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Response to Reviewers 
Prepared by Packet Digital and Dr. Robert Walters of the Naval Research Lab 

1. Objectives 

Response to Reviewer 1C:  

The reviewer indicated a lack of quantification of the increased UAS flight endurance to be                             
obtained from the results of this project. We acknowledge this was not made very clear in the                                 
proposal, and we take the chance now to provide more concrete details. 

As a baseline, we take a “typical”, batterypowered, fixedwing, Small Unmanned Aircraft System                         
(SUAS) such as the Raven or Puma, which are commercially available aircraft used extensively                           
by the DOD. Depending on flight conditions (wind speed, flight speed, altitude, etc.), these aircraft                             
have between 2 and 4 hours of battery life and hence flight time. The analyses we have                                 
performed in our Phase I effort indicate that, with the chosen aircraft and battery pack, the                               
advanced power control system from Packet Digital and the highefficiency solar arrays from NRL,                           
we can achieve about 19.5 hrs of flight time. This is roughly 5 times improvement and very                                 
nearly enables full 24hour endurance. Furthermore, this analysis does not include solar soaring                         
during daytime flight, so this is a very conservative estimate. Most commercial UAS flight times                             
are, on average, 15 to 90 minutes. With our advances to date, we believe we can achieve 5 times                                     
those average fly times, enabling the industry for additional applications previously limited due to                           
shortened fly times. Specifically in North Dakota, extended fly times with realtime data distribution                           
provided by our software will enable the applicability of UAS to agriculture and pipeline                           
management.  

This project addresses North Dakota’s goals of advancing renewable energies and establishing a                         
leading role in the UAS commercial sector.  

Based on the results of Phase I, we have produced an analysis showing that with the current                                 
airframe and battery capacity, 22% efficient solar cells will provide “throughtheday” flight                       
endurance of between 19 and 22 hrs depending on flight conditions. Such endurance capability                           
has the potential to establish a huge commercial market for a wide range of applications.                             
Moreover, this can be achieved with the highperformance, commercial solar cells from a third                           
party, obtained via a strategic collaboration. Thus, our proposed project is poised to place North                             
Dakota at the forefront of this commercial market and to have the first mover advantage. 

This will be achieved by establishing the UAS solar wing manufacturing in North Dakota, as part                               
of the overall UAS assembly. It is important to note that while the 22% efficient Si solar cells can                                     
be obtained through this collaboration, the array manufacturing capability does not exist. The                         
process for interconnecting the solar cells, assembling them into strings, and laminating them into                           
flexible sheets is presently being performed by NRL with support from space solar array                           
manufactures acting as subcontractors. Furthermore, the process of integrating these flexible                     
sheets as the faceskin of the UAS wing is presently being done by NRL. These activities must be                                   
transitioned to a commercial manufacturer, and we propose this manufacturer be in North Dakota.                           
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We consider this to be the first generation of our solarUAS product that will create                             
unprecedented capability to the SUAS commercial space and place North Dakota clearly in the                           
lead. This first generation system will establish a renewable energypowered system                     
manufactured in North Dakota that addresses the goals of both the North Dakota REC and the                               
North Dakota goals for UAS manufacturing. 

Endless endurance solarUASs, the ultimate goal of this project, will be achieved through system                           
efficiency improvements, primarily in solar cell efficiency. We will achieve this by leveraging the                           
DOD funded efforts at NRL which are part of the matching funding of this project. By participating                                 
in the photovoltaic technology development at NRL, this North Dakota REC project stands to gain                             
immediate access to the next generation solar cells. When available, these solar cells can be                             
directly inserted into the UAS solarwing manufacturing, enabling a secondgeneration UAS                     
system, manufactured in North Dakota, with revolutionary capability. This enhanced capability will                       
expand the commercial UAS space. 

While the new solar cell technologies being produced by NRL can be manufactured in various                             
foundries in the US, it could be a further opportunity in North Dakota manufacturing if the new                                 
solar cell technology is manufactured here. This is quite an enticing idea considering that these                             
new solar cells are applicable not only to UAS but across a wide spectrum of terrestrial power                                 
systems. 

