth profiles of ~ 20-30 nm were observed for both Ge and Si, indicating very
low level of intermixing between Si and Ge. The higher Si signal near the interface is likely attributed to
the matrix transition effect. However, further experiments would be essential to probe into the reasoning

for higher Si concentration towards the Ge surface.
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Fig. 8 Dynamic SIMS plot for sample C indicating negligible inter-diffusion at the Ge/Si heterointerface.

6.4.6 Temperature Dependent Hall Mobility

To investigate the electrical transport properties of epitaxial Ge layers directly grown on Si substrate
(sample C), we measured the carrier mobility of Ge using Hall measurement by Van der Pauw method for
a temperature range of 90 K to 315 K under a fixed magnetic field of 0.55T on Ecopia HMS5000 Hall

measurement system. Fig. 9 shows electron mobility and sheet carrier density measured as a function of
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Fig. 9 Hall mobility and the sheet carrier density measured as a function of the temperature from 90 K to
315 K.

temperature. Room temperature electron mobility was measured to be 241 cm?/Vs at 290 K at sheet carrier
density, ns = 5.46x10% cm. At low temperature (90 K), the mobility was measured to be 249 cm?/V at
sheet carrier density, ns = 3.53x10** cm™ (donor concentration, ng = 4.55x10 cm3), which suggests about
a 35% carrier freeze-out in comparison to RT sheet carrier density, most likely due to the dislocations in
the epitaxial Ge films grown on Si. Further reduction in dislocation density would be pivotal to improve

the carrier mobility and minimize the carrier freeze-out.

6.5 Summary

We have proposed a novel design for monolithic integration of 111-V multijunction solar cells on Si utilizing
an intermediate Ge layer, serving both as an active layer and as a buffer layer to realize a hybrid Ge-Si
bottom subcell. Comprehensive band-alignment assessment at the Ge/Si heterointerface revealed the
importance of utilizing p-Ge on n-Si polarity to allow unrestricted carrier flow to enable an active bottom
Si subcell. Due to high optical absorption, adjusting Ge thickness allows easy current-matching in 3J
InGaP/GaAs/Ge-Si architecture, while minimizing the active Si thickness opens up avenues for releasing
the bulk substrate for multiple reuses. Modeled 1-sun current-matched efficiency of 34.42% is demonstrated
for an ideal 3J InGaP/GaAs/Ge-Si solar cell under AM1.5g, while a more realistic efficiency of 32.70% is
expected when surface recombination is taken into account. Efficiency of such 3J solar cells under
concentrated sunlight is expected to be over 40%, indicating a promising future for low-cost and high-

efficiency I11-V-on-Si photovoltaics. We also demonstrated heterogeneous integration of high-quality, and
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thin epitaxial Ge directly grown on Si substrate using molecular beam epitaxy. Fig. 10 shows optical
image of direct Ge-on-Si surface quality. Milky white surface was observed during our initial Ge-
on-Si runs prior optimization (left-image). By employing a two-step growth scheme (LT/HT
growth) in addition to an in-situ thermal annealing step, the surface quality improved drastically
(right image). High-resolution TEM confirmed a sharp Ge/Si heterointerface with only few defects
propagating towards the Ge surface. SIMS analysis revealed almost negligible inter-diffusion between the
Ge and Si atoms, while XRD confirmed excellent crystal quality of 135 nm thin Ge directly grown on Si.
Raman spectroscopy confirmed excellent crystalline quality and almost fully-relaxed nature of direct
epitaxial Ge films on Si. RMS surface roughness as low as 1.37 nm were demonstrated for epitaxial Ge
directly grown on Si, suggesting a promising step towards the realization of virtual “Ge-0n-Si” substrates

for monolithically integrated, low-cost and high-efficiency I11-V-on-Si photovoltaics.

(a) (b)

Fig. 10 Optical image of direct Ge-on-Si surface. (a) Initial Ge-on-Si run prior optimization, (b) current
process-of-record for direct Ge-on-Si growth utilizing a sequence of LT/HT growth.
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Chapter 7

Conclusions & Future Outlook

Publication

N. Jainand M. K. Hudait (Invited Review), "l11-V Multijunction Solar Cell Integration with Silicon: Present
Status, Challenges & Future Outlook", Energy Harvesting and Systems, 1 (3-4), pp. 121-145, 2014.

