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

1. The objectives or goals of the proposed project with respect to clarity and 
consistency with North Dakota Industrial Commission/Renewable Energy Council 
goals 

Response to Reviewer 1 B: The reviewer makes a good point that our description of the modeling 
effort did not specifically refer to the North Dakota environment, but instead to the general 
environment of a UAV. Given the North Dakota focus of this proposal, it would make sense to 
design the solar cell specifically for the known solar insolation profile for North Dakota. The 
strength of the NRL modeling is that the specific environment can be used in terms of the typical 
solar spectrum and intensity to design the solar cell. NRL has extensive experience in using the 
NASA and NREL environment modeling databases and simulation codes to generate the 
required environmental data. Furthermore, the proposed multi-junction (MJ) solar cell design 
naturally lends itself to optimization for a given illumination spectrum and intensity level. 
Therefore, the proposed program provides an excellent opportunity to accurately model the solar 
cell design specifically for the North Dakota agricultural and pipeline environment and to build the 
solar cell using the transfer-printing technique. 

This project will include ComDel Innovations and bring manufacturing to the region, as well as 
involve UNO, NDSU, and the Northern Plains Unmanned Systems Test Site. 

2. With the approach suggested and time and budget available, the objectives are 

Response to Reviewer 1 B: The reviewer provides a good summary here with what appears to 
be a positive assessment; however, only gives a rating of "3". 

Response to Reviewer 1 D: Th~ reviewer is correct that it will be challenging to attain 40% within 
this program; however, our current technical results do suggest that our stated goals are 
achievable. While not described in the proposal, NRL has performed extensive modeling of 
materials to be used in stacked MJ devices. This modeling has presently focused on lnP-based 
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% under one sun conditions. We feel that 
this positions us very well for executing the proposed program. 

Phase I involves creation of a 30-35% efficient panel leveraging current research and 
development efforts. 40% efficient solar cells will be delivered at the end of Phase 11 and 40% 
efficient panels will be delivered at the end of Phase Ill. 

The reviewer also refers to the fact that the best solar cell efficiencies have been achieved only 
on small area, ridged solar cells, which may suggest a challenge in obtaining similar efficiencies 



with flexible cells. While the reviewer makes a good point, the transfer-printing process will 
mitigate this risk. As briefly described in the PVSC paper, the transfer-printing process creates 
small solar cell "chiplets". Therefore, we will be working with small area, rigid solar cells, so we 
will have an excellent chance of maintaining the "hero-cell" efficiency in our assembled panels. 
The flexibility is attained by transfer-printing the stacked solar cell onto a flexible substrate. In this 
way, a flexible array is formed from rigid solar cells. Such transfer-printing of semiconductor 
chips onto flexible substrates has been demonstrated by the University of Illinois at 
Urbana-Champaign (UIUC) in the laboratory setting and commercially by MC-10 in Boston and 
Semprius in North Carolina. 

3. The quality of the methodology displayed in the proposal is ... 

Response to Reviewer 1 B: The reviewer is correct in this assessment. The fact is that this 
proposal does not address the payload to any great extent, and as a result, the processor design 
and development did not specifically include payload control, sense-and-avoid features, and 
traditional navigation functionality. This is the case because the funding level available within this 
program was not sufficient to include that level of complexity. The focus of this proposal is to 
demonstrate the key, new technologies that will enable persistent flight of a small UAV without 
the need of fuel. With these key, enabling technologies demonstrated, namely efficient power 
electronics, auto-soaring, and high efficiency, flexible PV, the incorporation of additional functions 
will be straightforward since such systems currently exist for UAV platforms. 

The sizing (compute power, memory, etc.) of our microprocessor will account for the other 
tasks mentioned, such as avoidance and flight plan management. Ample headroom will be 
provided in our microprocessor selection to account for "normal" flight management tasks, 
based on existing UAV component designs and functionality, in addition to our power 
management and soaring features. The precise details of the microprocessor capabilities will be 
determined in the requirements capture phase of the project. 

A fixed wing aircraft was selected for this project based on applicability to agricultural 
applications as well as interest from DoD customers. Some of the technologies may transfer to 
other types of aircraft as well, such as using the solar panels on a lighter-than-air vehicle and 
utilizing the power electronics in quad/hexa/octo-copter vehicles. These applications will be 
investigated in later phases of the project. 

Response to Reviewer 1 D: We agree that there was only limited technical detail included in the 
proposal. This is the case simply due to space limitations. We can now quickly summarize the 
key challenges for the solar cell development to be achieving high enough material quality in the 
semiconductor growth to give high enough PV performance to achieve the desired 40% 
efficiency. We consider this to be only a moderate risk as we have extensive experience with 
growth of high quality, multi-layered, highly complicated optoelectronic devices as evidenced by 
some of our IR detector work (E. H. Aifer Appl. Phys. Lett. 89, 053519 (2006); doi: 
10.1063/1.2335509- See document attached) as well as our solar cell work. There is atse risk in 
assembling the stacked solar cells in a flexible array. This is a high risk since there is only limited 
examples of this in the past. We mitigate this risk through our close collaboration with the original 
inventors of the transfer-printing technique at UIUC (two graduates from the UIUC team now 
work at NRL). Furthermore, we are working closely with the two commercial companies 



employing the transfer-printing technique, Semprius and MC-10, both of whom have produced 
flexible solar panels. 

4. The scientific and/or technical contribution of the proposed work to specifically 
address North Dakota Industrial Commission/Renewable Energy Council goals 
will likely be ... 

Response to Reviewer 1 D: Regarding UAV cost, the technologies to be added to the UAV will not 
be expensive compared to the sensor payload. The solar arrays will have costs associated with 
them, but the transfer-printing process allows for low cost manufacturing since it allows for 
reusing the semiconductor substrate, which accounts for nearly half of the solar cell cost. 

~ Furthermore, it is worth noting that the solar cells developed in this project can also be used 
in the concentrated solar panel technology being sold by Semprius. Therefore, while this project 
seeks to capitalize on the unique properties of transfer-printing to create an extremely high 
efficiency solar cell as a UAV power source, the solar cell technology is also directly applicable 
to large area, terrestrial power plants. 

This project will support 20-25 jobs. Successful completion of this project could enable many 
more applications for UASs. Today's applications are only the tip of the iceberg. Upon successful 
completion even more jobs could be a possibility. 

5. The principal investigator's awareness of current research activity and published 
literature as evidenced by literature referenced and its interpretation, and by the 
reference to unpublished research related to the proposal is: 

Response to Review 1 B: The reviewer is correct that efficiencies about 40% have been 
published, but all of these were measured under concentration. We will be making all of our 
measurements under one sun conditions. In addition to the growth and fabrication facilities, NRL 
maintains a complete solar cell measurement and characterization laboratory, and all of the 
performance measurements will be made according to industry standards. 

Response to Review 1 D: We apologize for not including more references. When referring to "the 
most advanced cell" demonstrating 33%, we were referring to the high efficiency, large area, 
flexible solar cell that has been demonstrated by Microlink Devices in Chicago and Emcore 
Photovoltaics in Albuquerque. A reference to work that we have done with Microlink is: Trautz et 
al. "Mobile Solar Power", IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 3, NO. 1, JANUARY 
2013. Attached. 

6. The background of the investigator(s) as related to the proposed work 

Response to Reviewer 1 D: In response to the reviewer's comments, it appears that available 
information from the Internet has established NRL's background and experience in MJ solar 
cells. To add some specific references, please see the following publications: 

• Lumb et al. "Double quantum-well tunnel junctions with high peak tunnel currents and low 
absorption for lnP multi-junction solar cells", Appl. Phys. Lett. 100, 213907 (2012); doi: 
10.1063/1.4 722890 



• Lumb, et. al, "Quantum wells and superlattices for 111-V photovoltaics and 
photodetectors". Presented at the SPIE Solar Energy+ Technology, SPIE. (Vol. 8471, pp. 
8471 OA-8471OA-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. 

Also, we believe that our response to Item 2 has provided further evidence of NRL's level of 
experience with the stacked MJ devices. While NRL has yet to demonstrate a 6J device, their 
present experience level positions them very well to achieve this. 

7. The project management plan, including a well-defined milestone chart, schedule, 
financial plan, and plan for communications among the investigators and 
subcontractors. 

Response to Reviewer 1 B: While the reviewer is correct that the solar insolation will change with 
season, it is not practical to consider a solar cell optimized for each season. With the nature of 
solar cell manufacturing and the fact that this will be a relatively low volume solar cell to 
manufacture, it would not be economically feasible to considered producing more than one solar 
cell design. Therefore, our plan is to use our modeling to determine the best design to 
encompass the broadest operational environment as possible. Therefore, testing in various 
seasons would be ideal if time and funding allows, and testing in a single season will provide 
sufficient test data. 

Response to Reviewer 1 D: The reviewer commented that it would be better if the solar cell 
modeling and development would begin immediately at the start of the program instead of one 
month in, as stated in our schedule. We agree, and we can assure the reviewer that NRL is 
working on this at this very moment, as part of internal NRL efforts so that we will "hit the ground 
running" at the start of the program. 

Battery selection is part of the materials acquisition and is scheduled for the very beginning of 
the project. 

10. The proposed budget "value" relative to the outlined work and the financial 
commitment from other sources 

Response to Reviewer 1 D: The reviewer commented that we are only meeting the minimum 
requirement of 50% cost sharing. The NRL and their partner manufacturer are utilizing additional 
financing to develop the solar cells for other applications and will be leveraging existing work on 
the manufacturing techniques for highly efficient flexible multi-junction solar cells. These are not 
accounted for in the budget but represent significant external funding contributions as well as a 
head start on the development effort. 
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Mobile Solar Power 
Kelly M. Trautz, Phillip P. Jenkins, Robert J. Walters, David Scheiman, Raymond Hoheisel, Rao Tatavarti, Ray Chan, 

Haruki Miyamoto, Jessica G. J. Adams, Victor C. Elarde, and James Grimsley 

Abstract-The military's need to reduce both fuel and battery 
resupply is a real-time requirement for increasing combat effec­
tiveness and decreasing vulnerability. Mobile photovoltaics (PV) 
is a technology that can address these needs by leveraging emerg­
ing, flexible space PV technology. In this project, the development 
and production of a semirigid, lightweight, efficient solar blan­
ket with the ability to mount on, or stow in, a backpack and 
recharge a high-capacity rechargeable lithium-ion battery was un­
dertaken. The 19% efficient blanket consists of a 10 x 3 solar 
array of 20 cm2 and single-junction epitaxial lift-off solar cells, 
which have an efficiency of ""22% under AMl.SG illumination. 
A power-conditioning module was also developed to interface the 
solar panel to the battery. Thirteen systems were outfitted during 
a Limited Objective Experiment-I in February 2012, and based on 
the results, a second version of the system is in development. 

Index Terms-Battery recharger, epitaxial lift off, solar cell, 
solar panel. 

I. INTRODUCTION 

0 NE of the most significant challenges currently facing 
the United States Marine Corps (USMC) is the need to 

supply sufficient electricity to individual Marines in a forward 
operating base (FOB), while reducing the number of batteries 
used and decreasing reliance on the logistics chain for liquid fu­
els. It is recognized that photovoltaic (PV) is the only renewable 
energy source that can meet this challenge. To fully meet the 
USMC power demands, these PV power systems must provide 
superior performance in terms of power generation both per unit 
mass (W/kg) and per unit area (W/m2) compared with what is 
currently deployed. 

The Mobile Solar Power (MSP) development project has 
leveraged existing PV technologies and expertise to make an 
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Fig. I. Active solar-cell wafer removed from the growth substrate to form two 
fl ex ible devices. 

immediate impact on the requirements of the USMC Energy 
Expeditionary Office (E20). The U.S . Naval Research Labo­
ratory (NRL), in collaboration with Microlink Devices, Inc., 
and Design Intelligence, Inc., has taken advantage of significant 
advances recently made in PV for space and concentrator PV 
(CPV) applications and has adapted these technologies to meet 
the requirements of the individual Marine. In particular, flexi­
ble solar cells with light to electricity conversion efficiency as 
high as 30% have been demonstrated in multicell panels [l]. 
This represents a potential 10 x improvement in efficiency over 
existing thin-film solar technologies. By leveraging these tech­
nology breakthroughs, prototype MSP systems were developed 
and produced consisting of an array of solar cells packaged in 
a lightweight, semirigid unit that includes all power electronics 
necessary for battery recharging that can easily be integrated 
with the warfighter's equipment. 

II. SOLAR PANEL DEVELOPMENT 

In developing the solar panel, the cells had to be configured 
to fit within the Marine's available space constraints while still 
meeting power requirements and maintaining reliability. 