Thus, this project can be seen as a twostage process. In the first stage, we will place North                                   
Dakota in the position of manufacturing flexible solar arrays using existing solar cells and rapidly                             
breaking into the UAS commercial market. As the project continues, NRL will interject the                           
advanced solar cell technologies to enhance the system performance and thereby expand the                         
market base even further and allowing North Dakota to be in the position of dominating the UAS                                 
commercial space with this advanced renewable energy technology. Further, since the solar                       
technology being transitioned from NRL to Packet Digital is applicable to a wide variety of                             
terrestrial power applications, North Dakota will be positioned as a possible solar manufacturing                         
state. 

Response to Reviewer 2C:  

The intended outcome of this proposal is to help develop the UAS industry in North Dakota and                                 
that jobs created with this proposal will be longterm positions. It is expected that these will be                                 
highpaying, technically rewarding jobs that will help retain some of the talent that comes out of                               
the North Dakota university system. Since this proposal was originally submitted, Packet Digital                         
has formed a joint venture with Aerobotic Innovations, known as Botlink. Botlink is currently (June                             
2015) seeking to fill eight fulltime, permanent engineering/development positions. In addition, we                       
currently have at least 20 employees working on the initiative which we also expect to be long                                 
term. We expect the headcount to go to 100. 

Response to Reviewer 3C: 

See Section 4: Contribution. 

2. Achievability 

Response to Reviewer 1C:  
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We agree with the reviewer that nine months is an aggressive timeline for this work. We apologize                                 
that we did not provide sufficient detail in the work breakdown schedule, but we appreciate the                               
reviewer’s acknowledgement of our achievements in Phase I. As the reviewer notes, our                         
extremely good performance in Phase I does provide solid evidence that we are laying out an                               
achievable plan given the team we have assembled. In addition, we would like to stress that the                                 
matching effort brought by NRL is highly leveraging, as the NRL effort builds on extensive                             
experience and expertise in SUAS flight projects of just this nature. 

The Gantt Chart was small due to the length constraints of the proposal. The requirement that the                                 
Phase II proposal be submitted before the completion of Phase I meant significant Phase I results                               
were included in this proposal as well. See the enlarged and updated Gantt chart on page 8 of this                                     
document with the timeline and work scope provided. 

Response to Reviewer 2C:     

The reviewer has provided a very insightful analysis of the solar cell efficiency goals of the project.                                 
We express our appreciation to the reviewer for providing such useful criticisms. We will attempt                             
to address the reviewer comments in turn. 

In Phase I, we have achieved individual solar cells at about 32.5%. Furthermore, recent                           
measurements made at NRL in June 2015 showed a value of about 36%, and we have what we                                   
feel to be straightforward solar cell design improvements to implement to increase this value                           
further. Therefore, we are quite confident that within six months, we will achieve a solar cell with                                 
efficiency of (or very close to) 40%. In fact, we feel the more technically challenging aspect to be                                   
creating flexible arrays of these cells that maintain the high efficiency. As the reviewer rightly                             
points out, implementing a lab hero cell in a real world system is hard to do, especially when                                   
considering the requirements imposed by a SUAS platform. This is why we put our threshold                             
values of a hero cell at 40% and the implemented solar array at about 35%. We have confidence                                   
that we can achieve a 35% SUAS compatible array. 

Based on our Phase I analysis, we believe our target flight goals can be met with 22% efficient                                   
solar arrays, which is achievable with our current solar cells, thus reducing the risk in Phase II.                                 
The solar array task can be seen as the highrisk/highpayoff part of the project. When we are                                 
successful, the results of this task will bring game changing solar technology to North Dakota in                               
terms of SUAS power and, very importantly, terrestrial solar power, since the NRL solar cells will                               
enable a revolutionary step in residential and commercial PV power systems. And, if we do fall                               
short on Objective 1, we will still be able to demonstrate an SUAS product that revolutionizes the                                 
SUAS application space. 