This chapter summarizes the key findings and accomplishments of the research. Potential research

directions to pursue heterogeneous integration of 111-V-on-Si solar cell research and advance the-state-of-

the-art are presented. Finally, we conclude with the prospects, opportunities and future outlook towards

further advancing the performance of I11-V-on-Si multijunction solar cells.

7.1 Key Accomplishments

=

Developed a comprehensive simulation platform for modeling & designing metamorphic 111-V multi-
junction solar cells on Si for 1-sun and concentrated photovoltaic operation incorporating threading
dislocations. A guideline for dislocation tolerance for 111-V-on-Si solar cells was presented.

The onset of degradation in open-circuit voltage was found to occur at a lower threading dislocation
density (TDD) than in short-circuit current density, indicating that open-circuit voltage is more sensitive
to TDs (simulation).

In the 2J InGaP/GaAs solar cells on Si substrate, the GaAs subcell was found to be the current-limiting
one, while in 3J InGaP/GaAs//Si solar cells, the active Si substrate subcell was found to limit the overall
current in two-terminal configuration (simulation).

We demonstrated that in spite of a TDD ~10° cm™, a theoretical conversion efficiency of greater than
29% (AM1.5g) could be achieved for lattice-mismatched 2J InGaP/GaAs solar cells on Si by realizing
current-matching conditions taking into account TDD. Thus, suggesting comparable performance to

lattice-matched GaAs solar cells (simulation).
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10.

11.

12.

13.

14.

15.

Demonstrated that the optimization of front grid spacing and sheet resistance of the window layer were
the key design parameters to extend the peak performance towards higher concentrations for CPV
(simulation).

We demonstrated a theoretical conversion efficiency in excess of 33% at 600 suns for 2J InGaP/GaAs
solar cell on Si at a TDD of 10° cm and showed the importance of optimizing the cell design for a
target concentration and for a specific TDD (simulation).

By adding an active Si subcell underneath a 2J InGaP/GaAs solar cell, an absolute 3% performance
improvement to 32% (AM1.5g) could be expected at a TDD of 10 cm? (simulation).

Heterogeneous epitaxy of GaAs and Ge directly on Si substrate utilizing non-selective area epitaxy and
thin buffers (2 um for GaAs and < 150 nm for Ge).

Demonstrated that no unintentional Si junction is created during initial low temperature GaAs-on-Si
growth during molecular beam epitaxy of GaAs directly on Si.

Led the entire development a four-level solar cell fabrication process for GaAs-on-Si solar cells with
all front-side metal contacts to circumvent the carrier flow from dislocated buffer.

Successfully overcame grid-finger swim-away during lift-off and precise mesa etch slope and depth
control for placement of both front-side metal contacts.

The high dislocation density was identified as the key factor limiting the performance of “GaAs-on-Si”
solar cell, confirmed by the degradation in open-circuit voltage for 1J GaAs-on-Si solar cell.

1J GaAs solar cell grown on Si substrate with a 6° offcut was found to exhibit a higher Vo in
comparison to a 4° offcut Si substrate.

A novel approach for I11-V solar cell integration on Si substrate using direct and ultra-thin intermediate
Ge buffer layer targeted towards high-efficiency and low-cost photovoltaic was developed.

We have also demonstrated a novel proof-of-concept to reduce the TDD by leveraging the misfit strain
from single-strained GaAsSh layer embedded in the direct GaAs buffer on Si. This is a promising path
to bend the threading dislocations horizontally instead of allowing them to propagate vertically into the

active device layers.

7.2 Conclusions

The objective of this dissertation has been to systematically investigate heterogeneously integrated I11-V

multijunction solar cells on Si substrate. Utilizing a combination of comprehensive solar cell modeling and

experimental techniques, we have been able to better understand the material properties and correlate them

to improve the device performance. Key technical design considerations and optimal performance

projections have been discussed for integrating metamorphic 111-V multijunction solar cells on Si substrates

for 1-sun and concentrated photovoltaics. Key factors limiting the “GaAs-on-Si” cell performance were
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identified, and novel approaches focused on minimizing threading dislocation density were discussed.
Finally, we proposed a novel epitaxial growth path utilizing high-quality and thin epitaxial Ge layers
directly grown on Si substrate to create virtual “Ge-on-Si” substrate for III-V-on-Si multijunction
photovoltaics. With the plummeting price of Si solar cells accompanied with the tremendous headroom
available for improving the 111-V solar cell efficiencies, the future prospects for successful integration of
I11-V solar cell technology with Si substrate looks very promising to unlock an era of next generation of
high-efficiency and low-cost photovoltaics. The key findings of the dissertation are summarized below:

