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Method for manufacturing a high-resistivity semiconductor-on-insulator substrate

The invention relates to a method for manufacturing a high-resistivity (HR) semiconductor-on-
insulator (SOI) substrate, to a high-resistivity semiconductor-on-insulator substrate obtained via

such a method and to a semiconductor device.

Complex semiconductor substrates may be manufactured by combining two or more layers. One
class of such engineered substrates are semiconductor-on-insulator substrates, wherein a top
semiconductor layer is formed over a carrier substrate with a dielectric layer in between. For the
top semiconductor layer and the carrier substrate, usually silicon is used and the dielectric layer

is usually an oxide layer, typically a silicon oxide.

Especially so-called high-resistivity (HR) substrates are currently investigated for use for

radiofrequency (RF) applications due to their reduced substrate loss and coupling.

It has been found, however, that between the high-resistivity substrate and the thin dielectric
layer, a so-called parasitic conduction layer can be formed, compromising the RF performance,
particularly the expected benefits in substrate loss and coupling.

Various solutions for this problem have been proposed. For instance, a continuous trap-rich
layer under the buried oxide layer has been suggested (“Identification of RF Harmonic Distortion
on Si Substrates and its Reduction Using a Trap-Rich Layer” by Kerr, et al., IEEE, 2008). This
single trap-rich layer, however, has negative effects connected to the back gate formation
process. Particularly, due to a larger lateral doping diffusion and a high interface trap density in

the back gate a problem of variability and, thus, of reliability of the obtained structure may arise.

Furthermore, from US 8,492,868, a method of forming an integrated circuit structure is known,
wherein a silicon substrate layer is formed having trench structures and an ion impurity implant.
An insulator layer is then positioned on and contacts the silicon substrate layer, wherein the
insulator layer also fills the trench structures. A circuitry layer is then positioned on and contacts
the buried insulator layer. The ion impurity implant allows avoiding the above-mentioned
parasitic conduction layer. Since this method first forms trenches in the substrate and then the
buried oxide layer on the substrate, however, the subsequent formation of the semiconductor
layer on the buried oxide layer may be complicated. Furthermore, this teaching does not account

for the co-integration of, for instance, digital circuits.

It is therefore the object of the present invention to provide an improved method for

manufacturing a high-resistivity semiconductor-on-insulator substrate, a correspondingly
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improved high-resistivity semiconductor-on-insulator substrate, and an improved semiconductor

device comprising such a high-resistivity semiconductor-on-insulator substrate.

This object is achieved with a method according to claim 1, a high-resistivity semiconductor-on-
insulator substrate according to claim 7, and a semiconductor device according to claim 8.

Preferred embodiments are specified in the dependent claims.

By using a local implantation through the semiconductor layer and the dielectric layer using a
hard mask or resist, it is possible to form a localized trap-rich region in the high-resistivity
substrate. In particular, it is possible to form the trap-rich region under the RF circuit only. This
trap-rich region can avoid the above-mentioned parasitic conduction layer below the RF circuit,
so that the RF performance is not diminished. Additional analog or digital portions of a circuit
may be provided, below which, however, no trap-rich region is formed. This can be particularly
beneficial as the digital/analog portions often require an efficient back biasing. For achieving
such an efficient back biasing, a trap-rich layer below the digital/analog portions would have
disadvantages.

The present invention, thus, also provides the use of a localized doped layer in a high-resistivity
semiconductor-on-insulator substrate below an RF circuit to avoid formation of a parasitic
conduction layer between the high-resistivity substrate and the dielectric layer in the region
below the RF circuit, wherein the localized doped layer is formed by ion implantation of an
impurity element through an opening of a hard mask or resist, through the semiconductor layer

and through the dielectric layer.
Advantageous embodiments will now be described in combination with the enclosed figures.

FIGURE 1 shows a simplified flowchart of the method according to the invention;

FIGURE 2 illustrates an intermediate step of the manufacturing method according to the
invention;

FIGURE 3 illustrates another intermediate step of the method according to the invention;

FIGURE 4 illustrates further steps of the method according to the invention;

FIGURE 5 illustrates an exemplary semiconductor substrate according to the invention; and

FIGURE 6 illustrates an exemplary semiconductor device according to the invention.
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An exemplary method for manufacturing a high-resistivity semiconductor-on-insulator substrate,

particularly with a RF circuit, shall now be described with reference to Figure 1.

First, in step 100, a dielectric layer and a semiconductor layer are formed over a substrate. The
substrate is a high-resistivity substrate. The high-resistivity substrate may comprise silicon, in
particular polycrystalline silicon and/or single-crystal silicon. The resistivity of the high-resistivity

substrate may be 1 kQ-cm or higher.

At least a part of the high-resistivity substrate may be compatible with being used as a back
gate, particularly after being doped. Particularly, an upper part of the high-resistivity substrate,
i.e. a part of the high-resistivity substrate facing towards the semiconductor layer, may be

compatible with being used as a back gate, particularly after being doped.

To form a back gate doping of the high-resistivity substrate may be performed, for instance using

arsenic or boron as a dopant.