Reviewer 2C also commented on our strategy for the battery/energy storage system and the risk                             
involved with the fact that improvements in this area will need to come from outside the proposal.                                 
We regret our wording in this section of the proposal as we did not clearly state our intentions. We                                     
are absolutely moving forward with lithiumion and lithium polymer battery technology, which is                         
readily available in the marketplace, and based on our performance in Phase I, we believe will                               
enable us to meet our goals. Emerging technologies are a continuous area of exploration for our                               
team, since as we know, technology can advance overnight. Should a more viable technology                           
become apparent through our research, we would certainly explore that avenue. However,                       
extensive exploration of new fuel technologies is more an area of ‘further investigation’ beyond the                             
scope of this proposal and by no means limits our ability to achieve the goals set forth. The work                                     
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being performed by Packet Digital involves adding safety features, precision monitoring, and cell                         
balancing, which are all needed for extended flight times involving multiple charge cycles of the                             
battery. Typical commercial battery systems do not provide safe inflight charging because the                         
batteries are only discharged in flight.  

Several UAS manufacturers have informed us that lithium ion technology does not currently meet                           
their needs, so they are using alternative technologies. Energy storage technologies exist today                         
that will meet the needs of UAS manufacturers, and a survey of current systems is primarily to                                 
enable Packet Digital to design the power delivery system flexible enough to provide the broadest                             
fit for the UAS market.  

The reviewer is also correct that developing energy storage technologies is outside the expertise                           
of the team. A survey of current and emerging technologies would have the additional benefit of                               
helping us build relationships with strategic partners doing innovation in the UAS energy storage                           
industry, such as EnergyOr, a provider of hybrid UAS fuel cells. 

Response to Reviewer 3C:     

We appreciate the candid comments from the reviewer, and we respectfully and strongly                         
disagree. While there may be major hype in the media of solar cell technology development, the                               
reality is that there is precious little ongoing work to achieve the highperformance devices that we                               
seek.  

Take the Department of Energy (DOE) for example. Of the 6 “Big Ideas” put forth by the DOE last                                     
year to guide their R&D investment strategy, #2 was “study of subsurface fluid flow” which is in                                 
direct support of Fracking, while renewable energy technologies did not even make the list. The                             
two primary DOE R&D funding agencies for renewables are SunShot and ARPAE, and in both                             
cases, their primary goals are dispatchable photovoltaic (PV) power at less than $1/Watt.                         
Therefore, the goal of a flexible solar array at greater than 35% for portable power and remote                                 
systems like a SUAS is not within their portfolio.  

Internationally, the situation is not much better as the global financial crisis has left most of Europe                                 
in a cashstrapped state such that the countries that were leading in solar cell technology                             
development, like Germany and Spain, have drastically cut, if not wholly eliminated, their                         
programs. 

The U.S. DOD stands alone as the one Government entity providing consistent investment in the                             
advanced solar technologies needed for this project. This has enabled the NRL team to gain an                               
international reputation as a leader in PV development, and NRL is considered the DOD’s primary                             
Subject Matter Expert in PV technology. Thus, our team is in fact one of the best in the world to                                       
achieve the solar cell development proposed for Phase II, and it is unlikely that anyone else in the                                   
world will be doing this.  

Moreover, it should be recognized that the solar cell development efforts at NRL are also funded                               
by the NRL and thus NRL is providing the cost matching efforts coming from the DOD. Thus, the                                   
ND REC will be directly benefiting from the extensive, PV expertise of the NRL team, and when                                 
the team is successful in achieving the proposed solar cell technologies, North Dakota will be the                               
direct beneficiary of this technology. 
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3. Methodology 

Response to Reviewer 1C:  

Regarding the concerns of supporting an additional aircraft, we agree that this will require some                             
redesign effort. However, we use a flexible, objectoriented design methodology that will minimize                         
the effort required to support additional aircraft.  

Our goal in Phase I was to demonstrate the most challenging key aspects, using a commercially                               
available aircraft to simplify the effort. We achieved our Phase I goals and determined the                             
remaining challenges to achieving persistent endurance, of which an optimized airframe is one.                         
Thus, prototyping a welldesigned airframe is a natural next step in Phase II that will serve the                                 
dual purpose of enabling a revolutionary SUAS capability and establishing a new manufacturing                         
effort in North Dakota. 

