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(57) ABSTRACT 

A photovoltaic device comprises an interface (8) between a 
layer of Group III-V material (3) and a layer of Group IV 
material (1) with a thin silicon diffusion barrier (6) provided 
at or near the interface. The silicon barrier controls the diffu 
sion of Group V atoms into the Group IV material, which is 
doped n-type thereby. The n-type doped region can provide 
the p-n junction of a solar cell in the Group IV material with 
Superior Solar cell properties. It can also provide a tunnel 
diode in contact with a p-type region of the III-V material, 
which tunnel diode is also useful in solar cells. In another 
aspect, a multijunction photovoltaic device is provided in 
which there are at least a first light-absorbing layer (111) of 
SiGe or SiGeSn and a second light-absorbing layer (112) of 
SiGeSn, both layers being lattice-matched to GaAs. 
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MULTUNCTION PHOTOVOLTAC DEVICE 
HAVING ANSI BARRIER BETWEEN CELLS 

0001. The present invention relates to photovoltaic 
devices, including Solar cells. 

BACKGROUND OF THE INVENTION 

0002 One well-known kind of photovoltaic device has 
two or more cells connected in series formed from a vertical 
layer structure of semiconductor materials, each cell contain 
ing a p-n junction of a different bandgap, which junctions are 
used to absorb different parts of the spectrum of the light 
falling on the device (Tandem Cell). The majority of multi 
junction photovoltaic devices that are currently in use are 
manufactured on a germanium Substrate. 
0003 FIG. 1 shows the typical structure of the lower cell in 
Such a device. A p-type germanium (Ge) Substrate 1 is pro 
vided and the first p-n junction 2 of the device is fabricated by 
growing a layer 3 of a III-V semiconductor material onto the 
germanium Substrate, the two meeting at interface 8. This 
layer 3 is termed, in the art, a nucleation layer. At the elevated 
temperatures used during processing, Group V atoms from 
the nucleation layer 3 diffuse across the interface into the 
germanium Substrate creating the p-n junction 2 at a point 
below the surface of the germanium. The junction forms 
because the Group V atoms act as an n-type dopant in the 
germanium and so when they have diffused in Sufficient con 
centration an n-type region 4 is formed. (The other border of 
the n-type region 4 is of course the interface 8 between the 
III-V and the Group IV materials.) The Group III-V layer 3 is 
provided n-type so that there is low resistance contact 
between that and the Group IV n-type region 4. Control of the 
depth of the diffusion of the Group V atoms is important in 
defining the quality of the p-n junction, with a shallower 
junction being preferable. Diffusion is controlled by the tem 
perature and duration of the growth and annealing (and any 
other processing) of both the nucleation layer 3 of any further 
semiconductor layers 5. The further layers 5 of semiconduc 
tor are provided to form one or more further p-n junctions for 
absorbing different parts of the spectrum. Examples of multi 
junction solar cells having a bottom cell similar to FIG. 1 are 
given by U.S. Pat. No. 6,380,601 and US 2002/0040727. 
0004. A paper Si as a diffusion barrier in Ge/GaAs hetero 

junctions by S. Strite, M. S. Unli, K. Adomi, and H. Morkoc 
(Appl. Phys Lett. 56(17)) was published in 1990. The authors 
of this paper were interested in phototransistors and hole 
based modulation doped structures, and the paper itself dis 
cussed their investigation of a diode formed of a gallium 
arsenide epitaxial layer overgrown with germanium. This 
basic diode was said to Suffer from microplasma assisted 
breakdown caused by poor sample uniformity caused, they 
Suggest, by vacancies in the GaAS (caused in turn by Ga and 
As outdiffusion into the Ge). An interlayer of pseudomorphic 
silicon of 10A in thickness was provided to prevent this. (The 
germanium was p-type, being doped with Gato a concentra 
tion of 5x10" cm. The GaAs at the junction was more 
lightly doped, to a concentration of 5x10" cm, with sili 
con.) In particular it may be controlled to a predetermined 
depth. 
0005 Solar cells are used to generate electrical power, 
preferably from sunlight. They may be used directly irradi 
ated by the Sun or with concentrators that gather Sunlight onto 
the cell in a higher concentration, which improves their effi 
ciency. 
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SUMMARY OF THE INVENTION 

0006. According to the present invention, there is provided 
a semiconductor material comprising: 

0007 a Group IV semiconductor material layer, the 
material not being silicon, 

0008 a layer of Group III-V semiconductor material 
formed of at least one kind of Group III atoms and at 
least one kind of Group V atoms, and having an interface 
with the Group IV semiconductor layer, 

0009 a silicon layer either at the interface between 
III-V semiconductor layer and the Group IV semicon 
ductor layer, or in either the Group IV semiconductor 
layer, or the III-V semiconductor layer, spaced from the 
interface, 

0.010 an n-type Group V doped region in the Group IV 
semiconductor layer that has a border with the interface 
and that is doped by Group V atoms of at least one of the 
kinds of those forming the Group III-V semiconductor 
layer. 

