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(57) ABSTRACT

The disclosure provides an emitter-less solar cell design
featuring p-or-n type GaAs with alternating p-n junction
regions on the back-surface of the cell, opposite incident
solar irradiance. Various layers of p-or-n type GaAs are
interfaced together to collect charge carriers, and a thin layer
of AlGaAs is applied to the front and back surfaces to
prevent recombination of charge carriers. In some embodi-
ments, the layered and doped structure generally provides an
AlGaAs window layer of about 20 nm doped to about
3x(10'®) cm™>, a GaAs absorption layer of about 1200 nm
doped to about 2x(10'7) cm™>, an AlGaAs heterojunction
layer of about 20 nm doped to about 3x(10'®) cm™, and a
GaAs contact layer of about 20 nm doped to about 1x(10*%)
cm™>. Additionally, AlGaAs BSF-heterojunction layer and
GaAs BSF-contact layers each have a depth of about 20 nm
and are doped to about 3x(10'®) cm™ and 1x(10*°) cm™>
respectively. The heterojunction layer, and contact layer are
doped to a conductivity type opposite the absorption layer.

16 Claims, 3 Drawing Sheets
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1
EMITTER-LESS, BACK-SURFACE
ALTERNATING-CONTACT SOLAR CELL

RELATION TO OTHER APPLICATIONS

This patent application claims priority from provisional
patent application 62/331,552 filed May 4, 2016 and from
nonprovisional patent application Ser. No. 15/207,128 filed
Jul. 11, 2016, which are hereby incorporated by reference in
their entirety.

FIELD OF THE INVENTION

One or more embodiments relates to an emitter-less solar
cell design featuring p-or-n type Gallium-Arsenide (GaAs)
or other direct band gap semiconductor and aluminum-
gallium-arsenide (AlGaAs) or other wide band gap semi-
conductor with alternating p-n junction regions on the
back-surface of the cell.

BACKGROUND

Solar cells produce electric current and voltage in order to
power an external load, and a primary goal of solar cell
design is to increase power output while balancing manu-
facturing cost. Due to the widespread availability and low
cost of silicon versus other semiconductor materials, it has
remained the overwhelming choice for solar cell manufac-
turers. However, since silicon is an “indirect band gap”
semiconductor, energy (heat) must be exchanged with the
crystal lattice in the form of phonons in order to free
electrons. Silicon only uses a portion of the solar spectrum
to free electrons. Much of the remaining spectrum energy is
absorbed by the crystal lattice, which causes the temperature
of the solar cell to rise during normal operation. Addition-
ally, the low surface-state density characteristic of silicon
makes it susceptible to radiation damage over time, espe-
cially in outer-space applications. High energy particles
from the sun create intermediate energy states in a solar cell
which lead to higher recombination rates and lower effi-
ciency.

Surface-state density of Gallium Arsenide (GaAs) is much
larger than silicon, and the material is inherently harder to
total-dose radiation. See Kerns et al., “The design of radia-
tion-hardened ICs for space: a compendium of approaches,”
Proceedings of the IEEE 76(11) (1988). GaAs is a “direct
band gap” semiconductor that absorbs photon energy and
free electrons without transferring momentum, and less heat
is absorbed in the crystal lattice. This generates significant
improvements for solar cell design such as lower operating
temperatures in a given environment. See Silverman et al.,
“Outdoor performance of a thin-film gallium-arsenide pho-
tovoltaic module,” Proc. IEEE Photovoltaic Specialist Con-
ference (2013). GaAs provides additional advantages over
silicon including thinner absorbing layers, which improves
flexibility and reduces weight. Additionally, GaAs cells
maintain performance advantages as irradiance decreases.
Generally, high-efficiency GaAs cells produce about 20%
more power than high-efficiency silicon cells at room tem-
perature, and about 28% more power at typical operating
temperatures. See Reich et al., “Weak light performance and
spectral response of different solar cell types,” Proc. 20™
European Photovoltaic Solar Energy Conference (2005).

Further advantages in solar cell operation may accrue
through the placement of all electrical contacts on the
back-surface of the solar cell, which improves both the
optical and electrical performance of the solar cell since
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2

shading is eliminated and robust electrical contacts may be
used to decrease serial resistance. To date, back-surface
contact solar cell designs have focused almost exclusively
on silicon as the semiconductor of choice.

It would be advantageous to provide a GaAs-based solar
cell having relatively optimized layer structure and doping
concentrations for back-surface contact operation. Such a
solar cell would provide significant advantage over silicon-
based cells while additionally providing the advantages
associated with back-surface contact placement. It would
also be advantageous to provide a GaAs-based solar cell that
does not have an emitter layer. Such a solar cell would be
easier and cheaper to manufacture while additionally prov-
ing performance advantages.

