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Engineered substrate with embedded mirror

Field of Invention

The present invention relates to an engineered substrate having an embedded mir-
ror as well as a method of manufacturing an engineered substrate having an em-
bedded mirror.

Background of the invention

Photovoltaic or solar cells are designed for converting the solar radiation to electri-
cal current. In concentrator solar photovoltaic applications the incoming sun light is
optically concentrated before it is directed to solar cells. For example, the incoming
sun light is received by a primary mirror that reflects the received radiation toward a
secondary mirror that, in turn, reflects the radiation toward a solar cell, which con-
verts the concentrated radiation to electrical current by the generation of electron-
hole pairs in [lI-V semiconductor or single crystal silicon, for example. Concentrator
photovoltaics may, alternatively or additionally, comprise Fresnel lens optics for the
concentration of the incoming solar radiation.

Recently, in the field of optoelectronics application, e.g. CPV (concentrator photo-
voltaic) cells, IR (infrared) detectors etc, interest has focused on recycling photons,
reducing losses of photons and reducing resistivity.

One of the problems connected with these issues is the efficiency of the cell. For
instance, commonly used substrates such as GaAs substrates need to be doped to
ensure a low contact resistance. But this doping is inducing increased absorption of
photons.

W02013143851 discloses a process of manufacturing MJ solar cell devices, in-
cluding a transfer of a seed layer on a final substrate.
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For MJ (multijunction) solar cells, or more general « photodetectors », e.g. suitable
for a fabrication method of the MJ solar cell as set forth in W02013143851 that
implies direct bonding of at least two subcells, i.e. each of which is grown on a sub-
strate, however both substrates having different lattice constants, there is a need
for proper substrates for improving the efficiency of the light detection or conversion

devices based on such substrates.

In view of the above-mentioned problems it is an object of the present invention to
provide a sufficiently transparent yet electrically conductive substrate with improved
efficiency, for MJ solar cells.

Summary of the Invention

it is provided an engineered substrate comprising: a seed layer made of a first sem-
iconductor material for growth of a solar cell; a first bonding layer on the seed layer;
a support substrate made of a second semiconductor material; a second bonding
layer on a first side of the support substrate; a bonding interface between the first
and second bonding layers; the first and second bonding layers each made of me-
tallic material; wherein doping concentrations of the semiconductor materials and
thicknesses of the layers of the engineered substrate, in particular of the seed lay-
er, the support substrate, and both the first and second bonding layers, are select-
ed such that the absorption of the seed layer is less than 20%, preferably less than
10%, as well as total area-normalized series resistance of the engineered substrate

is less than 10 mOhm-cm?, preferably less than 5 mOhm-cm2.

In the above provided engineered substrate the support substrate may also be
termed a receiver substrate. The engineered substrate comprises two non lattice
matched materials, namely the top thin layer comprising the seed layer and the
typically thicker bottom material comprising the support / receiver substrate. e.g.
InP for the top thin layer, i.e. the seed layer, and GaAs or Ge for the bottom receiv-
er substrate, i.e. the support substrate. The thin layer of seed layer of a first materi-
al can be obtained by several approaches including bonding on the second materi-
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al. The bonding interface between the first and second bonding layers thereby has
the function of a mirror layer of metallic material in order to better reflect photons.
The term mirror layer is used here to define a metallic layer exhibiting a high reflec-
tion coefficient (sup. 70%) in the 400nm — 2000nm wavelength range. The incom-
ing photons that have not been absorbed by the active device grown on top of the
seed layer during their first path can then be reflected at the mirror layer and be re-
injected in the active device for absorption. The proximity of the mirror bonding lay-
ers with the active device ensures a high photon collection probability, leading to
improved device characteristics (current, efficiency,...).

The electrical resistivity is an intrinsic property that quantifies how strongly a given
material opposes the flow of electric current. A low resistivity indicates a material
that readily allows the movement of electric charge. Resistivity is commonly repre-
sented by the Greek letter p (rho). The unit of electrical resistivity derives from the
product of the resistance R with the surface area or cross sectional area A of the
solar cell or the engineered substrate, respectively. As a formula this is R-A = p-|,
where | represents the length or thickness which is substantially perpendicular to
the area A. The unit of electrical resistivity p thus is Ohm-metre (Q-m) although oth-

er units like Ohm-centimetre (-cm) may derive from this.