0011. The silicon layer acts to control the diffusion of the 
Group V atoms into the Group IV layer (by reducing it), and 
hence controls the doping of the Group IV layer in terms of its 
depth and concentration. Further changing the thickness of 
the Silayer allows doping to be changed for different require 
ments. In this way the doping of the Group IV layer can be 
controlled as desired. 
0012 That part of the n-type Group V doped region in the 
Group IV semiconductor layer that is to a particular side of 
the silicon layer may be doped by Group V atoms of at least 
one of the kinds of those forming that part the Group III-V 
semiconductor that is on the opposite side of the silicon layer. 
0013 At least some of the Group V atoms doping that part 
of the Group IV semiconductor layer that is to a particular 
side of the silicon layer may be from that part of the Group 
III-V layer that is on the opposite side of the silicon layer. 
0014. The n-type Group V doped region in the Group IV 
semiconductor layer may be doped by Group V atoms of at 
least one of the kinds of those forming a region of the Group 
III-V semiconductor layer that borders the interface. 
0015 The Group V doped region in the semiconductor 
layer may provide a p-n junction with a p-type region in the 
Group IV layer. 
0016. The Group III-V material at the interface may be 
n-type. 
0017. The Group III-V material layer may be n-type. 
0018. Alternatively, the Group V doped region in the 
Group IV layer and the Group III-V layer may form a tunnel 
diode at the interface. The Group III-V material at the inter 
face may be p-doped. 
0019. The Group IV semiconductor material layer may be 
germanium, or may be silicon-germanium, or may be silicon 
germanium-tin. 
0020. The Group III-V material may comprise Group III 
atoms that are one or more of Al, Ga. In and may comprise 
Group V atoms that are one or more or P. As, Sb, Bi. The 
Group III-V material may comprise a material selected from 
the group consisting of InGaAsP AlGaAs, AlGaAsP GaAs, 
GaAsP, AlAs. InGaP. InGaAs, AlInGaAs, AlInGaP. 
0021. The Group IV layer may comprise an epitaxial 
Group IV semiconductor layer between the silicon layer and 
the III-V semiconductor layer. 
0022. The Group III-V semiconductor layer may comprise 
an epitaxial Group III-V semiconductor layer between the 
silicon layer and the Group IV semiconductor layer. 
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0023 The Group IV semiconductor layer may comprise a 
Substrate layer and an epitaxial layer grown on the Substrate 
layer. 
0024 Preferably, the silicon layer has a thickness of less 
than or equal to 7.5 A or may have less than or equal to 3 
atomic layers. The silicon may have less than or equal to 1 
atomic layer, or may have less than 1 atomic layer. 
0025. The concentration of the doping of the Group III-V 
semiconductor layer bordering the interface may be greater 
than 1x10" atoms per cm, or may be greater than 1x10' 
atoms per cm, or may be between than 1x10" and 5x10' 
atoms per cm. 
0026. The concentration of the Group V atoms of the dop 
ing of the n-type Group V doped region in the Group IV 
semiconductor layer may be greater than 1x10'7 atoms per 
cm, or may be greater than 1x10" atoms percm, or may be 
greater than 6x10" atoms per cm. 
0027. The doping concentration of the Group IV layer not 
doped by the Group V atoms may be less than 4x10" atoms 
per cm, or may be between 5x10" and 2x10" atoms per 
cm, or may be between 1x10" and 1x10" atoms per cm. 
0028. The semiconductor material may comprise a second 
layer of Group III-V semiconductor material having an inter 
face with the Group IV semiconductor layer at the opposite 
side of the Group IV layer to the interface with the first Group 
III-V layer and may comprise a second silicon layer at the 
interface between the second III-V semiconductor layer and 
the Group IV layer. 
0029. The present invention also provides a photovoltaic 
device comprising a light absorbing cell comprising the semi 
conductor material of the invention. 
0030 The photovoltaic device may comprise a plurality of 
light absorbing cells, one or more of which comprises a 
semiconductor material of the invention. One of the plurality 
of cells may have a different bandgap from another one of the 
cells of the plurality. The light absorbing cell(s) may be a light 
absorbing p-n diode. The photovoltaic device may be a Solar 
cell. 
0031. The present invention further provides a method of 
making a semiconductor material comprising: 

0032 providing a Group IV semiconductor material 
layer, the material not being silicon, 

0033 providing a layer of Group III-V semiconductor 
material formed of at least one kind of Group III atoms 
and at least one kind of Group V atoms, and having an 
interface with the Group IV semiconductor layer, 

0034 providing a silicon layer either at the interface 
between III-V semiconductor layer, or in either the 
Group IV semiconductor layer or the III-V semiconduc 
tor layer, spaced from the interface, 

0035 diffusing Group V atoms from the Group III-V 
material layer through the silicon layer to dope the 
Group IV material to form an n-type Group V doped 
region in the Group IV semiconductor layer that has a 
border with the interface. 

0036. The diffusing of the Group V atoms may form a p-n 
junction in the Group IV layer. 
0037. The diffusing of the Group V atoms may be into a 
region of the Group IV layer that was already n-type to form 
a region of n-type doping having a higher concentration on 
n-type dopants. 
0038. The Group III-V layer may be grown directly on the 
Group IV layer or on the silicon layer. 
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0039. Materials in accordance with the invention or made 
by the method of the invention may be used to generate power 
from sunlight by: 

0040 providing a solar cell formed of those materials, 
and 

0041) irradiating the solar cell with sunlight. That may 
comprise the step of concentrating the Sunlight that irra 
diates the solar cell. 

0042. In a second aspect of the invention there is provided 
a multijunction photovoltaic device having two or more light 
absorbing cells formed from semiconductor layers compris 
1ng: 

0.043 a first cell of silicon germanium or silicon germa 
nium tin material, 

0044 a second cell of silicon germanium tin material, 
0.045 wherein the silicon germanium or silicon germa 
nium tin of the first cell and the silicon germanium tin of 
the second cell are lattice matched to gallium arsenide. 