These and other objects, aspects, and advantages of the
present disclosure will become better understood with ref-
erence to the accompanying description and claims.

SUMMARY

The disclosure provides an Emitter-less, Back-surface,
Alternating-Contact (EBAC) solar cell featuring p-or-n type
GaAs with alternating p-n junction regions on the back-
surface of the cell. Various layers of p-or-n type GaAs are
interfaced together to collect charge carriers, and a thin layer
of AlGaAs is applied to the front and back surfaces to
minimize recombination of charge carriers. Highly reflec-
tive, back-surface, metal contacts are used to reflect photons
back into the absorption layer and improve optical and
electrical performance.

The EBAC solar cell provides a layered structure includ-
ing a window layer comprising AlGaAs and an absorption
layer comprising GaAs, with the window and absorption
layers doped to a first conductivity type such as p or n. A
heterojunction layer comprising AlGaAs and a contact layer
comprising GaAs. The heterojunction layer and contact
layer are doped to a conductivity type opposite the absorp-
tion layer. A contact couples to the contact layer. The EBAC
solar cell additionally includes a Back-Surface-Contact
(BSF)-heterojunction layer comprising AlGaAs and adja-
cent to the absorption layer, followed by a BSF-contact layer
comprising GaAs. The BSF-heterojunction layer and BSF-
contact layer are doped to the first conductivity type of the
absorption layer, and another contact is coupled to BSF-
contact layer. The EBAC solar cell further comprises a gap
with or without an insulator (insulator gap) separating the
heterojunction layer and contact layer from the BSF-hetero-
junction layer and BSF-contact layers.

In particular embodiments, the disclosed layers have
complementing depths and doping concentrations in order to
provide advantageous operation of the EBAC solar cell. In
some embodiments, the window layer has a depth of about
20 nanometers (nm), the absorption layer has a depth of
about 1200 nm, the heterojunction layer has a depth of about
20 nm, and the contact layer has a depth of about 20 nm.
Additionally, the BSF and BSF-contact layers each have a
depth of about 20 nm. In other embodiments the window
layer has a doping concentration of about 3x(10*®) cm™, the
absorption layer has a doping concentration of about
2x(10'7) em™, the heterojunction layer has a doping con-
centration of about 3x(10'®) cm~>, and the contact layer has
a doping concentration of about 1x(10*°) cm™, while the
BSF-heterojunction layer has a doping concentration of
about 3x(10'®) cm™ and the BSF-contact layer has a doping
concentration of about 1x(10'%) cm™.
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The novel apparatus and principles of operation are
further discussed in the following description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an embodiment of the EBAC solar cell.

FIG. 2 illustrates Conduction Band (CB) and Valence
Band (VB) level through one section of the EBAC solar cell.

FIG. 3 illustrates Conduction Band (CB) and Valence
Band (VB) level through another section of the EBAC solar
cell.

Embodiments in accordance with the invention are further
described herein with reference to the drawings.

DETAILED DESCRIPTION OF THE
INVENTION

The following description is provided to enable any
person skilled in the art to use the invention and sets forth
the best mode contemplated by the inventor for carrying out
the invention. Various modifications, however, will remain
readily apparent to those skilled in the art, since the prin-
ciples of the present invention are defined herein specifically
to provide an emitter-less solar cell design featuring p-or-n
type GaAs with alternating p-n junction regions on the
back-surface of the cell.

The disclosure provides a novel emitter-less solar cell
design featuring p-or-n type GaAs with alternating p-n
junction regions on the back-surface of the cell, opposite
incident solar irradiance. Various layers of p-or-n type GaAs
are interfaced together to collect charge carriers, and a thin
layer of AlGaAs is applied to the front and back surfaces to
prevent recombination of charge carriers. Layer properties
(thickness, material, doping, etc.) are generally optimized to
improve overall conversion efficiency. Highly reflective,
back-surface, metal contacts are used to reflect photons and
improve optical and electrical performance. Other advan-
tages include better long-term performance in high-radiation
environments; higher conversion efficiency at elevated tem-
peratures; and a lighter, more flexible structure for mobile
applications.

