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Multi junctions in a semiconductor device formed by different deposition 

techniques 

The present invention generally relates to semiconductor devices including multiple pn 
junctions formed on the basis of semiconductor compounds that are provided in a 

5 substantially lattice-matched configuration. 

Semiconductor products have been fabricated on the basis of silicon over the past 50 years, 

thereby providing integrated circuits, systems on chip (SoC), storage devices, optoelectronic 
components, such as lasers, photodiodes, and, due to economic and environmental issues, 
solar cells, which are believed to play a very important role in the future energy management 

10 in a local and global manner. Due to the ever increasing demands with respect to operating 
speed, packing density and production costs, very efficient manufacturing techniques have 
been developed in the past decades, in particular with respect to processing silicon and 

related materials. 

Although silicon is preferably used in mass production environments due to its nearly 
15 unlimited availability and the plurality of well-established process techniques and process 

tools, there is nevertheless an increasing demand for specifically designed semiconductor 

material is in order to address specific needs, for instance with respect to operating speed, 
optical behaviour, and the like For example, one extremely quickly developing area in the 
field of semiconductors is the fabrication of optoelectronic devices, such as sensors, and the 

20 like, which may possibly be monolithically integrated into a semiconductor device. For 
example, one application of a photodiode in the field of semiconductor fabrication that is 

increasingly gaining in importance is the fabrication of solar cells, which can be understood 

as specifically designed photodiodes so as to obtain radiation dependent output power from 

the photodiode. In a solar cell typically at least one pn junction is provided that acts as an 
25 internal electric field source, which thus allows the separation of electron/hole pairs, which 

are generated by absorption of an incoming photon. Basically, the optical behaviour, i.e. the 

conversion of photons into electron/hole pairs, depends on the band gap energy of the 
semiconductor material used. For example, a crystalline silicon material has typically a band 
gap energy of 1.1 eV, which thus allows the absorption of visible light, however, results in a 

30 substantial transparency of the silicon material for longer wavelengths in the infrared range. 

Furthermore, since in crystalline silicon the absorption of light only slowly increases with the 

thickness of the material, relatively thick crystalline materials are required, for instance in the 
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range of hundred to several hundred micrometres, thereby requiring significant amount of 

silicon materials in order to fabricate crystalline solar cells. Moreover, due to the specific 

band gap energy the theoretical and practical overall efficiency of solar cells made from 
crystalline silicon material is very limited, since, for instance, even though photons having a 

5 wavelength above the near infrared range may be absorbed in the silicon material, the 
"excess" energy of the higher energy photons absorbed is converted into heat. Hence, a 

significant part of the radiation, although efficiently absorbed in the silicon material, does not 
contribute to the output power and even reduces the overall efficiency due to the significant 
temperature dependence of the output power of silicon solar cells made of crystalline silicon. 

10 For these reasons it has been proposed to use specifically designed semiconductor materials 

in order to appropriately adapt the band gap energy to the spectrum of the incoming 
radiation. Since typically a single pn junction suffers from reduced efficiency due to the 
compromise between minimum wavelength and waste heat generation the concept of 
tandem junctions or multiple junctions semiconductor devices has been introduced, wherein 

15 a pn junction is provided in a semiconductor material that has a first band gap energy, while 
at least one further pn junction is implemented in a semiconductor material having a second 
band gap energy so as to cover a broader range of incoming radiation that may efficiently be 
converted into electron/hole pairs. 

For example, lll-V semiconductor compounds have proven to be highly efficient materials, 
20 which may allow an appropriate band gap engineering while at the same time well-

established efficient material deposition techniques can be used so as to form the different 
semiconductor materials as a stacked layer configuration. In particular gallium arsenide 

(GaAs) is a semiconductor compound that allows in combination with other species, such as 

phosphorous, indium, aluminium, and the like, to form compound semiconductor layers, 
25 wherein the band gap energy can be adjusted from approximately 2 eV to approximately 1eV 

and even less. Furthermore, gallium arsenide can be deposited on well-established 
semiconductor materials, such as germanium, in a substantially lattice matched 
configuration, thereby reducing the amount of lattice defects at the interface between the 

substrate and the gallium arsenide semiconductor material. During the advance of the 
30 semiconductor technology highly efficient growth techniques have been established, wherein 

chemical vapour deposition (CVD) based concepts are used, in which process parameters 
are selected such that the growth of the material may substantially occur on the basis of the 

lattice structure of the underlying "template" material. Consequently, when using a crystalline 
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template material the subsequently grown semiconductor material is also provided in a 

crystalline structure having substantially the same type and size of lattice compared to the 

template material. In this case, hereinafter, a corresponding deposition process will be 
referred to as an epitaxial growth process, wherein the term lattice matched may thus 

5 correspond to the fact that the grown semiconductor material has a lattice with a lattice 
constant that deviates by 5% or less with respect to the underlying template material. 