A. Solar Cell Technology 

For applications such as battery charging, it is desirable to 
maximize energy generation. While triple- and dual-junction 
cells have higher efficiencies than single-junction (SJ) cells, 
there were many system-related factors to optimize. Therefore, 
SJ gallium arsenide (GaAs) cells, while not having the highest 
efficiency, were applicable to understand the system-related is­
sues, such as reliability, durability, and form factor, and were 
also less expensive to procure. 

The SJ GaAs solar cells used in this project were formed by an 
epitaxial lift-off (ELO) process [2]. The ELO process removes 
the active solar cell layers from the rigid growth substrate, yield­
ing a high efficiency, lightweight, flexible solar cell (see Fig. 1). 

2 156-338 1/$31.00 © 201 2 IEEE 
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Fig. 2. Typical measured 1-V curve of the MSP solar cells . The cell efficiencies 
ranged from 20 to 23%. 
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Fig. 3. Typical external quantum efficiency curves measured on SJ GaAs solar 
cells for MSP. 

The SJ GaAs solar cells used in the MSP panels were 4 cm 
x 5 cm and had efficiencies ranging from rv20 to 23%. (see 
current versus voltage (I - -V) measurement data in Fig. 2 
and quantum efficiency in Fig. 3). The MSP cells produced, on 
average, rv500 mA (25 mA/cm2

) at short circuit, 0.98 Vat open 
circuit, and 440 mW (22 mW /cm2

) at the maximum power point 
under AMI .5G illumination. 

The ELO technology used in MicroLink's solar cells results 
in physically flexible cells, which allows the manufacture of 
a flexible MSP. ELO technology also allows the manufacture 
of low-cost cells because the substrates on which the cells are 
grown can be reused multiple times. 

B. Solar Panel Design 

Each MSP panel consists of 30 GaAs solar cells connected 
in series. Due to the conditions likely to be encountered in the 
field, it is necessary that the packaging of the solar panel be 
robust and rugged. To accomplish this, each array of solar cells 
was laminated between two sheets of transparent fluoropolymer 
film. The laminated cell array was then attached using adhesive 
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Fig. 4. MSP panel. 
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Fig. 5. Outdoor measurements of MSP panels. 

to a thick, semirigid sheet of black plastic, which provided the 
stiffness necessary to protect the cells. 

The panels will be exposed to external factors that could limit 
or eliminate cell performance such as damage from combat, 
partial shading, mishandling, etc. To ensure that the remaining 
connected cells continued to perform optimally, there were two 
redundant interconnects between each cell consisting of welded 
tabs, one of which was redundant, and a third silicon-based 
Schottky bypass diode. 

The size and configuration of the solar panel were driven 
by the size of an average Marine backpack. Given a maximum 
space of I 0.5 in x I 7 .5 in the panel design consists of a 30-
solar-cell array that is 10.25 in x I 5.5 in in size and 270 g in 
weight (see Fig. 4). A typical outdoor measurement of an MSP 
panel is shown in Fig. 5 demonstrating about I 9% efficiency. 
1-Vl and I-V2 both show about 13 Wunder I-sun AM1.5G 
illumination (right axis). 

ill. MODELING, SIMULATION, AND CHARACTERIZATION 

To determine a baseline and expectations for the systems 
performance during the Limited Objective Experiment-I (LOE­
I), modeling, and characterization were performed to estimate 
the electrical output of the SJ GaAs panels at Fort Pickett, VA, 
in February 20I2. 
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Fig. 6. Spectral simulation from SMARTS for the Fort Pickett location in 
Virginia on February 1, 2012. Spectra for various times of day are shown (times 
given in the legend), as well as the AM l .5G spectrum. 

A. Solar Panel Modeling and Simulation 

Prior to the LOE-1, modeling was performed to predict the 
performance of the MSP solar panels. Using a reliable, rele­
vant spectral simulation from the SMARTS program [3] under 
specific operating conditions (location, season, weather, and du­
ration), a performance model for the solar panel was developed. 
The approach taken utilizes an atmospheric radiative transfer 
model to simulate spectral conditions for a specific location 
(latitude and longitude) and date with appropriate inputs. Fig. 6 
shows such a spectral simulation for average conditions at Fort 
Pickett on February 1, 2012. The spectra are seen to vary in 
both intensity and distribution across the day, and the data vary 
symmetrically from sunrise to sunset symmetric around 12:20 
P.M. The total global insolation was 4.0 kWh/m2 /day. It should 
be noted that the spectra shown here is for a clear sky and does 
not include shading likely to occur from tree cover. 

The SMARTS model provides an estimate of the solar input 
for the given location at the given time. Using the obtained 
spectral data, further modeling was performed to determine the 
expected power generation from the panel. The performance 
data from the MSP solar cells were calculated with a total cell 
area of 0.06 m2 and the assumption that the panel lies flat on 
the ground. The data shown in Fig. 7 display power produced 
throughout the day. These results predict a maximum power 
generation of about 10 W per panel, total energy yield of one 
MSP panel of 50 Wh/day, and a peak panel efficiency of 21.5% 
at 12:20 P.M. with an average efficiency over daylight hours of 
20.9%. 

B. Solar Panel Characterization 

Actual data were taken during a performance test at Fort Pick­
ett on January 12, 2012, to verify the modeling and simulation 
data. During this test, the total solar insolation was measured 
along with the solar spectrum throughout the day using a preci­
sion spectral pyranometer and normal incidence pyrheliometer. 
The output of one MSP panel was measured in both horizontal 
and solar tracking configurations. The solar insolation is shown 
in Fig. 8, and the total insolation was about 2.7 kWh/m2 . This 
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Fig. 7. Modeled performance of the MSP panels as a function of time through­
out one day at Fort Pickett, VA, on February 1, 2012. 
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Fig. 8. Solar insolation measured at Fort Pickett during the day on January 
12, 2012. 

compares reasonably well with the SMARTS modeling value 
of 4.0 kWh/m2 presented earlier when considering partial cloud 
cover during the day. 

Fig. 9 shows the panel output power as a function of time. The 
continuous green line displays the power output when the panel 
was flat against a horizontal surface; drops in the power are at­
tributed to cloud coverage. The red dots represent data measured 
when the panel was actively pointed directly at the sun. Typical 
1-V curves measured on this panel throughout the day in both 
the flat and solar-tracking configurations are shown in Fig. 10. 
The total power produced by the panel in the flat configuration 
was 30.1 Wh, giving a nominal efficiency of 18.7% (calculated 
using the cell area). This compares well with the modeled data 
shown in Fig. 7. The measured data are marginally less than 
the modeled data because the assembled panel has a lower effi­
ciency compared with an individual cell (,....., 18% compared with 
rv22%) due to resistive losses and slight cell mismatch. 
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IV. SYSTEM INTERFACE DESIGN 

A. Power Control Electronics 

A custom-designed circuit was built to interface the MSP solar 
panel to the BB-2590 to provide power management, maximum 
power point tracking (MPPT), and battery charge management. 
MPPT refers to adjusting the load placed on the solar panel 
so that power extracted is close to the maximum power point. 
The power control circuit uses the MPPT and adjusts the output 
voltage to match the BB-2590 lithium ion battery [4] input using 
either a buck or boost de to de circuit, and regulates the input 
current to charge the battery. The circuit was designed for a 15-W 
solar panel producing 28 Vat open circuit and 23 Vat maximum 
power. The maximum input voltage was 34 V, minimum of I 0 V, 
with an optimal input voltage range of 23-28 V. 

The charge control circuit was housed within a standard BB-
2590 battery connector and held in place on the battery with 
a Velcro strap. The connector box and the battery are housed 
in a I 00-round ammunition pouch that can be connected using 
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Fig. 11 . A BB-2590 with the MSP charge control circuit connector attached. 

Fig. 12. MSP system components. 

modular lightweight load-carrying equipment (MOLLE) design 
[5] webbing. Fig. 11 shows the charging unit, attached to a BB-
2590 (shown) and a solar panel (not shown), with a solid amber 
LED signifying that the panel is charging the battery in a nominal 
mode. The entire MSP system is depicted in Fig. 12. 

B. System Packaging 

In order for the MSP to interface with the Marine backpack, a 
carrier was designed by USMC Gruntworks Squad Integration 
Facility using MOLLE. This carrier also serves as a protective 
case for the MSP when it is not in use. The panel can be attached 
to the outside of the carrier with Velcro and toggles. When not 
in use, the panel can be removed and stored inside the carrier or 
securely covered up with a flap. Fig. 13 shows several views of 
the carrier with and without the panel. 

V. SYSTEM DEPLOYMENT 

A. Limited Objective Experiment -1 (LOE-1) Test Plan 

Thirteen MSP systems were outfitted for four days during the 
February 2012 LOE-1. Six Marines wore the system for the sole 
purpose of recharging BB-2590 batteries. During set intervals, 
the batteries' state of charge was evaluated. Four other Marines 
wore the systems along with two BB-2590s. This group charged 
one battery via the MSP, while using the other battery to operate 
their radio. 
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Fig. 13. MSP carrier. 

TABLE I 
ENERGY HARVESTED BY THE MSP CONTROL PANELS THROUGHOUT 

THE LOE-I 

Date Flat Panel Trackin2 Panel Comments 
2/6/2012 35.6 Whrs 47.4 Whrs Partly sunny 
2/7/2012 44.9 Whrs 98.0 Whrs Sunny 
2/8/2012 10.8 Whrs 11.0 Whrs Cloudy/Rain 
2/9/2012 46.3 Whrs 100.3 Whrs Sunny 
Cumulative 137.6 Whrs 256.7 Whrs 

The remaining three MSP systems were used as controls by 
NRL to establish a baseline for the field test. The control mea­
surements consisted of total solar insolation, solar panel output 
in various deployment configurations, and battery charging ca­
pability. The three control panels were set up in a variety of four 
different configurations throughout the week: tracking the sun 
while charging a battery, lying horizontally fiat while charging 
a battery, lying horizontally fiat while collecting 1-V data, and 
tracking while collecting 1-V data. All of these configurations 
helped to understand how the system worked as a whole, as well 
as the maximum amount of charge that the BB-2590s could have 
received throughout the experiment. 

B. LOE-I Experimental Results 

1) Control Group Results: The LOE-1 experiment provided 
a very good environment to test the MSP systems, as the weather 
was both sunny and cloudy over the four days. The MSP so­
lar panel performance measured in both the fiat and tracking 
configurations over the test days is summarized in Table I. The 
fiat panels produced rv 138 Wh over the four days, while the 
tracking panels produced rv257 Wh. This can be compared with 
the total capacity of the BB-2590, which is 175 Wh. The typical 
daily energy need of a dismounted Marine is between 25 and 
125 Wh and is based on radio type and usage. The data show the 
clear advantage of solar tracking versus a stationary, fiat panel. 
The data also show reasonable energy harvesting even during 
a cloudy day, which is an important result as it demonstrates 
good performance of the MSP panels in low-light conditions. 
This is further investigated in Fig. 14, where the panel output is 
plotted as a function of illumination intensity. The MSP panel 
efficiency is seen to be constant with illumination intensity. 
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Fig. 14. Power output of an MSP panel measured as a function of solar inso­
lation. These data demonstrate that the MSP panels function well independent 
of the illumination intensity. 

TABLE II 
BATTERY CHARGING DATA FROM MSP CONTROL GROUP 

Array Battery Array Charging Est System 

Date Orientation Sun Energy Power Power Efficiency Efficiency Efficiency 

Whrs Whrs Whrs % % % 
2/6/12 FLAT 194.2 33 4.86 17.0 14.7 2.5 
2/6/12 TRACKED 215.6 47.4 36.34 22.0 76.7 16.9 

2/7/12 FLAT 236.2 44.9 19.80 19.0 44.1 8.4 
2/8/12 FLAT 60.7 11.5 5.74 18.9 49.9 9.5 
2/8/12 FLAT 60.7 11.5 2.59 18.9 22.5 4.3 
2/9/12 FLAT 244.5 46.3 19.90 18.9 43.0 8.1 
2/9/12 FLAT 244.5 46.3 17.96 18.9 38.8 7.3 

The next step in the analysis is to determine how much of 
the solar energy harvested by the MSP panels was transferred 
to the batteries. A summary of the battery charging achieved 
by the control group systems is given in Table II. These data 
show that while the solar panels displayed good efficiency, the 
battery charging efficiency was extremely low; therefore, the 
overall system efficiency was low. It was concluded that the 
poor charging efficiency was due to a nonoptimized design of 
the power box, and can be fixed easily. 

2) Group 1 and 2 Results: The results show between 0.6 
and 12.6 Wh delivered to a battery over two days and 
2.6-32.2 Wh over four days. This data are of only limited 
use; however, because of the poor performance of the power 
control circuit. Furthermore, the solar panels showed some 
integrity problems including interconnect stresses and bypass 
diode shorting, which affected the data that gathered from the 
LOE- I. The Marine carried MSP system does not include a 
solar insolation measurement; therefore, there is significant un­
certainty in the actual system efficiency due to no recorded data 
of the solar insolation each panel experienced. 