0046. The multijunction photovoltaic device may further 
comprise a cell of gallium arsenide material. 
0047. The multijunction photovoltaic device may further 
comprise cell of indium gallium phosphide lattice matched to 
gallium arsenide. 
0048. The multijunction photovoltaic device may further 
comprise a cell of aluminium gallium arsenide lattice 
matched to gallium arsenide or a cell of aluminium indium 
gallium phosphide lattice matched to gallium arsenide. 
0049. The multijunction photovoltaic device may com 
prise a gallium arsenide substrate, the semiconductor layers 
of the cells being on and lattice matched to the substrate. 
Alternatively, the multijunction photovoltaic device may 
comprise a Substrate that is lattice matched to gallium ars 
enide, the semiconductor layers being on and lattice matched 
to the substrate. 
0050. The multijunction photovoltaic device may be a 
solar cell. 
0051 Preferably the first cell is of silicon germanium 
material. 
0.052 The second aspect of the invention also provides a 
method of making a multijunction photovoltaic device com 
prising: 

0.053 providing a substrate of gallium arsenide or 
another material that is lattice matched to gallium ars 
enide, 

0.054 growing a first cell of silicon germanium or sili 
congermanium tin material lattice matched to the Sub 
Strate, 

0.055 growing a second cell of silicon germanium tin 
material lattice matched to the first light absorbing cell. 

0056. The method may comprise growing a cell of gallium 
arsenide material. 
0057 The method may comprise growing a cell of indium 
gallium phosphide material lattice matched to gallium ars 
enide. 
0058. The method may comprise growing a light absorb 
ing layer of aluminium gallium arsenide material lattice 
matched to gallium arsenide. 
0059. The method may comprise growing a cell of alu 
minium indium gallium phosphide lattice matched to gallium 
arsenide. 
0060. The method may comprise providing at least one 
further layer between two neighbouring ones of the said cells, 
the at least one further layer being lattice matched to gallium 
arsenide. 
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0061 The method may comprise removing the substrate. 

BRIEF DESCRIPTION OF FIGURES 

0062) Examples of the invention will now be described 
with reference to the accompanying drawings, of which: 
0063 FIG. 1 is a cross-section of the semiconductor layers 
of the lower cell of a known multi-junction photovoltaic cell, 
0064 FIG. 2 is a cross-section of the semiconductor layers 
of the lower cell of a first example of a multi-junction photo 
Voltaic device in accordance with the invention, 
0065 FIG.3 is a cross-section of the semiconductor layers 
of the lower cell of a second example of a multi-junction 
photovoltaic device in accordance with the invention, 
0066 FIG. 4 is a cross-section of the semiconductor layers 
of the lower cell of a third example of a multi-junction pho 
tovoltaic device in accordance with the invention, 
0067 FIG.5 is a cross-section of the semiconductor layers 
of the lower cell of a fourth example of a multi-junction 
photovoltaic device in accordance with the invention, 
0068 FIG. 6 is a cross-section of the semiconductor layers 
of the lower cell of a fifth example of a multi-junction pho 
tovoltaic device in accordance with the invention, 
0069 FIG. 7 is a cross-section of the semiconductor layers 
of the lower cell of a sixth example of a multi-junction pho 
tovoltaic device in accordance with the invention, 
0070 FIG. 8 is a secondary ion mass spectrometer plot 
comparing semiconductor layer structures with and without 
the silicon layer of the invention, 
0071 FIG. 9 is another example of a device using the 
invention, 
0072 FIGS. 9A and 9B show examples of the use of the 
invention in a cell of the device of FIG. 9, 
0073 FIGS. 10A to 10D illustrate a method of forming an 
example of the invention involving the transfer of a SiGe layer 
between substrates, 
0074 FIG. 11 is a further example of a device using the 
invention, 
0075 FIGS. 11A to 11D show examples of the use of the 
invention, and 
0076 FIG. 12 is an example of a tunnel diode using the 
invention, 
0077 FIG. 13 is a graph showing the bandgap and lattice 
parameter of the alloy SiGeSn, showing that it can be lattice 
matched to GaAs and Ge and the resultant bandgaps. 