In some epitaxial growth techniques the atomic species used for other semiconductor 
compounds are typically provided in the form of metal organic precursor materials, which are 
vaporised and applied in a gaseous ambient. By appropriately controlling the process 

10 parameters a controlled thickness of the semiconductor compound having a desired material 

composition may be grown at a moderate growth rate. Another well-established epitaxy 
technique is molecular beam epitaxy (MBE), in which molecules are directed to the substrate 

surface under high vacuum conditions, thereby initiating a crystal growth of a semiconductor 
material. By controlling the various molecule sources and by controlling the molecular beam 

15 itself highly complex semiconductor compounds can be formed with a thickness of several 

atomic layers two several hundred nanometres or more. Generally, these epitaxial growth 

techniques are used for fabricating complex semiconductor devices, for instance in particular 
solar cells, in which two or more semiconductor layers having appropriately designed band 
gap energies are formed in a sequence of deposition processes. 

20 It has been recognised that in particular the provision of at least one semiconductor material 

with a band gap energy in the range of 0.9 to 1.3 eV is, in combination with one or more 
additional semiconductor materials having band gap energies in the range of 2.0 to 1.5 eV, is 

very efficient in order to obtain a very high overall conversion efficiency. For example, triple 
junction solar cells based on gallium arsenide have been reported with a total efficiency of 

25 more than 40% when exposed to concentrated solar radiation. Such high-efficiency solar 

cells have been fabricated by implementing a bottom sub cell with a band gap energy of 

approximately 1.0 eV, thereby allowing an efficient conversion of radiation in the near 
infrared range. In some approaches a ternary gallium-based semiconductor material is used 

for the bottom sub cell, which is provided as a lattice mismatched layer compared to the 
30 remaining two gallium based sub cells having a band gap energy of 1.4 and 1.9 eV, 

respectively. The semiconductor layers have been grown on the basis of metal organic CVD 
(MOCVD), wherein a moderately thick graded buffer layer has been provided between the 

middle sub cell and the bottom lattice mismatched semiconductor layer in order to reduce the 
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number of lattice defects, which are typically associated with a lattice mismatched growth of 
a semiconductor material. 

In other strategies it has been recognised that an efficient band gap engineering in the range 
of 0.9 to 1.35 eV may be realised by incorporating nitrogen into a gallium-based 

5 semiconductor material, such as GalnNAs and GalnNAsSb, wherein also a lattice matched 
configuration can be achieved with respect to other gallium-based semiconductor 
compounds. To this end, however, a precise control of the nitrogen contents in the 
semiconductor compound is necessary in order to combine a lattice matched configuration 
and a desired band gap energy. In sophisticated molecular beam epitaxy techniques biased 

10 deflector plates are typically used in order to appropriately control the nitrogen contents upon 

depositing the semiconductor material. Based on this concept appropriate semiconductor 
layer stacks have been formed by MBE in order to provide a solar cell with high efficiency 
when exposed to concentrated solar radiation. 

Although MBE-produced semiconductor layer stacks for solar cell applications provide for 
15 high-efficiency the overall production cost is extremely high and process robustness in 

volume production techniques is at least highly questionable when using MBE processes. On 

the other hand, a precise control of the nitrogen content in gallium-based semiconductor 
layers is extremely difficult to be achieved in MOCVD techniques, thereby rendering the 
concept of using diluted nitrogen gallium-based semiconductor layers as less attractive for 

20 forming sophisticated semiconductor devices, such as solar cells with superior efficiency, in 

particular since corresponding MBE process tools require increased maintenance and 
generally exhibit reduced availability, for instance compared to MOCVD process tools. 

Conventional approaches for providing low band gap energies on the basis of lattice 
mismatched gallium-based semiconductor layers, on the other hand, require sophisticated 

25 MOCVD processes, since, for instance, appropriate buffer layers are required, which involve 

a very complex process control for providing the graded semiconductor material with the 
required thickness. Hence, in this case moderately long process times and thus increased 
production costs have to be dealt with. 

It is thus an object of the present invention to provide manufacturing techniques and 
30 semiconductor devices, in which multiple pn junctions, i.e. semiconductor layers with 

corresponding pn junctions formed therein, may be provided on the basis of a compound 
semiconductor material, such as gallium arsenide, in particular for solar cell applications, 
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while avoiding or at least reducing the effects of one or more of the problems identified 
above. 

Generally, the present invention addresses the above identified object by providing 
semiconductor devices, and in particular solar cells, and manufacturing techniques, in which 

5 critical semiconductor layers and thus pn junctions of the semiconductor device may be 
formed on the basis of MBE techniques, for instance by forming a nitrogen-containing 

compound semiconductor material in a lattice matched manner, while other semiconductor 
compounds are formed on the basis of CVD techniques, thereby providing for overall process 
robustness and efficiency. 

10 According to one aspect of the present invention a method of forming a plurality of pn 
junctions in a semiconductor device is provided. The method comprises performing a 

chemical vapour deposition process so as to form a first crystalline semiconductor layer 
comprising a first pn junction of the semiconductor device. The method further comprises 
performing a molecular beam epitaxie process so as to form a diluted nitrogen 

15 semiconductor material as a second crystalline semiconductor layer comprising a second pn 
junction of the semiconductor device 

As discussed above, molecular ion beam epitaxy is an appropriate epitaxy technique for 
providing nitrogen-containing semiconductor compounds so that advantageously the nitrogen 
contents can be reliably and precisely controlled, thereby enabling a precise adjustment of 

20 the band gap energy while also enabling the fabrication of lattice matched compound 

semiconductor materials. 