VI. COMPARISON OF MOBILE SOLAR POWER 
WITH CURRENT SYSTEMS 

While there are other flexible PV technologies currently being 
developed [6], [7], MSP is most comparable with the current 
USMC Program of Record (POR) PV powered battery charging 
system: the Solar Portable Alternative Communications Energy 
System (SPACES). The SPACES solar panel consists of copper 
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Fig. 15. Outdoor measurements of CIGS panel from a SPACES unit made as 
part of a side-by-side comparison with an MSP panel. 

TABLE III 
SIDE-BY-SIDE MEASUREMENT OF MSP AND SPACES 

Panel Panel Efficiency(%) Panel Efficiency (%) 
(Cell Active Area) (Total Panel Area) 

MSP 19.6 11.60 
SPACES 7.8 5.58 

indium gallium diselenide (CIGS) solar cells mounted in a panel 
that can be folded. NRL performed a side-by-side, outdoor test 
of an MSP and a SPACES panel. The panels were laid fl.at 
(horizontal orientation) during the test. The cell active area of 
the MSP panel is 0.06 m2 and that of the SPACES panel is 
0.7 m2 • The MSP total panel was 0.26 m by 0.39 m (0.101 m2 ). 

The SPACES panel was 1.321 m by 0.746 m (0.985 m2
). The 

measured data are shown in Fig. 15. The results are summarized 
in Table ill. The MSP panel efficiency of 19.6% (active cell area 
calculation) compares well with the measured individual solar 
cell efficiency of "'22% (see Fig. 2). 

These results indicate that the MSP panel produces approxi­
mately twice the power than the SPACES blanket. To show the 
operational implications of this, the power output of an MSP 
panel as a function of time throughout one day at Fort Pickett in 
VA (February 9, 2012) was calculated and compared with simi­
lar data for a SPACES blanket. In this modeling effort, the MSP 
panel was assumed to be the same size as the SPACES panel, 
0.985 m2

, with the same packing density as for the existing MSP 
panels. The solar insolation was determined from the SMARTS 
model, as described earlier. The results are shown in Fig. 16. 
The MSP panel produces 2.6 x the power of the SPACES blan­
ket, which means that, during this day in February in VA, the 
MSP panel can recharge two BB-2590 batteries, whereas the 
SPACES panel can barely charge one. 

VII. SUMMARY AND FUTURE PLANS 

The results of the MSP deployment during the LOE-1 demon­
strated excellent performance of the solar panels, showing 
more than a factor of two improvement over the current POR 
(SPACES). It can be concluded that the MSP solar panel tech-
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Fig. 16. Modeled performance of an MSP and SPACES panel based on the 
measured performance given in Figs. 5 and 15, where the panel power output 
has been calculated throughout the day. 

nology is an enabling technology for portable power. The results 
for charging a BB-2590 were less positive, as the best system 
charging efficiency attained was approximately 17%. 

The next step in the MSP program is to improve the solar 
cell interconnect issues and produce several more panels that 
demonstrate improved ruggedness. The panels will also be de­
signed to allow them to be connected in parallel so Marines can 
charge a single battery more quickly when stationary. 

The battery charge control issue will be addressed by coor­
dinating the MSP project with the Squad Electric Power Net­
work (SEPN). SEPN is an ONR Future Naval Capability (FNC) 
project with the goal of creating a Marine worn power network 
system connecting energy generation sources with batteries and 
an array of loads such as radios and night vision goggles. SEPN 
is currently developing a charge control unit capable of taking 
input from a solar panel and using that input to charge a BB-2590 
as well as power the electrical loads. The MSP panel appears to 
be a natural fit for this, and the redesigned MSP panels will be 
used during the LOE-2.2 in July 2012 to test the functionality 
of SEPN and MSP. 

The present results have demonstrated the performance of the 
mobile solar technology; therefore, efforts must now be placed 
on making the technology rugged and affordable. 
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Results are presented for an enhanced type-II W-structured superlattice (WSL) photodiode with an 
11.3 µm cutoff and 34% external quantum efficiency (at 8.6 µm) operating at 80 K. The new WSL 
design employs quaternary Al0.4Gao.49In0. 11 Sb barrier layers to improve collection efficiency by 
increasing minority-carrier mobility. By fitting the quantum efficiencies of a series of p-i-n WSL 
photodiodes with background-doped i-region thicknesses varying from I to 4 µm, the authors 
determine that the minority-carrier electron diffusion length is 3.5 µm. The structures were grown 
on semitransparent n-GaSb substrates that contributed a 35%-55% gain in quantum efficiency from 
multiple internal reflections. © 2006 American Institute of Physics. [DOI: 10.1063/1.2335509] 

W-structured type-II superlattices (WSLs), which were 
initially developed to increase the gain in midwave infrared 
(MWIR) lasers, 1'

2 are now showing promise as long-wave 
and very-long-wave infrared (LWIR and VLWIR) photodi­
ode materials. The WSL addresses the reduced overlap be­
tween the wave functions for conduction and valence states 
in type-II superlattices, arising from the alternating electron 
and hole confinement layers. In the WSL illustrated in Fig. 1, 
two InAs "electron wells" are located on either side of an 
InGaSb hole well and are bound on either side by AlSb 
(dashed) or AlGalnSb (solid) "barrier" layers. The barriers 
confine the electron wave functions symmetrically about the 
hole well, increasing the electron-hole overlap while nearly 
localizing the wave functions. The resulting quasi-two­
dimensional densities of states give the WSL its characteris­
tically strong absorption near the band edge. Care is taken to 
not fully localize the wave functions, however, since an elec­
tron miniband is required to allow vertical transport of the 
photoexcited minority carriers. 

The use of WSLs in photodiodes was first reported by 
Fuchs et ai.,3 who investigated structures designed for 
MWIR laser operation. Mixed results were obtained relative 
to photodiodes employing binary and ternary type-II super­
lattices (BSLs and TSLs), with the WSLs exhibiting good 
transport characteristics, but quantum efficiency (QE) ham­
pered by large series resistance. We have more recently re­
sumed the investigation of WSL photodiodes, extending op­
eration to the LWIR and VLWIR bands.4 Initial designs 
adapted from WSL lasers yielded transport results compa­
rable to those for BSL and TSL photodiodes, but signifi­
cantly lower QEs. Since transmission measurements con­
firmed strong absorption, this was attributed to poor 
collection of the photoexcited carriers. It also raised concerns 
that WSLs, with their longer period, additional interfaces, 
high Al content, and reduced electron mobility, might neces­
sarily have low QE. 

In this letter we describe a second generation of WSL­
based LWIR photodiodes, in which improvements to the de-

alElectronic mail: aifer@estd.nrl.navy.mil 

sign and material quality have strongly reduced minority­
carrier losses and substantially improved the QE. By 
measuring QE in a series of WSL p-i-n photodiodes grown 
with identical heterostructures but with varying background­
doped i-region (BD-region) thickness, we are able to extract 
the minority-carrier diffusion length. 

Figure 1 specifies the thickness and composition of each 
layer employed in the four-constituent periodic WSL struc­
ture, which was designed for a nominal band gap of 
11.3 µm. Here the AlSb barriers of the earlier WSL photo­
diodes are replaced by quaternary barrier layers (QBLs), 
consisting of Al0.4Gao.49In0. 11 Sb. Since the QBL contains 
60% less Al, its optimal growth temperature is much closer 
to that of the InAs and InGaSb layers. The QBL conduction 
band offset with respect to InAs is also substantially reduced, 
from 2.1 e V for AlSb barriers to 1.3 e V for the QBL. This 
results in a near doubling of the electron miniband width, 
from 20 to 35 meV, and therefore an enhancement of the 
vertical electron mobility. 

Five WSL p-i-n photodiodes were grown with BD re­
gions having thicknesses of I, 1.5, 2, 3, and 4 µm, in a Riber 
compact 21 T solid-source molecular beam epitaxy (MBE) 
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system. Each p-i-n structure was grown on a n-type (Te 
doped 1X1017 cm-3) GaSb substrate, beginning with a thick 
p+-GaSb contact layer doped with Be to (1-3) X 1018 cm-3, 

followed by a 0.1-µm-thick p-WSL that was Be doped to 
4 X 1017 cm-3. The BD region was grown next, followed by 
0.33 µm of n+-wsL, Si doped to 4 x 1017 cm-3. The struc­
tures were capped with a 10-nm-thick n+-InAs contact layer, 
Si doped to 4 X 1017 cm-3• 

The target structure was designed to be strain compen­
sated with neutral interfaces. This was motivated by an ear­
lier study5 that linked strong degradation of the photolumi­
nescence (PL) intensity with the use of group III soaks to 
force InSb-like interface bonds. Even without group III 
soaks, however, cross-sectional scanning tunneling micros­
copy has revealed that MBE background levels and segrega­
tion can still induce the predominance of a particular bond 
type, and hence strain.6 WSL test structures were therefore 
grown and evaluated for strain and periodicity by x-ray dif­
fraction and for band gap and overall material quality by PL 
measurements. To the extent that background As levels and 
Sb segregation could be eliminated, the nominally lattice 
matched WSL alloy recipe was typically adjusted in the final 
calibration growth to minimize strain. While this procedure 
produced wafers with negligible strain (120 ppm maximum, 
<50 ppm typical) and uniformly high PL intensity, superlat­
tice period was allowed to vary by as much as 5% (2 ML) , 
resulting in a cutoff wavelength range from 9.3 to 11.3 µm. 
This was acceptable for the purposes of this study since peak 
QE is fairly insensitive to band gap. 

Unpassivated, circular mesa diodes with 100-400 µm 
diameters were isolated by wet etching to a depth of 
1.5-4.5 µm to the p+-GaSb contact layer. Ti/Pt/ Au Ohmic 
contacts were then deposited on both the n+-InAs top and 
exposed p+ -GaSb bottom contact layers. The contacts were 
windowed or were small relative to the mesa size to provide 
optical access to the top-illuminated photodiodes. 

The external QE was determined from the photocurrent 
excited in the sample by a calibrated blackbody operating at 
1000 K and at a distance of 10.9 in. The blackbody flux, 
chopped at 37 Hz, was incident through a narrow bandpass 
filter, centered at 5.34 µm with a 0.35 µm full width at half 
maximum. To reduce stray reflections, the sample was en­
closed in a cold shield with a half-angle field of view of 
= 10°. The average QE within the filter passband was then 
used to rescale the normalized QE spectrum obtained with a 
Fourier transform infrared spectrometer. Independent QE 
measurements on several samples were also performed at 
Rockwell Scientific Co. and Northwestern University. 

In Fig. 2, typical QE spectra for each p-i-n photodiode 
are plotted for comparison. The QE is seen to increase sys­
tematically with absorber thickness, with the external QE 
(measured at 8.6 µm and averaged over 20 photodiodes) 
reaching a value of 34% for the 4-µm-thick device, which 
had a 50% power responsivity cutoff wavelength of 
11.3 µm. This is among the highest reforted for an anti­
monide type-II superlattice photodiode.7

' The 1-V character­
istics yielded average dynamic-impedance-area products 
(RoA) of 10-20 0 cm2 at 80 K, also comparable to the best 
type-II values,9 although still about a factor of 10 lower than 
the state of the art for HgCdTe photodiodes in this wave­
length range. Surface resistivities of =(1-2) x 104 0 cm 
along the unpassivated sidewalls were obtained from the in­
verses of the slopes of (RoA)- 1 versus mesa perimeter-to-area 
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FIG. 2. Quantum efficiency spectra of WSL photodiodes with 
1-4-µm-thick background-doped i-regions. Each spectrum is representative 
of the average for the sample. 

ratio. These relatively high values of surface resistivity indi­
cate suppressed rates of band-to-band and trap-assisted tun­
neling, which are prevalent where the high field region of the 
junction is exposed. We believe that the suppression of tun­
neling current in WSLs is due mainly to the very large elec­
tron effective mass along the growth axis, relative to that of 
binary and ternary type-II superlattices. 

In a p-i-n photodiode, the quantum efficiency is largely 
determined by three factors: the absorption coefficient, the 
background impurity concentration in the BD region (Nbgnd), 

and the minority-carrier diffusion length (L11). While the ab­
sorption coefficient determines the rate of optical generation, 
Nbgnd and L11 determine the volume over which photoexcited 
carriers can contribute significant photocurrent, through drift 
or diffusion processes, respectively. In an ideal p-i-n diode, 
the background impurity concentration is negligible and the 
built-in electric field extends across the entire i region and 
sweeps all photoexcited carriers across the junction. If the 
residual doping levels are appreciable, however, the field is 
restricted to a relatively short depletion region and most pho­
toexcited carriers must diffuse a significant distance across 
the quasineutral i region to be collected. In this case, the 
minority-carrier diffusion length is a critical factor determin­
ing the detector quantum efficiency. 