FIG. 1 illustrates the EBAC solar cell generally at 100 and
generally intended to receive a solar irradiance Q. EBAC
solar cell 100 comprises a plurality of stacked layers includ-
ing window layer 101, absorption layer 102, BSF-hetero-
junction layer 106, BSF-contact layer 109, and first contact
107, as well as heterojunction layer 103, contact layer 104,
and second contact 105. FIG. 1 generally provides a section
of EBAC solar cell 100 illustrated between axes A-A' and
B-B' which is generally repeated across the EBAC solar cell
disclosed. In certain embodiments, EBAC solar cell 100
further comprises anti-reflective coating 108. Note that all
layers of this embodiment have smooth surfaces; however,
another embodiment may texture one or more surface or
interface to enhance or reduce photons reflection and
improve performance. Typically for EBAC solar cell 100,
window layer 101, absorption layer 102, BSF-heterojunc-
tion layer 106 and BSF-contact layer 109 are doped to a first
conductivity type such as p-type, and heterojunction layer
103, and contact layer 104 are doped to a second conduc-
tivity type such as n-type. Alternatively, window layer 101,
absorption layer 102, BSF-heterojunction layer 106, and
BSF-contact layer 109 may be doped to n-type, while
heterojunction layer 103, and contact layer 104 may be
doped to p-type. Both arrangements are contemplated within
this disclosure. Here and elsewhere, “conductivity type”
refers to a property that identifies the majority charge carrier
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in a semiconductor material, where the majority current
carriers in n-type material are electrons and the majority
current carriers in p-type material are holes. See e.g. K.
Rajeshwar, Fundamentals of Semiconductor Electrochemis-
try and Photochemistry (2007), among others.

At FIG. 1, window layer 101 comprises AlGaAs. Absorp-
tion layer 102 is adjacent to and generally in contact with
window layer 101 and comprises GaAs. BSF-heterojunction
layer 106 is adjacent to and generally in contact with
absorption layer 102 and comprises AlGaAs. BSF-contact
layer 109 is adjacent to and generally in contact with
BSF-heterojunction layer 106 and comprises GaAs. First
contact 107 is coupled to BSF-contact layer 109 and com-
prises a metal. In a particular embodiment, first contact 107
comprises a single layer of metal or multiple layers of
various metals to achieve low contact resistivity on the order
of <10® Q-cm™2. Further at FIG. 1, heterojunction layer 103
is adjacent to and generally in contact with absorption layer
102 and comprises AlGaAs. Contact layer 104 is adjacent to
and generally in contact with heterojunction layer 103 and
comprises GaAs. Second contact 105 is coupled to contact
layer 104 and comprises a metal. In a particular embodi-
ment, second contact 105 comprises a single layer of metal
or multiple layers of various metals to achieve low contact
resistivity on the order of <10° Q-cm™. Solar cell 100
further comprises an insulator gap 110 generally comprising
an insulating material and separating heterojunction layer
103, contact layer 104, and second contact 105 from BSF-
heterojunction layer 106, BSF-contact layer 109, and first
contact 107. First contact 107 and second contact 105 are
typically present in EBAC solar cell 100 as interdigitated
contacts.

The window layer 101, absorption layer 102, BSF-het-
erojunction layer 106, BSF-contact layer 109, heterojunc-
tion layer 103, and contact layer 104 have generally pre-
ferred depths within the EBAC solar cell 100, where here
“depth” indicates dimensions in a direction parallel to the
y-axis shown. In a particular embodiment, window layer 101
has a depth greater than or equal to 10 nm and less than or
equal to 50 nm, absorption layer 102 has a depth greater than
or equal to 500 nm and less than or equal to 2000 nm,
BSF-heterojunction layer 106 has a depth greater than or
equal to 10 nm and less than or equal to 50 nm, BSF-contact
layer 109 has a depth greater than or equal to 10 nm and less
than or equal to 50 nm, heterojunction layer 103 has a depth
greater than or equal to 10 nm and less than or equal to 50
nm, and contact layer 104 has a depth greater than or equal
to 10 nm and less than or equal to 50 nm. Further in a
particular embodiment, heterojunction layer 103 is in con-
tact with absorber layer 102 over an width w, and BSF-
heterojunction layer 106 is in contact with absorber layer
102 over a width w,, and 1.35<w,/w,<1.65, 1.4<w,/w,<1.6,
1.45<w,/w,<1.55, or 1.48<w,/w,<1.52, where w, and w,
are dimensions in a direction parallel to the x-axis shown.
Generally the w,/w, is about 1.5 to maximize the number of
minority carriers captured by the Emitter. In a particular
embodiment, insulator gap 110 has a width w, andaw,,,;
is equal w +w,+wg, and (W, +w,)/w,..~>0.8, 0.9, 0.95, or
0.98. Generally, w,/w, is optimized to a ratio around 60/40
to maximize the number of minority carriers captured.

In a particular embodiment, absorption layer 102 has a
depth greater than or equal to 800 nm. In another embodi-
ment, absorption layer 102 has a depth less than or equal to
1600 nm. In a further embodiment, window layer 101,
absorption layer 102, BSF-heterojunction layer 106, BSF-
contact layer 109, heterojunction layer 103, and contact
layer 104 have a depth less than or equal to 30 nm, and in
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an additional embodiment, window layer 101, absorption
layer 102, BSF-heterojunction layer 106, BSF-contact layer
109, heterojunction layer 103, and contact layer 104 have a
depth of greater than or equal to 15 nm and less than or equal
to 25 nm. The impact of absorption layer 102 depth on
EBAC solar cell 100 performance is indicated at Table 1,
where selected parameters of the EBAC solar cell disclosed
are indicated for varying depths of absorption layer 102,
while window layer 101, absorption layer 102, BSF-hetero-
junction layer 106, BSF-contact layer 109, heterojunction
layer 103, and contact layer 104 have depths of 20 nm.