In a further illustrative embodiment the method further comprises forming at least one further 
crystalline semiconductor material by performing at least one further chemical vapour 

deposition process, wherein said at least one further crystalline semiconductor layer 
25 comprises a further pn junction. Hence, a plurality of pn junctions are provided in the 

semiconductor device, wherein most of the semiconductor layers are formed oh the basis of 

CVD techniques, thereby obtaining superior process uniformity and throughput upon forming 
the semiconductor compounds in a lattice matched manner. 

In a further illustrative embodiment the method further comprises providing a substrate and 

30 forming said first and second crystalline semiconductor layers above said substrate. In this 

embodiment the same substrate material is used for sequentially performing the CVD 
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process and the MBE process, thereby avoiding additional process techniques for combining 
semiconductor layers that may be fabricated on the basis of different substrates. 

In one illustrative embodiment each semiconductor layer is formed above the substrate. 
Consequently, a process sequence is applied, in which any semiconductor compound of the 

5 device is formed in a sequential manner above the same substrate, providing for an overall 
reduced thickness of the resulting stack of semiconductor layers, since any intermediate 

material layers may be provided with a well controlled and reduced thickness, for instance 
compared to substrate bonding techniques, and the like. 

In a preferred embodiment the first and second semiconductor layers are formed as parts of 
10 a stacked layer configuration. In this manner, particularly highly efficient semiconductor 

devices, such as solar cells, are provided, since the semiconductor layers of appropriately 
adapted band gap energies may be provided in the stacked layer configuration so as to 

obtain a high overall degree of radiation absorption and thus increased conversion efficiency, 
while enabling an efficient series connection of the various pn junctions. Furthermore, the 

15 various sub cells of the stacked layer configuration may appropriately be adapted to each 

other in order to provide substantially the same current, when responding to an external 
optical radiation, thereby also providing for superior overall efficiency. 

In one illustrative embodiment the first semiconductor layer is formed prior to forming the 

second semiconductor layer. In this case the first and second semiconductor layers may be 
20 formed in a sequential manner, wherein, however, the MBE process is performed after 

y providing the first semiconductor layer on the basis of a CVD technique so that 
disadvantageous effects, such as nitrogen diffusion, and the like, may substantially be 

avoided, since, for example, the high temperature requirements of the CVD process may not 
affect the subsequently deposited diluted nitrogen semiconductor compound. In some 

25 illustrative embodiments any additional semiconductor compounds, which may have to be 

provided on the basis of a CVD technique may be formed on a separate substrate and may 
be bonded to the diluted nitrogen semiconductor compound by substrate bonding, and the 
like, if exposure of the nitrogen-containing semiconductor compound to the CVD atmosphere 

is considered inappropriate. 

30 In one preferred embodiment the method further comprises providing a first substrate and a 

second substrate, forming the first semiconductor layer above the first substrate and the 

second semiconductor above the second substrate and bonding the first and second 
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substrates. Consequently, by providing separate substrates for the first and second 
semiconductor layers in particular any negative effect, for instance the effect of increased 

temperature, on the nitrogen-containing semiconductor compound may substantially be 
avoided. Furthermore, appropriate substrate materials, such as gallium arsenide, 

5 germanium, or even specifically designed substrates, such as germanium on sapphire or 
GaAs on sapphire, and the like may efficiently be used in the CVD process and the MBE 
process, thereby in handling overall process flexibility. Moreover, by providing different 

substrates a certain degree of parallel processing may be implemented in the overall process 

flow, which may be advantageous in increasing overall throughput and generally achieving 
10 superior flexibility and thus efficiency in scheduling the overall process flow in a given 

manufacturing environment. 

In one illustrative embodiment one or more of the at least one further semiconductor layer is 

formed above the second substrate prior to forming the second semiconductor layer. In this 
embodiment a "mixture" of serial and parallel processing may be established upon forming a 

15 plurality of semiconductor compounds, wherein nevertheless disadvantageous effects of the 
CVD processes on the nitrogen containing semiconductor compound may substantially be 
avoided. That is, typically the CVD process atmosphere may have a negative influence on 
the previously formed nitrogen-containing semiconductor compound, for instance in terms of 
nitrogen diffusion, and the like, while on the other hand the MBE process may be performed 

20 on the basis of any previously CVD deposited semiconductor compound substantially without 

any negative effects. Consequently, a plurality of CVD layers may be provided above the first 
and second substrates on the basis of a process strategy, which enables the formation of the 
MBE semiconductor compound as a "last" epitaxially grown semiconductor material in order 

to avoid any undue interaction with a CVD process atmosphere Thereafter, the various 
25 semiconductor layers provided above the first and second substrates may be combined by 

any appropriate technique, such as substrate bonding, and the like. 
x. 

In a further illustrative embodiment the method further comprises providing a further 

substrate and forming at least one of the at least one further semiconductor layers above the 
further substrate. That is, if a plurality of semiconductor compounds are to be provided three 

30 or more different substrates may be used in order to enhance overall flexibility in combining 
the various layers while at the same time ensuring a high degree of parallelism of the 

manufacturing flow, while any negative effects of the CVD processes and the MBE process 
may be avoided. For example, in illustrative embodiments the diluted nitrogen semiconductor 



WO 2013/054184 PCT/IB2012/002062 

compound may be provided on a dedicated substrate so as to avoid the deposition a CVD 
material prior to and after the MBE process. In this case, a maximum "decoupling" of the 

MBE process from any CVD related process techniques may be achieved. Moreover, a high 
degree of flexibility may be obtained in finally composing the resulting layer stack, wherein 

5 the MBE semiconductor compound may be positioned at any appropriate height level within 
the entire layer stack, while nevertheless avoiding any undue interaction with CVD process 
atmospheres, as discussed above. 