This behavior can be quantified using Hovel's 
expression 10 for the external QE of a p-n junction, with the 
surface recombination velocity set equal to zero. The total 
QE is expressed as sum over three regions, 

QE = QEp-11 + QEscR + QEn-p· (1) 

The contribution from the space charge region (SCR) is 

(2) 

where QE depends only on the reflectivity of the top surface 
R, on the absorption coefficient a , and on Nbgnd through the 
boundaries of the n and p depletion regions x11 and xP. The 
collection of minority electrons from the quasineutral p re­
gion (QE11), however, is a strong function of the electron 
diffusion length L11 and its ratio with the width of this region 
WH, 
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FIG. 3. Scatter plot of peak QE of WSL photodiodes vs length, from the 
beginning of the n region to the end of p-background-doped region. Lines 
are plots of Hovel's expression [Eqs. (1)-(3)], with the electron diffusion 
length as a fitting parameter. 

Q ( 1 ) aLn -ax [ L E11 _P = - R ( )2 e P a 11 aL11 -1 

_ sinh(WH/L,J + aL11e-aWH] 
cosh( W HI L11 ) • 

(3) 

A similar contribution from the quasineutral n region, QEp-m 
is minimal because that layer is thin and heavily doped and 
has a low minority-carrier hole mobility. 

The background doping of the i region was determined 
from measurements on a Hall sample, consisting of a 
2-µm-thick undoped WSL grown over a 1-µm-thick lattice 
matched A1As0.4Sb0.92 layer to isolate the WSL from the con­
ductive n-GaSb substrate. A quantitative mobility spectrum 
analysis 11 of the magnetic-field-dependent (0-9 T) Hall data 
determined electron and hole carrier densities and mobilities 
versus temperature. The results show a p-type background 
concentration of =2 X 1015 cm-3 with a mobility of 
= 5000 cm2 IV s at 80 K. 

One remaining issue is that the line shapes exhibited in 
Fig. 2 are atypical of the WSL spectra expected from the 
absorption measurements, since they lack the characteristic 
peak near cutoff, and also exhibit sharp, oscillatory features 
having a fixed pattern. These features correspond to the 
transmission spectrum of the metal-filled epoxy used to bond 
the samples to the gold plated chip carriers. Transmission 
measurements show that the 500-µm-thick n-GaSb sub­
strates (Te doped 1 X JOI 7 cm-3) transmit nearly 85% of the 
incident light not reflected at the interface (at 7 .5 µm). It is 
therefore evident that multiple internal reflections contribute 
significantly to the measured QE. Based on QE measure­
ments of a p-i-n photodiode using the same heterostructure 
with a 2-µm-thick BD region grown on an absorbing 
p-GaSb substrate, we estimate that the measured QE is en­
hanced by 35% for the 4-µm-thick BD-region sample to 
55% for the sample with the 1-µm-thick absorber. The cor-

Appl. Phys. Lett. 89, 053519 (2006) 

responding single-pass QE values are then 10%, 14.6%, 
17.5%, 20%, and 25% for the 1-, 1.5-, 2-, 3-, and 4-µm-thick 
absorber layer samples, respectively. This effect results in a 
further underestimation of the diffusion length, since the 
relative increase in QE due to reflections increases as the 
strongly absorbing BD-region thickness decreases. 

In Fig. 3, solid circles are used to plot the measured QE 
peak nearest cutoff as a function of diode length including 
the n-doped and BD regions. Simulations using Hovel's ex­
pression (lines), with the electron diffusion length as a fitting 
parameter, are plotted for comparison. The best fit is ob­
tained for an electron diffusion length of L11 = 3.5 µm and an 
absorption coefficient of 2200 cm-I at 7.5 µm, which repre­
sents a lower bound on L11 since we set the surface recombi­
nation velocity to zero. While transmission measurements on 
the photodiode wafers yielded a value of 1600 cm-I for the 
absorption coefficient, the value used for fitting is enhanced 
by 40% owing to multiple reflections in packaged devices as 
discussed above. Finally, almost no enhancement in photore­
sponse under reverse bias was observed in photodiodes with 
active regions less than 4 µm thick, in further confirmation 
that the diffusion length was in excess of 3 µm. 

Our results demonstrate that despite the WSL's addi­
tional complexity, including twice as many interfaces per 
period and reduced electron mobility along the growth axis, 
WSL photodiodes can achieve high QE relative to other 
type-II superlattice systems. 
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Lattice matched InAlGaAs tunnel junctions with a 1.18 e V bandgap have been grown for a 
triple-junction solar cell on InP. By including two InGaAs quantum wells in the structure, a peak 
tunnel current density of 113 A/cm2 was observed, 45 times greater than the baseline bulk 
InAlGaAs tunnel junction. The differential resistance of the quantum well device is 7 .52 x 10- 4 Q 

cm2, a 15-fold improvement over the baseline device. The transmission loss to the bottom cell is 
estimated to be approximately 1.7% and a network simulation demonstrates that quantum well 
tunnel junctions play a key role in improving performance at high sun-concentrations. © 2012 
American institute of Physics. [http://dx.doi.org/10.1063/1.4 722890] 

Tunnel junctions (TJs), or Esaki diodes, 1 are an impor­
tant component of multi-junction solar cells, connecting the 
subcells of a monolithic multi-junction stack in electrical se­
ries. For optimal performance, it is important that the TJ has 
a high enough peak tunnel current density not to impede the 
flow of photocurrent between the subcells, which can reach 
tens of A/cm2 in sun-concentrator applications.2 Also, the 
differential resistance of the tunnel diode should be as low as 
possible to minimize any voltage drop across the diode. A 
final consideration for solar cell applications is that the TJ 
should be as transparent as possible to light below the band 
gap of the cell directly above the TJ, both to minimize the fil­
tering of the light to the cell beneath and also to minimize 
the possibility of photocurrent being produced by the TJ. 3-5 

greater than 15-fold reduction in the differential resistance, 
with only a small impact on the transparency. 

In this work, we discuss the development of a tunnel 
junction designed to operate between the middle and bottom 
cells of an InP-based triple junction (3J) solar cell. InP-based 
multi-junction cells are a promising route to high conversion 
efficiencies in both terrestrial and extra-terrestrial environ­
ments, and there have been recent successes in developing 
component cells for the InP-based 3J.6 The optimum 
bandgap configurations for the 31 under different spectra 
were determined by Gonzalez et al.7 The middle cell 
band gap derived from this work was chosen to be 1.18 e V, 
achieved using the lattice-matched quaternary Ino.s2Alo.33 
Gao.15As. A basic p++/n++ tunnel junction was produced 
using this material and compared to an identical structure 
containing a pair of lattice-matched In0.53Gao.47As quantum 
wells, providing much more efficient interband tunneling. 
Similar structures grown by other authors have been shown 
to exhibit very high tunnel currents and peak to valley ratios 
(PVR) in the past.8

·
9 In this work, however, we examine the 

trade-off in the improved tunneling characteristics and the 
increased transmission loss using the quantum wells com­
pared to the bulk TJ. Using a combination of IV characteri­
zation and modeling, the relative performance of the 
quantum well TJ and the bulk TJ was measured, with the 
quantum well tunnel junction (QWTJ) demonstrating a 
greater than 45-fold increase in the peak tunnel current and a 

To evaluate the performance of the QWTJ versus a base­
line device, two test structures were fabricated, one of which 
contained the QWTJ structure and the other contained the 
conventional bulk T J structure. The device structures are 
summarized in Figure 1. The structures were grown using 
solid source molecular beam epitaxy. Each tunnel junction is 
surrounded by a 1500 A 2 x 1017 cm- 3 Si-doped (n-type) 
In0.53Gao.47As buffer layer beneath and a 1500 A 
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FIG. I. A schematic diagram of the baseline bulk InAIGaAs TJ structure 
(left) and the QWTJ structure, incorporating two 80 A InGaAs QWs (right). 
Calculated equilibrium band diagrams for the junction region of the two 
structures are shown (bottom). 
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2 x 1017 cm- 3 Be-doped (p-type) lno.s2Alo.33Gao.1sAs buffer 
layer above. These buffer layers were chosen to resemble the 
base and emitter regions of InAlGaAs and InGaAs middle 
and bottom cells in a 3J architecture. A 250A 1 x 1019 cm- 3 

Si-doped In0.53Gao.47As cap layer was used to achieve an 
Ohmic contact to the front surface, and all the structures 
were grown on n-type InP wafers. The baseline bulk TJ has 
150 A In0.52Al033Gao.1sAs 1 x 1019 cm-3 Si-doped and 
1 x 1019 cm-3 Be-doped layers. The QWTJ device has two 
80 A QWs separated by a 40 A In0.52Al0.33Gao. 15As barrier 
and with 50 A In0.52Alo.33Gao. 15As barriers either side, and 
the QWTJ device is designed so that the total thickness and 
doping are identical to the bulk TJ. The wafers were proc­
essed into circular devices with a mesa diameter of 1 mm 
and the current voltage characteristics were measured using 
a four point probe technique. 

The equilibrium band structure of the devices was calcu­
lated using semiconductor band-solver software developed at 
the Naval Research Laboratory. The software numerically 
solves Poisson 's equation in one dimension for a given layer 
structure, using band parameters taken from Vurgaftman 
et ai. 10 The band diagrams for the bulk TJ and QWTJ are 
shown in Figure 1. The QWTJ calculation assumed the bulk 
properties of InGaAs within the quantum wells which pro­
vide a good first approximation to the band structure of the 
QWTJ. However, quantum confinement effects modify the 
density of states in the QW regions and, strictly speaking, 
need to be accounted for, which will be the subject of further 
study. 

The electrical characteristics of representative diodes of 
the bulk TJ and QWTJ are shown in Figure 2. The bulk TJ 
demonstrated a clear negative differential resistance (NDR) 
region, with a peak tunnel current density of 2.52 A/cm2 and 
a peak to valley ratio of 4.8. Assuming a typical triple junc­
tion I-sun short circuit current density of 15 mA/cm2, the 
peak tunnel current density corresponds to a concentration 
ratio (CR) of approximately 170 suns. The differential resist­
ance of the tunnel diode was found to be 1.15 x 10- 2 Q cm 2. 
In comparison, the QWTJ demonstrated a much higher peak 
tunnel current density of 112.9 A/cm2, a factor of approxi­
mately 45 greater than the bulk TJ. In order to see the NDR 
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FIG. 2. A semi-log plot of current density versus voltage for the bulk TJ 
and the QWTJ measured using a four-point-probe technique. 
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in the two devices clearly, the IV curves are presented in Fig­
ure 2 on semi-log axes. The equivalent concentration of this 
current is approximately 7500 suns, which far exceeds the 
requirements for terrestrial concentration applications. A 
small differential resistance is extremely important for mini­
mizing voltage losses in multi-junction solar cells, and the 
QWTJ exhibited a differential resistance of 7.52 x 10-4 

Q 

cm2, which is a factor of 15.3 lower than the bulk diode. The 
PVR of the QWTJ was 10.7, and it is believed that this figure 
can be improved through further optimization of the barrier 
and well thicknesses. 

The proposed mechanism for improving the tunneling 
characteristics of the diode is the efficient tunneling via the 
confined electron and hole energy levels of the quantum 
wells.9 Using bulk materials of a narrower bandgap, such as 
lattice-matched InGaAs, is well known to improve the reso­
nant interband tunneling probability5 and high peak tunnel 
currents have been demonstrated using InGaAs TJs. 11 How­
ever, the benefit of the InGaAs QWs with wider bandgap 
barriers compared to a bulk InGaAs TJ is that efficient tun­
neling can be achieved with a much smaller impact on the 
transparency of the diode. It is important that the TJ is trans­
parent to light lower in energy than the In0.52Alo.33Gao.15As 
middle cell bandgap to minimize the filtering of light to the 
bottom cell. To approximate the absorption in the double 
QWTJ compared to bulk InGaAs beyond the middle cell 
bandgap, the absorption coefficient was calculated using the 
analytical solution to the finite square well problem in the 
effective mass approximation and in the absence of an elec­
tric field. This gives a rough estimate of the absorption coef­
ficient and energy level structure of each well, although in 
reality the electric field across the wells significantly modi­
fies the envelope wavefunctions and confined energies. 12 

The confined energy levels of the quantum wells are dis­
played in the inset to Figure 3. The density of states was cal­
culated using the familiar two dimensional density of states 
expression and the absorption coefficient then calculated 
using the overlap integrals deduced from the solution of the 
finite QW problem and the interband momentum matrix ele­
ments. For simplicity, the Coulombic attraction of the 
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AG. 3. The calculated transmission of the double QW region of the QWTJ 
compared to the same thickness of bulk TnGaAs. The inset shows the con­
fined energy levels in the InGaAs quantum well. 
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electrons and holes and broadening mechanisms were 
neglected. A more detailed description of the absorption cal­
culation can be found in, for example, Ref. 13. The absorp­
tion calculated in this way can be seen as an upper limit, as 
the significant electric field across the QW region reduces 
the overlap integral of the electron and hole wavefunctions, 
thereby weakening the absorption. Therefore, the actual 
transmission losses during operation in the solar cell may be 
smaller than the estimate from this simple QW model. 