Response to Reviewer 2C: 

We apologize for creating confusion for Reviewer 2C in terms of our proposed methodology. This                             
is a result of the limited space available for the proposal combined with the many facets involved in                                   
optimizing this system. The increased solar cell efficiency, increased battery capacity, and reduced                         
airframe weight are all intercorrelated aspects that can be tuned in unison to achieve the goal of                                 
persistent endurance. For example, if we can reduce the weight by 50% then we can add more                                 
batteries at the same capacity. Alternatively, if we can included higher capacity batteries with                           
more, higher efficiency solar cells, then we may be able to remain at the present airframe weight.                                 
In the proposal, we stated general goals that we are striving to meet, but a more specific set of                                     
performance parameters will come from our continued work into Phase II. 

The design and optimization process involves circuit design and simulation, regular design                       
reviews, system simulation, bench testing, wind tunnel testing, and flight testing. System                       
simulation is performed using software designed by NRL which accounts for aerodynamic effects,                         
weight, solar performance at different latitudes and times of year, airspeed, battery system                         
performance, and other effects such as the ability to utilize thermals for the soaring algorithms.                             
This software takes all of these factors into account, provides state of charge information for the                               
duration of the flight and shows a total flight time estimate. This simulation software is updated                               
frequently and validated against actual flight test data by NRL. 

In regard to dependence on external advancements in battery/energy storage technology, please                       
see Section 2: Achievability. 

Response to Reviewer 3C: 

Reviewer 3C is correct that we did not directly address cost in this proposal. This is primarily                                 
because we are working with initial prototypes using firstofakind technologies, so we are                         
focused more on demonstrated performance and the art of the possible then on the ultimate                             
system costs. That said, the reviewer makes a valid point that despite the endurance                           
enhancement and removal of the fuel requirement, the system will not be commercially viable if                             
the cost is too high. We can say at this point in the development that we are targeting no more                                       
than a 25% increase in the cost of the airplane over presently available battery or fuelpowered                               
systems.  
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Considering the airframe, batteries, and power system, there are no major cost drivers that would                             
raise concerns. Through this project we will be enabling the first reasonably priced solar UAS with                               
extended endurance for the commercial markets. 

The solar array does warrant discussion. These are oneofakind arrays we are fielding in this                             
project, and as such, significant NRE is required, which increases cost. One of our primary foci in                                 
Phase II will be establishing a path to allow costeffective manufacturing of these arrays, which                             
adds the extra potential benefit of increased manufacturing jobs in North Dakota. 

4. Contribution 

Response to Reviewer 3C:  

Aside from consumer benefits, UAS have an opportunity to create not only jobs, but an entire                               
industry in North Dakota. The FAA has opened twothirds of North Dakota’s airspace to drone                             
testing, creating the unique opportunity of being the largest of only six such sites in the U.S.                                 
Businesses are already starting to pop up to take advantage. Packet Digital recently partnered                           
with Aerobotic Innovations to create a joint venture called Botlink LLC in Fargo. ComDel                           
Innovations has UAS manufacturing facilities in Wahpeton, and other companies like Altavian,                       
Field of View LLC and Ideal Aerosmith are making their home in North Dakota. All of this creates                                   
highpaying jobs for skilled workers in a technically rewarding industry and revenue for our state.  

Research and development of UAS and solar arrays will be done for years to come. If that R&D                                   
isn’t done in North Dakota, then we risk losing out on the benefits of driving innovation in the UAS                                     
and photovoltaic industries. It is Packet Digital’s desire to create and retain jobs and industry in                               
North Dakota. 

5. Awareness 

Response to Reviewer 1C: 

In response to the reviewer’s comments: For some specific references, please see the following                           
publications: 

● Lumb et al. “Double quantumwell tunnel junctions with high peak tunnel currents and low                           
absorption for InP multijunction solar cells”, Appl. Phys. Lett. 100, 213907 (2012); doi:                         
10.1063/1.4722890  

● Lumb, et. al, “Quantum wells and superlattices for IIIV photovoltaics and photodetectors”.                       
Presented at the SPIE Solar Energy + Technology, SPIE. (Vol. 8471, pp.                       
84710A–84710A–10). doi:10.1117/12.964654 

● Schmieder, et al. “Analysis of GaAs Solar Cells at High MOCVD Growth Rates.” Proc. 40th                             
IEEE Photovoltaic Specialist Conference, Denver, CO, June 2014. 