The series resistance represents one of the major resistive effects in a solar cell. A
high series resistance may reduce the fill factor and thereby ultimately the efficien-
cy of the solar cell. In order to make values comparable, the values are area-
normalized so as to multiply the resistance with an area, which is the same as us-
ing the current density instead of the current in Ohm’s law, thereby obtaining a unit
of Ohm-centimetre?, i.e. Q-cm?2.

The absorption being less than 20% should be understood as the seed Iayér should
only absorb less than 20% of the incident light, when the light travels once thrbugh
the layer, so that at least 80% of the incident light is transmitted through thé layer
and can be reflected at the mirror layer.
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For the engineered substrate the doping concentration of the seed layer may be
less than 5x10'" at/cm®.In the engineered substrate the thickness of seed layer
may be a range of 150 nm to 1 um. For instance, the doping concentration of the
seed layer may be about 3x10"® at/cm® with a thickness of about 300 nm.

[n the engineered substrate the thickness of support substrate may be in a range
from 100 pm up to 500 pm and the doping concentration of the support substrate
may be in the range 10" to 5x10"" at/cm?®.

In the engineered substrate the metallic material of the first and second bonding
layers may be one of W or Ti together with TiN.

In the engineered substrate according the first semiconductor material may have a
lattice constant in the range of 5.8 to 6 A (0.58 to 0.6 nm).

These values typically correspond to the lattice constant of InP. The support sub-
strate typically is the final substrate. For the case of directly bonded MJ cells the
subcell grown on this substrate should have the lowest energy gaps, which is only
possible to achieve with materials having lattice constants around the iattice con-
stant of InP.

In the engineered substrate the first semiconductor material may be InP or the first
semiconductor material may be a ternary or quaternary or penternary Ill-V material,
for example InGaAs or InGaAsP, and the second semiconductor material may be
GaAs or Ge.

The engineered substrate may further comprise a metal contact provided on a se-
cond side of the support substrate opposite to the first side to collect the generated

electrons.

The back side metal contact may also serve as a back side mirror. Typically, it is
placed right below the support substrate in order to prevent or at least minimize
losses of photons by reflecting them back towards the support substrate and fur-
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ther, at least partially, to the active layer of the solar cell. Photons may thus be re-
cycled by the mirror and the loss of photons is reduced. The above mentioned ar-
ea-normalized series resistance of the engineered substrate has the further effect
of providing electrical connection of the cell to the back side metal contact.

It is further provided a light detection or conversion device, in particular a solar cell,
comprising an engineered substrate as described above.

It is further provided a method of manufacturing an engineered substrate compris-
ing. providing a first substrate; providing a seed layer on a first side of the first sub-
strate; forming a first bonding layer of metallic material on the seed layer; providing
a support substrate; forming a second bonding layer of metallic material on the
support substrate; directly bonding the first and second bonding layers: and then
removing the first substrate; the first and second bonding layers each made of me-
tallic material; wherein doping concentrations of the semiconductor materials and
thicknesses of the layers of the engineered substrate are selected such that both
the absorption of the seed layer is less than 20%, preferably less than 10%, as well
as total area-normalized series resistance of the engineered substrate is less than

10 mOhm-cm?, preferably less than 5 mOhm:-cm>.

The seed layer is made of a first semiconductor material for growth of a solar cell
and the support substrate is made of a second semiconductor material.

The method of manufacturing may further comprise that providing the seed layer is
obtained by epitaxial growth.

The method of manufacturing may further comprise an ion implantation step for
forming implantation weakened layer in a part of the first substrate or the seed layer
before directly bonding the first and second bonding layers, and a detaching step to
separate the remaining part of the first substrate or the seed layer provided on the
first substrate) after directly bonding the first and second bonding layers.
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The method of manufacturing may further comprise a step of providing a metal con-
tact on a second side of the support substrate opposite to the first side.

The engineered substrate as detailed above may be used for the manufacturing of
CPV cells, MJ cells or any light detection devices.