In one illustrative embodiment the first and second semiconductor layers are formed as a III-

V semiconductor compound. Hence, as previously explained, these semiconductor layers 
10 may efficiently be usedjn a solar cell in order to appropriately provide a plurality of different 

band gap energies in order to enhance overall efficiency of the solar cell. Moreover, three or 
more semiconductor compounds in the form of lll-V materials may be provided, wherein the 

nitrogen diluted semiconductor compound may enable the provision of a band gap energy of 
approximately 0.9 to 1.35 eV, while also a lattice matched configuration of any of the 

15 semiconductor compounds is achieved 

According to another aspect of the present invention there is provided a semiconductor 

device, which comprises a first semiconductor layer comprising a first pn junction formed 
above a substrate. The semiconductor device further comprises a second semiconductor 
layer comprising a second pn junction formed above the first semiconductor layer, wherein 

20 the second semiconductor layer comprises a diluted nitrogen lll-V semiconductor compound. 

Furthermore, the semiconductor device includes a third semiconductor layer comprising a 
third pn junction formed above the substrate, wherein the first, second and third 
semiconductor layers are provided as lattice-matched semiconductor layers. 

As discussed above, the semiconductor materials are provided as lattice matched 

25 compounds including a nitrogen containing lll-V semiconductor compound, thereby enabling 
an efficient adjustment of band gap energies, even in a range below 1.3 eV based on the 
nitrogen-containing compound, while generally the amount of lattice defects may be reduced 

In one illustrative embodiment the first, second and third semiconductor layers are provided 

without any intermediate strain buffer material, thereby ensuring a very compact stacked 

30 configuration, which may be provided on the basis of reduced overall process time compared 
to conventional semiconductor devices, in which typically semiconductor materials with 

reduced band gap energy may require a lattice mismatched configuration. Hence, in these 
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conventional devices typically a strain buffer layer of appropriate thickness is required in 
order to reduce overall lattice defects. 

In a further preferred embodiment the semiconductor device further comprises at least one 
further lattice-matched semiconductor layer formed above the third semiconductor layer. 

5 Hence, even highly sophisticated semiconductor devices with four or more pn junctions may 
be provided, wherein each of the semiconductor layers is fabricated as a lattice matched 
semiconductor material, wherein also in this case any intermediate strain buffer layers may 
be avoided by applying the above described process techniques. 

In one preferred embodiment the semiconductor device is a solar cell. Hence, as discussed 

10 above, an appropriate band gap engineering may be applied in order to enhanced overall 

conversion efficiency by appropriately covering the spectrum of the solar radiation using in 
particular a nitrogen-containing semiconductor compound. In this manner, in particular solar 

cells for concentrated solar radiation may be formed on the basis of a highly efficient overall 
stacked configuration, wherein superior process robustness and efficiency may be 

15 accomplished by using the above described process techniques. 

According to a further aspect of the present invention the object is solved by a method of 

forming a solar cell. The method comprises forming a first semiconductor layer above a 
substrate of the solar cell by performing a first process sequence including a molecular beam 

epitaxie process. The method further comprises forming a second semiconductor layer 
20 above the substrate by performing a second process sequence including a chemical vapour 

deposition process, wherein the first and second semiconductor layers are lattice-matched. 

In this aspect of the present invention a solar cell is fabricated on the basis of a hybrid 

process strategy, in which CVD techniques and a molecular beam epitaxy are used so as to 
provide at least two different semiconductor layers. As discussed above, preferably the first 

25 semiconductor layer is formed on the basis of a nitrogen-containing semiconductor 
compound, which may efficiently be formed on the basis of MBE techniques in order to 

provide a desired band gap energy without requiring sophisticated strain buffer layers while 
nevertheless providing for a reduced number of lattice defects due to the lattice matched 
configuration. 

30 In a further illustrative embodiment at least one of the first and second process sequences 

comprises providing a respective auxiliary substrate so as to form a respective 
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semiconductor layer above the respective auxiliary substrate and bonding the respective 
auxiliary substrate to the substrate. Consequently, in this process strategy the first and 

second semiconductor layers may be formed on the basis of different substrates, thereby 
providing for a high degree of flexibility in organising and scheduling the entire process flow 

5 while at the same time reducing any interaction between the two different process 
techniques. On the other hand, any desired order of the semiconductor layers may be 
obtained by appropriately bonding the different substrate materials or semiconductor layers. 

In some cases, the semiconductor layers and any additional materials may be applied above 

the substrate in an appropriate order so as to provide an "inverted" configuration that is 
10 appropriate for a subsequent bonding sequence so as to directly attach the semiconductor 

material to a layer or substrate material. 

In one preferred embodiment the first semiconductor layer is formed so as to have a band 

gap energy in the range of 0.9 eV to 1.3 eV. Hence, the first semiconductor layer is 
appropriately selected with respect to its band gap energy so as to provide for overall 

15 superior conversion efficiency, in particular as a superior crystalline quality is achieved. 