NRL has performed extensive modeling of materials to be used in stacked MJ devices. This                             
modeling has presently focused on InPbased materials, with our latest results being presented                         
this past June at the IEEE Photovoltaic Specialist Conference (PVSC). A copy of the conference                             
proceedings is included here. As shown in the paper, we have successfully stacked a three                             
junction cell onto a single junction cell, and the resulting device displayed an efficiency of 34.5%                               
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under one sun conditions. We feel that this positions us very well for executing the proposed                               
program. 

Response to Reviewer 2C:  

See response to Reviewer 1C in this section and Section 2: Achievability. 

6. Background 

Response to Reviewer 2C: 

In regard to dependence on external advancements in battery/energy storage technology, please                       
see Section 2: Achievability. 

Response to Reviewer 3C: 

In regard to solar research capabilities, please see the attached biographies of the NRL senior                             
solar research team. 

7. Project Management 

In response to the reviewers comments regarding a clear description of milestones and                         
deliverables, please refer to the enlarged and updated Gantt chart and milestone/deliverable list at                           
the end of this document. 

The Reviewer 3C correctly states that developing the hybrid battery is beyond the scope of this                               
project. Developing would be more accurately described as integrating the hybrid battery.  

10. Proposed Budget 

Response to Reviewer 3C: 

We would be happy to address any additional concerns the reviewer may have regarding the                             
budget for Phase II of this project. 

Overall Comments and Recommendation  

Response to Reviewer 1C: 

We acknowledge that reliability is key and that high efficiency and renewable energy alone will not                               
enable unlimited flight if the components have a high failure rate. Every effort is made to choose                                 
highquality, reliable components and design practices for the entire UAS. Techniques such as                         
streaming telemetry data for proactive health monitoring, modular systems with remote                     
disconnects, and even down to the level of locking electrical connectors have been designedin                           
from the beginning and remain a high priority to enable reliable operation. 

Response to Reviewer 2C:  

(1) A satisfactory timeline with defined milestones and deliverables is attached which will enable                           
tracking of progress. 
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Please see the enlarged and updated Gantt chart, milestones, and deliverables at the end                           
of this document 

(2) The team identifies a realistic maximum 1 sun efficiency it believes it can hit with its MJ cell                                     
concept at manufacturing scale, providing evidence it is achievable based on the current status,                           
and validates that the system will still function effectively if this realistic maximum is demonstrated. 

Based on our efficiency power improvements and estimated modeling roughly 19 to 20                         
hours of flight endurance can be achieved with 22% efficient solar cells and improved                           
battery capacity. In order to achieve endless endurance, 35% efficient solar cells are                         
required. Ultimately, we believe 40% efficiency in solar cells is possible and would create                           
diverse applications for this advances in solar technology. 

Please also refer to response to reviewer 1C in section 1. 

(3) A more proactive approach is taken on the energy storage system to validate that a feasible                                 
solution exists. It must be quickly determined what solutions exist that will meet the requirements                             
of the application so that the team can begin to develop the charging and power delivery system. 

In regard to dependence on external advancements in battery/energy storage technology,                     
please see Section 2: Achievability.  

The work being performed by Packet Digital involves adding safety features, precision                       
monitoring, and cell balancing, which are all needed for extended flight times involving                         
multiple charge cycles of the battery. Typical commercial battery systems do not provide                         
safe inflight charging because the batteries are only discharged in flight. However, with                         
the solar array, the batteries will see at least one charge cycle per day. Additionally, we                               
are developing a hybrid battery system which allows utilizing high powerdensity batteries                       
for takeoff and climbing and high energydensity batteries (or fuel cells) for storage. We                           
are not developing new battery chemistries, but we are developing the electronics and                         
architectures needed to bring existing chemistries to UAS. 