1. We have comprehensively investigated the impact of threading dislocations density (TDD) on the
design and performance of 1J GaAs and 2J InGaP/GaAs solar cell on Si substrate for 1-sun and
concentrated photovoltaic applications. Using comprehensive modeling designs coupled with realistic
material parameters, we predicted the optimal performance of 111-V solar cells on Si substrate taking
into account the dislocation density. “GaAs-on-Si” solar cells with high dislocation density suffer from
higher dark current associated with n=2 depletion region recombination. As a result, for both 1J and 2J
cell configurations, the onset of degradation in Vo was found to occur at a lower TDD than in Jg,
indicating that V. was more sensitive to TDD as compared to Js. In the 2J configuration, we found
that the GaAs subcell was more sensitive to dislocations and hence limited the overall short-circuit
current density in the 2J configuration. At the interfaces in the top InGaP subcell, the surface
recombination velocities below 10* cm/s were found to have negligible impact on the 2J cell
performance. Dislocation-dependent current-matching has been shown to be a powerful technique for
maximizing the performance of metamorphic I11-V-on-Si solar cells. The design of the 2J InGaP/GaAs
cell on Si was optimized at a TDD of 10°cm to achieve current-matching between the two subcells.
By thinning the base thickness in the top InGaP subcell, the 2J cell efficiency increased to 29.62%
under AM1.5g 1-sun condition, comparable to the record efficiency of 31.1% for 2J InGaP/GaAs solar
cells on lattice-matched GaAs substrate (NREL). Thus, even in a lattice-mismatched 2J InGaP/GaAs
cell on Si with TDD of 10°cm, a theoretical conversion efficiency of greater than 29% at AM1.5g
could be achieved by tailoring the device design, suggesting an optimistic future for direct integration
of 111-V solar cells on Si substrate. Once experimentally realized, this technology would offer a new
paradigm for the advancement of low cost I11-V solar cells and foster innovative avenues to harness the
excellent energy conversion properties of 111-V semiconductors with the volume manufacturability of
Si.

2. We also demonstrated a design methodology oriented towards maximizing the performance of 2J
InGaP/GaAs solar cell on Si for concentrated photovoltaics, incorporating threading dislocations. The

current-matching condition under AM1.5d was realized at TDD varying from 10°to 10’ cm™, emanating
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16.

from the mismatch between GaAs and Si substrate. The optimization of front grid spacing and sheet
resistance of the window layer were the key design parameters taken into consideration for extending
the peak performance towards higher concentrations. The design trade-offs between the losses due to
grid shadowing and series resistance were optimized to maximize the performance under higher
concentration. At a TDD of 10° cm?, the optimal grid finger-pitch was found to be 100 pm,
demonstrating an efficiency of 32.49% at 300 suns. Increasing the window layer doping from n=2x10%#
cm® to n=5x10'8 cm allowed to extend the peak performance to 600 suns, improving the conversion
efficiency to 33.11%, a greater than absolute 3.5% performance improvement compared to 1-sun. We
have demonstrated the importance of optimizing the cell design for a target concentration at a specific
threading dislocation density. Our model predicts theoretical conversion efficiency in excess of 33%
at 600 suns for 2] InGaP/GaAs solar cell on Si at a TDD of 10° cm. The performance results are
encouraging and show a promising future for integrating metamorphic I11-V concentrator solar cells on

Si substrate for CPV applications.