DETAILED DESCRIPTION 

0078 A first example of a photovoltaic device in accor 
dance with the invention is illustrated by FIG. 2. This shows 
a cross-section of the layers of the lower cell with, if present, 
further semiconductor layers 5 forming one or more further 
p-n junctions being indicated by dashed lines. Generally, the 
structure is similar to that shown in FIG.1. A p-type Group IV 
semiconductor Substrate 1, for example germanium, is pro 
vided, together with a layer 3 of n-type III-V semiconductor 
grown on it, the two again meeting at interface 8. Also again 
Group V atoms from the III-V layer 3 diffuse into the Group 
IV layer forming an n-type region 4 adjacent to the interface 
8, which provides a p-n junction 2 where that region meets the 
remaining p-type part of the Group IV material. However, a 
thin layer of silicon 6 is first provided between the layer 3 and 
the Group IV substrate 1. (Possibilities for the particular 
Group IV semiconductor material are discussed later below, 
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but the material is not silicon itself. Possibilities for the Group 
III-V material are also discussed later.) 
007.9 FIG. 3 shows a second example, which is similar to 
the first except a layer 7 of epitaxial Group IV semiconductor 
(other than silicon itself) is first grown on the Silayer 6 before 
the nucleation layer 3 of III-V material is grown on that. In 
general, this layer 7 could be doped initially, as it is grown, 
either p- or n-type. 
0080. In both these examples, the silicon layer 6 acts to 
control the diffusion of the Group V atoms from the layer3 
into the Group IV material. The silicon acts as a barrier to the 
Group V diffusion and so under the same set of processing 
conditions used to form the device the p-n junction 2 is 
shallower, i.e. the position of the p-n junction is closer to the 
interface 8 between the Group IV semiconductor and the 
nucleation layer. The barrier is not total; it reduces, rather than 
eliminates entirely, the Group V diffusion into the Group IV 
material that is on the opposite side of the Sibarrier from the 
III-V material that is the source of the Group V atoms. Setting 
the barrier thickness can be used to control the depth of the 
p-n junction 2. 
I0081. In both those examples, the preferred thickness of 
the barrier 6 is 3 monolayers (7.5A) of siliconor less. Indeed, 
it may be less than a single complete mono layer. The 3 mono 
layers is the preferred maximum thickness for the silicon 
layer because the silicon layer is strained (because it is trying 
to match the lattice parameter of the Group IV semiconduc 
tor). Above that critical thickness, dislocations form in the 
silicon to relieve the strain, and those dislocations would be 
disadvantageous to device performance. The range up to 3 
monolayers also produces the depths of junction preferred in 
photovoltaic devices. 
I0082 In the second example (FIG. 3) the thickness of the 
Group IV epilayer 7 should preferably not exceed the distance 
over which the Group V atoms diffuse through the material of 
that Group IV semiconductor material during the processing 
of the device, since beyond that distance the amount of Group 
V atoms traversing the Sibarrier will be minimal. Typically, 
that distance is up to a 1 um, depending on the Group V 
species being used and the temperatures of the steps of the 
processing of the device. 
I0083 (A point to note about the example of FIG.3 is while 
generally the p-n junction 2 is on the other side of silicon 
barrier 6 from the III-V layer, the invention generally includes 
the case where the barrier 6 limits the diffusion of the Group 
Vatoms but not enough pass through the barrier to convert the 
Group IV material to n-type, the p-n junction being at, or 
around, the barrier (a p-n junction of course having an 
extent larger than the few mono layers of the barrier).) 
I0084 FIGS. 4 and 5 show third and fourth examples hav 
ing the same layers respectively as the first and second 
examples (FIGS. 2 and 3), but an epitaxial layer 10 of p-type 
Group IV semiconductor is first provided before the silicon 
layer 6 and the III-V layer 3 are grown. In this particular 
example the epi-layer 10 is grown on the substrate 1, but 
having intermediate layers is possible. Having the layer 10 as 
an epi-layer also helps to accurately control the thickness and 
doping profile of the junction in the Group IV semiconductor 
material. Preferably layer 10 is thick enough that the p-n 
junction 2 forms in this Group IV epilayer 10, as shown, 
rather than in the substrate 1 (or in an intermediate layer of 
Group IV material), but the latter are not excluded. Note also 
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however that that substrate 1 need not be Group IV material 
since the Group IV epi-layer 10 can be grown on other mate 
rials. 
I0085 FIGS. 6 and 7 show fifth and sixth examples having 
the same layers respectively as the first and third examples 
(FIGS. 2 and 4), but an epitaxial layer 9 of n-type III-V 
semiconductor material is first provided on the Group IV 
layer(s) before the silicon layer 6 and the main III-V layer3 
are grown. Again, the silicon layer acts as a barrier to control 
the diffusion of Group V atoms from the layer 3 into the 
Group IV material on the other side of the barrier 6. The 
Group IV material is also doped by Group V atoms diffusing 
from layer 9. For the presence of the Si barrier to make a 
significant difference to the level of doping in the Group IV 
layer from the group III-V layer on the other side of the barrier 
this III-V epilayer 9 should be thinner than the distance the 
Group V atoms from the layer 3 will diffuse through layer 9 
under the processing conditions of the device. 
I0086. An example of the Group IV semiconductor mate 
rial used to be the material in which the p-n junction is formed 
is germanium. Also germanium Substrates are readily avail 
able. The preferred orientations for germanium as the sub 
strate are slightly misaligned from (100) and (111). (Sub 
strates misaligned from exact crystal planes are known 
generally in the art.) 
0087 Group IV semiconductors other than germanium 
can also be used. Such as silicon-germanium and silicon 
germanium-tin. SiGe, and SiGeSn, are not available as a basic 
substrate but can be grown lattice matched on GaAs. Such 
SiGe or SiGeSn can also be removed from its original GaAs 
substrate and attached to a cheaper substrate before use in the 
invention. Examples of this process are described later below. 
SiGe with a composition with X of up to at least 0.04, and 
perhaps x=0.06 or more, may be used, but preferably X is in 
the range 0.01 <=x<=0.03. The corresponding lattice mis 
match of the SiGe with GaAs will be about 0.04% for 
every change of 0.01 in X away from the lattice matched 
condition at about x=0.018. FIG. 13 is a graph showing the 
bandgap and lattice parameter of the alloy SiGeSn, showing 
that it can be lattice matched to GaAs with a bandgap range 
for the SiGeSn of 0.66-1.1 eV. It also shows that SiGeSn can 
be lattice matched to Ge and since the lattice parameter of Ge 
is fairly close to that of GaAs the range of bandgaps over 
which SiGeSn can be lattice matched to Ge is similar to that 
given above for SiGeSn lattice matched to GaAs. SiGeSn is 
lattice matched to GaAs where the ratio of Si to Sn is approxi 
mately 4:1. Where for example the proportion of Si is 2% and 
that of Sn is 0.5% this provides a larger bandgap than SiGe 
lattice matched to GaAs, where the proportion of Si is 8% and 
that of Sn is 2% the bandgap is wider, and where the propor 
tions are much larger the bandgap can extend further—for 
example at the limit of 80% Si and 20% Sn the bandgap of that 
material is around 1.1 eV. 