Response to Reviewer 3C: 

We agree with the reviewer regarding focusing primarily on our core competencies. Packet Digital                           
focuses on the power management system and NRL brings it’s expertise to the photovoltaic                           
portion, including additional funding from the DOD. Please see the response to section 1                           
regarding the worthiness of the project as related to solar cell efficiency.  

Packet Digital realizes that cost is a very big driver and that not all UAS applications have the                                   
same cost sensitivity. It is expected that several different platform options will be made available                             
which trade off cost for size, weight, and performance. 
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Updated Gantt Chart: 
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Milestones/Deliverables 

Objective 1: Solar Cell Development 

1: Weekly telephone discussions, twicemonthly technical reviews and quarterly facetoface                   
project updates are scheduled regarding solar technical development. At the 6month mark, an                         
update on solar cell efficiency will be delivered by NRL. This will include latest achievements in                               
terms of efficiency for both a lab hero cell and a manufacturable array of cells.  

2: At the 8month mark, UAS wings will be delivered with solar arrays attached. These wings will                                 
be will be integrated into the rest of the UAS power system and characterized.  

Objective 2: Update Power System to Support Altavian UAS 

1: At the 1month mark, discussions with Altavian and specifications of the power system will be                               
documented. Packet Digital will provide initial feedback and recommendations of the power                       
system architecture. 

2: At the 3month mark, schematics for the Altavian power system will be created. Design reviews                               
will be held with Altavian. Upon approval, physical construction of the prototype units will begin. 

3: At the 7month mark, prototype units will be assembled and tested. Units will also be delivered                                 
to Altavian for evaluation.  

Objective 3: Hybrid Smart Battery 

1: At the 3month mark, a survey of energy storage technologies will be complete. Available                             
technology will be rated based on capacity, size, weight, energy density, peak power density, cost,                             
and availability. This data, along with input from UAS partners, will be used to select an energy                                 
storage technology for integration into the hybrid smart battery. 

2: At the 8month mark, integrate chosen technology from research into the Phase I lithium ion                               
smart battery. This will include charge and discharge algorithms and the interaction with lithium ion                             
battery. 

Objective 4: Optimized Torque Motor Control 

1: At the 4month mark, a torque control algorithm will be documented. The algorithm will also be                                 
implemented in C code for a microcontroller or RTL for an FPGA. 

2: At the 8month mark, a prototype optimized torque motor control unit will be built and                               
characterized. Efficiency and performance data will be compared against commercially available                     
motor controls. 

Objective 5: Implement Solar Soaring Algorithms 

1: At the 5month mark, the solar soaring algorithms will be converted into C code that will be                                   
compatible with standard microcontrollers and microprocessors. The code will be tested in                       
software. 

Page 10 of 13 



2: At the 9month mark, a solar soaring module prototype will be built and tested. Functionality will                                 
be verified against the existing NRL solution. 
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Abstract – Transfer-printing is a key enabling technology for 
the realization of ultra-high-efficiency, mechanically stacked III-
V solar cells with low cost. In this paper, we present the latest 
results for microscale CPV cells grown on GaAs, InP and GaSb 
substrates for ultra-high-efficiency, four-terminal mechanically 
stacked architectures. We describe the latest findings from a 
combination of modeling, growth, characterization and 
processing of tunnel junctions, single junction and multijunction 
solar cells, with the ultimate goal of using transfer-printing to 
produce the first solar cell with 50% conversion efficiency. 

Index Terms – Mechanical Stacking, Photovoltaic cells, Transfer 

printing. 

I. INTRODUCTION 

Heterogeneous integration of solar cells grown on dissimilar 

substrates enables novel devices with a wide range of 

bandgaps to be achieved without the need for lattice-

mismatched epitaxy. The potential of this concept has been 

verified by recent breakthroughs in solar cell conversion 

efficiency produced by laboratory-scale demonstrations of 

stacked concentrator photovoltaic (CPV) cells grown on GaAs 

and InP platforms [1, 2]. An excellent candidate to achieve 

reliable, high-yield and manufacturable stacked CPV cells is 

transfer-printing. Transfer-printing is a mature, commercial 

technology which is ideally suited to transferring microscale 

epitaxial-layers, released from the host substrate by a 

sacrificial-etch process, to a target substrate with micrometer 

placement precision [3]. Stacked devices may be bonded 

directly, with electrical interconnection between the 

counterparts, or electrically isolated through the use of a 

dielectric interconnection layer, such as As2Se3 [4]. The host 

substrate may be recycled after donating the epitaxial layers, 

which provides substantial cost savings over devices with non-

reusable substrates, and has significant impact on the impact 

of high-volume CPV production using III-Vs on the use of 

critical minerals such as In, Ga and As. 

