I*I Innovation, Sciences et Innovation, Science and CA 2810895 C 2018/10/16
Développement economique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (11)(21) 2 8 1 0 895
(12 BREVET CANADIEN
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 2011/09/23 (51) ClInt./Int.Cl. HO7L 37/0693(2012.01)

(87) Date publication PCT/PCT Publication Date: 2012/05/24 | (72) Inventeurs/Inventors:

1 . WOO, ROBYN L., US;
(45) Date de délivrance/lssue Date: 2018/10/16 AW DANIEL C.. US:

(85) Entree phase nationale/National Entry: 2013/03/07 BOISVERT, JOSEPH CHARLES, US
(86) N” demande PCT/PCT Application No.: US 2011/052898 | (73) Propriétaire/Owner:

(87) N° publication PCT/PCT Publication No.: 2012/067715 THE BOEING COMPANY, US

(30) Priorité/Priority: 2010/11/19 (US12/9250,912) (74) Agent: MARKS & CLERK

(54) Titre : JONCTIONS A EFFET TUNNEL A LARGEUR DE BANDE INTERDITE ELEVEE DE TYPE |l DE CONSTANTE
DU RESEAU CRISTALLIN INP POUR CELLULES SOLAIRES MULTIJONCTION

(54) Title: TYPE-Il HIGH BANDGAP TUNNEL JUNCTIONS OF INP LATTICE CONSTANT FOR MULTIJUNCTION
SOLAR CELLS

2208 éél ‘ N
. .
( Window 4
. ~ e
202< | 1.1-eV GalnPAs Emitter and Base [~
.............................................................................. R R
§ o*-InP BSF L edl
- HF-AlGalnAs Tunnel 240
nT¥ -inP Tunnel - o0
( n*-InP Window Layer 400
. , | 270
204< | 0.8-eV GalnPAs Emitter and Base
-------------------------------------------------------------------------------------------------------- 1 ~280
N S f N g
2700

(57) Abréegée/Abstract:

There exists a need for a tunnel junction of InP lattice constant that provides for improved peak tunneling current with low optical
and electrical losses. Accordingly, a tunnel junction Is disclosed that comprises a p-doped tunnel layer comprising AlGalnAs; and
an n-doped tunnel layer in contact with the p-doped tunnel layer. The junction has an InP latlice constant and is optically
transparent, forming a heterojunction. The p-doped tunnel layer has a bandgap of greater than 1.25 eV and the n-doped tunnel
layer has a bandgap of greater than 1.35 eV. The n-doped tunnel layer Is also a window layer for a subcell underneath the tunnel

junction.

50 rue Victoria e Place du Portage1l e Gatineau, (Québec) K1AOC9 e www.opic.ic.gc.ca i+

50 Victoria Street e Place du Portage 1 ¢ Gatineau, Quebec K1AO0C9 e www.cipo.ic.gc.ca C anada



ABSTRACT

There exists a need for a tunnel junction of InP lattice constant that provides
for improved peak tunneling current with low optical and electrical losses.
Accordingly, a tunnel junction is disclosed that comprises a p-doped tunnel layer
comprising AlGalnAs; and an n-doped tunnel layer in contact with the p-doped tunnel
layer. The junction has an InP lattice constant and is optically transparent, forming a
heterojunction. The p-doped tunnel layer has a bandgap of greater than 1.25 eV and
the n-doped tunnel layer has a bandgap of greater than 1.35 ¢V. The n-doped tunnel

layer 1s also a window layer for a subcell underneath the tunnel junction.
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T'YPE-1II HIGH BANDGAP TUNNEL JUNCTIONS OF InP LATTICE CONSTANT
FOR MULTIJUNCTION SOLAR CELLS

FIELD

[0001] The present disclosure generally relates to photovoltaic cells and, more
specifically, to solar cells of InP lattice constant having high bandgap, type-II tunnel

junctions.

BACKGROUND

[0002] A solar cell 1s a device that 1s capable of converting sunlight energy to
electricity by photovoltaic etfect. A solar cell can have one or more photovoltaic
subcclls or p-n junctions. A multijunction solar ccll has morc than onc photovoltaic

subcells that are monolithically connected in series.

[0003] The interest i solar cells has been increasing due to concerns regarding
pollution and limited available resources. This interest has been for both terrestrial
and space applications. In space applications, solar cells have been 1n use for more
than 40 years and the development of higher efficiency solar cells enables increased

payload capabilities.

[0004] The relatively high cost per watt of clectrical power generated by photovoltaic
systems Inhibits their widespread use in terrestrial applications. The conversion
efficiency of sunlight to electricity may be critically important for terrestrial PV
systems, since mcreased efficiency usually results 1n a reduction of related electricity
ogeneration system components (such as cell area, module or collector area, support
structures, and land area) for a required power output of the system. For example, 1n
concentrator solar cell systems which concentrate sunlight from around 2 to around
2000 times onto the solar cell, an increase 1n cell efticiency typically results n a
reduction of an arca comprising expensive solar cells and concentrating optics.
Improvements in solar cell efficiency are extremely leveraging at the system level,
and the dollar per watt (§/watt) is a typical figure-of-merit applied at the system level.
For satellites, solar panels represent <10% of the entire system cost so that a relative
improvement 1n solar cell etficiency of 3% over an existing technology generation

results 1 cost savings. The same 15 true of terrestrial concentrator solar power
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systcms where the cost of the solar receiver 1s a small fraction of the ovcerall systecm

COst.