We have proposed a novel design for heterogeneous integration of 3J InGaP/GaAs//Si tandem solar
cell with Si as an active subcell. We present key insight into the design of GaAs buffer architecture for
the optimal down-selection of the buffer doping and thickness to maximize the photon flux penetration
to the bottom Si subcell. Si subcell was found to be the current-limiting subcell even under ideal case
scenario when no dislocation or a buffer between III-V and Si subcell was assumed. Thus, suggesting
novel engineering schemes would be essential on the back-side of the Si substrate to leverage light
management and reflection back into Si subcell. Rigorous numerical simulations reveal the importance
of a thin GaAs buffer architecture with doping concentration less than n=1x10® cm™ in order to allow
maximum light penetration to the bottom current-limiting Si subcell. Current-matched 1-sun 3J cell
efficiency of 32.13% and 36.39% was realized when no buffer layer was present between the 111-V and
Si subcell under AM1.5d and AM1.5g spectra, respectively. When a 0.5 um thick GaAs buffer layer
was employed, the 1-sun efficiency (AM1.5d) dropped to 29.30% at a TDD of 106 cm2 and to 27.23%
at a TDD of 10" cm™. Efficiency in excess 27.23% at a TDD of 10’ cm™ suggests good tolerance of
dislocations in our designed structure primarily due to reduced thickness of the 111-V solar cell layer
needed for current-matching. Finally, a novel 3J InGaP/GaAs/Si solar cell design at a TDD of 106 cmr
2 js presented with theoretical efficiency in excess of 33% at 200 suns, suggesting a promising future

for integrating 111-V solar cells on Si substrate for concentrated photovoltaics.

Utilizing a combination of comprehensive solar cell modeling and experimental techniques, we have

been better able to understand the Il1-V-on-Si material properties and correlate them to device
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performance. The key technical challenge to improve the performance of “GaAs-0n-Si” solar cell is to
reduce the TDD propagation into the active cell layers and the LCL, besides improving the material
quality. We have demonstrated a non-selective area, high-quality and thin (2 um) epitaxial GaAs buffer
directly grown on Si substrate. Si substrate cleaning, oxide desorption and initial low-temperature GaAs
nucleation were found to be among the most critical components influencing the quality of GaAs-on-
Si buffer. 1J GaAs solar cells grown on Si substrate with a 6° offcut were found to exhibit a higher V.
in comparision to 4° offcut Si substrate.We have also demonstrated a novel proof-of-concept to reduce
the TDD by leveraging the misfit strain from single-strained GaAsSbh layer embedded in the direct
GaAs buffer on Si. This is a promising path to bend the threading dislocations horizontally instead of
allowing them to propagate vertically into the active device layers. Such an approach of a single
strained-layer is a more scalable and controllable process in comparison to multiple strained layer

super-lattice structures.

We have successfully overcome several fabrication related process integration challenges including the
issue of grid-finger swim-away during lift-off, precise mesa etch slope and depth control for placement
of both front-side metal contacts. We have shown the performance benefits of utilizing both front-side
metal contacts in comparison to the conventional approach of bottom contact on the back-side of the
wafer. The dislocation density in the buffer and the series resistance from the bulk-substrate drastically
affects the fill-factor. However no change in Jsc or Vo Was observed, suggesting that the arsenic
diffusion into Si during initial GaAs growth was insufficient in creating a Si junction cell. Optical and
electrical characterization of our in-house fabricated solar cells was carried out to investigate the solar
cell performance. High dislocation density for the “GaAs-on-Si” solar cell degraded the carrier
collection in the GaAs base, suggested by the quantum-efficiency measurement. From the dark I-V
measurement, a high value of the ideality factor for “GaAs-on-Si” solar cell represented n=2 depletion
region recombination process, resulting in much higher dark current attributed to the high dislocation
density. Consequently, a 1J GaAs-on-Si demonstrated an efficiency of 11.55%, while lattice-matched
1J GaAs solar cell on GaAs substrate (control sample) demonstrated a 23.55% under AM1.5g spectrum.
1J GaAs solar cells grown on Si substrate with a 6° offcut were found to exhibit a higher Vo in
comparision to 4° offcut Si substrate. An efficiency of 12.77% was achieved for 1J GaAs solar cell
directly grown on 6° offcut Si substrate, utilizing a 2 um GaAs buffer. The open-circuit voltage was
found to be more impacted by dislocations than short-circuit current density, a finding inconsistent with
our dislocation assisted solar cell modeling. Thus, the high dislocation density was identified as the key