In previous work [5] we have designed and grown an 

InGaAs solar cell lattice-matched (LM) to InP, for use as a 

fourth junction when stacked with a commercial high 

efficiency InGaP/GaAs/InGaAsNSb 3J cell [6]. The resulting 

four terminal, ultra high-efficiency solar cell, designed for use 

in a high concentration PV module, demonstrated a 

conversion efficiency of 44.1% at 690 suns. In this paper, we 

describe device improvements to the design and growth of an 

improved single junction InGaAs device with a 29% relative 

increase in efficiency, which led to an overall stacked MJ 

efficiency of 44.7% being achieved. In addition, we report on 

the development of new GaAs, InP and GaSb-based devices, 

including single and multiple junction solar cells, tunnel 

junctions and mechanically stacked cells which are key steps 

on the roadmap to a next generation of devices with >50% 

efficiency. 

II. HIGH-EFFICIENCY STACKED CELLS 

Table I. gives the layer structure of the improved InGaAs 

solar cells used in this work. This device contains an InP 

lateral conduction layer (LCL) which gives lower sheet 

resistance than previously used InAlAs LCLs. High efficiency 

3J devices were fabricated into 650×650 μm2 chiplets and 

were printed onto the InGaAs cells using the technique 

described in reference [5]. A chalcogenide glass layer, As2Se3, 

transparent in the infrared and refractive-index matched to the 

cells, serves as an electrically isolating and thermally 

 

Fig. 1. LIV curves and IR microscope image for the InGaAs 

solar cell underneath a commercial, high efficiency 3J cell. The 

combined, uncertified conversion efficiency of the stack is 

44.7%. 



conductive interface layer in these stacks. Figure 1 shows the 

illuminated current-voltage (LIV) of a typical InGaAs cell 

after stacking. After stacking, the InGaAs cell has an 

efficiency of 2.7% at 837 suns, with a Voc of 524 mV and FF 

of 74.1%. Combined with 42.0% conversion efficiency of the 

commercial 3J cell, the uncertified efficiency of the 4J is 

44.7%. 

Table I. Design for the InGaAs cell grown in this study. 

Material Description Thickness (nm) Doping (cm
-3

) 

InP LCL 2000 n= 4e18 

InP Window 50 n =1e18 

InGaAs Emitter 100 n = 1e18 

InGaAs Base 3000 p = 1.1e17 

InP BSF 50 p = 1.3e18 

InP Substrate 350 µm p = 3e18 

III. MULTIJUNCTION CELL DEVELOPMENT 

Many variations on the example in figure 1 are possible, 

extending to 2J and 3J InP and GaAs-based structures. For 

absorbing the short wavelength parts of the solar spectrum, 

GaAs and its related LM materials, InGaP, AlInGaP and 

AlGaAs, are an indispensable part of III-V multi-junctions. To 

absorb longer wavelengths, InGaAsP and InAlGaAs on InP 

are key direct bandgap materials, covering similar bandgap 

ranges from 0.74-1.35 eV and 0.74-1.45 eV, respectively. 

InAlGaAs is useful as the composition can be controlled 

relatively straightforwardly via the Al and Ga fractions, with 

approximately 52% In-fraction. However, InGaAsP has been 

used in most early demonstrations of InP-based MJs as, even 

though the mixed group-V alloy is typically more challenging 

to calibrate on a growth tool, the lack of Al generally leads to 

higher material quality. Furthermore, the absorption 

coefficient of InGaAsP close to the bandgap is typically 

stronger than InAlGaAs, leading to thinner devices.  