The transmission of light below the InAlGaAs bandgap is 
shown in Figure 3 for both the QWTJ and bulk InGaAs. In the 
QWTJ case, the transmission was calculated using a transfer 
matrix technique, which takes into account the multiple reflec­
tions at the well/barrier interfaces, although the low index 
contrast of the layers results in a very small effect. The layer 
structure was two 80 A QWs separated by a 40 A InAlGaAs 
barrier and surrounded by two 50 A InAlGaAs barriers, as 
shown in Figure 1. The substrate and ambient layers were 
assumed to be InAlGaAs also, to avoid the complications of 
multiple reflections at the front and rear surfaces of the struc­
ture. The real part of the refractive index for the QW layers 
was assumed to be that of bulk InGaAs. The transmission is 
compared to the single pass transmission through 300 A of 
bulk InGaAs calculated using the Beer-Lambert law. 

Results show that the transmission through the QWTJ is 
attenuated by approximately 1 % per well above the lowest 
energy confined state of the well, and as shown in Figure 3 
the transmission in the QWTJ is significantly greater than a 
bulk InGaAs TJ of the same overall thickness. This is impor­
tant when considering the use of these structures within the 
3J device. The power density contained in the ASTM 
AMl.5 g spectrum between the energies of 0.74-1.18 eV is 
165.8 W/m2

, and for the baseline InAlGaAs TJ it is assumed 
that all this power is transmitted through the junction region 
of the TJ. In the case of bulk InGaAs, 3.9% of the available 
light in this spectral region is absorbed. However, with the 
QWTJ only 1.7% of the light in this spectral band is 
absorbed. Even though the effect is reduced, the absorption 
in the QWs does still create a loss mechanism for the 3J solar 
cell. However, as discussed earlier, this simple QW model 
gives an upper limit to the transmission losses which may be 
lower in a real device. Furthermore, by using InAlGaAs 
QWs with a wider bandgap, it may be possible to lower the 
trade off in peak tunnel current and absorption. 

To evaluate the trade-off in the transparency and differen­
tial resistance of the bulk and QWTJ structures, we used a net­
work simulation of an idealized 3J solar cell with bandgaps of 
l.74eV, 1.18eV, and 0.74eV. A similar approach to Steiner 
et al. 14 was employed and a schematic layout of the network 
simulation is shown in the inset to Figure 4 . The simulation 
was split into nine illuminated components and one shaded 
component, each with an area of 1 x 10- 6 cm2

, forming a 
cross-section between a grid finger and the halfway point of 
two grid fingers. Any voltage drop along the direction of the 
grid finger was neglected, allowing the network to extend 
only in one direction. The saturation current of the subcells 
was estimated from the radiative recombination limit7 and 
values of 7.5 x 10- 27 A/cm2

, 8.9 x 10- 18 A/cm2
, and 

8.9 x 10- 11 A/cm2 were used for the top, middle, and bottom 
cells, respectively, assuming a temperature of 300 K. 
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FIG. 4. Calculated values of normalized efficiency as a function of the CR 
for idealized 3 J devices using the bulk (dotted blue line) and QW (solid red 
line) tunnel junctions. The inset shows a schematic of the network simula­
tion layout. 

The solar cell with the bulk TJ was chosen to be per­
fectly current matched and the short circuit current density 
for each sub-cell was arbitrarily chosen to be 15 mA/cm2 

under one sun conditions. We assumed that there was a lin­
ear relationship between the J5c of the subcells and the solar 
CR. Each cell had a shunt resistance of 1 x 108 Q cm2

, the 
spreading resistance of the top of the cell was assumed to be 
200 Q/D and the contact resistance used a value of 3 x 10- 6 

Q cm2
. The tunnel diodes were represented as resistors with 

the measured values of differential resistance from the bulk 
and QWTJ structures. This method allows a direct compari­
son of the differential resistance on the solar cell efficiency, 
but obviously does not take in to account the non-linearity of 
the tunnel diode. The differential resistance of the TJ 
between the first and second sub-cells was fixed at 1 x 10-4 

Q cm2
. To account for the absorption loss with the QWTJ, 

the short circuit current of bottom cell was reduced by 1.7%, 
making the 3J overall bottom cell limited. 

Figure 4 shows the simulated efficiency of the 3J cells 
normalized to the peak efficiency. At low concentrations, the 
filtering of the light to the bottom cell reduces the conversion 
efficiency of the 3J with the QWTJ by approximately 0.7% 
relative to the baseline TJ, due to the bottom cell limiting the 
current. However, for concentrations above 140 suns the 
QWTJ device becomes more efficient due to the lower resis­
tive loss, and at 1000 suns the QWTJ device has approxi­
mately a 4.4% higher efficiency relative to the bulk device. 
In reality, once the concentration ratio exceeds approxi­
mately 170 suns, the increase in efficiency of the QWTJ will 
be greater still due to the photocurrent exceeding the peak 
tunnel current of the bulk TJ. This will cause the bulk TJ to 
pass current in the thermal diffusion mode, thereby incurring 
a much larger voltage drop. 14 The small absorption loss in 
the QWTJ device therefore has only a very small impact on 
the performance at high concentration due to the much 
smaller resistive loss. 

In conclusion, we have demonstrated a quantum well tun­
nel junction structure which can be used to improve the per­
formance of a multi-junction solar cell. By incorporating two 
InGaAs QWs, a peak tunnel current of 113 A/cm2 was 

Downloaded 05 Jul 2012 to 132 .250.22.5. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permiss1ons 



213907-4 Lumb et al. 

observed, which was a 45-fold increase over the baseline 
InAlGaAs TJ, and a differential resistance of 7.52 x 10-4 Q 

cnl, which was a 15.3-fold improvement over the baseline 
device. The increase in the spectral power absorbed in the 
QW region is estimated to be about 1.7%, which is signifi­
cantly smaller than a bulk InGaAs TJ which absorbs 3.9%. 
This yields a device which can far surpass the electrical per­
formance of the conventional tunnel junction structure at high 
concentrations with minimal transmission loss. We believe 
that the design can be further optimized to improve the trans­
parency whilst still achieving extremely high peak tunnel cur­
rents by tailoring the QW depth and the barrier thickness. In 
addition to the role in developing multi-junction solar cells on 
InP, analogous QWTJs could improve the performance of the 
more established 31 devices based on Ge or GaAs substrates. 

The author would like to thank Woojun Yoon, Chaffra 
Affouda, and Joe Tischler for valuable contributions to this 
work. This work was supported by the Office of Naval 
Research. 
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ABSTRACT 

Semiconductor quantum wells and superlattices have found numerous applications in optoelectronic devices, such as lasers, 

LEDs and SO As, and are an increasingly common feature of high efficiency solar cells and photodetectors. In this paper we 

will highlight some of the recent developments in the use oflow-dimensional III-V semiconductors to improve the 
performance of photovoltaics by tailoring the bandgap of the junction. We also discuss novel structures designed to 

maximize photo-generated carrier escape and the application of quantum confinement to other components of the solar cell, 
such as tunnel junctions. Recent developments in type-II superlattices for photodetectors will also be discussed, including 

the graded-gap LWIR device based on the W-structured superlattices demonstrated at the Naval Research Laboratory. 

Modeled results will be presented using the NRL BANDS™ integrated 8-band k·p and Poisson solver, which was 

developed for computing the bandstructures of superlattice and multi-quantum well photodiodes. 

1. INTRODUCTION 

Low-dimensional semiconductors play an important role in the operation of a range of optical and electronic devices, and 
are widely studied by researchers investigating semiconductor theory and experiment, crystal growth and material science. 
Advances in epitaxial growth techniques have led to the realization of sophisticated quantum heterostructures, able to 

exploit the quantum nature of electrons and holes when confined on length scales comparable to the de Broglie wavelength 

of the carriers. Two important examples of low-dimensional semiconductors are quantum wells (QWs) and superlattices 

(SLs) that use one dimensional confinement to tailor the electronic properties of the material. QWs and SLs are an 

established technology for a range of devices including lasers, light emitting diodes and semiconductor optical amplifiers. 

In this work we highlight two specific applications of QWs and SLs, for photovoltaic solar cells and photodetectors, in 

which quantum confinement for bandgap engineering can improve the device performance and flexibility. 

2. QUANTUM WELL SOLAR CELLS 

The incorporation of quantum wells into the intrinsic region of a solar cell to extend the absorption range was first proposed 

by Keith Barnham [1] at Imperial College London. By controlling the thickness and composition of the QWs, the 

absorption edge of the solar cell can be tuned to optimize the cell performance under the terrestrial solar spectrum. The 

problems associated with growing well materials with lattice mismatch to the host substrate can be mitigated by choosing 

the barrier material and thickness to compensate the strain introduced by the QW - a technique known as strain balancing 

[2]. This approach allows multiple quantum well (MQW) stacks with > 100 periods to be grown without introducing strain 

related defects or dislocations [3 , 4]. 

The motivation for tailoring the bandgap of a solar cell can be well understood by performing detailed balance calculations 
of the cell ' s limiting efficiency. In the detailed balance limit, the dark current of the solar cell is limited only by radiative 
recombination and the external quantum efficiency (EQE) is assumed to be 100%. The calculated limiting efficiency then 
guides the search for optimal band gap, or configuration of bandgaps in a multi-junction cell, that most efficiently converts a 
given spectrum into electrical power. To represent an MQW stack in the detailed balance model we use an approach similar 
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to that outlined by Adams et al. [5]. The bulk regions of the solar cell, in this case GaAs, have unity external quantum 

efficiency, whereas the extended absorption of the MQW region has a variable quantum efficiency and bandgap value, as 

shown in figure 1. The dark current is calculated using the Generalized Planck expression in the Boltzmann limit [6], using 

the EQE values defined in the model. The photocurrent is calculated using the EQE integrated with the ASTM AMI .5G 

spectrum. 
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Figure 1. The idealized quantum efficiency of a Q W solar cell, with variable Q W bandedge and external quantum efficiency. 

The conversion efficiency of a single junction GaAs solar cell incorporating an MQW stack is shown in figure 2a. The thick 

red line indicates the iso-efficiency contour for the GaAs solar cell. For strongly absorbing MQW stacks with EQE 

approaching unity, modest efficiency enhancements are found for QW bandgaps smaller than the GaAs value, up to a 

maximum improvement of approximately 0.5% absolute for an MQW stack with l.34eV bandgap. If the MQW quantum 

efficiency is low, however, the conversion efficiency can be lower than the baseline GaAs material if the extra photocurrent 

produced by the MQW does not outweigh the increase in dark current from the narrow gap MQW region. Nonetheless, 

using MQW s as part of a multi-junction architecture has clear advantages [7]. 

A fundamental limitation of the well-established triple junction (3J) based on Germanium for concentrator and space 

applications is that the bandgap of the In001Gao 99As middle cell is wider than is optimal for a 3J cell with a Ge bottom cell. 

Figure 2b shows the conversion efficiency of the Ge-based 3J if the middle cell contains MQWs and the bottom and top 

cell bandgaps are fixed at 0.67eV and l.85eV, respectively. Whereas the conversion efficiency for the bulk 3J is calculated 

to be 40.4%, it is improved significantly when QWs with relatively modest quantum efficiencies are included. This is 

because the extra photocurrent improves the current matching of the top two cells, far outweighing the voltage reduction 

induced by including the wells. While the actual gains expected from inclusion of the QWs are somewhat smaller since the 

top cell can be thinned to reduce the current mismatch in the top and middle cells, commercially available 3J MQW cells 

containing 70 QWs with 1.32eV bandgap gave a 3% absolute increase in efficiency over a comparable, current-matched, 

bulk baseline device [8]. 
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Figure 2. (a) The limiting efficiency of a single junction QWSC with variable QW bandgap and external quantum efficiency. 
(b) The limiting efficiency ofa triple junction solar cell incorporating a QWSC as the middle cell. The top and bottom cell 
bandgaps are fixed at 1.85 and 0.67 eV, respectively. 