Brief Description of the Drawings

Fig. 1 Schematic drawing of one embodiment
Fig. 2 A modification of the embodiment shown in Fig. 1
Description of the Invention

In Fig. 1 a first embodiment is depicted of a method of manufacturing an engi-

neered substrate according to the present invention.

In a first step, in the leftimost part of Fig. 1 it is indicated that a support substrate 5
is provided. Furthermore, a first substrate 1 is provided. The first substrate 1 serves
as an auxiliary substrate which however may be removed or sacrificed before the
final engineered substrate is ready.

In a next step, as indicated by the arrow A, a seed layer 3 is formed on the first
substrate 1. The seed layer 3 may be of a first semiconductor material. The first
semiconductor material may be, e.g. InP or it may be a ternary or quaternary or
penternary llI-V material, for example InGaAs or InGaAsP.

Furthermore, a first bonding layer 4A is formed on the seed layer 3. The first bond-
ing layer 4A is a metallic layer, the material may be one of W or Ti together with
TiN.
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In principle, as indicated in Fig. 1 the first substrate 1, seed layer 3 and first bond-
ing layer 4A may also be viewed as one structure 10A.

Furthermore, a second bonding layer 4B is formed on the support substrate 5. The
second bonding layer 4B is also a metallic layer, the material may be one of W or Ti
together with TiN. The second bonding layer 4B is grown, e.g. deposited by chemi-
cal vapor deposition (CVD), on a first side of the support substrate 5. The support
substrate 5 and the second bonding layer 4B are made of a second semiconductor
material. Typically the second semiconductor material is GaAs or Ge. In principle,
the support substrate 5 and the second bonding layer 4B together may be viewed
as one structure 10B. The one structure 10 B corresponds to a support substrate
comprising the second bonding layer 4B being formed in the uppermost / top part of
the support substrate 5.

No correlation in time between forming the two parts or structures 10A and 10B,
respectively, i.e. the part comprising the seed layer formed on the first substrate
and the part comprising the second bonding layer 4B being provided on the support
substrate 5, is required, other that both are available at the beginning of the next
step which is indicated by an arrow B.

As illustrated in Fig. 1, in a next step indicated by B, the two structures are bonded
together. That is, the structure 10A comprising the first substrate 1 with the seed
layer 3 and the second bonding layer 4A is bonded together with the second struc-
ture 10B comprising the support substrate 5 and the second bonding layer 4B. In
Fig. 1 this is depicted as if one of the structures 10A, 10B, here for purely exempla-
ry reasons structure 10A, is flipped upside down so that the first bonding layer 4A
and the second bonding layer 4B substantially contact each other. The first bonding
layer 4A and the second bonding layer 4B then form a bonding interface 4 between
both bonding layers. The bonding interface 4 may be a direct bonding interface.
Typically, the bonding is performed by direct bonding of the two structures via the
two bonding layers 4A, 4B. Direct bonding typically represents molecular adhesion
between the two surfaces involved, without using any further bonding layers. Mo-
lecular adhesion is typically performed under partial vacuum. The bonding interface
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4 comprising the first and second bonding layers 4A and 4B integrate the function-
ality of being both a bonding interface and due to the metallic nature of the bonding
layers 4A, 4B also having a mirror function. Thus by integrating a mirror function,
the efficiency of the engineered substrate for use in light detection or conversion
devices is increased. Integration of a mirror function at the bonding interface is fur-
ther advantageous with respect to a mirror formed at the backside of the substrate
because it gives more flexibility in the design of the support substrate with respect
to the maintain of low electrical resistance. Such support substrate may be highly
doped in order to maintain low electrical resistance which, however, induces higher
absorption of photons as already pointed out.