Furthermore, the process strategy enables reduced overall process time and superior 
flexibility in providing a plurality of semiconductor layers of appropriate band gap energies for 

solar cells application, thereby contributing to competitiveness of solar cells formed on the 
basis of lll-V semiconductor compounds. 

20 The above-described embodiments and further specific embodiments of the present 

invention will become more apparent from the following description when referring to the 
accompanying drawings, in which: 

Figure 1a schematically illustrates a process environment including a CVD process tool used 
for epitaxially growing semiconductor materials on the basis of MOCVD and a molecular 

25 beam epitaxy process tool used for forming a lattice matched semiconductor compound, 
such as a diluted nitrogen lll-V semiconductor compound, 

Figure 1b schematically illustrates various steps of a manufacturing sequence, in which the 
environment of figure 1a is used for providing a plurality of semiconductor compounds in a 

stacked configuration above a common substrate according to illustrative embodiments, 

30 Figure 2 schematically illustrates a process flow according to further illustrative 

embodiments, in which CVD epitaxy processes and MBE processes are performed on the 
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basis of a common substrate while still avoiding undue negative effects of the CVD process 
on the MBE process, while additional semiconductor compounds may be formed above a 
separate substrate on the basis of CVD techniques, 

Figure 3 schematically illustrates a process flow, in which semiconductor compounds are 

5 formed on the basis of two or more dedicated substrates, while the MBE layer is processed 
on the basis of a separate substrate according to illustrative embodiments and 

Figure 4 schematically illustrates a cross-sectional view of a semiconductor device, such as a 

solar cell, comprising three or more semiconductor compounds in a stacked configuration 
and provided in a lattice matched structure using the above described process techniques 

10 according to further illustrative embodiments of the present invention. 

Figure 1a schematically illustrates a manufacturing environment 100 that is appropriate for 
fabricating semiconductor devices, such as solar cells, and the like. The environment 100 
comprises, in addition to any other process tools (not shown), at least one or more CVD tools 

110, which are appropriately configured in order to enable the epitaxial deposition of 
15 semiconductor materials, such as lll-V semiconductor compounds, ll-VI semiconductor 

compounds, and the like. As discussed above, typically when forming a crystalline 
semiconductor compound material the precursor may be provided in the form of metal 
organic precursor materials, wherein appropriate process parameters are selected such that 
a desired gaseous environment is established in the tools 110, thereby enabling the epitaxial 

20 growth of a semiconductor material on an appropriate template material or substrate. 

Moreover, the manufacturing environment 100 further comprises one or more process tools 
130, which are appropriate for performing a molecular beam epitaxy process, as discussed 
above. In particular, the required high vacuum environment may be established in the 
process tool 130, while, as also explained before, additional components may be provided so 

25 as to allow a precise control of the various atomic species to be incorporated in a 
semiconductor compound under consideration. In particular, the tool 130 is appropriately 

configured to control the incorporation of a nitrogen species into a semiconductor compound, 
for instance on the basis of biased deflector plates, and the like, thereby enabling the 
epitaxial growth of diluted nitrogen semiconductor compounds, which are known to enable a 

30 lattice matched growth on gallium arsenide substrates and which provide for a band gap 
energy in the range of 0.9 to 1.35 eV. 
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Furthermore, in some illustrative embodiments, the process tools 110 and 130, which have to 
be operated on the basis of significantly different pressure conditions, or operatively 

connected by a transport mechanism 120 that enables the exchange of substrates without 
undue exposure to the ambient atmosphere of the manufacturing environment 100. For 

5 example, the transport mechanism 120 may be implemented in a cluster tool, thereby 
minimising the required transport activities It should be appreciated, however, that the 
process tools 110, 130 may represent separated process tools, wherein the transport of 
substrates may be established on the basis of the mechanism 120, which includes manual or 
automated transport systems on the basis of appropriate transport containers. 

10 Figure 1b schematically illustrates a manufacturing process sequence, in which a plurality of 

semiconductor layers including pn junctions are formed in a stacked layer configuration, 
wherein at least most of the semiconductor layers are provided as semiconductor 

compounds having appropriately selected band gap energies and with a lattice matched 
configuration. To this end, the manufacturing environment 100 of figure 1a may be used so 

15 as to form a semiconductor device 150, such as a solar cell, by applying two or more 
semiconductor layers above a common substrate 151. In the embodiment shown, in a first 
step S1 the CVD process tool 110 is used in order to perform an epitaxial deposition process 
111 so as to epitaxially grow a semiconductor layer 152 above the substrate 151, which may 
be provided in the form of a germanium substrate, and the like. As discussed above, the 

20 semiconductor layer 152 may be provided in the form of a gallium arsenide based 

semiconductor material or a germanium-based semiconductor material including a pn 
junction (not shown), which is typically formed during the deposition process 111 by 
introducing appropriate p-type and n-type dopants, as is well known in the art. Furthermore, 

as discussed above, the semiconductor layer 152 is provided in a lattice matched 

25 configuration, i.e. any specific strain buffer layers between the material 152 and the substrate 
151 are not required. The deposition process 111 may further include the deposition of an 
intermediate layer 153, which may be provided in the form of a tunnel junction layer so as to 
provide for optical and electrical connection to a further semiconductor layer to be formed 

above the substrate 151 in a later manufacturing stage. 