factor limiting the performance of “GaAs-0n-Si” solar cell.
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We have proposed a novel approach for reducing the dislocation density in I11-V-on-Si multijunction
solar cells. A design for monolithic integration of 111-V multijunction solar cells on Si utilizing an
intermediate Ge layer, serving both as an active layer and as a buffer layer to realize a hybrid Ge-Si
bottom subcell is presented. Comprehensive band-alignment assessment at the Ge/Si heterointerface
revealed the importance of utilizing p-Ge on n-Si polarity to allow unrestricted carrier flow to enable
an active bottom Si subcell. Due to high optical absorption, adjusting Ge thickness allows easy current-
matching in 3J InGaP/GaAs/Ge-Si architecture, while minimizing the active Si thickness opens up
avenues for releasing the bulk substrate for multiple reuses. Modeled 1-sun current-matched efficiency
of 34.42% is demonstrated for an ideal 3J InGaP/GaAs/Ge-Si solar cell under AM1.5g, while a more
realistic efficiency of 32.70% is expected when surface recombination is taken into account. Efficiency
of such 3J solar cells under concentrated sunlight is expected to be over 40%, indicating a promising
future for low-cost and high-efficiency 111-V-on-Si photovoltaics. We also demonstrated heterogeneous
integration of high-quality, and thin epitaxial Ge directly grown on Si substrate using molecular beam
epitaxy. High-resolution TEM confirmed a sharp Ge/Si heterointerface with only few defects
propagating towards the Ge surface. SIMS analysis revealed almost negligible inter-diffusion between
the Ge and Si atoms, while XRD confirmed excellent crystal quality for the 135 nm thin Ge directly
grown on Si. Raman spectroscopy confirmed high crystalline quality and almost fully-relaxed nature
of direct epitaxial Ge films on Si. RMS surface roughness as low as 1.37 nm were demonstrated for
epitaxial Ge directly grown on Si, suggesting a promising step towards the realization of virtual “Ge-
on-Si” substrates as an alternate and promising route for monolithically integrated, low-cost and high-

efficiency I11-V-on-Si photovoltaics.

7.3 Prospects for Future Research

This research explores and evaluates the heterogeneous integration of 111-V multijunction solar cells on Si

substrate utilizing a combination of comprehensive solar cell modeling and experimental approach. Further

investigations along the following prospective research directions could extend the current scope of the

work to better understand the material properties and correlate them to improve the 111-V-on-Si solar cell

performance:

1. The key technical challenge to improve the performance of “GaAs-on-Si” solar cell is to reduce the

threading dislocation density. We demonstrated the use of single-strained layer embedded in the direct
GaAs buffer on Si as an interesting path to reduce the dislocation density by leveraging the misfit strain

from GaAsSb layer to bending the threading dislocations horizontally instead of vertical propagation
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into the active device layers. Such an approach of a single strained-layer is a more scalable and
controllable process in comparison to multiple strained layer super-lattice structures. In addition, the
surfactant property of “Sb” in GaAsSb is expected to aid in the dislocation glide. Further investigation
and optimization of the GaAsSh ternary layer in terms of Sb composition, layer thickness, and layer
position and growth conditions could be exploited to achieve substantial reduction in dislocation
density. Interestingly, alternative single strained layers such an InGaAs or even GaAsP could be
investigated in relation to exploiting schemes for further dislocation reduction.

Utilizing Si as an active junction has tremendous potential for 111-\V-on-Si multijunction solar cells. Si
as an active subcell is likely to limit the current in conventional 3J InGaP/GaAs//Si multijunction. In
this dissertation, triple-junction solar cell design with 1-sun efficiency exceeding 30% have been
proposed based on IlI-V-on-Si solar cell technology utilizing GaAs buffer. As explored in this
dissertation, one of the most critical challenges for incorporating an active Si junction involves novel
schemes on the back-side of the Si substrate to enhance the short-circuit current density in the Si subcell.
Additionally, utilizing large bandgap buffers such as AlGaAs or InGaP or even thinning down the GaAs
buffer thickness are possible routes to increase the light penetration to the bottom Si subcell.
Furthermore, would be interesting to evaluate the scope of in-situ arsenic diffusion during MBE growth
in comparison to conventional Si diffusion. The findings will prove to be very valuable for closing the
performance gap between lattice-mismatched I11-V solar cells on Si substrate and lattice-matched I11-

V solar cells on GaAs substrate.