Subsequently, in step C, the first substrate 1 is removed / detached from the first
substrate 1, resulting in an engineered substrate 101 comprising an exposed seed
layer 3. Removal of the first substrate 1 may be performed in various ways. Nota-
bly, grinding and/or back etching may be used to remove the first substrate 1,
thereby eventually exposing the seed layer 3. If this treatment is chosen, the bond-
ing process performed in the step before may be conducted at higher tempera-
tures, e.g. temperatures in a range of 200° C — 600 ° C, or more preferably be-
tween 300° C — 500 ° C. Another possibility may be performing the transfer of the
first structure 10A onto the second structure 10 B prior to bonding by means of
Smart Cut™, i.e. introducing an ion implantation step before bonding and then split-
ting / detaching, cf. Fig. 2. For this possibility, the bonding process should be car-
ried out at a lower temperature, preferably less than 200 ° C.

Subsequently, in step D, an additional back side metal contact 11 may be provided
on a second side of the support substrate 5 opposite to the first side, thereby result-
ing in an engineered substrate 103. The engineered substrate 103 may be sub-
stantially the same as the engineered substrate 101, except for having the addi-
tional back side metal contact. Step D and thus providing the additional back side
metal contact 11 are optional, but may further improve the efficiency of the engi-
neered substrate 103, and ultimately a solar cell including the engineered sub-
strate. The back side metal contact 11 may serve as another mirror in addition to
the mirror functionality of the bonding interface 4, i.e. its purpose is to reflect such
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photons which have not yet been converted in the substrate back into the interior.
The back side metal contact 11 may also serve for providing an electrical contact to
the backside of a solar cell, e.g. contacting a conductive plate in order to avoid

complex wiring.

Fig. 2 shows a slight modification of the embodiment of Fig. 1, however sharing the
same major steps A, B, C and optional step D. The same elements are denoted by
the same reference numbers and will not be explained, again. In Fig. 2, the first
support substrate comprises a zipper layer 2 which is provided at the surface of the
first substrate 1, representing the contact to the seed layer 3. For example, the zip-
per layer 2 may be provided in form of a weakened layer formed by the implanta-
tion of ionic species. The ionic species may be, for example, hydrogen or helium
ions. In this case, the first substrate 1 can be provided as a bulk substrate, such as
an InP substrate, then the implantation through the top surface of the bulk substrate
forms the weakened layer 2. The weakened layer or zipper layer 2 thus separates
the seed layer 3 and the first substrate 1 respectively in the top portion and the bot-
tom portion of the bulk substrate. Subsequently, the first substrate 1 is detached
from the seed layer 3 by means of the zipper layer 2, for example, the first engi-
neered substrate is cleaved at the zipper layer 2 aflowing the detachment of first
substrate 1 from the seed layer 3. Then the further process of detachment of the
first substrate 1 may be mediated by the application of mechanical forces to delam-
inate at the weakened layer formed by hydrogen or helium ions. |

With respect to the above embodiment shown in Fig. 2. one understands that the
seed layer 3 may be part of the first substrate 1 and is defined by the presence of
the weakened layer 2. However, the present invention is not limited to such config-
uration. It is understood that the seed layer may be provided by epitaxial growth on
the first substrate. An implantation step may thus define a weakened layer 2 either
in the first substrate 1 or the seed layer. Such weakened layer 2 is formed in view
of a subsequent detachment step as already explained above. Further surface
preparation after such detachment (e.g. grinding, polishing, etching) of the trans-
ferred layer leaves behind a seed layer which is suitable for epitaxial growth (re-
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duced roughness required), such seed layer 3 bonded via metallic bonding layers
(4A, 4B) to the support substrate 5.

The resulting engineered substrate 101 and 103, the latter including a back side
metal contact, are substantially the same as in Fig. 1 The thickness of the seed
layer 3 typically is in a range of 150 nm up to 1 um. If the transfer is performed by
Smart Cut™, said thickness may be up to 300 nm, but can be as low as 20 nm.
Furthermore, the thickness of the support substrate 5 may range from 100 um up to
500 pm. The doping concentration of the support substrate 5 typically ranges from
1x10™- 5x10"" at/em®. The first semiconductor material typically has a lattice con-
stant in the range of 5.8 - 6 A (0.58 nm - 0.6 nm). The thickness of the bonding lay-
ers is in the range of 3 nm up to 2uym, preferentially in the range of 3 nm to 20 nm.
In the latter case, due to low absorption within the bonding layers which depends
on the thickness, a second mirror on the back side may be applicable in order to
further increase the efficiency.