[0005] To increase the electrical power output of such solar cells, multiple subcells or
laycrs having diffcrent cnergy bandgaps have been stacked so that cach subccll or
layer can absorb a different part of the wide energy distribution in the sunlight. This
arrangement 1s advantageous, since ¢ach photon absorbed in a subcell corresponds to
one unit of charge that 1s collected at the subcell operating voltage, which is
approximately linearly dependent upon the band gap of the semiconductor material of
the subcell. Since the output power 1s the product of voltage and current, an 1deally
cfficient solar cell would have a large number of subcells, each absorbing only

photons of energy negligibly greater than its band gap.

[0006] Lattice constants of compounds and alloys used to form photovoltaic cells are
well known. When such materials are combined into devices having subcells of
different materials, 1t 1s 1mportant that the lattice of the different materials have the
same lattice constants to within a small difterence. This avoids the formation of
impcricctions 1n the crystalline structurcs that can drastically lowcer the ctficiency of
the devices. When the term lattice-matched 1s used herein, 1t denotes a difference n
lattice constants of the materials of not more than about 0.3 percent. Preferably,

lattice constants are matched to within about 0.2 percent or less.

[0007] In any multijunction device, electrical connection must be made between the
subcells. Preferably, these intercell ohmic contacts (IOCs) should cause very low loss
of transmitted light between cells. Therefore, these contacts should have maximum
optical transparency and minimal electrical resistance. There are two methods known
for making such IOCs, metal interconnects and tunnel junctions (or tunnel diodes).
Metal interconnects can provide low electrical resistance, but they are poor i optical
transparency and difficult to fabricate. Complex processing of metal interconnects
results 1 substantial loss 1 the device efficiency and reliability. Therefore, tunnel
junctions arc much prcfcrred. A monolithic mtcgrated device can be producced having
a plurality of subcells with tunnel junctions therebetween. But the tunnel junctions

must satisfy multiple requirements, such as low resistivity, low optical losses, and
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crystallographic compatibility through latticc-matching between contacting subcclls.

Most importantly, they must exhibit a high peak current density.

[0008] One type of tunnel junction that has been used m multijunction solar cells
latticc-matched to InP lattice constant 15 a highly dopcd AlGalnAs homojunction
based tunnel diode. A homojunction 1s a semiconductor iterface that 1s between two
similar layers that have the same bandgap, but different type of doping, in this case,

the interface between a n-doped AlGalnAs and a p-doped AlGalnAs layers.

[0009] Fig. 1 illustrates a prior art InP-based dual-junction solar cell 100, hereinafter
referred to as the "prior art cell” 100. As can be seen in Fig. 1, the prior art cell 100
includes a first subcell 102 and a second subcell 104. The first subcell 102 includes a
first GaInPAs emitter and base 120. The first subcell 102 further mncludes a window
layer 110 deposited atop the first GalnPAs emitter and base 120, and a p-doped InP
back-surface field (BSF) layer 130 disposed on the opposite side (or bottom) of the
first GalnPAs emitter and base 120. The second subcell 104 includes a second
GalnPAs emitter and base 170, having a n-doped InP window 160 disposed a top
thcrcof, and a BSF laycr 180 disposcd on the opposite sidc (or bottom) thercof. The
first and second GalnPAs emitter and base, 120, 170 have bandgap encrgies of 1.1
clectron volts (¢V) and 0.8 ¢V, respectively. Between the first and second subcells
102, 104, 1s an AlGalnAs homojunction based tunnel diode 190. The AlGalnAs
homojunction based tunnel junction 190 includes a n-doped AlGalnAs tunnel layer

150 and a p-doped AlGalnAs tunnel layer 140.

[0010] Other types of tunnel junctions that have been used in multijunction solar cell
lattice-matched to InP lattice constant include type-II, low bandgap GalnAs/GaAsSb
tunnel diodes, lattice-mismatched AlGalnAs/AlGaAs, and lattice-mismatched
AlGalnAs/GaAs tunnel diodes. However, the low bandgap, type-II tunnel junction
reduces the amount of light available to the second subcell leading to lower
conversion efficiency. Additionally, the arsenide-based, lattice-mismatched
AlGalnAs/AlGaAs and AlGalnAs/GaAs tunncl-diodes 1nvolve latticc-mismatch
material and may require strain balancing, which add complications during growth

and often degrade the performance of the photovoltaic subcells. Furthermore, the



repeatability of the lattice-mismatched material approaches has been poor and

maintaining good material quality has been difficult.

[0011] There exists a need for a tunnel junction of InP lattice constant that provides
for 1improved peak tunneling current with low optical and electrical losscs. Such
tunnel junctions enablc multijunction solar cells to operate at higher solar intensity
without compromising overall device performance that can leads to higher power

conversion efficiency.

SUMMARY

[0012] The present disclosure provides an improved type-II, high bandgap tunnel
junction of InP lattice constant for solar (photovoltaic) cell that is most preferably
utilized in a multijunction structure. The disclosed type-II, high bandgap tunnel
junction enables solar cells to achicve increased efficiency and performance, with

little change in cost, as compared with conventional solar cells.