0088 As is known in the art, the nucleation layer 3 can be 
made from various III-V materials, such as InGaAs, InGaP. 
Other materials are InGaAsP, AlGaAs, AlGaAsP, GaAs, 
GaAsP, AlAs. InGaP. InGaAs, AlInGaAs, AlInGaP, etc. They 
also include those including Sb (or possibly Bi) as the, or a 
one of the Group V atom(s) of the material. As is known in the 
art most of these materials can be grown lattice matched, or 
nearly So, to at least one of germanium, silicon, or silicon 
germanium, silicon-germanium-tin. 
0089 Many of these materials contain. As and/or P for the 
Group V atoms. It is noted here that both As and P diffuse 
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from the Group III-V material into the Group IV material, 
with, for Ge at least for the Group IV material. As diffusing 
further and faster than P. 
(0090. Where there is more than one III-V epitaxial layer 
(e.g. the examples of FIGS. 6 and 7 have epitaxial layers 3 and 
9) it is preferred that these layers of have the same composi 
tion in terms both the Group III and V atoms making up the 
basic material but also in doping provided during deposition. 
However differences are possible and that may be useful to 
control the doping profile in the Group IV region. Indeed 
differences within a layer are also not excluded. 
(0091 Similarly where there is more than one Group IV 
epitaxial layer (e.g. the example of 5) it is preferred that these 
layers have the same composition in terms of both the Group 
IV atoms making up the basic material but also in doping 
provided before the Group V diffusion discussed above, e.g. 
during deposition of the Group IV material. However differ 
ences are possible. Indeed differences in composition and/or 
doping within a layer are also not excluded. 
0092. However, as is frequently done in the art for epi 
taxial layers, even when the epi-layer and the substrate are the 
same basic material, it is preferred for group IV epilayer and 
the substrate (FIGS. 4, 5 and 7) to have different doping. 
(0093. As foreshadowed above with the examples of SiGe 
and SiGeSn grown on GaAs, materials for the Group IV layer 
10 can be grown on substrates of non-Group IV materials. 
0094. Some doping concentrations that may be used, or a 
are preferred, are as follows. For the III-V layer at the inter 
face with the Group IV layer the doping concentration would 
normally be greater than 1x10" atoms per cm; more pref 
erably it would be greater than 1x10" atoms percm, and still 
more preferably it would be between 1x10" atoms per cm 
and 5x10" atoms per cm. The number of diffused Group V 
atoms forming the doping in the Group IV material would 
normally be greater than 1x10" atoms per cm; it would 
preferably be greater than 1x10" atoms per cm and may be 
greater than 6x10" atoms per cm. For the remainder of the 
Group IV layer (not diffused significantly by the Group V 
atoms) the doping concentration would normally be less than 
4x10" atoms percm; preferably it would be between 5x10' 
atoms percm and 2x10" atoms percm and more preferably 
it would be between 1x10'7 atoms per cm and 1x10" atoms 
per cm. 
0.095 The silicon layer 6 and other layers can be grown 
using conventional techniques. Some possible methods areas 
follows. 
0096. The silicon layer can, for example, be grown in a 
conventional MOCVD reactor that is also used to provide the 
epitaxy of the III-V layers (such a tool is conventionally used 
for III-V epitaxy of multi-junction photovoltaic devices). 
This is particularly suited to, but not limited to, the first 
example (FIG. 2) since the germanium Substrate (taking that 
as an example of the Group IV semiconductor material) can 
be placed straight in the MOCVD reactor, which is then used 
to grow both the silicon and III-V layers in turn. Silicon is 
used as a dopant source in Such reactors and is therefore 
available to be used to deposit the silicon directly onto the 
germanium Substrate prior to III-V nucleation layer. 
0097. The silicon layer 6 can also be grown epitaxially in 
a CVD deposition tool used for the growth of germanium, 
silicon and silicon-germanium or silicon-germanium-tin. 
This particularly suited to, but is not limited to, the second 
example (FIG. 3) since the germanium etc. Substrate can first 
be placed in the tool and then the silicon and Ge epitaxial 
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layers 6 and 7 grown in turn. The work piece can then be 
transferred to a MOCVD rector (preferably using a cluster 
tool arrangement so that germanium epitaxial layer 7 remains 
clean) for deposition of the III-V layer 3. 
0098 MBE may also be used for the deposition of III-V 
materials or of silicon. 