Additionally in a particular embodiment, window layer
101 has a doping concentration N, absorption layer 102 has
a doping concentration N,, BSF-heterojunction layer 106
has a doping concentration N5, and BSF-contact layer 109
has a doping concentration N,, and N;>N,, N;>N,, and
N_>Nj;. In a particular embodiment, 2x(10"®) cm™><N, <4x
(10'%) em™, 1x(10'7) cm™<N,<3x(10'7) cm~, 2x(10'%)
em™<N,<3x(10'®) cm™, and 8x(10'%) cm™<N,<1.2x(10'?)
cm™>. In another embodiment, heterojunction layer 103 has
a doping concentration N, and contact layer 104 has a
doping concentration Ng, and Ns<Ng. In a particular
embodiment, 2x(10'®) cem><N,<4x(10'®) cm™, and
8x(10'®) em><N4<1.2x(10'?) em™. In certain embodi-
ments, N,<N. Here and elsewhere “doping concentration”
means the number of ions per cubic centimeter of the
material, and is generally facilitated through foreign atoms
incorporated into the crystal structure of the semiconductor.
Various doping concentrations may be achieved through
means known in the art. See e.g. M. McCluskey and E.
Haller, Dopants and Defects in Semiconductors (2012),
among others. In a particular embodiment, n-type GaAs or
AlGaAs materials comprise a dopant of silicon, tin, sele-
nium, tellurium, or sulfur. In another embodiment, p-type
GaAs or AlGaAs materials comprise a dopant of zinc,
beryllium, cadmium, magnesium, or carbon.

In certain embodiments, window layer 101 comprises
Al Ga(,_,As, heterojunction layer 103 comprises Al,
Ga,_,As, and BSF-heterojunction layer 106 comprises
AlZGg(l_Z)As. When gbsor.ptlon layer 102 comprises n-type
material and heterojunction layer 103 comprises p-type
material such that EBAC solar cell 100 is an n-on-p solar
cell, and correspondingly window layer 101 and BSF-
heterojunction layer 106 comprise n-type material, then x is
typically about 0.3,y is typically about 0.7, and z is typically
about 0.3. When absorption layer 102 comprises p-type
material and heterojunction layer 103 comprises n-type
material such that EBAC solar cell 100 is an p-on-n solar
cell, and correspondingly window layer 101 and BSF-
heterojunction layer 106 comprise p-type material, then x is
typically about 0.7,y is typically about 0.3, and z is typically
about 0.7. In certain embodiments, when EBAC solar cell
100 is an n-on-p solar cell, then 0.2<x<0.4, preferably
0.25<x<0.35, and more preferably 0.28<x<0.32, and
0.6<y<0.8, preferably 0.65<y<0.75, and more preferably
0.68<y<0.72, and 0.2<z<0.4, preferably 0.25<z<0.35, and
more preferably 0.28<z<0.32. In another embodiment when
EBAC solar cell 100 is a p-on-n solar cell, then 0.6<x<0.8,
preferably 0.65<x<0.75, and more preferably 0.68<x<0.72,
and 0.2<y<0.4, preferably 0.25<y<0.35, and more prefer-
ably 0.28<y<0.32, and 0.6<z<0.8, preferably 0.65<z<0.75,
and more preferably 0.68<z<0.72.

In a particular embodiment, window layer 101 is at least
70 weight percent (wt. %), preferably at least 80 wt. %, and
more preferably at least 90 wt. % AlGaAs. In another
embodiment, absorption layer 102 is at least 70 wt. %,
preferably at least 80 wt. %, and more preferably at least 90

5

10

15

20

25

30

35

40

45

50

55

60

6

wt. % GaAs. s. In another embodiment, heterojunction layer
103 is at least 70 wt. %, preferably at least 80 wt. %, and
more preferably at least 90 wt. % AlGaAs. In another
embodiment, contact layer 104 is at least 70 wt. %, prefer-
ably at least 80 wt. %, and more preferably at least 90 wt.
% GaAs. In another embodiment, BSF-heterojunction layer
106 is at least 70 wt. %, preferably at least 80 wt. %, and
more preferably at least 90 wt. % AlGaAs, and in a further
embodiment, BSF-contact layer 109 is at least 70 wt. %,
preferably at least 80 wt. %, and more preferably at least 90
wt. % GaAs. The various layers as disclosed in Emitter-less
BAC solar cell 100 may be fabricated using any suitable
means including bulk methods such as Czochralski and
Bridgman methods, or epitaxial growth methods such as
liquid phase epitaxy (LPE), chemical vapor deposition
(CVD), molecular organic chemical vapor deposition
(MOCVD) or molecular beam epitaxy (MBE), or any other
suitable means known in the art.