30 In step S2 the device 150 is subjected to a transport activity 121, for instance on the basis of 
the transport mechanism 120 of figure 1a, possibly without requiring any additional transport 

containers, and the like, when the environment 100 is provided in the form of a cluster tool. 
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In step S3 the device 150 may be processed in the process tool or tools 130 in order to 
deposit a semiconductor material on the basis of an MBE process 131, wherein in preferred 

embodiments a nitrogen-containing semiconductor compound 154 is epitaxially grown on the 
previously deposited layer 153. As discussed above, the process parameters and the 

5 hardware configuration of the tool 130 are adjusted such that a precisely defined fraction of 
nitrogen is incorporated into the semiconductor layer 154, which may additionally comprise 
gallium, arsenic and indium (GalnNAs), possibly in combination with antimony (Sb). Hence, 
the layer 154 may be deposited in a lattice matched manner with a desired band gap energy, 

which is preferably adjusted to be within the range of 0.9 to 1 35 eV. Furthermore, a further 
10 intermediate or transition layer 155 may be formed on the layer 154 during the epitaxial 

growth process 131 so as to provide optical and electrical connection to one or more further 
semiconductor layers to be formed in the semiconductor device 150. In the process strategy 

shown in figure 1b the layers 154 and 155 may represent the only semiconductor materials to 
be provided on the basis of an MBE growth process, while it should be appreciated that in 

15 other cases one or more further semiconductor layers may be grown on the basis of 
molecular beam epitaxy. 

In step S4 the device 150 is again subjected to a transport activity 122, for instance using the 
mechanism 120, in order to introduce the device 150 into a process environment for 
depositing one or more further semiconductor layers on the basis of CVD techniques. 

20 In step S5 the device 150 is exposed to a further CVD deposition atmosphere 112, for 

instance established in the tool 110 or in any other CVD process tool in order to form at least 
one further semiconductor compound 156 on the previously deposited layer 155. In one 
illustrative embodiment, the layer 156 may be provided in the form of a gallium arsenide 
semiconductor material, possibly followed by a further semiconductor compound, such as 

25 InGaP, if a further optically active semiconductor material is required. Thereafter, a further 

transition layer may be provided during the deposition process 112. In this case, three or 
more semiconductor layers of appropriate band gap energy are provided in the device 150 
on the basis of the two CVD deposition processes 111 and 112, while the optically active 

region 154 is provided on the basis of molecular beam epitaxy in order to provide a lattice 

30 matched nitrogen-containing semiconductor compound. 

It should be appreciated, however, that any number of semiconductor compounds may be 

provided in a stacked configuration by using the two different deposition techniques, wherein 
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the order of the layers may be selected in accordance with the band gap energies required 
for obtaining an optimised absorption and conversion efficiency. 

With reference to figures 2 and 3 further illustrative embodiments will now be described in 
more detail, in which superior flexibility in designing the overall process flow is achieved, in 

5 particular when, for instance, the further deposition by CVD techniques on the previously 
epitaxially formed semiconductor compound achieved by molecular beam epitaxy is 
considered inappropriate, for instance due to a certain degree of nitrogen diffusion, and the 

like. 

Figure 2 schematically illustrates a manufacturing environment 200, which may comprise one 
10 or more CVD process tools 210, a transport mechanism 220 and one or more MBE process 

tools 230. With respect to any hardware configurations of the environment 200 the same 
criteria may apply as previously discussed with reference to figure 1a and the environment 

100. 

In the environment 200 a process sequence may be implemented, in which the deposition of 
15 a semiconductor compound on a nitrogen-containing semiconductor compound formed on 

the basis of MBE is avoided in order to reduce the probability of any interaction of the CVD 
deposition atmosphere with a previously formed semiconductor material grown by MBE. To 
this end, a semiconductor device 250 may comprise an appropriate substrate 251, such as a 

germanium substrate and the like, which is subsequently processed in the CVD process 
20 environment 210 in order to form a first doped layer 252 including a pn junction followed by a 

further layer 253, which provides for optical and electrical connection to a further 
semiconductor layer to be formed above the substrate 251. For this purpose the device 250 

is transported to the MBE environment 230, for instance using the transport mechanism 220, 

and a diluted nitrogen semiconductor compound 254 is formed in a lattice matched manner, 
25 as discussed above. Furthermore, an appropriate intermediate or transition layer 255 is 

formed on the basis of the MBE tool in the environment 230, thereby completing a first 
portion of the required semiconductor layer stack in the device 250. That is, in this 

embodiment no additional semiconductor materials are formed by CVD techniques, thereby 

avoiding a direct exposure of the MBE-grown semiconductor materials to a CVD deposition 

30 atmosphere. 

Furthermore, concurrently or at any appropriate stage of the overall manufacturing process a 
second semiconductor device 260 comprising an appropriate substrate 261, such as a 
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gallium arsenide substrate, may be processed in the CVD deposition environment 210 in 

order to form a lattice matched doped semiconductor material 262 including a pn junction 

thereon, such as a gallium arsenide layer, and the like. Next, an intermediate or transition 
layer 263 may be grown in order to provide optical and electrical conductivity to a further 

5 semiconductor compound to be formed above the layer 262. Hence, in a further deposition 
step an appropriate material 264, such as InGaP is grown in combination with a final contact 

layer 265, which provides for the desired optical and electrical characteristics as the final 
layer of the entire layer stack still to be formed. 