[0013] In accordance with the disclosure, a high bandgap, type-II tunnel junction is

disclosed that includes a p-doped AlGalnAs tunnel layer and a n-doped InP tunnel

layer.

[0014] In accordance with the disclosure, a multijunction solar cell of InP lattice
constant 1s disclosed that includes a high-bandgap, type-II tunncl junction. The high

bandgap type-II tunncl junction includes a p-doped AlGalnAs tunnel layer, and a n-
doped InP tunnel layer.

[0015] In accordance with the disclosure, a method of forming a tunnel junction is

disclosed that includes growing AlGalnAs and InP doped tunnel layers in a Metal
Organic Vapor Phase Epitaxial (MOVPE) reactor to form a type-II high bandgap

tunnel junction.
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[0015a] In accordance with the disclosure, a tunnel junction 1s disclosed that
comprises: a p-doped tunnel layer comprising AlGalnAs; and an n-doped tunnel layer
in contact with the p-doped tunncl layer, wherein the tunnel junction has an InP lattice
constant, wherein the tunnel junction 1is optically transparent, forming a
heterojunction, wherein the p-doped tunnel layer has a bandgap of greater than 1.25
eV and the n-doped tunnel layer has a bandgap of greater than 1.35 eV, and wherein
the n-doped tunnel layer is also a window layer for a subcell underneath the tunnel

junction.

[0015b] In accordance with the disclosure, a photonic device is disclosed that
comprises: a first photovoltaic cell; a second photovoltaic cell; and a type-II tunnel
junction disposed between the first photovoltaic cell and the second photovoltaic cell,
the type-II tunnel junction comprising: a p-doped tunnel layer comprising AlGalnAs;
and an n-doped tunnel layer, wherein the type-II tunnel junction has an InP lattice
constant, wherein the tunnel junction 1is optically transparent, forming a
heterojunction, wherein the p-doped tunnel layer has a bandgap of greater than 1.25
eV and the n-doped tunnel layer has a bandgap of greater than 1.35 €V or wherein the
p-doped tunnel layer has a bandgap of 0.73 to 2.0 eV when lattice-matched to the n-
doped tunnel layer of InP having a bandgap of 1.35 eV, and wherein the n-doped
tunnel layer of the type-II tunnel junction is also a window layer for the first

photovoltaic cell or the second photovoltaic cell.

[0015¢] In accordance with the disclosure, a tunnel junction is disclosed that
comprises: a p-doped tunnel layer comprising AlGalnAs; and an n-doped tunne] layer
in contact with the p-doped tunnel layer, wherein the tunnel junction has an InP lattice
constant, wherein the tunnel junction is optically transparent, forming a
hcterojunction, wherein the p-doped tunnel layer has a bandgap of 0.73 to 2.0 eV
when lattice-matched to the n-doped tunnel layer of InP having a bandgap of 1.35 €V,
and wherein the n-doped tunnel layer is also a window layer for a subcell underneath

the tunnel junction.

4a
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[0015d] In accordance with the disclosure, a method of making a photovoltaic device

1s disclosed that comprises: growing a p-doped tunncl layer comprising AlGalnAs;

and growing an n-dopcd tunnel layer in contact with the p-doped tunnel layer,
wherein the p-doped and n-doped tunnel layers form a type-II tunnel junction having
an InP lattice constant, wherein the tunnel junction 1s optically transparent, forming a
heterojunction, wherein the p-doped tunnel layer has a bandgap of greater than 1.25
eV and the n-doped tunnel layer has a bandgap of greater than 1.35 eV, and wherein
the n-doped tunnel layer is also a window layer for a subcell underneath the tunnel

junction.

[0016] One advantage of the present disclosure is providing for a tunnel junction

having increased tunneling current through the p-n junction.

[0017] Another advantage of the present disclosure is providing for a tunnel

junction having a narrower space charge region, increasing the tunneling probability

and

4b
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incrcasing the pcak tunncling currcnt of the tunncl-diode for handling higher solar

intensity.

[0018] Another advantage of the present disclosure 1s providing for a tunnel junction

having an improvcd matcrial growth proccss.

[0019] Another advantage of the present disclosure 1s providing for a tunnel junction

having a higher bandgap than existing homojunction-based tunnel diode and type II

GaAsSb/GalnAs tunnel junctions.

[0020] Another advantage of the present disclosure 1s providing for a tunnel junction
having higher optical transparency (A>920nm) than existing tunnel junctions, thus

reducing optical parasitic loss.

[0021] Another advantage of the present disclosure 1s providing for a single bandgap
binary semiconductor layer acting as both a window, a BSF, and a tunnel junction
layer by changing the corresponding doping polarity and doping levels. This reduces
the complexity of the cell structure design and the corresponding MOVPE growth

Process.

[0022] Other features and advantages of the present disclosure will be apparent from
the following more detailed description of the preferred embodiment, taken 1n
conjunction with the accompanying drawings, which 1illustrate, by way of example,
the principles of the disclosure. The scope of the disclosure 1s not, however, limited

to this preferred embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Fig. 1 illustrates a prior art InP-based dual-junction solar cell.

[0024] Fig. 2 1llustrates an exemplary embodiment of a solar cell according to the

disclosure.