AlGaAsSb and InGaAsSb are also candidate materials for 

narrow bandgap materials on InP, with direct bandgap range 

spanning approximately 0.72-1.6 eV and 0.72-0.74 eV, 

respectively. Challenges related primarily to Sb growth by 

MOCVD have meant these materials are less commonly used 

for photovoltaics, but potential advantages, for instance 

predicted tolerance to radiation in space environments, could 

lead to their use in future devices. 

In this work we have developed new solar cell architectures 

on GaAs and InP. Figure 2 shows the EQE, shown without 

anti-reflection coating, for an InGaP-GaAs 2J. Prior to anti-

reflection coating the Jsc values were 10.1 mA/cm2 for the 

InGaP and 11.8 mA/cm2 for the GaAs under AM1.5D 

illumination, therefore slightly top cell limited. However, 

broadband AR coating designs are able to increase the Jsc to 

>14 mA/cm2, depending on the particular design employed. 

This 2J architecture was grown with a thick, AlInP epitaxial 

release layer and therefore compatible with the transfer 

printing procedure. The EQE of the devices was simulated 

using the analytical charge transport model in NRL 

MultiBands®, which is able to simulate III-V solar cells 

including coherent optical and photon recycling effects [7, 8]. 

Experimental efforts to transfer print these cells to high 

performance InP-based materials are currently underway, and 

the results will be presented at the time of the conference. 

InP-based devices have also been grown by MBE and 

MOCVD. Figure 3 shows the EQE of an InAlGaAs/InGaAs 2J 

cell, which incorporates an InGaAs quantum well tunnel 

junction [9] and an InAlAs lateral conduction layer. These 

devices are bare, with no As2Se3 interface layer coating 

applied. The Jsc of these devices prior to stacking was 

9.4 mA/cm2 and 8.9 mA/cm2 for the InAlGaAs and InGaAs 

devices respectively. The material quality of the InAlGaAs is 

poorer than for the InGaAs, with model fits to the EQE 

indicating short SRH lifetimes (<2ns) in the absorber layers of 

the InAlGaAs. However, InGaAsP devices have also been 

grown which have significantly longer SRH lifetimes 

(>100ns), deduced from fitting the EQE curve in figure 4, and 

efforts to realize InGaAsP/InGaAs tandem cells are underway. 

 

 

Fig. 2. EQE measurements of an InGaP/GaAs 2J grown by 

MOCVD, prior to deposition of an ARC. The experimental data 

is compared to modeled data for the same structure. 

 

Fig. 3. EQE measurements of an InAlGaAs/InGaAs 2J grown by 

MBE, prior to mechanical stacking. The experimental data is 

compared to modeled data for the same structure. 



IV. FUTURE DIRECTIONS 

Figure 5 shows simulated QE for a 5J architecture currently 

under development, with a predicted efficiency of 48% under 

a concentration ratio of 1000X AM1.5D. The design of this 

structure is tailored to achieve a 2:1 ratio of Jsc for the top and 

bottom stacks, respectively. Engineering the devices in this 

way allows simple wiring schemes to be adopted to produce 

two terminal outputs, as shown schematically in figure 5. The 

microscale cell architectures lend themselves conveniently to 

novel wiring schemes such as this, where the chips can be 

bonded to a receiver with integrated interconnects between the 

cells. Stacked cells containing 6 junctions are also under 

development. These are predicted to have high-concentration 

conversion efficiencies close to 50%. 

MBE growth of GaSb materials has also been studied as 

potential candidates for narrow bandgap absorbers. Single and 

multi-junction solar cells made from GaSb and InGaAsSb 

have been grown, along with a high performance tunnel 

junctions. Extension of the common palette of III-V materials 

to antimonide materials, able to capture photons at energies as 

low as 0.4eV, holds promise for future ultra-high efficiency 

CPV cells. 
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Fig. 4. EQE measurements of an InGaAsP 1J grown by 

MOCVD, prior to mechanical stacking. The experimental data is 

compared to modeled data for the same structure. 

Fig. 5. Simulated EQE of an InGaP/GaAs 2J with an 

InGaAsP/InGaAsP/InGaAs 3J. The Jsc of the subcells is 

designed to facilitate a simple wiring scheme, shown above. 
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