0099 FIG. 8 is a plot from a secondary ion mass spectrom 
eter comparing samples of multi-junction tandem cell device 
having a InGaAs/Gejunction for the bottom cell (a) with and 
(b) without the silicon layer of the invention directly at the 
interface. The vertical axis is the concentration of AS atoms in 
the Ge in atoms/cm and the horizontal axis is the depth into 
the Gelayer in microns. The graph clearly shows that with the 
silicon layer the As dopant diffused into the InGaAs layer is 
confined to a depth of 1 um into the Gelayer ((a)), while in the 
control without a Silayer, but otherwise with same process 
conditions, the AS atoms have penetrated to about 4 um ((b)). 
Further the concentration of As atoms is lower in the sample 
with the Silayer. These observations demonstrate that the Si 
layer acts as a barrier to diffusion of the As. Similar results are 
obtained with III-V semiconductor materials having different 
Group V atoms. 
0100 Triple junction photovoltaic structure samples hav 
ing a silicon layer in accordance with the invention have also 
been measured to provide a useful increase in the maximum 
power output when irradiated by 1-Sun compared to those 
without, and also in the open circuit Voltage (V). 
0101 FIG. 9 shows another example of a multi-junction 
solar cell, which makes use of the invention, this time illus 
trating all the cells. The Figure shows the tandem arrange 
ment of the cells of the device (each of which is made up of 
various semiconductor layers, but these are not shown in 
detail). This device starts with a GaAs substrate 91 on which 
is grown a SiGe cell 92 in accordance with the invention (so 
comprising a SiGe layer having the p-n junction, a Si diffu 
sion barrier layer and a III-V layer above (for example GalnP) 
that providing the doping, none of which are shown in detail 
in the Figure within the cell 92). Above that are provided a 
GaAs cell 94 and a InGaP cell 96. Tunnel diodes 93 and 95 
respectively between the SiGe and GaAs cells and between 
the GaAs and InGaP cells reduce the resistance between the 
cells. Finally a window layer 97 protects the device but allows 
the light in and metal contact lines 99 thereon collect the 
current produced by the device. Finally an anti-reflective 
coating 98 covers the window. 
0102 FIG.9A shows an example of the bottom cell.92 and 
substrate 91 of FIG. 9 in more detail (although of course use 
of this example is not limited to the particular example of FIG. 
9). This has the structure of the example of FIG. 4 with the 
substrate 1 being GaAs. On that is grown an epi-layer 10 of 
p-type SiGe largely (or exactly) lattice matched to the GaAs. 
On that is grown the Sidiffusion 6 barrier and on that a III-V 
nucleation layer 3, again largely (or exactly) lattice matched 
to the SiGe. The Group V atoms diffuse from layer 3, under 
the conditions of the deposition of layer 3 and of subsequent 
processing steps, controlled by the barrier 6, into the SiGe. 
doping it to form n-type region 4 next to the interface 8 and 
hence the p-n junction 2 in the SiGe layer 10. In a similar 
example to this the SiGe layer 10 is made instead from 
SiGeSn. 

(0103) In this device doping of the SiGe (or SiGeSn) with 
Group V atoms from the GaAs substrate 1 is a potential 
problem: overdoping of the SiGe from p-type to n-type by As 
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atoms to form another p-n junction in the SiGe near the 
interface between the SiGe 10 and the substrate 1. 