[0025] Fig. 3 1llustrates the staggered bandgap alignment of n-doped InP layer and p-
doped AlGalnAs layers of a type II heterojunction as formed by the tunnel junction of

the present disclosure.
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0026] Fig. 4 1llustratcs an InP-bascd triplc junction solar ccll using high bandgap,

Type-II tunnel junctions according to the present disclosure.

[0027] Fig. 5 shows a chart of the relationship between current and voltage of a
multijunction solar ccll of the present disclosurc at 15.5 suns comparcd to prior art

multijunction solar cells at 1.2 and 1.4 suns.

[0028] Wherever possible, the same reference numbers will be used throughout the

drawings to represent the same parts.

DETAILED DESCRIPTION

[0029] Fi1g. 2 1illustrates a device 200 according to an embodiment of the disclosure.
The device 200 1s a photonic device. In this embodiment, the device 200 is a solar
cell. In another embodiment, the device 200 may be a multijunction solar cell. In
another embodiment, the device 200 may be other photonic devices such as laser
power converter or sensors for converting light to electricity. Both solar cells, which
convcert a broad spectrum of light power to clectrical powcer, as well as lascr power
converters which convert light at a single wavelength to electrical power, are
examples of photonic devices that benefit from 1mproved tunnel junction

performance.

[0030] As can be seen 1n Fig. 2, the device 200 1s an InP-based dual-junction solar
cell, meaning it includes two photovoltaic cells. The individual photovoltaic cells
may be referred to as subcells. The device 200 includes a first photovoltaic cell 202
and a second photovoltaic cell 204. The first photovoltaic cell 202 includes a first
emitter and base 220. In this exemplary embodiment, the first emitter and base 220 1s
a GalnPAs emitter and base having an InP lattice constant. In another embodiment,
the first emitter and base 220 may be III-V material such as, but not limited to
AlAsSb, AlGaAsSb, AllnAs, InP, AlGalnAs, GalnAs, GaAsSb or GalnPAs with
different bandgaps having lattice constant same as InP. In one embodiment, the first
emitter and base 220 includes a separate emitter layer and base layer (not shown), the

emitter layer being nearest incident light.

[0031] The first photovoltaic cell 202 has a bandgap of 1.1 ¢V. In another
embodiment, the first photovoltaic cell 202 may have a bandgap of from about 0.73 to
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2.45 ¢V. In anothcr cmbodiment, the first photovoltaic ccll 202 may have a bandgap
of from about 1.0 to 1.1 ¢V. In yet another embodiment, the first photovoltaic cell
202 may have a bandgap of from about 1.0 to 1.1 ¢V and may be included 1n a three
or more-junction solar cell. The first photovoltaic cell 202 1s sensitive to a first-
photoactive-subccell-laycr wavcelength.  As uscd hcercin, “wavcelength” may mcan a
single discrete wavelength, or, “wavelength” may include a range of wavelengths at

which the layer material achieves a good light-to-electricity conversion efficiency.

[0032] The first photovoltaic cell 202 further includes a window layer 210. The
window layer 210 18 disposed on a first side 220a of the first emitter and base 220,
which would be positioned nearest to incident light, which 1s represented by arrow L.
As used herein, the relative terms "top" and "bottom" are used to indicate the surface
nearest to and farthest from incident light, respectively. Also, when used to compare
two layers, “upper” or “above” or “overlying” refers to a layer closer to the sun, and
“lower” or “below” or “underlying” refers to a layer further from the sun or other
source of illumination. The window layer 210 may be InP, AlGalnAs, AllnAs,
AlAsSb, AlGaAsSb, GaInPAs composition that provides bandgap energy greater than
about 1.1 ¢V. Thc¢ window laycr 210 has two functions. The first function of thc
window layer 210 1s to reduce minority-carrier recombination (1.e., t0 passivate) on
the front surface 220a of the first photovoltaic subcell 202. Additionally, the optical
properties of the window material must be such that as much light as possible 1s
transmitted to the tirst photoactive subcell 202, and any additional photoactive subcell
layers that may be disposed undemeath thercof (not shown), where the
photogenerated charge carriers can be collected more efficiently. It there 1s
substantial light absorption in the window layer 210, carriers generated in the window
layer are less likely to be subsequently collected and hence light absorption in the

window degrades overall conversion efficiency.

[0033] The device 200 may optionally include an antireflection (AR) layer or coating
(not shown) disposed on top of the device 200 nearest incident light L, which 1s
shown impinging from thc dircction indicated by the arrows. In onc cmbodiment, the
AR coating may be disposed atop the window layer 210. The AR coating 18 intended
to minimize surface reflections between the optically transparent media above the cell

(such as air, glass, or polymer) and the semiconductor layers ot the device 200,
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thcrcby cnabling more photons to cnter the device 200. The AR coating may be madc
from well-known materials in the art, such as Ti1O,, TayOs, S10,, and MgF,. The
thickness of the AR coating may vary, but 1s typically between about 0.04 and 0.35
microns. While an AR coating can be applied to device 200, in other configurations
anothcr subccll can be stacked or applicd abovce the device 200 with another tunncl

junction therebetween.