Each of the engineered substrate 101 and 103 may be used in forming an MJ solar
cell. The advantage is that materials of the various junctions may be tuned in order
to better match the solar spectrum.
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Claims

1. Engineered substrate (101, 103) comprising:

a seed layer (3) made of a first semiconductor material for growth of a solar

cell;

a first bonding layer (4A) on the seed layer (3);

a support substrate (5) made of a second semiconductor material:

a second bonding layer (4B) on a first side of the support substrate (5);

a bonding interface (4) between the first and second bonding layers (4A,
4B);

the first and second bonding layers (4A, 4B) each made of metallic material;

wherein doping concentrations of the semiconductor materials and thick-
nesses of the layers of the engineered substrate (101, 103), in particular of the
seed layer, the support substrate, and both the first and second bonding layers, are
selected such that the absorption of the seed layer (3) is less than 20%, preferably
less than 10%, as well as total area-normalized series resistance of the engineered

substrate (101, 103) is less than 10 mOhm-cm?, preferably less than 5 mOhm-cm?,

2. The engineered substrate (101, 103) according to claim 1, wherein the dop-
ing concentration of the seed layer (3) is less than 5x10"7 at/cm?®,

3. The engineered substrate (101, 103) according to one of claims 1 or 2,
wherein the thickness of the seed layer (3} is in a range of 150 nm to 1 um.

4, The engineered substrate (101, 103) according to at least one of claims 1 -
3, wherein the thickness of the support substrate (5) is in a range from 100 pm up
to 500 pm and the doping concentration of the support substrate (5) is in the range
10™ to 5x10"" at/cm?.

5. The engineered substrate (101, 103) according to claim 1, wherein the me-
tallic material of the first and second bonding layers (4A, 4B) is one of W or Ti to-
gether with TiN.
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6. The engineered substrate (101, 103) according to at least one of claims 1 —
5, wherein the first semiconductor material has a lattice constant in the range of 5.8
to 6 A (0.58 to 0.6 nm).

7. The engineered substrate (101, 103) according to at least one of claims 1 —
6, wherein the first semiconductor material is InP or the first semiconductor material
being a ternary or quaternary or penternary IllI-V material, for example InGaAs or
InGaAsP, wherein the second semiconductor material is chosen among GaAs or
Ge.

8. The engineered substrate (101, 103) according to claim 1, further compris-
ing a metal contact (11) provided on a second side of the support substrate (5) op-
posite to the first side.

9. Light detection or conversion device, in particular solar cell, comprising an
engineered substrate (101, 103) according to at least one of claims 1 — 8.

10. A method of manufacturing an engineered substrate (101, 103) comprising:

providing a first substrate (1);

providing a seed layer (3) on a first side of the first substrate;

forming a first bonding layer (4A) of metallic material on the seed layer (3) ;

providing a support substrate (5),

forming a second bonding layer (4B) of metallic material on the support sub-
strate (5);

directly bonding the first and second bonding layers (4A, 4B); and then

removing the first substrate (1); |

the first and second bonding layers (4A, 4B) each made of metallic material;

wherein doping concentrations of the semiconductor materials and thickness
of the layers of the engineered substrate (101, 103) are selected such that ébéorp-
tion of the seed layer (3) is less than 20%, preferably less than 10%, as well as
total area-normalized series resistance of the engineered substrate (101, 103) is
less than 10 mOhm-cm?, preferably less than 5 mOhm-cm?.
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11. The method according to claim 10, wherein providing the seed layer (3) is
obtained by epitaxial growth.

12.  The method according to claim 10 or claim 11, further comprising :

an ion implantation step for forming a weakened layer (2) in a part of the first
substrate (1) or the seed layer (3) before directly bonding the first and second
bonding layers (4A, 4B), and a detaching step to separate the remaining part of the
first substrate (1) or the seed layer (3) provided on the first substrate (1) after di-
rectly bonding the first and second bonding layers (4A, 4B).

13.  The method according to claims 10 to 12, further comprising the step of
providing a metal contact (11) on a second side of the support substrate (5) oppo-
site to the first side.
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