In some embodiments, anti-reflective coating 108 com-
prises a wide-spectrum, four layer antireflective coating of
MgF,/TiO,/MgF,/TiO, with respective depths of generally
about 100 nm/10 nm/20 nm/40 nm. Other arrangements
known in the art for use as anti-reflective coatings may also
be utilized. See e.g., Thosar et al., “Optimization of Anti-
reflection Coating for Improving the Performance of GaAs
Solar Cell,” Indian Journal of Science and Technology, 7(5)
(2014); see also Zhou et al, “Design of GaAs solar cell front
surface anti-reflection coating,” Vehicular Electronics and
Safety (ICVES), 2013 IEEE International Conference on
(2013), among others.

Generally, when EBAC solar cell 100 is an n-on-p solar
cell such that window layer 101, absorption layer 102,
BSF-heterojunction layer 106 and BSF-contact layer 109 are
n-type materials while heterojunction layer 103, and contact
layer 104 are p-type materials, when an incident photon with
sufficient energy refracts through window layer 101 into
absorption layer 102, its energy may be transferred to an
electron, effectively “freeing” the electron from its atomic
(covalent) bond and leaving a “hole” behind in the crystal
lattice—the electron and hole are often called an “electron-
hole pair.” The hole is termed the “minority carrier” because
it exists within a n-type material that has many more
electrons than holes. The hole may move about (diffuse)
freely within the crystal lattice. If the hole diffuses to the
vicinity of the electric field formed between window layer
101 and absorption layer 102, it is repelled away from the
surface to prevent recombination. If the electron diffuses to
the vicinity of the heterojunction layer, it travels through the
external circuit as electric current. After completing its
transit through the external circuit, the hole recombines with
an electron in the crystal lattice, thus completing the cycle.
For example, at FIG. 1, EBAC solar cell might generate
current through the external circuit generally indicated at
111 and comprising load R; between second contact 105 and
first contact 107.

The efficient performance of EBAC solar cell 100 is due
in part to the absence of an emitter layer. The built-in voltage
that an emitter layer provides to separate electron-hole-pairs
(EHPs) near the surface subtracts from V. and lowers
efficiency. The EBAC solar cell does not include a p-n
junction (emitter layer/absorption layer junction) because
carrier diffusion lifetime is relatively high, the distance that
carriers must travel to reach contacts is relatively low, and
“selective” contacts are used. Selective contacts are Ohmic
contacts interfaced with a wide band gap semiconductor to
selectively allow holes or electrons to pass as shown in
FIGS. 2 and 3. At FIG. 2, CB and VB eV levels for a
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particular embodiment of Emitter-less BAC Solar Cell 100
are illustrated versus layer depth, where CB is indicated as
212 and VB is indicated as 213, with the interface between
window layer 101 and absorption layer 102 indicated as 214,
the interface between absorption layer 102 and heterojunc-
tion 103 indicated as 215, the interface between heterojunc-
tion layer 103 and contact layer 104 indicated as 216, and the
interface between contact layer 104 and second contact 105
as 217. Similarly, at FIG. 3, CB is indicated as 312 and VB
is indicated as 313, with the interface between window layer
101 and absorption layer 102 indicated as 314, the interface
between absorption layer 102 and BSF-heterojunction layer
106 indicated as 318, the interface between BSF-heterojunc-
tion layer 106 and BSF-contact layer 109 indicated as 319,
and the interface between BSF-contact layer 109 and second
contact 107 as 320. The absence of an emitter layer allows
carriers to diffuse freely with a high probability of capture
due to relatively long lifetimes and relatively short spans of
travel. The diffusion gradient required to drive carriers to a
contact is very small (~1 mV) which reduces V. only
slightly. Another benefit of an emitter-less solar cell is that
the resulting structure shown in FIG. 1 does not have the
characteristic “offset” of an alternating back-contact cell,
and is therefore simpler to manufacture. A third benefit of
this design is a 5% conversion efficiency improvement over
prior art as demonstrated through simulation and device
modeling using Silvaco ATLAS modeling software.

The design represented at FIG. 1 creates conditions that
maximize the number of minority carriers that contribute to
electric current. Since absorption layer 102 generally has a
depth of only about 500-2000 nm, minority carriers have a
much higher probability of reaching the electrical contacts
and contributing to load current.