[0034] The first photovoltaic cell 202 further includes a p-doped BSF layer 230
disposed on the bottom of first emitter and base 220. In this exemplary embodiment,
the p-doped BSF layer 230 1s a p-doped InP BSF layer. In another embodiment, the
p-doped BSF layer 230 may be AlGalnAs, GaAsSb, AIAsSb, AlGaAsSb, AllnAs,
GalnPAs and their alloys layer. In one embodiment, the BSF layer 230 1s lattice-
matched to InP. In another embodiment, the BSF layer 230 may be a coherently

strained layer with a thickness below the Matthews-Blakeslee thickness. The p-doped

BSF layer 230 reduces minority-carrier recombination at the back surface of the first
emitter and base 220. The p-doped BSF layer 230 has optical properties that allow
light that can be used by subcells beneath the p-doped BSF layer 230 to be transmitted
through thc p-dopcd BSF laycr 230, and/or the minority-carricr propertics i the p-
doped BSF layer 230 must be such that electrons and holes that are generated by light
absorption in the p-doped BSF layer 230 are efficiently collected at the p-n junction of
the device 200. Minority carrier electrons are collected at the p-n junction 290 of first
emitter and base 220. The p-doping 1in the BSF layer 230 and first emaitter and base
220 are typically graded from highest concentration at the BSF layer 230 to lowest
concentration at a base layer (not shown) of the first emitter and base 220 to create an

electric field that sweeps electrons from the BSF layer 230 towards the emitter and

base 220.

[0035] The second photovoltaic cell 204 includes a second emitter and base 270. In
this exemplary embodiment, the second emitter and base 270 1s a GalnPAs layer
having an InP lattice constant. In another embodiment, the second emitter and base
270 may bc GalnAs, GaAsSb, AlGalnAs, AlGaAsSb, GalnPAs and thcir alloys
having an InP lattice constant. The second emitter and base 270 has a bandgap lower

than the bandgap of the first emitter and base 220.
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[0036] In this cxcmplary cmbodiment, the sccond photovoltaic ccll 204 has a bandgap
of about 0.8 ¢V. In another embodiment, the second photovoltaic cell 204 may have a
bandgap of from about 0.73 to 2.0 eV. In another embodiment, the second
photovoltaic cell 204 may have a bandgap of from about 0.73 to 0.8 eV. In yet
anothcr cmbodiment, the sccond photovoltaic ccll 204 may have a bandgap of from
about 0.73 to 0.8 eV and be included in a three or more-junction solar cell lattice

matched to InP.

[0037] The second photovoltaic cell 204 turther includes an n-doped window layer
260 disposed on top of the second emitter and base 270. The general characteristics
of the n-doped window layer 260 1s similar to the window characteristics of the
window layer 210. The n-doped window 260 has an n-doping concentration of
between about 2x10'%/cm” and 2x10"”/cm”. In another embodiment, the n-doped
window 260 has a n-doping concentration of about 1x10"/cm’ to create a large

electric field and passivated the p-n junction 270.

[0038] The second photovoltaic cell 204 further includes a second back-surtace field
(BSF) laycr 280 bclow the sccond cmitter and basc 270. In onc cmbodiment, the
second BSF layer 280 may be an InP, AlGalnAs, AlAsSb, GaAsSb, AlGaAsSb, or
GalnPAs wider bandgap layer. In one embodiment, the second BSF layer 280 1s
lattice-matched to InP. In another embodiment, the BSF layer 280 may be a
coherently strained layer with a thickness below the Matthews-Blakeslee thickness.
The second BSF layer 280 provides a passivation function similar to the window layer
210, and has BSF characteristics similar to those of the p-doped InP BSF layer 230.
As such, the second BSF layer 280 reduces minority-carrier recombination at the back
surface 270b of the second emitter and base 270. The second BSF layer 280 must
also have optical properties that allow most of the light that can be used by any
subcells beneath the second BSF layer to be transmitted through the second BSF
layer, and/or the minority-carrier properties 1n the second BSF layer 280 must be such
that electrons and holes which are generated by light absorption 1n the second BSF
laycr 280 arc cthiciently collected 1n the ccll 204.

[0039] The device 200 further includes a highly doped, high band-gap, type-1I tunnel
junction, which may be reterred to as tunnel junction or p-n junction 290. The p-n

junction has an InP latticc constant connccting the first photovoltaic ccll 202 and the

9
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sccond photovoltaic ccll 204 1n clectrical scrics. The typce-11 indicates that morc
favorable band alignment 1s provided that charged particles can tunnel through the p-n
junction with less energy. This results in a narrower space charge region increasing
the tunneling probability and increasing the peak tunneling current of the tunnel-diode
for handling highcr solar intensity. Thce purposc of doping the p-n junction 290 at
high levels 15 to reduce the resistance for charged carriers to tunnel through the p-n

junction 290.

[0040] The p-n junction 290 includes a highly p-doped tunnel layer 240 and a highly
n-doped tunnel layer 250. The highly p-doped tunnel layer 240 1s lattice matched to
[nP. The doping level ranges from 1x10""/cm” to 1x10™/cm” for these tunnel layers.
In one embodiment, the n-doped InP tunnel layer 250 may serve as tunnel layer for

tunnel diode as well as a window layer for subcell underneath the tunnel diode.