In this stage the substrate 261 is processed in a further manufacturing environment 240 in 
10 order to reduce the thickness of the substrate 261 or generally to rework the substrate 261 so 

as to remove a portion thereof, if for instance a specific engineered substrate has been used: 
In this case, the removed portion of the engineered substrate may be re-used for forming 
thereabove semiconductor layers for any further semiconductor device. Similarly, the device 
250 is processed in the manufacturing environment 240 so as to thin the substrate 251 or 

15 remove a portion thereof, which may be re-used in a further process sequence. Thereafter, 
the processed devices 260 and 250 are combined in a manufacturing environment 241, 

thereby forming the completed device 250 including a stacked layer configuration including 

the layers 262 to 265 formed above the substrate 261 and the layers 252 to 255 formed 
above the substrate 251 on the basis of a combination of CVD deposition' techniques and 

20 MBE deposition techniques, as described above. For example, as shown, in the device 260 

the second substrate 261 may act as a transparent and conductive material immediately 
followed by the semiconductor layers 262 265, which may represent a doped 

semiconductor material for providing a pn junction in combination with an intermediate 
semiconductor material, followed by an InGaP layer, as for instance also described above 

25 with reference to figure 1b, followed by the final contact layer 265. 

It should be appreciated that the semiconductor materials formed by CVD techniques above 

the substrate 261 may thus be formed in a sequence that allows the bonding of the device 
260 on the basis of the substrate 261, while in other cases an inverted configuration may be 

provided, wherein the device may be bonded upside down to a substrate or layer of the other 
30 device, while a remaining portion of the substrate 261 may be removed, for instance in the 

process environment 240. The removal of a portion of the substrate 261 may be 
accomplished by using well-established smart cut technologies, thereby providing for 

superior overall process efficiency due to the re-usability of the removed substrate portion. 
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Consequently, according to this embodiment three semiconductor layers including 

corresponding pn junctions in combination with the final InGaP may be provided on the basis 

of a hybrid deposition strategy, wherein, the deposition of a CVD material above the nitrogen-
containing semiconductor compound grown by MBE is avoided. 

5 Figure 3 schematically illustrates a manufacturing environment 300 including a CVD process 
environment 310 and an MBE process environment 330. In this process environment 300 a 
process strategy is implemented, in which at least a semiconductor compound formed on the 

basis of MBE is provided on a dedicated substrate without providing any further 
semiconductor materials thereon on the basis of CVD techniques. Furthermore, at least two 

10 further semiconductor materials may be formed above respective substrates on the basis of 

CVD techniques, thereby also providing for superior process flexibility and increased 
parallelism of the overall process flow. As shown, a substrate 351, such as a germanium 
substrate, is provided for a first deposition process in the environment 310 in order to form 
thereon a doped semiconductor layer 352, followed by an appropriate intermediate or 

15 transition layer 353. In this manner, an appropriate first pn junction is implemented in a lattice 
matched manner on the basis of a CVD technique. Furthermore, a second substrate 361, 
such as a gallium arsenide material, is processed in the environment 310 in order to provide 

one or more semiconductor materials including respective pn junctions, which have to be 
provided in a later manufacturing stage in a stacked configuration above a further 

20 semiconductor compound that is to be formed on the basis of an MBE deposition technique. 

In the embodiment shown, a first semiconductor layer 362 is grown, followed by a transition 
layer 363. Furthermore, a further semiconductor compound, such as InGaP, is provided as a 

layer 364, followed by an appropriate contact layer that may represent a last layer of a 

stacked configuration to be formed on the basis of wafer bonding techniques in a later 
25 manufacturing stage. Due to the provision of the individual substrates 351 and 361 the 

corresponding portions of the stacked layer configuration may be provided in parallel or 

sequentially, depending on the overall availability of process tools, and the like. 
Consequently, superior scheduling efficiency of the overall manufacturing process is 
achieved 

30 Furthermore, a substrate 371, such as a gallium arsenide material, is processed in the 
environment 330 so as to form thereon a nitrogen-containing semiconductor compound 372 

having the desired band gap energy and the lattice matched configuration, as discussed 
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above. Furthermore, an appropriate intermediate or transition layer 373 is positioned above 
the layer 372. Consequently, the material 372 may be provided in the form of a diluted 

nitrogen semiconductor compound without being affected by any CVD deposition 
atmosphere, neither prior to the deposition of the material 372 nor after the deposition 

5 thereof. 

The various substrates 351, 361 and 371 may be processed in a corresponding process 

environment 340 in order to perform a thinning process or appropriately remove a portion of 

these substrates on the basis of smart cut technologies in order to allow a further re-use of 
these corresponding portions. Thereafter, in a further process environment 341 the substrate 

10 351 is combined with the substrate 371, thereby forming a first intermediate semiconductor 
device 350a comprising the layer 352 as a first semiconductor layer including a pn junction, 

followed by the substrate 371, which acts as a transparent and conductive contact material. 
Next, the nitrogen-containing semiconductor compound 372 is provided in combination with 
the intermediate layer 373. In this stage the intermediate device 350A may be processed in a 

15 further manufacturing environment 342 so as to connect the device 350a to the substrate 
361, which may comprise at least the pn junction in the layer 362 in combination with the 

further semiconductor material 364 and the contact layer 365. 