Further, the highly-reflective, back-surface, metal con-
tacts 105 and 107 used in this embodiment improve solar
cell efficiency. If photons fail to produce an electron-hole
pair in absorption layer 102 during transit, they are reflected
off the back-surface contacts and transit back into absorption
layer 102, affording another opportunity to create an elec-
tron-hole pair. Photons spontaneously emitted during optical
recombination may also reflect off the back-surface contacts
and transit back into absorption layer 102 to create another
electron-hole pair. This cycle may continue many times and
is often termed “photon recycling.” Additionally, window
layer 101 and anti-reflective coating 108 are designed to
minimize the “escape cone” out of the front of the solar cell,
effectively “trapping” photons and increasing the probability
that they will create an electron-hole pair.

The design represented at FIG. 1 additionally utilizes a
strong selective front surface field generated by virtue of the
AlGaAs-comprising window layer 101 and the GaAs-com-
prising absorption layer 102 which form a heterojunction
interface. The respective doping levels generate a front
surface field which significantly decreases front surface
recombination velocity by forming an electric field and
introducing a barrier to minority carriers flowing to the front
surface. Hence carrier recombination is reduced at the front
surface and the probability of carrier-collection at second
contact 105 increases. The thin nature of absorption layer
102 allows the minority carriers created to travel to the
second contact 105 with a minimum of recombination.

Thus, presented here is a novel emitter-less solar cell
design featuring p-or-n type GaAs with alternating p-n
junction regions on the back-surface of the cell, opposite
incident solar irradiance. Various layers of p-or-n type GaAs
are interfaced together to collect charge carriers, and a thin
layer of AlGaAs is applied to the front and back surfaces to

20

25

30

35

40

45

55

8

prevent recombination of charge carriers. Layer properties
(thickness, material, doping, etc.) are generally optimized to
improve overall conversion efficiency. Highly reflective,
back-surface, metal contacts are used to reflect photons and
improve optical and electrical performance. Other advan-
tages include better long-term performance in high-radiation
environments; higher conversion efficiency at elevated tem-
peratures; and a lighter, more flexible structure for mobile
applications.

It is to be understood that the above-described arrange-
ments are only illustrative of the application of the principles
of the present invention and it is not intended to be exhaus-
tive or limit the invention to the precise form disclosed.
Numerous modifications and alternative arrangements may
be devised by those skilled in the art in light of the above
teachings without departing from the spirit and scope of the
present invention. It is intended that the scope of the
invention be defined by the claims appended hereto.

In addition, the previously described versions of the
present invention have many advantages, including but not
limited to those described above. However, the invention
does not require that all advantages and aspects be incor-
porated into every embodiment of the present invention.

All publications and patent documents cited in this appli-
cation are incorporated by reference in their entirety for all
purposes to the same extent as if each individual publication
or patent document were so individually denoted.

TABLE 1

EBAC Solar Cell Performance

Absorption  Open Circuit Short-circuit
Layer depth  Voltage (V,.) current density  Fill-factor  Efficiency
(nm) ™ (o) (mA/em?) (%) (%)
500 1.2 27.1 89.4 28.0
600 1.2 28.0 89.3 28.8
700 1.1 28.7 89.3 29.4
800 1.1 29.2 89.3 29.8
900 1.1 29.5 89.2 30.0
1000 1.1 29.7 89.2 30.2
1100 1.1 29.9 89.2 30.3
1200 1.1 30.0 89.2 30.4
1300 1.1 30.1 89.1 30.4
1400 1.1 30.2 89.1 30.4
1500 1.1 30.2 89.1 30.4
1600 1.1 30.2 89.0 30.3
1700 1.1 30.2 89.0 30.3
1800 1.1 30.2 89.0 30.2
1900 1.1 30.2 89.0 30.1
2000 1.1 30.1 89.0 30.0

What is claimed is:
1. An Emitter-less, Back-surface, Alternating Contact
(EBAC) solar cell comprising:

a window layer comprising AlGaAs doped to a first
conductivity type;

an absorption layer contacting the window layer where
the absorption layer comprises GaAs doped to the first
conductivity type;

a BSF-heterojunction layer contacting the absorption
layer and separated from the window layer by the
absorption layer, where the BSF-heterojunction layer
comprises AlGaAs doped to the first conductivity type;

a BSF-contact layer contacting the BSF-heterojunction
layer and separated from the absorption layer by the
BSF-heterojunction layer, where the BSF-contact layer
comprises GaAs doped to the first conductivity type;
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a first contact coupled to the BSF-contact layer and
separated from the BSF-heterojunction layer by the
BSF-contact layer;

a heterojunction layer contacting the absorption layer and
separated from the window layer by the absorption
layer, and displaced from the BSF-heterojunction layer,
the BSF-contact layer, and the first contact, where the
heterojunction layer comprises AlGaAs doped to a
second conductivity type;

a contact layer contacting the heterojunction layer and
separated from the absorption layer by the heterojunc-
tion layer, and the contact layer displaced from the
BSF-heterojunction layer, the BSF-contact layer, and
the first contact, where the contact layer comprises
GaAs doped to the second conductivity type; and

a second contact coupled to the contact layer and sepa-

rated from the heterojunction layer by the contact layer.