[0041] In an embodiment, the highly p-doped tunnel layer 240 may be a highly p-
doped Al(Ga)lnAs tunnel layer. In another embodiment, the highly p-doped tunnel
layer 240 1s AlxGal-xInAs with x > 0.25 or x=1. The highly p-doped tunnel layer
240 has a bandgap of grcatcr than or cqual to 1.25 ¢V. In onc cmbodiment, the highly
p-doped tunnel layer 240 has a bandgap greater than 1.25 ¢V. In another
embodiment, the highly p-doped tunnel layer 240 has a bandgap of 1.45 ¢V.

[0042] The highly n-doped tunnel layer 250 1s lattice matched to InP. In an
embodiment, the highly n-doped tunnel layer 250 1s high bandgap III-V
semiconductor having a InP lattice constant and that can form type II band alignment
with the p-doped tunnel layer. In another embodiment, the highly n-doped tunnel
layer 1s a highly n-doped InP, AlInPAs, AlAsSb, or Al1GaAsSb tunnel layer having a
bandgap greater than or equal to 1.35 ¢V and an InP lattice constant. In one

embodiment, the highly n-doped InP tunnel layer 250 1s an InP tunnel layer having a
bandgap of 1.35 eV.

[0043] The bandgap of the highly p-doped tunnel layer 240 must be equal to or
oreater than 1.25 eV to form a type-II staggered tunnel-junction with the highly n-
doped tunnel layer 250. For a higher bandgap, n-doped tunnel layer of AlInPAs, a p-
doped tunnel layer of AllnAs may be used. The bandgap difference or Al-

composition difference must be maintained to form a type-1I staggered tunnel diode.
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|0044] Thc solar ccll 200 may further includce a substratc (not shown) bencath the

BSF layer 280. In one embodiment, the substrate may be InP. In another
embodiment, the substrate may be silicon, GaSb, CdTe, InP/S1 template or InGaAs/S1
template or other semiconductor. In an embodiment, the substrate may be single side
polished or double sidc polished. In an cmbodiment, the substratc may havce a surface
oricntation of (100) and thickncss of 300-1000 pum or beyond. In an cmbodiment, the
substrate may be doped either n-type or p-type. In an embodiment, the substrate 1s

doped p-type. In one embodiment, the substrate may be doped to greater than 5x10"

/ecm” to enable ohmic contact to a metal contact layer.

[0045] Window layer 210 may have a heavily doped n-type cap layer above 1t that 18
patterned using standard photolithographic techniques. This pattern 1s designed to
leave large areas of the window layer open to incident light. This cap layer may have
a metal contact layer patterned to make contact to only the cap layer, leaving large
arcas of thc window opcn to incident light. The mcetal contact laycr cnablcs ohmic
contact to be made to the solar cell for subsequent assembly mto a power providing

electrical circuit.

[0046] The p-n junction 290 provides improved optical transparency and improved
peak tunneling current in the tunnel junction of device 200 without compromising
overall device performance, which leads to higher power conversion efficiency at
higher solar intensity. The p-n junction 290 1s capable of performing at higher solar

intensity, consequently improving higher solar energy conversion efficiency.

[0047] The AlGalnAs and InP doped tunnel layers 240, 250 are grown sequentially 1n
a Metalorganic Vapor Phase Epitaxy (MOVPE) reactor to form the p-n junction 290,
in this case a tunnel junction diode. Furthermore, the device 200 and device
components (window, BSF) are be grown in a MOVPE reactor. In another
embodiment, the p-n junction 290 may be grown in a Metalorganic Vapor Phase
Epitaxy (MOVPE), Molecular Beam Epitaxy (MBE), Chemical Beam Epitaxy (CBE),
Hydride Vapor Phase Epitaxy (HVPE) or Atomic Layer Deposition (ALD) reactor.

[0048] The device 200 shown 1n Fig. 2 1s an upright solar cell configuration, or 1n
other words, the device 200 1s grown with new layers above the prior layer and with

the highest bandgap cell of multi-junction cells last. In another embodiment, the
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device 200 may be mverted or with the highest bandgap ccll of multi-junction cclls
orown first. The growth sequence changes depending on upright or inverted
configuration, however for testing and field operations, the highest bandgap cell 1s
sitting closest to the sun. In an embodiment, the device 200 may be an inverted InP-
bascd multijunction ccll with a high bandgap, typc-11 tunncl junction. According to
the disclosure, a p-doped tunnel layer i1s always between a p-doped BSF layer and n-
doped tunnel layer and n-doped tunnel layer i1s between p-doped tunnel layer and n-

doped window layer.

[0049] According to the present disclosure, the bandgap of the material
(AlGalnAs/InP) 1n the tunnel junction 290 1s higher than existing solutions, for
example when compared to a tunnel junction of GalnAs/GaAsSb having a bandgap of
0.73/0.77 eV respectively, which allows higher optical transparency for lower
parasitic loss. The present disclosure provides for a p-n junction 290 having a
bandgap of AlGalnAs of 1.25 ¢V and bandgap of InP 1s 1.35 ¢V, as compared to an
AlGalnAs homojunction based tunnel diode of the prior art having bandgap of 1.25
eV across the diode. In one embodiment, the bandgap of the tunnel junction 290
rangcs from 0.73 ¢V to 2.0 ¢V, latticc matchced to InP latticc constants. In another
embodiment, the band gap of the tunnel junction 290 1s greater than 1.25 e¢V. In one

embodiment, the tunnel junction 290 has a greater optical transparency (A) than

existing solutions.