The semiconductor layer may also comprise silicon. The dielectric layer may correspond to a
buried oxide (BOX) layer and may particularly comprise a silicon oxide (SiO5,).

Other materials for the above-mentioned layers are possible as well. For instance, Germanium
(Ge), Silicon-Germanium (SiGe) or IlI-V compounds may be used, in particular for the
semiconductor layer. The high-resistivity substrate does not need to be entirely composed of a
semiconductor. It is possible to form only the upper part, i.e. the part facing towards the
semiconductor layer, of a material having the ability to be switched from high-resistivity to low

resistivity, particularly through an implant or dopant.

The BOX layer can be any insulating material, including deposited low k dielectrics (as used in
the back end of line (BEOL)), or even high k dielectrics (e.g. Hafnium(lV) oxide (HfO,)).

The dielectric layer and the semiconductor layer may be formed over the high-resistivity

substrate using any known technology, for instance, using a “smart cut” technique.

In the “smart cut” technique, the dielectric layer and/or the semiconductor layer are transferred to
the high-resistivity substrate from a donor substrate. After forming the dielectric layer on the
donor substrate comprising the semiconductor material of the semiconductor layer, a
predetermined splitting area inside the donor substrate is formed. The predetermined splitting
area is formed by an ion implantation step, during which ions like hydrogen or rare gas ions

(helium, argon, etc.) are implanted into the donor substrate. The depth of the predetermined
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splitting area can be determined by the energy of the implanted ions. After attaching, in
particular by bonding, the donor substrate to the high-resistivity substrate (also referred to as
handle substrate), a mechanical and/or thermal treatment is performed, such that a detachment
of a semiconductor layer together with the buried dielectric layer occurs at the predetermined

splitting area so that the two layers are transferred onto the high-resistivity substrate.

After the dielectric layer and a semiconductor layer are formed over the high-resistivity substrate,

a hard mask or resist is formed over the semiconductor layer in step 200.

In step 300, at least one opening may be formed in the hard mask or resist at a predetermined
position. The at least one opening may be formed by known techniques such as lithography
techniques or by etching. The at least one opening may be formed to specify or cover a
predetermined area. In particular, the at least one opening may be rectangular having a

predetermined width and length.

The predetermined position at which the at least one opening is formed may particularly
correspond to the position at which an RF circuit, including active and passive devices, is
formed. The size of the at least one opening may be adapted to the size of the RF circuit.

The hard mask or resist shall particularly cover those regions of the semiconductor layer that are
intended to include analog and/or digital circuits at a later step of the processing of the

semiconductor substrate.

In step 400, ion implantation of an impurity element is performed through the at least one
opening of the hard mask or resist, through the semiconductor layer, and through the dielectric
layer, to form at least one doped region in the high-resistivity substrate. The impurity element
may particularly comprise carbon (C), germanium (Ge), oxygen (O), silicon (Si), argon (Ar),
Molybdenum (Mo) and/or fluorine (F). More generally, the impurity element may comprise any

element that fulfils one or more of the following:
- Generates deep-level states in silicon while having a very low diffusivity
- Has the ability to amorphize the silicon without being electrically active.
- Has the ability to convert the silicon into a (semi)-insulating material.

The doping energy has to be selected depending on the thickness of the dielectric layer and the
semiconductor layer as well as on the impurity element. Similarly, the dose depends on the

operating conditions and may be more than 1x10*cm™ or more than 1x10¥cm™.

4
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The at least one doped region in the high-resistivity substrate, thus, may particularly correspond
to a trap-rich region arranged at the predetermined position. The lateral extension of the doped
region corresponds to the area of the at least one opening. In other words, the at least one
doped region is localized at the predetermined position with a predetermined size, particularly an
area as defined by the size of the at least one opening and particularly a depth depending on the

energy and dose used during the ion implantation step.

The predetermined position can particularly be specified by two coordinates when viewing the
semiconductor substrate from the top. The predetermined position of the opening may then

correspond to the coordinates of one of the corners or of the center of the opening.

Figure 2 illustrates an exemplary intermediate step of a high-resistivity semiconductor-on-
insulator substrate obtained during the manufacturing method. The illustrated high-resistivity
semiconductor-on-insulator substrate includes a high-resistivity substrate 1, a buried oxide layer
2, and a semiconductor layer 3, arranged in this order. Furthermore, a hard mask or resist 4 is
formed over the semiconductor layer 3, which includes an opening 5 at a predetermined
position, i.e., at predetermined X and Y coordinates. The opening 5 has a predetermined

geometry and size.

Figure 3 illustrates the subsequent manufacturing step, wherein ion implantation with impurity
elements 6 is performed through the opening 5, the semiconductor layer 3, and the buried oxide
layer 2 to form a doped region 7 in the substrate 1. The doped region 7 is formed at the
predetermined position, in other words, at the same X and Y coordinates as the opening 5 in the
hard mask or resist 4. The doped region 7 has the same geometry and (lateral) size as the

opening 5. In this way, thus, a localized trap-rich region is formed.