A further consideration for terrestrial PY is the spectral variability due to location, the angle of the sun and varying 

atmospheric conditions. Although cell performance under the standard reference spectrum is a good benchmark indicator 

for competing technologies, the total energy harvested at a given actual location provides a preferable measure of cell 

performance. Using reliable, time resolved atmospheric data and the SMARTS2 model [9], realistic spectra were generated 

for a variety oflocations and combined with a detailed model for quantum well solar cells by Lumb et al. [ 1 O]. Even when 

the top cell base thicknesses of both the bulk and MQW 3J devices were tailored to maximize the energy harvest, the MQW 

cell outperformed the bulk device. The advantage is particularly noticeable in locations where the spectral content is red­

rich for large parts of the year, such as Solar Village in Saudi Arabia. By capitalizing on its longer absorption edge that 

exploits the increased light content at longer wavelengths, the MQW cell gave gains of approximately 3% over a year of 

simulated operation. 

3. NOVEL STRUCTURES FOR MAXIMIZING CARRIER ESCAPE 

Recent work at the University of Tokyo [11] and University of Houston [12] has focused on enhancing carrier escape from 

the quantum wells through resonant tunneling. In a highly-confined quantum well system, the thermionic escape time for 

photogenerated carriers is predicted to be long due to the large potential barrier. A potential route to shortening this time is 

to provide a local tunneling escape path by including a thin well in close proximity to the thicker absorbing well. Carriers 

photogenerated in the thicker well can efficiently tunnel to the neighboring well, thereby creating a sequential thermionic 

and tunneling escape mechanism with a shorter lifetime than for purely thermionic escape. This concept is shown 

schematically for the conduction band of a coupled QW system in figure 3. The red arrow shows the thermionic escape path 

from the lowest energy state in the quantum well whereas the black lines show a combined tunneling and thermionic escape 

mechanism. This technology may prove particularly valuable for systems requiring very deep QWs to substantially 

lengthen the absorption edge. 
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Figure 3. Schematic diagram showing two different escape mechanisms from a QW system. The red arrow shows thermionic 
escape directly from the thicker well, whereas the black arrows show a combined thermionic and tunneling escape mechanism. 

4. QUANTUM WELL TUNNEL JUNCTIONS 

In addition to using quantum wells for bandgap engineering, recent work at the Naval Research Laboratory has 

demonstrated that QWs can also enhance the performance of tunnel junctions [13]. Tunnel junctions are an important 

component of multi-junction solar cells that require a low differential resistance to minimize voltage losses, as well as a 

large peak tunneling current density to facilitate the flow of photocurrents as large as tens of A/cm2 in high solar 

concentration situations [ 14]. Tunnel junctions to interconnect the middle and bottom cells of an InP-based triple junction 

cell were designed and grown using Molecular Beam Epitaxy (MBE). The baseline device was an In0 52Al033Gao 15As 

tunnel diode with 150 A p++/n++ layers. The tunneling region was surrounded by a 1500A ln052Al033Gao 15As layer above 

and a 1500 A ln053Gao4 7As buffer layer beneath, which are similar to the base and emitter of the surrounding cells in a full 

multi-junction architecture. In the quantum well tunnel junction (QWTJ), the total thickness and doping were identical to 
those of the baseline device, except that two 80 A, lattice matched In0 53Gao4 7As quantum wells were included in the p++ 

and n++ regions respectively. The QWs were separated by a 40A barrier. Figure 4 shows secondary-ion mass spectroscopy 

(SIMS) measurements of the Si and Be dopant concentrations in the baseline and QWTJ structures. 

- Baseline: Be 
- Baseline: Si 
--·-··- QWT J: Be 

QWTJ: Si 

0 20 40 60 80 

Position (nm) 

Figure 4. SIMS measurements showing the Be and Si dopant concentrations in the QWTJ and baseline bulk samples. The 
doping profiles in the two structures are seen to be nominally identical. 
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Figure 5. Measured current-voltage characteristics for the QWTJ (open points) and baseline bulk (closed points) devices. The 
peak tunnel current for the QWTJ is seen to be greater by a factor of 45. 

The QWTJ device exhibited a peak tunnel current density of 113 Ncm2
, which was 45 times greater than the baseline bulk 

InAlGaAs tunnel junction. The QW device ' s differential resistance of 7.52x 104 .Qcm2
, was a 15-fold improvement over the 

baseline device. The current-voltage characteristics of the baseline bulk device and the QWTJ are shown in figure 5, on 

semi-log axes for clarity. The QWs absorb a small fraction of the light beyond the InAIGaAs middle cell absorption edge, 

resulting in up to 1.7% transmission loss to the bottom cell for light in the 0.74-l.l 8eV spectral range according to a simple 
QW absorption coefficient model [13]. However, for high-concentration applications, reduced differential resistance is 

expected to outweigh the slightly higher optical loss. 

5. MODELING SUPERLATTICES USING A K·P APPROACH 

In order to design optimal quantum confined structures for solar cells and photodetectors, appropriate analytical tools are 

needed to realistically model the bandstructures of periodic multi layered media. This section describes the NRL BANDS TM 

software package that we developed to calculate quantum well and superlattice bandstructures within the k·p 

approximation. The theoretical framework is similar to that outlined by Vinter et al. [15] with all the band parameters taken 

from the review article of Vurgaftman et al. [16]. The effects of biaxial strain on the relevant band parameters is included, 

under the assumption that the layers are grown pseudomorphically on to the host substrate. The k·p model provides an 

efficient method for calculating the SL band structure near to the zone boundary, which is used to extract the band 

properties needed to create an effective medium for the superlattice. When used in conjunction with a numerical solution of 

Poisson ' s equation, this effective medium provides a computationally inexpensive method for calculating the equilibrium 

band diagrams of SL devices. 

In order to calculate the SL eigenstates, we represent them as a z-dependent expansion of the Bloch waves in the material. 

The coefficients of the expansion are further expanded in a Fourier series over the spatial frequency of the superlattice. The 

eigenstates of the SL are represented by z-dependent envelope-function approximations: 

<fJnk(r) =I a1;;'·i(k)ejGmzejk.ruw(r;z) 

m,i (1) 

The envelope functions are expanded in a Fourier series over discrete spatial frequencies of the superlattice Gm=21rmld , 

where dis the SL period, m indexes the number of Fourier components retained and U;o is the periodic Bloch function at 

k=O for orbital i. We use 8 orbitals: S, Px, Pr, Pz including spin degeneracy. The eigenvalue problem for the periodic 

superlattice is then given by 
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(2) 

Here HsL is an 8*N x 8*N matrix, where N is the number of Fourier components and En(k) is the energy dispersion for band 
n. This k·p approach is valid up to approximately 10-20% of the Brillouin zone. From the calculated energy band dispersion 

the effective medium properties are derived, including the bandgap, relative valence band energy level , and in-plane and 

out-of-plane effective masses for electrons and holes. The bandgap of the effective medium is defined as the energy 

separation of the electron and hole ground-state energies at k=O. The SL mini-bands are evaluated at kz=O and the edge of 

the SL Brillouin zone, kz=rr/d. The mini-band width calculated in the z direction at k11=0 is given by 

A Cosine function provides a good approximation for the dispersion in the z direction 

The effective mass in the z direction is therefore given by 

2h2 

mz,n = w. d2 
n 

(3) 

(3) 

(4) 

The in-plane mass for each band is calculated from the in-plane curvature of the band at k=O. The lattice constant and static 

permittivity are averaged from the bulk material parameters, weighted by the layer thicknesses. Conduction and valence 

band effective medium masses are calculated by averaging, using Boltzmann weighting over the first few bands 

(5) 

This ensures that the curvature of the lowest lying energy bands dominate the carrier effective mass. If I W0 l»k8 T for the 

lowest energy electron or hole band, the overall medium effective mass is a three dimensional average, with a value given 

by the geometric mean of the averaged in-plane and out of plane masses 

(6) 

On the other hand, if I W0 l<k8 T for the lowest-energy electron or hole sub band, that subband is assumed to be effectively 
two dimensional and therefore only the in-plane mass is considered 
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(7) 

The default use of 2D or 30 effective masses can be overwritten at runtime. Figure 6 shows the growth axis (left) and in­

plane (right) dispersion relations derived by NRL BANDS™ for two electron and four hole subbands in a representative 

simple type-II InAs/ln0 1Gao 9Sb SL, grown on GaSb. Note that the lowest energy electron subband is 3D in nature, while 

the ground-state hole subband is 2D. The calculated in-plane effective masses for electrons and holes subbands are 0.024m0 

and 0.035m0, respectively. 
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Figure 6. Calculated growth-axis (left panel) and in-plane (right panel) energy dispersion of the two lowest electron and four 
lowest hole subbands in a simple SL consisting of 40.9A InAs layers alternating with 27.6A In0 1Gao.9Sb layers at 77 K. The 
structure is strain-compensated for growth on a GaSb substrate. 

Figure 7 shows the equilibrium band diagram at 77K of an n-i-p heterojunction [17], whose LWIR absorber layer is a type­

II InAs/InGaSb SL. Then-type side of the heterojunction is a second type-II superlattice whose periodic layering of 47.0A 

InAs layer and 20.4A Al0 89In0 11 Sb provides a much wider bandgap of 0.46e V at 77K. The full structure consists of a 

300nm 4x 10 17 cm-3 n-type InAs/AllnSb SL, a 300nm intrinsic InAs/ AllnSb SL (I x I 0 15 cm-3 n-type background doping is 

assumed), a 1000 nm 1x10 16 cm-3 p-type InAs/GalnSb absorber SL, and a 500nm 1x10 18 cm-3 p-type GaSb buffer layer. The 

software is designed to provide a simple and intuitive visualization of the band diagram, carrier concentrations, electrostatic 

potential, doping profiles, and band alignments for complicated heterostructure architectures. The software automatically 

defines a simulation mesh to give an efficient yet accurate solution of Poisson's equation, although the mesh can be 

modified by the user at runtime. In addition, the user is able to overwrite the default band parameters, so that fine 

adjustments can be made to fit the experimental data. 
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Figure 7. Equilibrium band diagram of an nip heterojunction SL structure grown on a GaSb buffer layer, calculated at 77K. 

6. W-STRUCTURE SL AND GRADED BANDGAP LWIR PHOTODETECTORS 

A four layer periodic superlattice developed at the Naval Research Laboratory, known as the W-structure due to the 
conduction band offset profile, has enabled the realization oftype-11 MWIR lasers with higher gain as well as LWIR 
detector materials with enhanced absorption tum-on near the bandedge. Table 1 shows a single period of an example W­

structure superlattice (WSL) for the detector absorber region, grown on GaSb, from Canedy et al. [ 18]. 

Table 1. The layer structure of a single period of a WSL absorber region, grown on GaSb. 

Material Thickness A 
In As 18 
Gao 1Ino3Sb 34 
InAs 18 
AlAso 106Sbo s94 234 

Figure 8 shows the output for the ground state conduction and valence band profiles, energy levels and wavefunction 

probability distributions of the lowest electron and hole subbands in arbitrary units. The highest valence sub band is found 

to have a heavy hole character. Because of its additional degrees of freedom, the four-layer W-structure can readily provide 

a graded band gap with independently tunable conduction and valence offsets, while also maintaining strain compensation 

and fixed GalnSb alloy composition for practical growth by MBE. This approach was used by Vurgaftman et al. [19] to 
grow a graded bandgap type-II L WIR photodetector that displayed significantly suppressed tunneling and generation­
recombination dark currents at low temperature, with comparable dark current performance to state of the art HgCdTe 

devices. Recent improvements in device fabrication using shallow etch mesa isolation (SEMI) has enabled a significant 
reduction in excess dark current through sidewall leakage and bulk junction currents in graded gap structures [20]. A 

shallow etch, terminating only 10-20nm past the junction, defines individual photodiodes while leaving the narrow-gap 
absorber layer buried 100 nm to 200 nm below the surface. This allows separate optimization of the photodiode ' s electrical 

and optical area. The bulk junction current can be lowered by reducing the junction area to a fraction of the pixel 

dimension, without lowering the quantum efficiency of the photodiode. Using this technique, high-quality imaging focal­
plane-arrays using the graded bandgap W-structure concept have been fabricated [17] . 
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Figure 8. Conduction and valence band profiles, subband energies fo r the lowest two electron and four hole sub-bands, and 
wavefunction probability distributions for the electron and hole ground states in a type II LWIR W-structure superlattice at 
300K. 