[0050] Other embodiments utilizing even higher bandgap semiconductor alloys, e.g.
AllnAs, AlAsSb, and AlInPAs may have even greater optical transparency for an
extended wavelength range. The band offset of the material used (such as,
AlGalnAs/InP) m the tunnel junction 290 forms a type II heterostructures tunnel
junction diode that reduces the amount of energy required for charged particles to
tunncl through thc p-n junction. This rcsults 1n a narrowcer spacc charge rcgion
increasing the tunneling probability and increasing the peak tunneling current of the

tunnel-diode for handling higher solar intensity.

[0051] A heterojunction based tunnel diode places an alloy layer 1n a region of the
device (the n-region of a p-n junction) that forms Type-1I band alignment with the p-
region of a tunnel junction. In general, the tunneling probability can be approximated

by the following equation:
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[ Aw2mE,

L

[0052] I =exp (Equation A)

[0053] Where E, 18 the bandgap of the junction semiconductor layer and w 1s the

depletion width of the p-n junction.

[0054] The equation indicates that tunneling probability increases as the bandgap of
the junction decreases. In a type II heterojunction as formed by the p-n junction 290,

the bandgap of n-doped layer and p-doped layer staggers as shown n Fig. 3. This

! the energy gap to be between the valance band

band alignment reduces E, to E,
edge of the p-side and the conduction band edge of the n-side at the heterojunction
interface. Since Egeff 1s smaller than E, of the homojunction, the tunneling probability

of the type II tunnel junction does get higher than that of the homojunction.

[0055] The p-n junction 290, which may be referred to as high bandgap, type-II
tunnel junction diode, may monolithically integrate photovoltaic subcells formed of
InP, AlInAs, AlInAsP, AIAsSb, AlInAsSb, AlGaAsSb, AlGalnAs, GalnPAs, GalnAs,
(GaAsSb and their combination mto a multijunction solar cell of InP lattice constant.
In one embodiment, the high bandgap (e.g. AlGalnAs/Inl) type-11 tunnel junction
diode may enable a single junction solar cell to be grown onto a substrate of opposite
polarity than the first layer (such as p-type BSF or n-type window) of the intended

devices for use 1n a space or terrestrial applications.

[0056] In addition, the AlGalnAs/InP type-II tunnel junction diode may enable the
fabrication of ultra-high efficiency (>33%) direct-semiconductor bonded
multijunction solar cells, Carbon NanoTube-bonded (CNT-bonded) multijunction
solar cells, and multyjunction solar cells with component subcells at the InP lattice-
constant. For example, low bandgap (~0.7-1.2-¢V) component subcells at the InP
lattice constant are becoming one of the key component in the ultra-high efficiency

(>33%) multijunction solar cell structure.

[0057] In anothcr cmbodiment, the AlGalnAs/InP type-11 tunncl junction diodc may
be used 1n a multijunction solar cell, resulting 1n a solar cell of desirable bandgap
combinations with higher performance due to the higher peak tunneling current and

lower parasitic optical loss.
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|0058] Fig. 4 illustratcs an cmbodiment of a multijunction photovoltaic device 400.
The photovoltaic device 400 may be a multijunction solar cell As can be seen in Fig.
4, a multijunction solar cell 400 1s shown that includes a first photovoltaic cell 410, a
second photovoltaic cell 420, and a third photovoltaic cell 430. Disposed between the

adjaccnt cclls arc p-n junctions 290 as dcscribed above.

[0059] The multijunction solar cell 400 further includes a substrate 450. In this
exemplary embodiment, the substrate 450 i1s an InP substrate. In another
embodiment, the substrate 450 may be InP layer or III-V semiconductor layer with an
InP lattice constant transferred onto virtual substrates, such as hybrid templates 1n a
combination of InP or GalnAs with S1, Ge, GaAs, InAs, GaP, GaSb, polymer, metal
substrate. Furthermore, the multijunction solar cell 400 may further include window

and BSF layers as described above.

[0060] Fig. 5 shows a current and voltage function (IV curve) of a multijunction solar
cell according to the present disclosure at 15.5 suns compared to current and voltage
functions of two exemplary prior art multijunction solar cells at 1.2 and 1.4 suns using
homojunction AlGalnAs/AlGalnAs tunncl diodc. As can be scen 1n Fig. 5, the solar
cell using a type II tunnel diode as described 1n this disclosure provides an IV curve
functioning as intended at 15.5 suns, and having a peak tunneling current exceeding
the current required to operate the solar cell, which 1s capable of handling current

density of 0.25A/cm” at this concentration.

[0061] Although a particular embodiment of the disclosure has been described 1n

detail for purposes of illustration, various modifications and enhancements may be
made without departing from the spirit and scope of the disclosure. Accordingly, the

disclosure 18 not to be limited except as by the appended claims.
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What is claimed is:

1. A tunnel junction comprising:

a p-doped tunnel layer comprising AlGalnAs; and

an n-doped tunnel layer in contact with the p-doped tunnel layer,

wherein the tunnel junction has an InP lattice constant,

wherein the tunnel junction 1s optically transparent, forming a heterojunction,

wherein the p-doped tunnel layer has a bandgap of greater than 1.25 eV and
the n-doped tunnel layer has a bandgap of greater than 1.35 ¢V, and

wherein the n-doped tunnel layer 1s also a window layer for a subcell

underneath the tunnel junction.