The method steps as specified in claim 1 and is illustrated in Figure 1 can particularly be
performed in the specified order. This temporal order allows for an efficient alignment of the
implanted regions and the subsequently formed RF circuit. Even a self alignment can be
achieved in this way. Furthermore, generic semiconductor-on-insulator substrates can be formed
in this way, which can be patterned according to a selected mask or resist rather than
implementing the semiconductor-on-insulator fabrication during the device integration sequence.

This increases the flexibility and the cost efficiency.

Figure 4 illustrates further steps that may be performed after step 400 of Figure 1. Particularly, in
step 500 the hard mask or resist may be removed. This removal can be performed by known

techniques, such as etching.
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In step 600, a radiofrequency (RF) circuit, particularly comprising active and/or passive devices,
may be formed at the predetermined position, in other words, above the doped region 7. The RF
circuit, thus, at least partially overlaps the doped region 7 when viewed from above (from the
side on which the RF circuit is arranged). The RF circuit may particularly overlap the doped
region 7 completely. In other words, the RF circuit may be aligned with the doped region 7 in a

vertical direction.

Analog circuits and/or digital circuits may be formed that do not overlap with the doped region 7.
The above-described method, thus, allows a co-integration of radiofrequency circuits and analog
and/or digital circuits. Since the doped region is not formed below the analog and/or digital

circuits, an efficient back biasing is possible.

As used herein, an active device is a device which can be switched on and off. For instance, an
active device may comprise or correspond to a transistor. A passive device may comprise or

correspond to a transmission line, an inductance, or a resistor.

In Figure 5, a high-resistivity semiconductor-on-insulator substrate obtained as an intermediate
product during a method as described above is shown. It includes a high-resistivity substrate 1,
a dielectric layer 2 over the high-resistivity substrate 1, and a semiconductor layer 3 over the
dielectric layer 2. A doped region 7 is formed in the high-resistivity substrate at a predetermined
position. The doped region particularly comprises carbon (C), germanium (Ge), oxygen (O),
and/or fluorine (F), particularly incorporated into polycrystalline or single-crystal silicon of the

high-resistivity substrate 1.

Figure 6 illustrates a semiconductor device comprising a semiconductor substrate as illustrated
in Figure 5. Additionally, an RF circuit 8 is formed in and/or on the semiconductor layer 3 over
the doped region 7, i.e. at least partially overlapping the doped region 7. Moreover, an analog
circuit or digital circuit 9 is similarly formed in and/or on the semiconductor layer 3 in an area or

at a position where no doped region is provided below in the high-resistivity substrate 1.

Although the previously discussed embodiments and examples of the present invention have
been described separately, it is to be understood that some or all of the above-described
features can also be combined in different ways. The discussed embodiments are not intended

as limitations, but serve as examples illustrating features and advantages of the invention.
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Claims

Method for manufacturing a high-resistivity semiconductor-on-insulator substrate

comprising the steps of:

a) forming a dielectric layer (2) and a semiconductor layer (3) over a high-resistivity
substrate (1), such that the dielectric layer (2) is arranged between the high-resistivity

substrate (1) and the semiconductor layer (3);

b) forming a hard mask or resist (4) over the semiconductor layer (3), wherein the hard

mask or resist (4) has at least one opening (5) at a predetermined position;

c) forming at least one doped region (7) in the high-resistivity substrate (1) by ion
implantation of an impurity element through the at least one opening (5) of the hard mask

or resist (4), the semiconductor layer (3) and the dielectric layer (2);
d) removing the hard mask or resist (4); and

e) forming a radiofrequency, RF, circuit in and/or on the semiconductor layer (3) at least
partially overlapping the at least one doped region (7) in the high-resistivity substrate (1).

Method according to claim 1, wherein the impurity element implanted by ion implantation

in step d) comprises C, Ge, O, Si, Ar, Mo and/or F.

Method according to claim 1 or 2, wherein the high-resistivity substrate (1) comprises

silicon, in particular polycrystalline silicon and/or single crystal silicon.

Method according to one of the previous claims, wherein the dielectric layer (2) is a

buried oxide, BOX, layer.

Method according to one of the previous claims, wherein the semiconductor layer (3)

comprises silicon.

Method according to one of the previous claims, further comprising a step f) of forming an
analog circuit and/or a digital circuit in and/or on the semiconductor layer (3) in an area

not overlapping the doped region (7) in the high-resistivity substrate (1).

A high-resistivity semiconductor-on-insulator substrate, obtained by a method according

to one of the previous claims.
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A semiconductor device comprising:

a high-resistivity substrate (1);

a dielectric layer (2) over the high-resistivity substrate (1); and
a semiconductor layer (3) over the dielectric layer (2);

wherein the semiconductor layer (3) comprises a radiofrequency, RF, circuit and a digital

and/or analog circuit;

wherein the high-resistivity substrate (1) comprises at least one doped region (7) at least

partially overlapping the radiofrequency, RF, circuit; and

wherein the digital circuit and/or the analog circuit are arranged in and/or on the
semiconductor layer (3) in an area not overlapping the at least one doped region (7) in

the high-resistivity substrate (1).

The semiconductor device according to claim 8, wherein the doped region comprises C,
Ge, O and/or F.
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