0104. This can be addressed in two ways. First, another Si 
barrier 14 can be provided at that interface to reduce the 
diffusion to a level where the SiGe remains p-type. (A thick 
ness of 7.5 A, or 3 atomic layers, is for the Sibarrier 6 and 14 
is preferred. This limit is as the earlier examples above 
because the Si is being grown to the lattice parameter of the 
GaAs substrate which is very similar to that of Ge.) 
0105. Another way is to avoid the problem by transferring 
the SiGe onto a different substrate before subsequent process 
ing steps are carried out. This transfer is described below and 
in our International patent application published as 
WO2010094919 published on 26 Aug. 2010, which is incor 
porated herein by reference. 
0106 For this the SiGe layer 10 can be grown (FIG. 10A) 
on the GaAs substrate 1 using an epitaxy process, lattice 
matched, using a gas mixture of a germanium containing 
precursor (e.g. GeHa GeCl, etc) and a silicon containing 
precursor (e.g. SiH4. SiHCl, SiHCl, disilane, etc) with a 
carrier gas (e.g. H2). The SiGe layers 10 can be in-situ doped 
with p-type dopants, using gaseous or solid doping Sources 
including, but not limited to, diborane. The layer 10 can be 
grown, for example, at atmospheric pressure or reduced pres 
sure in the range 1-1000 Torr, and temperature 350° C.-800° 
C. A range of GaAs substrates may be used including p-type, 
n-type and semi-insulating, and the wafers may be cleaned 
ex-situ or in the process chamber prior to epitaxy. Crystallin 
ity properties of the SiGe layer 10 may be measured using 
X-ray diffraction techniques, for example to check lattice 
matching, and the thicknesses of the layers may typically be 
monitored using variable angle spectroscopic ellipsometry, 
although other techniques are available. 
0107. In this process, the change of material composition 
between the GaAs substrate and the SiGe layer 10 provides a 
hetero-interface which acts as a good etch-stop, enabling the 
GaAs substrate to be removed conveniently and accurately to 
leave a smooth surface of the SiGe layer 10. Some of the 
GaAs substrate may be removed by mechanical means if this 
provides more rapid or otherwise convenient or cost-effective 
manufacture process. For example, if the GaAs Substrate is 
500 um thick, about 400 um may be removed by grinding 
from which the GaAs material can be more easily recovered 
and re-used, and the final 100 um may be removed by selec 
tive wet etching. 
0108. The photovoltaic cell structure resulting from use of 
this method can be of lighter weight because the substrate 
thickness has been removed, which may be important par 
ticularly in space-based applications. An alternative base 
which has favourable flexibility, thermal behaviour, or other 
desirable mechanical or electrical properties may be advan 
tageously provided. Replacement of the substrate with aheat 
sink can result in more efficient thermal conduction away 
from the device because the Substrate no longer acts to reduce 
the flow of heat. The heatsink or another metallic base layer 
can act directly as a conductive electrode to the bottom of the 
device. 
0109) A particular technique is illustrated in FIGS. 10A 
10D. Starting with a GaAs substrate 1, a layer 10 of SiGe is 
grown epitaxially as previously described, and as shown in 
FIG. 10A. A layer transfer technique is then used to remove 
all but a thin layer of the GaAs substrate. The layer transfer 
may be achieved using a proprietary exfoliation technique 
such as Smart Cut(R) or similar, in which a cleave plane 12 is 
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formed in the GaAs substrate just beneath the layer 10 of 
SiGe. The cleave plane 12 may be formed using ion beam 
implant techniques to deposit hydrogen or helium atoms at a 
precise depth determined by the beam particle energy, for 
example at depths of up to about 1.5 um, making the tech 
nique practical in the present context if the thickness of the 
layer of SiGe is of approximately this thickness. 
0110. An alternative base 13 is then bonded to the SiGe 
layer 10. As shown in FIG.10B the alternative base may bean 
oxidised silicon wafer such that the SiGe layer is bonded to a 
layer of SiO, although other bases may be used such as the 
metallic heat sink layer discussed above. Some other bases 
which can be used are metallic, glass and semiconductor 
bases, which may themselves already comprise two or more 
layers selected from metal, semiconductor and insulator 
materials, and may include active elements such as one or 
more photovoltaic junctions. The bulk of the GaAs substrate 
is then separated from the structure, and the fine remaining 
layer of GaAs is removed, for example by selective wet etch 
ing, to leave the layer 10 of SiGe on an alternative base such 
as the oxidised silicon wafer discussed, and as shown in FIG. 
10C. Subsequent layers of the device are then formed as 
shown in FIG. 10D, for example the Sibarrier 6 and the III-V 
layer 3 and subsequent layers 5. 
0111. One variation of the described technique is to form 
the cleave plane just above the interface with the substrate, 
within the lower SiGe layer. Following layer transfer the 
transferred SiGe is already exposed for any necessary further 
preparation. The residual SiGe remaining on the GaAs sub 
strate can be removed, at least partially using a wet etch 
selective for SiGe and ineffective on GaAs, to leave a reuse 
able GaAs substrate wafer. 
0112 A wide variety of different alternative bases may be 
contemplated for the structure of FIG. 10D, including metal 
lic, glass, and semiconductor bases, which may themselves 
already comprise two or more layers selected from metal, 
semiconductor, and insulator materials, and may include 
active elements such as one or more photovoltaic junctions. 
The initial formation of the SiGe layer on a GaAs substrate 
provides an ideal etchstop for accurate removal of the remain 
ing GaAs following cleaving or exfoliation. 
0113 FIG. 11 shows a further example of a multi-junction 
solar cell, which makes use of the invention. This shows a five 
cell Solar cell device, again with all the cells connected in 
tandem. These are, in order from the substrate, a Ge cell 111, 
another Ge cell 112, a GanAs cell 113, an AlGanAS cell 114 
and a AlGalnP cell 115 (covered by a heavily n-type contact 
layer 116 and metal lines 117). In this device the invention is 
used to form the Ge cell 112; this has an interface with the 
III-V material of the cell 113 above, which provides the 
Group V dopant so the Sidiffusion barrier 6 is provided at the 
interface between cells 112 and 113. 
0114 FIG. 11A shows an example of the bottom cells 111, 
112 of FIG. 11 in more detail, although of course its use is not 
limited to the particular example of FIG. 11. 
0115 The lowest cell 111 has a p-type Group IV substrate 
1 (for example Ge) on which is grown n-type Group IV (for 
example Ge) epilayer to form the first p-n junction. In order to 
provide a low resistance contact to the next cell 112 the layers 
16 of a tunnel diode are deposited next. On top of that are 
formed epilayer 10 of p-type Group IV material (for example 
Ge) followed by a silicon diffusion barrier 6 and a Group 
III-V epilayer 3 to form in the manner of the examples above 
a p-n junction 2 between the n-type material 4 of the epilayer 
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10 doped by Group V atoms diffused through the barrier 6 
from the epilayer 3 and the remainder of the Group IV layer 
10, thereby forming cell 112. 
0116 FIG. 11B shows another example that is similar to 
that of FIG. 11A. However in this example first cell does not 
include the substrate but is made of an additional Group IV 
epi-layer 17 that is p-type grown on the Substrate 1 (generally 
lattice matched to the substrate) with the n-type Group IV 
layer 15 grown on top of that to form the p-n junction of the 
first cell. 