Our focus has been integrating GaAs solar cell on Si substrate since based on our simulation, a good
quality GaAs subcell on Si substrate is the most critical component towards realizing high-efficiency
multijunction solar cells. Research extending 1J cells towards multijunction solar cells would be an
interesting avenue to explore, especially since based on our simulation results InGaP, the top subcell in
a multijunction configuration, is expected to be less severely impacted by threading dislocations.
Experimental results validating our current-matching dual-junction cell designs would be critical in
providing design-to-material-to-device feedback. Experimental efficiency of dual-junction based Il1-
V-on-Si solar cells have merely reached efficiencies in the vicinity of 20% under AM1.5g, while their

predicted efficiencies are well above 30% under AM1.5g spectrum.

Exploring the proposed novel epitaxial route for integrating I11-V multijunction solar cells utilizing
ultra-thin and very high-quality direct “Ge-on-Si” virtual template has very promising prospects. In this

dissertation, triple-junction solar cell design with 1-sun efficiency exceeding 30% has been proposed
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based on I11-V-on-Si solar cell technology utilizing Ge buffer. Although, it will be challenging to realize
an active Si subcell using small bandgap Ge buffer, nonetheless virtual “Ge-on-Si” template could
providing a promising platform for subsequent lattice-matched GaAs solar cell epitaxy. The direct “Ge-
on-Si” growth could be further optimized by exploring combination of different growth temperatures,
growth rates and annealing conditions to create virtual “Ge-0n-Si” template for subsequent high-quality

GaAs solar cell epitaxy.

5. The modeling frame presented in this dissertation provides a promising starting platform to extend the
work towards integration 3J and beyond I11-V based multijunction solar cells on Si substrate. The
dislocation-dependent current-matching scheme could be explored to study metamorphic low bandgap
InGaAs (1eV and 0.7eV) solar cells and better understand the role of threading dislocations on their
performance. Furthermore, as new experimental data becomes available in the future for dislocation-
dependent minority carrier lifetime and minority carrier mobility, the models proposed in this
dissertation could be further strengthened and extended to bridge the gap between experimental and
simulation results and could become an extremely valuable tool to design and predict the performance
of lattice-mismatched I11-V multijunction solar cell performance on Si substrate.

7.4 Scope & Future Outlook

One of the most promising near term routes for integration of I11-V solar cells on Si substrate would be to
create virtual “GaAs-0n-Si” substrate for the subsequent growth of state-of-the-art 3J
InGaP/GaAs/InGaAsNSb solar cells (which are 44% efficient under 947 suns when grown on GaAs
substrate [1]) which are lattice-matched to GaAs as shown in Fig. 1(a). Although, this approach would
utilize the Si substrate as a passive template, such an approach could leverage commercially available GaAs
substrate re-use techniques for additional cost reduction [2, 3]. However, very high quality GaAs-on-Si
template would be essential which would not only require a low TDD, but also be negligibly impacted by
thermal mismatch. Successful realization of such virtual GaAs-on-Si template can be very challenging and
would require novel buffer architectures which might leverage a combination of existing buffer approaches,
but not limited to: (i) direct GaAs growth on Si involving TCA and SLSs, (ii) direct Ge epitaxy on Si, (iii)
graded GaAsP buffer, and (iv) graded SiGe buffer. Triple junction solar cells with GalnP/GaAsP/SiGe
subcells on an inactive Si substrate utilizing SiGe graded buffer could also be an interesting future path to

explore.

When utilizing Si substrate as an active bottom subcell for 3J designs, InGaP or AlGaAs would likely be

the preferred top cell material choice, while GaAsP or GaAs would be the preferred middle cell material.
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Fig. 1 Routes towards high-efficiency Il1-V-on-Si concentrator solar cells utilizing heteroepitaxial
integration approaches are shown in (a), (b), (c) and through a combination of heteroepitaxial and
mechanical stacking approaches are shown in (d) and (e). Fig. (a)-(d) represent the most likely path
towards >40% efficiency under AM1.5d concentrated sunlight for 3J I11-VV-on-Si multijunction solar
cells, while Fig. (e) represents the likely path for >45% efficiency utilizing 4J 111-V-on-Si multijunction
solar cells. Other possible route for high-efficiency I11-V-on-Si solar cells could be based on the standard
inverted metamorphic 3J or 4J cells on a GaAs-on-Si substrate (not shown in the figure) [4]. Used with
permission from EHS, 2014.