It should be appreciated that also in this case the layers 362 and 364, which are formed 

above the common substrate 361, may also be provided on the basis of separate substrates, 
20 * if considered appropriate in view of enhancing overall efficiency of the manufacturing 

sequence. Furthermore, the semiconductor layers provided above one or more of the 
substrates 351, 371 and 361 may be applied in an inverted configuration so as to allow the 
direct bonding of any such layers, while thereafter or prior to the bonding a corresponding 

portion of the respective substrate or substrates may be removed, for instance by smart cut 

25 technologies. 

Figure 4 schematically illustrates a cross-sectional view of a semiconductor device 450 in the 

form of a solar cell comprising at least three sub cells 452, 453, 454 with corresponding pn 
junctions 452p, 453p, 454p formed therein, while also any appropriate intermediate layers or 

transition layers may be provided in the various subs cells in order to establish efficient 
30 optical and electrical interconnections, as is also discussed above. The sub cells and the 

corresponding semiconductor materials are provided as a stacked layer configuration above 
an appropriate substrate 451, thereby forming a series connection of the sub cells 454, 453, 
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452 in order to provide output power when solar radiation 402C is directed onto the solar cell 
450 For example, the substrate 451 may be a germanium substrate, on which the sub cell 

452 is formed on the basis of MOCVD techniques, as is also previously discussed with 
reference to figures 2 and 3 The sub cell 453 may comprise a semiconductor compound 

5 including a well-defined fraction of nitrogen in order to obtain a specific band gap energy and 
allow an overall lattice matched configuration. The sub cell 454 may thus comprise 

appropriate lattice matched semiconductor compounds formed by MOCVD. It should be 
appreciated, however, that any other sequence of MOCVD layers and MBE layers may be 
implemented, depending on the specific optical and electrical requirements of the solar cell 

10 450 As discussed above, typically the various sub cells have different band gap energies so 
as to allow a high conversion efficiency for the incoming spectrum of the radiation 402C 
Typically, the sub cell 454 representing the top cell of the device 450 may have the greatest 

band gap energy, while the sub cell 452 may have the lowest band gap energy Since the 
semiconductor materials of any of the sub cells 452 454 are provided as a lattice matched 

15 layer stack, the amount of lattice defects is reduced, which in turn translates into superior 
conversion efficiency Consequently, due to the application of the above described hybrid 
deposition strategy any intermediate strain buffer layers are not required in the device 450, 
thereby also reducing the overall process complexity compared to conventional solar cells, in 
which at least some semiconductor compounds have to be provided on the basis of a lattice 

20 mismatched configuration 

The solar cell 450 may be formed on the basis of process techniques, as described above 

with reference to figures 1 to 3, i.e. on the basis of a hybrid deposition strategy, in which at 
least the nitrogen-containing semiconductor compound material is formed on the basis of 
MBE, while two or more semiconductor materials are formed on the basis of MOCVD. It 

25 should be appreciated that any appropriate number of sub cells may be implemented in the 

device 450 by using the above described process strategy. For example, the solar cell 450 
may advantageously be applied in situations, in which the incoming solar radiation 402C is 
provided as concentrated radiation, wherein a concentrator element 401 is exposed to the 

standard solar radiation 402 in order to provide the radiation with an intensity increased by a 

30 2 to several hundred or even more. 



19

Claims

1. A method of forming a plurality of pn junctions in a semiconductor device, the method

comprising:

providing a first substrate and a second substrate,5

performing a chemical vapour deposition process so as to form a first crystalline

semiconductor layer comprising a first pn junction of said semiconductor device

above said first substrate,

performing a molecular beam epitaxie process so as to form a diluted nitrogen

semiconductor material as a second crystalline semiconductor layer comprising a10

second pn junction of said semiconductor device above said second substrate, and

forming at least one further crystalline semiconductor material by performing at least

one further chemical vapour deposition process, wherein said at least one further

crystalline semiconductor layer comprises a further pn junction and wherein one or

more of said at least one further semiconductor layer is formed above said second15

substrate prior to forming said second crystalline semiconductor layer,

wherein the first substrate bonds with the first crystalline semiconductor layer and the

second substrate bonds with the second crystalline semiconductor layer, and

wherein the first substrate with the first semiconductor layer and the second substrate

with the second semiconductor layer form a stacked layer configuration by performing20

a bonding process.

2. The method of claim 1, further comprising providing a substrate and forming said first

and second crystalline semiconductor layers above said substrate.

3. The method of claim 2, wherein each semiconductor layer is formed above said

substrate.25

4. The method of claim 1, wherein said first semiconductor layer is formed prior to

forming said second semiconductor layer.
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5. The method of claim 1, further comprising providing a further substrate and forming at

least one of said at least one further semiconductor layers above said further

substrate.

6. The method of any one of claims 1 to 5, wherein at least said second semiconductor

layers is formed as a III-V semiconductor compound.5

7. The method of any one of claims 1 to 6, wherein the semiconductor device is a solar

cell.

10