7. CONCLUSION 

In this paper we have outlined several examples where the incorporation of quantum-confined multi layers is beneficial to 

the operation of photovoltaics and photodetectors. Bandgap-engineered, multi-quantum well photovoltaic devices have 

shown enhanced performance over bulk counterparts, and have the potential to improve the energy harvest efficiencies in 

real world solar concentrator applications. We have discussed the latest research on long wavelength quantum well 
photovoltaics with efficient carrier extraction geometries, and discussed the role of quantum wells in high performance 

tunnel diodes that serve as subcell interconnects in multi-junction architectures. We have also illustrated the treatment of 
type-II superlattice IR detector absorber regions by the NRL BANDS TM software package, which employs an 8 band k·p 

model in conjunction with a Poisson solver. This was used to model quantum confined multi-layered media such as the 

type-II W-structured SL configuration. The WSL design has been implemented in high-performance graded-gap SL devices 

that approach the performance of state of the art HgCdTe LWIR photodetectors. 
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Abstract-Single junction GaAs solar cells grown by MOCVD 
are fabricated over a range of growth rates targeting up to 56 
µmlhr in order to evaluate the effect on photovoltaic device 
performance. MOCVD recipe conditions are provided. Dopant 
incorporation efficiency is found to increase at high growth rates, 
potentially due to reduced Zn desorption as the time required 
to deposit a monolayer of GaAs is reduced. Device results are 
characterized by light and dark-IV as well as external quantum 
efficiency and verified against bulk minority carrier lifetime data 
from time-resolved photoluminescence. High growth rate solar 
cells degrade less than 4 % relative to baseline devices with 
V oc and Jsc losses of 1 % and 3%, respectively. The comparison 
suggests that both bulk Shockley Read Hall (SRH) lifetime and 
surface recombination velocity (SRV) are affected by growth rate 
and contribute to a reduction in performance. 

Index Terms-ill-V semiconductor materials, photovoltaic 
cells, semiconductor growth 

I. INTRODUCTION 

III-V solar cells demonstrate the highest electrical conver­
sion efficiency for both single and multijunction solar cells 
at 28.8% (one sun) and 44.4% (under concentration), respec­
tively [l]. These continually improving electrical conversion 
achievements have been produced using a wide array of III-V 
material compositions and growth strategies. Still, efficiency 
improvements only account for one strategy toward reduced 
levelized cost of energy. Another pathway, with considerably 
less research, aims at the reduction of solar cell production 
costs by increasing epitaxial growth rate. 

Accounting for some variation between different com­
pound semiconductor foundries, standard commercial metal 
organic chemical vapor deposition (MOCVD) growth rates 
are presently around 14 µmlhr for GaAs. This facilitates the 
completion of GaAs solar cell structures in less than one hour 
with very high crystal quality. As growth rate is increased 
further, it is plausible that increased non-radiative recombi­
nation rates will begin to affect device performance. This 
is evident from time resolved photoluminescence (TRPL)­
extracted minority carrier lifetime data for high growth rate 
GaAs by MOCVD, in which lOµm thick unintentionally 
doped double-heterostructures were found to have dramatically 
decreased lifetime at 56 µmlhr [2]. 

From $/Watt cost analysis, we estimate that if material 
quality can be improved such that devices are fabricated 
with less than 1 % performance loss relative to baseline solar 

cells, a 56 µmlhr growth rate along with parallel studies to 
improve source utilization efficiency and reduce MOCVD tool 
overhead time can lead to a 74% reduction in single-junction 
III-V solar cell costs. In this manuscript we will explore 
the effect of increased growth rate on device performance. 
Preliminary results have shown a statistically insignificant 
change in device performance while doubling the rate in 
Veeco 's MOCVD tool for both dual [3] and triple-junction 
solar cells [4]. In this report, flow rates will be quadrupled 
in order to target 56 µmlhr growth rates, believed to be well 
within the growth rate regime in which SRH recombination 
rates limit device performance, and results are provided from 
the epitaxial growth process to resulting material quality and 
photovoltaic device performance. High growth rate solar cells 
are shown to degrade less than 4% relative to baseline devices. 

II. EPITAXIAL GROWTH 

Solar cells are epitaxially grown using a Veeco K475 
As/P MOCVD tool. The precursors used are trimethylgallium 
(TMGa), trimethylindium (TMln), dimethylzinc (DMZn), ar­
sine (AsH3), phosphine (PH3), and disilane (Si2H6). Growth 
rates targeted in this study are 14, 28, 42, and 56 µmlhr for 
Samples A, B, C, and D, respectively. The solar cells are 
grown at 635° C and target the structure detailed in Fig. 
1, in which growth rate is varied for the device base and 
emitter while being maintained at standard rates for all other 
layers. Furthermore, the V /III flow ratio is maintained at 8.5, 
regardless of growth rate. 

It was found that samples C and D had growth discrepancies 
which include a malfunctioning TMGa pressure controller and 
Zn incorporation complications. These errors provide insight 
into the challenges of high growth rate MOCVD and will be 
detailed in the following section. 

In-situ normal incidence reflectivity from a laser source 
is utilized to verify experimental growth rate. Results of 
which indicate that growth rate scales at a 1: 1 ratio with 
TMGa inlet flow rate at least through 28 µmlhr. This result 
is expected, as MOCVD growth under these standard process 
conditions is well-reported as mass transport limited by the 
group-III precursor [5]. However, the sampling rate of the in­
situ reflectivity technique is not fast enough to provide accurate 
growth rate feedback above 28 µmlhr. For the initial dopant 
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Fig. I. Targeted structure of single-junction GaAs solar cell (all lattice­
matched) processed for this report, identifying the layers in which growth 
rate (GR) is varied in this study 
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calibration work, it was subsequently determined ex-situ that 
the growth rates do scale linearly through 56 µmfhr. 

Dopant flow rates have been calibrated to target 1 x 1017 

cm - 3 and 1x1018 cm- 3 for the base and emitter, respectively, 
at each growth rate. Electrically active dopant density is ver­
ified by electrochemical capacitance-voltage (ECV) profiling. 
Resultant dopant precursor flow rates, plotted in Fig. 2, suggest 
improved dopant incorporation efficiency at increased growth 
rates. The effect is particularly dramatic for DMZn, for which 
the flow rate must be reduced at increased growth rates in order 
to maintain 1x1017 cm - 3 base doping. As initially postulated 
by Bass and Oliver [6], it is plausible that this improved DMZn 
incorporation efficiency is a function of a reduction in Zn 
desorption as the time required to deposit a monolayer of GaAs 
is reduced. 

III. PHOTOVOLTAIC DEVICE METHODOLOGY & RESULTS 

All solar cells in this study have Ti/Au (20/200 nm) front 
and Cr/Au (10/200 nm) rear contacts. Devices are isolated 
to 5 mm x 5 mm dimensions using standard selective wet 
etch techniques. No anti-reflection (AR) coatings have been 
applied at this time. Devices are tested using an Oriel Light­
IV setup simulating the AM l .5G spectrum calibrated with a 
GaAs reference cell. 

Following fabrication, it was discovered that the TMGa 
pressure controller was faulty during growth of photovoltaic 
structures. This resulted in the base and emitter layers of 
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Fig. 4. Open-circuit voltage histogram for solar cells of samples A and D 

samples C & D being grown at roughly 2/3 their targeted 
growth rates. Samples C & D therefore have thinner emit­
ter and base widths than samples A & B. It was further 
discovered that excess Zn atoms from the BSF and buffer 
layer were incorporating in the base of higher growth rate 
samples, increasing the dopant density above the designed 
level and causing a Zn diffusion profile in the base. This can 
be visualized in the secondary ion mass spectrometry (SIMS) 
profile of Fig. 3. 

The open-circuit voltage (V 0e) is evaluated as the primary 
metric of interest, as material quality fluctuations are expected 
to most severely impact the voltage. In Fig. 4, a Voe histogram 
of all devices from samples A and D indicate that there is a 
loss incurred with one or multiple aspects of sample D. On 
average, the V 0e is reduced by 9 m V for sample D. 

Due to the doping and base width growth discrepancies, 
it becomes difficult to unambiguously establish the cause of 
this performance degradation, but through evaluation of dark­
IV (DIV) and utilization of advanced modeling capabilities, 
some differences will become evident. First, in order to fit 
the experimental DIV data, a numerical drift-diffusion solver, 
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part of the NRL Multibands®[7] software package, is used 
to evaluate whether the graded doping profile displayed in 
Fig. 3 can be approximated with a constant base doping level. 
It is advantageous if the structure can be simplified as this 
would allow fast and intuitive analytical evaluation [8] of 
the layer-by-layer structure including the impact of interface 
recombination (impact of SRV cannot be accounted for in the 
numerical solver at this time). 

Fig. 5 shows the output of numerical simulation, in which 
constant base doping DIV simulations (SRH lifetime is held 
constant) are provided along with the graded doping output. It 
is apparent that the graded doping profile yields a more gradual 
slope change between n=2 and n= 1 regions. The graded doping 
profile can be fit fairly well in the n=2 regime using the 
specified SRH lifetime and a lower (2el 7 cm- 3 ) base dopant 
density. On the other hand, simulation of a higher constant 
base dopant density (le18 cm- 3 ) is necessary in order to 
adequately fit the n=l regime. Since the numerical simulation 
cannot account for SRV at this time, it is found that the 
experimental device is best fit in the analytical model with 
lower base dopant density and the inclusion of SRV. In doing 
so, one should keep in mind that the analytical simulation 
may overestimate the SRV value and underestimate the SRH 
recombination rate. The external quantum efficiency (EQE) is 
not expected to be noticeably changed by a graded vs. constant 
doping profile, since the diffusion length is much greater than 
the base width. We can therefore continue with the analytical 
simulation of DIV and EQE in order to compare extracted 
SRH lifetimes and SRV between samples A and D. 

Examination of the recombination characteristics via DIV 
measurement is provided in Fig. 6. The n=l regime dominates 
near V 0c for both devices, and suggests roughly identical J01 

values. The fact that these values are nearly equivalent despite 
the higher base doping in sample D suggests that the material 
quality is degraded in some capacity. The n=2 regime indicates 
a significant increase in saturation current density for sample 
D. The source of this change in J02 is likely due to a 4X 
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reduction to SRH lifetime. This agrees with TRPL studies of 
high growth rate undoped GaAs, in which SRH lifetimes were 
reduced with increasing growth rates [2]. 

The EQE is plotted for samples A, B, C, and D in Fig. 
7. While long-wavelength response would generally be used 
to evaluate the impact of a change in diffusion lengths or 
SRV, due to the change in base width between samples, 
this analysis is not as straightforward. Instead, the diode 
parameters which were applied in Fig. 6 are used to simulate 
the EQE. The fit shows some error, more notably with sample 
D, but overall provides fair agreement across both DIV and 
EQE analyses. From this fit , it is found that the poor long­
wavelength response is not only due to the shortened base 
width, but also a 1.67X increase in base/BSF SRV. 

The extracted parameters used to compare samples A and 
D are summarized in Table I. While it cannot be determined 
from this study alone whether the changes in SRH lifetime 
and SRV are due to the increased growth rate or increased Zn 
impurity concentrations, subsequent studies are underway to 
clarify this. 

An overall performance summary between samples A and 



TABLE I 
SAMPLES A AND D EXTRACTED PARAM ETERS 

Sample Joi Jo2 SRH Lifetime SRVRear 

ID (mA/cm2 ) (mA/cm2 ) (ns) (emfs) 

A 5.7e-16 9.3e-10 80 l .5e5 

D 5.5e-16 2.6e-9 20 2.5e5 

TABLE II 
S INGLE-JUNCTIO GAAS SOLAR CELL PERFORMANCE SUMMARY 

(AM1.5G) 

Sample Voe Jsc FF T) 

ID (mV) (mA/cm2 ) (%) (%) 

Avg. 
A 974 18.2 85 .0 15. l 

D 965 17.6 85 .3 14.5 

Hero 
A 977 19.8 85.2 16.5 

D 968 19.2 85.6 15.9 

D is provided in Table II. With regard to both hero cells and 
average performance, sample D solar cells are degraded by 9 
m V (0.9%) and 0.6 mA/cm2 (3%) relative to sample A. The 
difference in FF is likely a function of l sc and not indicative of 
material quality differences. The FF would therefore be limited 
by series resistance, which is plausible when considering 
the non-ideal Ti/Au front contact composition and thickness. 
Regarding the control hero performance, the GaAs solar cell is 
presently unoptimized, as voltage is below expectations. The 
hero light IV curves are provided in the inset of Fig. 6. 

IV. CONCLUSIONS 

MOCVD growth of GaAs solar cells has been achieved 
targeting rates up to 56 µm/hr, a 4X increase over standard 
growth rates. Dopant incorporation efficiency is shown to 
increase with growth rate, most notably for DMZn, where the 
total precursor ft.ow rate must be reduced relative to its 14 
µmlhr value in order to maintain an equivalent dopant density. 
This effectively improves the dopant source efficiency, though 
also complicates the growth process of solar cell structures. 