The three most promising near-term routes for 3J I11-V-on-Si solar cell with an active Si substrate include:
(i) 1.9eV InGaP/1.4eV GaAs 2J solar cells epitaxially grown on a virtual GaAs-on-Si template with an
active Si substrate (see Fig. 1(b)), (ii) more ideal bandgap combination could be realized using 2eV InGaP
with 1.5eV GaAsP on Si using a metamorphic GaAsP buffer (see Fig. 1(c)), and (iii) mechanically-stacked
or wafer bonded 2J InGaP/GaAsP solar cells onto an active bottom Si substrate (see Fig. 1(d)). In-order for
such 3J I11-V-on-Si solar cell designs to exceed 40% efficiency (under concentrated sunlight), careful
attention needs to be given to dislocation and thermal-mismatch management for metamorphic materials

on Si, proper tunnel-junction designs (especially for metamorphic GaAsP route), and appropriate bonding
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layer with optical transparency and good electrical conductivity. Additionally, the bottom Si subcell is
likely to be the current-limiting subcell in such designs and would therefore require novel backside substrate
engineering to maximize the current density for successful multijunction designs. Utilizing 111-V-on-Si
integration approach, tandem solar cells with four junctions or more would be essential to push the
efficiency beyond 45% under concentrated sunlight. If Si substrate were to be used as an active subcell, it
would likely require a bottom subcell beneath the Si substrate with a bandgap of ~0.6-0.7eV (likely to be
InGaAs or Ge) as shown in the Fig. 1(e). Such 4J designs would likely involve a combination of
metamorphic epitaxial growth and mechanical stacking.

In summary, direct integration of 111-V solar cells on large diameter, cheaper and readily available Si
substrate is highly desirable for increased density, low-cost, lightweight & high-efficiency photovoltaics.
I11-V integration on Si combines the excellent optical properties of compound semiconductors with the
volume manufacturability of silicon allowing a path for significantly driving down the cell cost. I1I-V on
Si technology is also attractive from the point of view of integration with commercially available substrate
re -use techniques for additional cost savings such as the spalling [2] and the epitaxial lift-off techniques
[3]. Furthermore, the direct GaAs on Si epitaxy would enable this approach to be easily extended and
employed in conjunction with the current record efficient 3J solar cells utilizing dilute nitride bottom cell
[1] as well as with the current state-of-the-art inverted metamorphic (IMM) triple junction solar cell
production lines. Integration of such high-efficiency I11-V multijunction solar cells on significantly cheaper
and large area Si substrate has the potential to address the future LCOE roadmaps by unifying the high-
efficiency merits of 111-V materials with low-cost and abundance of Si. With the recent advancements in
both the heteroepitaxial and mechanically stacked integration approaches and the tremendous headroom
available for I11-V solar cell performance improvement, efficiencies exceeding 35% and 40% under 1-sun
and concentrated sunlight, respectively, seems achievable for I11-V-on-Si multijunction solar cells,
indicating a promising future for high-efficiency and low-cost I11-V-on-Si photovoltaics. Novel, robust and
scalable substrate re-usable techniques are expected to further lower the cost per watt for 111-V solar cell

technology.
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(i) List of Useful Links

Bandgap and lattice-constants for I11-Vs.

http://www.cleanroom.byu.edu/EW ternary.phtml

Properties of I11-V semiconductors
http://www.semiconductors.co.uk/propiiiv5653.htm
http://www.ioffe.rssi.ru/SVA/NSM/Semicond/GaAs/

Doping and resistivity conversion for Si

http://www.cleanroom.byu.edu/ResistivityCal.phtml

Molecular beam epitaxy

https://faebianbastiman.wordpress.com/category/mbe-fundamental-principles/

Etching
http://en.wikibooks.org/wiki/Microtechnology/Etching Processes

http://terpconnect.umd.edu/~browns/wetetch.html

http://www.cleanroom.byu.edu/wet_etch.phtml

Optical Constants and ARC Design

http://www.filmetrics.com/reflectance-calculator

http://refractiveindex.info/

Journal Abbreviations

http://cassi.cas.org/search.jsp
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