The EBAC solar cell of claim 1 where:

doping concentration of the GaAs comprising the

absorption layer is less than a doping concentration of

the AlGaAs comprising the window layer;

a doping concentration of the AlGaAs comprising the
heterojunction layer is greater than a doping concen-
tration of the GaAs comprising the absorption layer;
and

a doping concentration of the GaAs comprising the con-

tact layer is greater than the doping concentration of the
AlGaAs comprising the heterojunction layer.
. The EBAC solar cell of claim 2 where:

doping concentration of the AlGaAs comprising the
BSF-heterojunction layer is greater than the doping
concentration of the GaAs comprising the absorption
layer; and

a doping concentration of the GaAs comprising the BSF-

contact layer is greater than the doping concentration of
the AlGaAs comprising the BSF-heterojunction layer.

4. The EBAC solar cell of claim 3 where:

the doping concentration of the AlGaAs comprising the

window layer is greater than 2x(10'®) cm™ and less
than 4x(10"®) cm™;

the doping concentration of the GaAs comprising the

absorption layer is greater than 1x(10'7) cm™ and less
than 3x(10"7) cm™>;

the doping concentration of the AlGaAs comprising the

BSF-heterojunction layer is greater than 2x(10*®) cm™
and less than 3x(10'®) cm™>;

the doping concentration of the GaAs comprising the

BSF-contact layer is greater than 8x(10'®) cm™ and
less than 1.2x(10™%) cm™>;

the doping concentration of the AlGaAs comprising the

heterojunction layer is greater than 2x(10'®*) cm= and
less than 4x(10*®) cm™; and

the doping concentration of the GaAs comprising the

contact layer is greater than 8x(10'®) cm™ and less than
1.2x(10%%) cm™.

5. The EBAC solar cell of claim 3 where the window layer
is at least 80 wt. % AlGaAs, the absorption layer is at least
80 wt. % GaAs, the heterojunction layer is at least 80 wt. %
AlGaAs, the contact layer is at least 80 wt. % GaAs, the
BSF-heterojunction layer is at least 80 wt. % AlGaAs, and
the BSF-contact layer is at least 80 wt. % GaAs.

6. The EBAC solar cell of claim 1 where:

a depth of the window layer is greater than or equal to 10

nm and less than or equal to 50 nm;

a depth of the absorption layer is greater than or equal to

500 nm and less than or equal to 2000 nm;

el

o W

10

15

20

25

30

35

40

45

50

55

60

65

10

a depth of the BSF-heterojunction layer is greater than or
equal to 10 nm and less than or equal to 50 nm;

a depth of the BSF-contact layer is greater than or equal
to 10 nm and less than or equal to 50 nm;

a depth of the heterojunction layer is greater than or equal
to 10 nm and less than or equal to 50 nm; and

a depth of the contact layer is greater than or equal to 10
nm and less than or equal to 50 nm.

7. The EBAC solar cell of claim 6 where:

the depth of the window layer is greater than or equal to
15 nm and less than or equal to 25 nm;

the depth of the absorption layer is greater than or equal
to 800 nm and less than or equal to 2000 nm;

the depth of the BSF-heterojunction layer is greater than
or equal to 15 nm and less than or equal to 25 nm;

the depth of the BSF-contact layer is greater than or equal
to 15 nm and less than or equal to 25 nm;

the depth of the heterojunction layer is greater than or
equal to 15 nm and less than or equal to 25 nm; and

the depth of the contact layer is greater than or equal to 15
nm and less than or equal to 25 nm.

8. The EBAC solar cell of claim 6 where the first
conductivity type is n-type and the second conductivity type
is p-type, and where the window layer comprises Al,
Ga,,_,yAs, the heterojunction layer comprises Al,Ga,_,,As,
and the BSF-heterojunction layer comprises Al,Ga, ,,As,
and where 0.25<x<0.35, 0.65<y<0.75, and 0.25<z<0.35.

9. The EBAC solar cell of claim 6 where the first
conductivity type is p-type and the second conductivity type
is n-type, and where the window layer comprises Al,
Ga,,_,,As, the heterojunction layer comprises Al,Ga,_,,As,
and the BSF-heterojunction layer comprises Al Ga, _,As,
and where 0.65<x<0.75, 0.25<y<0.35, and 0.65<z<0.75.

10. The EBAC solar cell of claim 6 where the hetero-
junction layer is in contact with the absorption layer over a
width w, and the BSF-heterojunction layer is in contact with
the absorption layer over a width w,, and 1.4<w,/w,<1.6.