Solar cells have been fabricated for a range of growth 
rates. The results of which demonstrate a reduced Voe and l sc 

at highest growth rates, but not drastically so, as efficiency 
degrades less than 4% relative to control samples. Control 
devices are presently unoptimized and do not demonstrate the 

high-performance capable of single-junction GaAs. This may 
obscure the relative losses between different growth rates, as 
device performance is limited by other mechanisms than those 
of an ideal GaAs solar cell. A subsequent set of solar cells 
will target higher overall performance in order to evaluate this 
hypothesis. 

Further studies will evaluate the defect mechanisms respon­
sible for reduced performance as well as techniques to mitigate 
their impact. The successful completion of this goal, along 
with studies to improve source utilization efficiency and reduce 
MOCVD tool overhead, can result in a 74% reduction to single 
junction III-V solar cell costs and reduce MOCVD process 
cycle time from 42 to 15 minutes. 
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Abstract - Transfer-printing is a key enabling technology for 
the realization of ultra-high-efficiency, mechanically stacked 111-
V solar cells with low cost. In this work, we describe the 
development of InGaAs solar cells, designed to harvest long 
wavelength photons when stacked in tandem with a high 
efficiency InGaP/GaAs/InGaAsNSb triple junction solar cell. 
High performance InGaAs solar cells, grown on lnP by MOCVD, 
were achieved through a combination of detailed modeling, 
material development and device characterization. The transfer 
printing apparatus of Semprius Inc. was used to create a four­
terminal device with an uncertified conversion efficiency of 
44.1 % at 690 suns. 

I. INTRODUCTION 

The current world-record solar cell is a wafer bonded, 21 
(InGaP/GaAs) and 21 (InGaAsP/InGaAs) cell with an 
efficiency of 44.7% at a concentration factor of 297 suns [1]. 
The stacking of materials grown on two substrates capitalizes 
on the additional range of direct bandgaps afforded by the lnP 
material system, enabling higher efficiencies than all GaAs or 
Ge-based cells. However, although extremely high efficiencies 
have been demonstrated in the laboratory and significant 
advances have been made to address the technological 
challenges of direct wafer bonding [2]; neither high 
temperature wafer-fusion techniques nor mechanical stacking 
using organic adhesives are currently mainstream 
manufacturing technologies to produce commercial solar cells. 

An alternative approach is transfer-printing [3], a mature 
technology capable of producing mechanically stacked solar 
cells with high yield. Transfer printing also has significant 
advantages in manufacturability, combining reliable, 
repeatable and high-precision printing processes with the 
benefit of substrate reuse. This provides substantial cost 
savings over devices with non-reusable substrates, and allows 
an extremely broad palette of available III-V compounds for 
assembling high efficiency cells. 

In this work we have designed, grown and optimized an 
InGaAs solar cell lattice-matched (LM) to InP, for use as a 
fourth junction when stacked with a commercial high 
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Fig. 1. Practical limiting efficiency of a single junction solar cell 
filtered by an InGaP/GaAs/InGaAsNSb 31 under IOOOX AMI.50 
illumination. 

efficiency InGaP/GaAs/InGaAsNSb 3J cell [4]. The resulting 
device is a four terminal , ultra high-efficiency solar cell 
designed for use in a high concentration PV module, with a 
conversion efficiency of 44.1 % at 690 suns from very recent 
measurements. 

II. DESIGN AND GROWTH 

The ideal bandgap of a lJ cell stacked with an 
1.9 eV/1.4 eV/1.0 eV 31 cell is shown in figure 1 for IOOOX 
AMI .SD illumination. In this calculation, a modified detailed­
balance (MDB) model was used, where the standard 
assumptions of the model [5] were modified to give much 
more realistic efficiency estimates. The EQE of the cell 
filtered by the 31 was subject to a 10% optical loss, accounting 
for optical and carrier collection losses, the device was 
assumed to have a transparency of 5% and the saturation 
current density of the dark current, J0, was assumed to be 
given by 

[1] 



Here Jor is the radiative limit value and Vd is an empirical 
voltage drop of 120 mV, arising from imperfect carrier 
transport and non-radiative loss. At 1000 suns a 10% 
reduction in FF from the case without series resistance was 
assumed to reflect Ohmic losses. These empirical corrections 
were estimated based on comparisons with the figures of merit 
for very high performance solar cells in the literature, thus the 
model predictions represent a practical limit for device 
performance, rather than the fundamental limit given by 
detailed balance. 

The optimum bottom cell bandgap for a four terminal 
(3J+ IJ) device is close to 0.69 eV. Recent work [6] 
demonstrated an efficiency of 43.9% by stacking the GaAs­
based 3J with a Ge cell with a bandgap of 0.66eV, and the Ge 
cell produced approximately 1.8% efficiency at high 
concentration. This is lower than predicted by the MDB 
model, mainly due to the indirect bandgap of the material. 
However, InGaAs LM to InP is a direct bandgap 
semiconductor, and although the bandgap of 0.74 eV is 
slightly wider than optimal, a high quality InGaAs cell has the 
potential to outperform Ge. 

The InGaAs solar cells in this study were n on p devices 
with InP window and back surface field (BSF) layers. InP has 
been shown to form high quality interfaces with InGaAs, 
therefore minimizing non-radiative interface recombination. A 
two micron highly doped InAlAs lateral conduction layer 
(LCL) was grown above the device, into which grid fingers 
were embedded. The InAlAs LCL layer was chosen due to the 
wide bandgap of 1.45 eV, minimizing the risk of any 
additional filtering of the InGaAs cell due to the LCL when in 
the stacked configuration. The device structure was designed 
using an analytical drift diffusion model built in to the NRL 
MultiBands® software package, described elsewhere [7], and 
calibrated using measured data for optical constants and 
carrier mobilities. The device design is summarized in table 1. 

Three devices were grown by MOCVD with slightly 
different designs. InGaAs base doping values of 5x 10 17 cm-3 

(sample A), 2.l x l0 17 cm-3 (sample B) and l.l x l0 17 cm-3 

(sample C) were grown to investigate the optimum value for 
base doping which ensures the diffusion length is sufficient to 
extract minority carrier efficiently yet maintains a large built 
in electric field across the junction. 

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

Material Descri(!tion Thickness {nm} Do(!ing {cm-3
} 

InP cap 50 n = lel8 
InAIAs LCL 2000 n= 4el8 

InP Window 50 n =le18 
InGaAs Emitter 100 n = lel8 
InGaAs Base 3000 p =var. 

InP BSF 50 p = l.3el8 
InP Substrate 350 µm ~ = 3el8 

External quantum efficiency (EQE) measurements for the 
three designs are shown in figure 2. These measurements were 
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Fig. 2. Measured EQE for samples A, Band C (points) alongside 
modeled data using an analytical drift diffusion model. 

performed on the bare cells, prior to mechanical stacking. The 
samples with lower base doping have an improved long 
wavelength response due to the longer minority carrier 
diffusion length in these devices. Simulating the devices using 
the drift-diffusion model (solid lines) revealed minority carrier 
diffusion lengths in the base region of 1.3 µm, 6.6 µm and 
8.5 µm for the sample A, B and C respectively. The InAlAs 
thickness was varied in this fit to obtain good agreement in the 
fringe position due to interference effects in the LCL, which 
varied slightly device to device due to uncertainties in the 
growth rate. 

III. TRANSFER PRINTING 

The high efficiency 3J devices used in this work were 
grown by Solar Junction [4]. The devices were fabricated into 

(b) (c) 

650 µm 

Fig. 3. (a) Schematic representation of the transfer printing 
process, adapted from reference [6]. (b) Optical microscope 
image of 3J stacked on InGaAs. (c) IR microscope image 
showing accurate alignment of grid fingers and a void free 
interface. 



6SO x6SO µm2 chiplets and released from the growth substrate 
by wet chemical etching of an AllnP sacrificial etch layer at 
the base of the 3J stack. Contacting the back of the chip lets is 
done via a front-side contact to a thick GaAs lateral 
conduction layer at the base of the MJ stack, exposed during 
the mesa etch of the 3J device. The released 3J chiplets were 
transferred to the target wafer using a precisely controlled 
transfer printing procedure [8]. Contacts to the InGaAs solar 
cell were made via a planar Au/Zn/ Au back metal on the p-InP 
wafer, and recessed grid fingers embedded in the InAIAs LCL 
layer. Reliable adhesion between the 3J chiplets and InGaAs 
cell was promoted using a spin-coated 2S nm layer of Inter Via 
8023-10 epoxy, which has a refractive index of - 1.61 at 
632.8 nm. The calculated reflectivity at the interface of 
GaAs/ln0 52Al048As using a 2S nm epoxy interface layer is 
shown in figure 4(a), and results in <3% optical loss over the 
range of InGaAs spectral response. 

Any voids or particles on the surfaces can disrupt the 
contact quality between the surfaces and introduce significant 
interface reflections. However, successful printing was 
achieved with these samples and a well aligned, stacked cell 
free of voids is shown in the optical and IR microscope images 
in figure 3(b ). The precise nature of the transfer printing 
technique allows the grid fingers of the metallization patterns 
to be aligned, minimizing the shading losses. 

A recent innovation [6] for achieving reliable adhesion of 
the printed cells is to use a chalcogenide glass layer, As2Se3. 
This material is transparent in the infrared and refractive-index 
matched to the cells, therefore giving excellent optical 
performance. The material also serves as an electrically 
isolating and thermally conductive interface layer in these 
stacks. Figure 3(a) shows a schematic representation of the 
transfer printing procedure using the chalcogenide glass. 
Deposition of the As2Se3 film is compatible with conventional 
sol-gel processes and results in high-yield and robust stacked 
cells. Further stacking experiments using this interfacial 
technology are planned for future experiments. 

IV. LIGHT-IV MEASUREMENTS 

The sample with the highest performance was sample C, 
which has the lowest base doping concentration. After printing 
the 3J cell on to this device, the illuminated IV characteristics 
of the InGaAs cell were measured using a 1342 nm Nd:YV04 
laser. The I sun value of the cell after stacking was found by 
integrating the EQE of the InGaAs cell filtered by the 3J with 
the AMI.SD spectrum. The EQE of the InGaAs cell with and 
without the 3J printed is shown in figure 4(b) for structure C. 
The EQE of the stacked cell is attenuated at wavelengths short 
than about 1300 nm due to the absorption in the GaAs-based 
Ml. This gives a value of7.14 mA/cm2. The LIV curve of the 
InGaAs cell at an illumination level equivalent to 690 suns is 
shown in figure S. The efficiency of the InGaAs cell under this 
illumination is 2.1 %. However, the FF of the InGaAs device 
after stacking was lower than expected, and further process 
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Fig. 4. (a) The calculated reflect ivity at the GaAs/lnAlAs 

interface assuming a 25 nm epoxy interconnecting layer. (b) 

Measured EQE of the InGaAs device before and after stacking 

with the high-efficiency 31 device . 

optimization in the metallization recipe and LCL design are 
expected to surpass this efficiency value. 

The measured LIV characteristics of the 
InGaP/GaAs/InGaAsNSb 3J is also shown in figure S. This 
data is taken from an identical device characterized using 
simulated AMI .SD illumination, presented in reference [6]. 
The data presented is at slightly lower concentration of - 640 
suns, but gives a comparable efficiency figure to the device at 
690 suns. At this time, data under simulated AMI .SD 
conditions for the actual 31 printed are ongoing, however the 
high uniformity of the 31 devices means a reliable estimate 
can be made from the identical device already characterized. 
The efficiency of this device is 42.0%, giving a combined 
efficiency of 44.1 %. This is presently unconfirmed by a 
certified test facility, and certification of InGaAs+ 31 stacked 
devices is planned in the near future. Improvements in the 
contacting and current spreading properties of the InGaAs cell 
are expected to yield a stacked device with a world record 
efficiency, and open up a pathway to new concepts in ultra­
high-efficiency, transfer-printed MJ solar cells. 

V. CONCLUSION 

In this paper we have presented recent results of stacking 
high-efficiency, commercially available 3J solar cells with 
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Fig. 4. Illuminated IV curves at 560 suns for the InGaAs and 3J 

cells. Illumination for the InGaAs cell was a 1342 nm laser, with 

CR determined from the Isc under 1 sun AMI .5D illumination. 

InGaAs solar cells using a transfer-printing technique. Three 
different InGaAs designs were evaluated with varying base 
doping and the minority carrier transport properties were 
ascertained by comparison to a detailed solar cell model. The 
highest efficiency design was used to fabricate four terminal, 
mechanically stacked solar cells with a 25 nm epoxy 
interconnect layer, giving low optical loss. A l sc of 
7 .14 mNcm2 was achieved post-stacking, which gave an 
efficiency of 2.1 % at 690 suns, and a combined efficiency of 
44. l % with the high efficiency 31 device. 
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