0117. In a particular example of the example of FIG. 11B 
the material of the substrate is GaAs (as marked in FIG. 11B 
(and in FIG. 11C)). The Group IV layers are then preferably 
ones that can be grown generally lattice matched to that, 
examples of which are SiGe and SiGeSn. SiGe provides a 
bandgap of 0.66 eV when lattice matched to GaAs and 
SiGeSnprovides abandgap of greater than that, up to ~1.1 eV. 
If two bandgaps of greater than 0.66 eV are desired, while 
remaining lattice matched to GaAs, then the lowest cell 111 
and the next cell 112 can both be made of SiGeSn but with 
different compositions to each other to provide the desired 
bandgaps. 
0118 FIG. 11C shows a further example that is similar to 
that of FIG. 11B but in this example an additional Sidiffusion 
barrier 14 is provided (like that of example of FIG. 9B) to 
prevent the formation of an unwanted p-n junction in the 
Group IV material layer 17 when the substrate is a III-V 
material (for example GaAs). 
0119 FIG. 11D shows another example of a multi-junc 
tion solar cell. As with the examples of FIGS. 11B and 11C a 
first cell of SiGe or SiGeSn is provided on a GaAs substrate 
and above that is provided a second cell of SiGeSn. In this 
example a further three cells are provided, also in tandem: a 
third cell of GaAs above the second cell, a fourth cell of 
InGaP above the third cell and a fifth cell of AlGaAs or 
AlInGaP above the fourth cell. All the cells are all lattice 
matched to the GaAs substrate. (Although AlGaAs does not 
have exactly the same lattice parameter as GaAs, it is nearly 
equal enough so to still be lattice matched, only with a small 
strain where the AlGaAs layer is below the critical thickness 
where strain relieving dislocations would occur. This applies 
throughout its compositional range of the proportion of alu 
minium to gallium. In this example, the other materials have 
compositions that are exactly lattice matched to GaAs, which 
compositions are used for preference.) An example of the 
bandgaps of the cells are in order from the first cell to the last: 
0.7 eV, 1.0 eV, 1.4 eV, 1.8 eV 2.0 eV. 
I0120 Each cell therefore absorbs a different part of the 
spectrum of the lightfalling on the device. The device may be 
provided, if desired, with the Sibarriers, tunnel diodes, win 
dow layers etc. mentioned in the other examples. Also the 
substrate may be removed as described with reference to FIG. 
10A to 10D. Further the materials of the cells may be grown 
not on GaAs itself but on another substrate that is lattice 
matched to GaAs. Other layers may be used between the light 
absorbing cells, for example, tunnel diodes, and these are 
preferably lattice matched to the cells and also preferably to 
the substrate. 

I0121 FIG. 12 shows the layers of an example of another 
aspect of the invention. Here the Si diffusion barrier 6 
between Group IV 10' and Group III-V layers 3' controls the 
diffusion of Group V atoms through the barrier into Group IV 
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material that is already n-type, the diffused region 4' produced 
therefore being highly n-doped. In this example, layers 3' and 
4' form a tunnel diode 16. 
0122) The example shown in FIG. 12 shows the tunnel 
diode in combination with a Group IV photocell (and so this 
example will be of use in tandem photovoltaic devices). A 
p-type Group IV substrate 1 is provided on which is grown an 
n-type Group IV epilayer 10', which junction provides the 
photovoltaic cell. Above that is provided a thin Si diffusion 
barrier 6 and on top of that a highly doped layer 3' of Group 
III-V material the Group V atoms of which diffuse through 
the barrier to form the highly doped n++ region 4'. Above that 
may be grown other layers 5 for example other photovoltaic 
cells, for example in III-V materials. The highly doped n++ 
Group IV region 4' and the highly doped p--+III-V layer 3" 
form a low resistance tunnel diode. 16, which allows photo 
current produced by the p-n junction between layers 1 and 10' 
to be conducted to the layers above without excessive resis 
tive loss. 

0123. As with the earlier examples above the silicon bar 
rier need not be exactly at the interface between the Group IV 
and Group III-V materials but may beat a distance to one side 
where it can still influence the diffusion of the Group V atoms. 
0.124. In the above examples, the subcells may alterna 

tively be grown in reverse order on a GaAs substrate (or a 
Substrate lattice matched to GaAs, or other Substrate appro 
priate to the lattice parameter of the structure) starting with 
the wider bandgap cells and then followed by in order smaller 
bandgap cells ending for example with the SiGe/SiGeSn cell. 
A sacrificial layer is provided between the widest gap cell and 
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the substrate allowing the cells to be removed and transferred 
to a suitable handle or heat sink, inverted so that the narrowest 
bandgap cell is next to the Substrate and the widest bandgap 
cell receives the incident light first. 
0.125 Devices using these materials, typically solar cells, 
are usually manufactured by first providing a semiconductor 
material having the necessary layers, or at least Some of those. 
Usually the material is made uniformly over a whole semi 
conductor wafer. The material is then processed with litho 
graphic techniques to form individual devices and connec 
tions. The manufacture of the material is often carried out by 
a different manufacturer from that performing the litho 
graphic and packaging steps. 

1. A semiconductor material comprising: 
a Group IV semiconductor material layer, the material not 

being silicon, 
a layer of Group III-V semiconductor material formed of at 

least one kind of Group III atoms and at least one kind of 
Group V atoms, and having an interface with the Group 
IV semiconductor layer, 

a silicon layer either at the interface between III-V semi 
conductor layer and the Group IV semiconductor layer, 
or in either the Group IV semiconductor layer, or the 
III-V semiconductor layer, spaced from the interface, 

an n-type Group V doped region in the Group IV semicon 
ductor layer that has a border with the interface and that 
is doped by Group V atoms of at least one of the kinds of 
those forming the Group III-V semiconductor layer. 

2-60. (canceled) 