11. The EBAC solar cell of claim 10 where the hetero-
junction layer is displaced from the BSF-heterojunction
layer by an insulator gap having a width w, and where a
width w,,,,; is equal to W, +w,+Ws, and where (w +w,)/
WTotaZ>0'9'

12. An Emitter-less, Back-surface, Alternating Contact
(EBAC) solar cell comprising:

a window layer comprising AlGaAs doped to a first
conductivity type, where a doping concentration of the
AlGaAs comprising the window layer is greater than
2x(10'®) cm™ and less than 4x(10"®) cm~>, and where
a depth of the window layer is greater than or equal to
10 nm and less than or equal to 50 nm;

an absorption layer contacting the window layer where
the absorption layer comprises GaAs doped to the first
conductivity type, where a doping concentration of the
GaAs comprising the absorption layer is greater than
1x(10'7) cm™ and less than 3x(10*”) cm~>, and where
a depth of the absorption layer is greater than or equal
to 500 nm and less than or equal to 2000 nm;

a BSF-heterojunction layer contacting the absorption
layer and separated from the window layer by the
absorption layer, where the BSF-heterojunction layer
comprises AlGaAs doped to the first conductivity type,
where a doping concentration of the BSF-heterojunc-
tion layer is greater than 2x(10'®) cm™ and less than
3x(10"®) cm™>, and where a depth of the window layer
is greater than or equal to 10 nm and less than or equal
to 50 nm;
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a BSF-contact layer contacting the BSF-heterojunction
layer and separated from the absorption layer by the
BSF-heterojunction layer, where the BSF-contact layer
comprises GaAs doped to the first conductivity type,
where a doping concentration of the GaAs comprising
the BSF-contact layer is greater than 8x(10'®) cm™ and
less than 1.2x(10'?) cm™, and where a depth of the
BSF-heterojunction layer is greater than or equal to 10
nm and less than or equal to 50 nm;

a first contact coupled to the BSF-contact layer and
separated from the BSF-heterojunction layer by the
BSF-contact layer;

a heterojunction layer contacting the absorption layer and
separated from the window layer by the absorption
layer, and the heterojunction layer displaced from the
BSF-heterojunction layer, the BSF-contact layer, and
the first contact, where the heterojunction layer com-
prises AlGaAs doped to a second conductivity type,
where a doping concentration of the AlGaAs compris-
ing the heterojunction layer is greater than 2x(10'%)
cm™ and less than 4x(10*®) cm=3, and where a depth of
the heterojunction layer is greater than or equal to 10
nm and less than or equal to 50 nm;

a contact layer contacting the heterojunction layer and
separated from the absorption layer by the heterojunc-
tion layer, and the contact layer displaced from the
BSF-heterojunction layer, the BSF-contact layer, and
the first contact, where the contact layer comprises
GaAs doped to the second conductivity type, where a
doping concentration of the GaAs comprising the con-
tact layer is greater than 8x(10'®) cm=> and less than
1.2x(10*%) cm™>, and where a depth of the contact layer
is greater than or equal to 10 nm and less than or equal
to 50 nm; and
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a second contact coupled to the contact layer and sepa-

rated from the heterojunction layer by the contact layer.

13. The EBAC solar cell of claim 12 where the hetero-
junction layer is in contact with the absorption layer over a
width w,, the BSF-heterojunction layer is in contact with the
absorption layer over a width w,, and the heterojunction
layer is displaced from the BSF-heterojunction layer by an
insulator gap having a width w, and where 1.4<w,/w,<1.6
and (W +W,)/(W;+W,+w5)>0.9.

14. The EBAC solar cell of claim 13 where the first
conductivity type is n-type and the second conductivity type
is p-type, and where the window layer comprises Al,
Ga,,_,,As, the heterojunction layer comprises Al Ga,_,,As,
and the BSF-heterojunction layer comprises AfZGa(l_Z)As,
and where 0.25<x<0.35, 0.65<y<0.75, and 0.25<z<0.35.

15. The EBAC solar cell of claim 13 where the first
conductivity type is p-type and the second conductivity type
is n-type, and where the window layer comprises Al,
Ga,,_,yAs, the heterojunction layer comprises Al,Ga,_,,As,
and the BSF-heterojunction layer comprises Al,Ga, ,,As,
and where 0.65<x<0.75, 0.2<y<0.4, and 0.65<z<0.75.

16. The EBAC solar cell of claim 15 where:

the depth of the window layer is greater than or equal to

15 nm and less than or equal to 25 nm;

the depth of the absorption layer is greater than or equal

to 800 nm and less than or equal to 2000 nm;

the depth of the BSF-heterojunction layer is greater than

or equal to 15 nm and less than or equal to 25 nm;
the depth of the BSF-contact layer is 15 nm and less than
or equal to 25 nm;

the depth of the heterojunction layer is 15 nm and less

than or equal to 25 nm; and

the depth of the contact layer is 15 nm and less than or

equal to 25 nm.
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