2. The tunnel junction of claim 1, wherein the n-doped tunnel layer is an n-doped
material selected from the group consisting of InP, GaInPAs, AlAsSb, AlInAsSb, and
AllnPAs.

3. The tunnel junction of claim 1 or 2, wherein the p-doped tunnel layer and the

n-doped tunnel layer have a doping level from 1x10""/cm’ to 1x10*"/cm’.

4, The tunnel junction of any of one of claims 1 to 3, wherein the p-doped and
the n-doped tunnel layers are grown sequentially in a reactor selected from the group
consisting of a Metal Organic Vapor Phase Epitaxial reactor, a Hydride Vapor Phase

Epitaxial reactor, a Molecular Beam Epitaxy rcactor, a Chemical Beam Epitaxy

rcactor, and an Atomic Layer Deposition reactor.

5. A photonic device comprising;
a first photovoltaic cell;
a second photovoltaic cell; and
a type-II tunnel junction disposed between the first photovoltaic cell and the
second photovoltaic cell, the type-II tunnel junction comprising:
a p-doped tunnel layer comprising AlGalnAs; and
an n-doped tunnel layer,

wherein the type-II tunnel junction has an InP lattice constant,
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wherein the tunnel junction 1s optically transparent, forming a heterojunction,

wherein the p-doped tunnel layer has a bandgap of greater than 1.25 eV and
the n-doped tunnel layer has a bandgap of greater than 1.35 ¢V or wherein the p-
dopcd tunnel layer has a bandgap of 0.73 to 2.0 ¢V when lattice-matched to the n-
doped tunnel layer of InP having a bandgap of 1.35 eV, and

wherein the n-doped tunnel layer of the type-II tunnel junction is also a

window layer for the first photovoltaic cell or the second photovoltaic cell.

6. The photonic device of claim 5, wherein the n-dopcd tunnel layer is an n-

doped material sclected from the group consisting of InP, GalnPAs, AlAsSbh,
AlInAsSb, and AlInPAs.

7. The photonic device of claim 5 or 6, wherein p-doped tunnel layer and the n-

doped tunnel layer have a doping level between from 1x10"”/cm’ to 1x10%/cm’.

8. The photonic device of any one of claims 5 to 7, wherein the photonic device

1S grown 1nvertecd.

9. The photonic device of any one of claims 5 to 7, wherein the photonic device

1S grown upright.

10.  The photonic device of any one of claims 5 to 9, wherein the first photovoltaic

cell and the second photovoltaic cell are selected from the group consisting of InP,
AllnAs, AlAsSb, AllnAsSb, AlInPAs, AlGalnAs, GalnPAs, GalnAs, AlGaAsSh,

GaAsSb and their combinations.

11.  The photonic device of any one of claims 5 to 10, further comprising:
one or more additional photovoltaic cells in electrical connectivity with the

first and second photovoltaic cells.

12. The photonic device of claim 11, wherein the one or more additional

photovoltaic subcells have the type-II tunnel junction disposed therebetween.
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[ 3. A tunnel junction comprising:

a p-doped tunnel layer comprising AlGalnAs; and

an n-doped tunnel layer in contact with the p-doped tunnel layer,

wherein the tunnel junction has an InP lattice constant,

wherein the tunnel junction is optically transparent, forming a heterojunction,

wherein the p-doped tunnel layer has a bandgap of 0.73 to 2.0 eV when lattice-
matched to the n-doped tunnel layer of InP having a bandgap of 1.35 eV, and

wherein the n-doped tunnel layer 1s also a window layer for a subcell

underncath the tunnel junction.

14. A method of making a photovoltaic device, the method comprising:
growing a p-doped tunnel layer comprising AlGalnAs; and
growing an n-doped tunnel layer in contact with the p-doped tunnel layer,

wherein the p-doped and n-doped tunnel layers form a type-II tunnel junction
having an InP lattice constant,

wherein the tunnel junction is optically transparent, forming a heterojunction,

wherein the p-doped tunnel layer has a bandgap of greater than 1.25 ¢V and
the n-doped tunnel layer has a bandgap of greater than 1.35 ¢V, and

wherein the n-doped tunnel layer is also a window layer for a subcell

underneath the tunnel junction.

15.  The method of claim 14, wherein the p-doped and n-doped tunnel layers are
sequentially grown 1n a reactor selected from the group consisting of a Metalorganic
Vapor Phase Epitaxial reactor, a Hydride Vapor Phase Epitaxy reactor, a Molecular

Beam Epitaxy reactor, a Chemical Beam Epitaxy reactor, and an Atomic Layer

Deposition reactor.

16. The method of claim 14 or 15, further comprising:

growing two or more photovoltaic cells separated by the type-II tunnel

junction.
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17. The method of any one of claims 14 to 16, wherein the n-doped tunnel layer is
an n-doped material selected from the group consisting of InP, GalnPAs, AlAsSb,
AlInAsSb, and AlInPAs.

18.  The method of any one of claims 14 to 17, wherein the p-doped tunnel layer

and the n-doped tunnel layer have a doping level between from 1x10'"/cm’ to

1x10%cm’.
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