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(54) METHOD AND DEVICE FOR FINFET WITH GRAPHENE NANORIBBON

(57) A method for forming a semiconductor device
includes providing a substrate structure, which has a
semiconductor substrate and a semiconductor fin on the
substrate. The method also includes forming a catalytic
material layer overlying the semiconductor fins, and form-

ing an isolation region covering the catalytic material lay-
er in a lower portion of the semiconductor fins. Next, a
graphene nanoribbon is formed on the catalytic material
layer on an upper portion of the semiconductor fin, and
a gate structure is formed on the graphene nanoribbon.



EP 3 264 472 A1

2

5

10

15

20

25

30

35

40

45

50

55

Description

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] This application claims priority to Chinese pat-
ent application No. 201610512145.9, filed on July 1,
2016.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to a semiconduc-
tor device, and more particularly, to a semiconductor de-
vice and a method for manufacturing.
[0003] FinFETs (Fin Field Effect Transistors) provide
good gate control capability and are widely used in the
semiconductor element in the design of small size. How-
ever, as the critical dimensions of semiconductor devices
shrink, the performance of the FinFET silicon-based de-
vices are also subject to certain restrictions.

BRIEF SUMMARY OF THE INVENTION

[0004] It is an object of the present invention to provide
a device structure and a method of manufacturing a sem-
iconductor device, in particular a FinFET device, capable
of improving the performance of FinFETs.
[0005] The object is achieved by the features of the
respective independent claims. Further embodiments
are defined in the respective dependent claims.
[0006] According to a first aspect of the present inven-
tion, a method for forming a semiconductor device in-
cludes providing a substrate structure, which has a sem-
iconductor substrate and a semiconductor fin on the sub-
strate. The method also includes forming a catalytic ma-
terial layer overlying the semiconductor fins, and forming
an isolation region covering the catalytic material layer
in a lower portion of the semiconductor fins. Next, a
graphene nanoribbon is formed on the catalytic material
layer on an upper portion of the semiconductor fin, and
a gate structure is formed on the graphene nanoribbon.
[0007] Preferably, the semiconductor substrate and
the semiconductor fin are configured as a back gate of
the semiconductor device.
[0008] Preferably, the substrate structure includes a
plurality of semiconductor fins. In these embodiments,
each semiconductor fin is configured as a back gate.
[0009] Preferably, forming an isolation region includes
the following steps: depositing an isolation material to
cover the semiconductor fins; planarizing the insulating
material to expose a layer of the catalytic material on a
top surface of the semiconductor fin; and etching an up-
per portion of the insulating material to expose the cata-
lytic material layer in the upper portion of the semicon-
ductor fin.
[0010] Preferably, the catalytic material comprises a
layer of aluminum oxide, hafnium oxide, or zirconium ox-
ide.
[0011] Preferably, the graphene nanoribbon is formed

using a chemical vapor deposition by (CVD) process un-
der the following conditions: the reaction gases include
methane, hydrogen and carrier gas; the reaction temper-
ature is between about 600 °C to about 1500 °C; and the
reaction time is 5-300 min.
[0012] Preferably, the carrier gas flow rate is at
0-10000 sccm, a ratio of the flow rate of methane and
the flow rate of the carrier gas is 0.05%-50%, and a ratio
of the flow rate of hydrogen and the flow rate of the carrier
gas is 0.05%-50%.
[0013] Preferably, providing a substrate structure in-
cludes the following steps: providing an initial substrate;
forming a patterned hard mask on the initial substrate;
and etching the initial substrate with the patterned hard
mask as an etch mask to form the substrate, and a sem-
iconductor fin on the substrate.
[0014] Preferably, forming a gate structure on the
graphene nanoribbon includes forming a gate dielectric
layer on the graphene nanoribbon, and forming a gate
on the gate dielectric layer.
[0015] Preferably, the gate dielectric layer comprises
one or more of boron nitride, aluminum nitride, silicon
oxide or amorphous silicon carbide, and the gate com-
prises a metal or polysilicon.
[0016] Preferably, the semiconductor substrate can be
a silicon substrate, and the semiconductor fin is formed
in silicon.
[0017] According to a second aspect of the present
invention, a semiconductor device includes a substrate,
a semiconductor fin on the substrate, and a catalytic ma-
terial layer covering the semiconductor fin. The device
also has an isolation region on a side surface of the sem-
iconductor fin, with the isolation region covering the cat-
alytic material layer in a lower portion of the semiconduc-
tor fin. Further, the device has a graphene nanoribbon
disposed on the catalytic material layer in the upper por-
tion of the semiconductor fin; and a gate structure on the
graphene nanoribbon.
[0018] Preferably, the substrate and the semiconduc-
tor fin are configured as a back gate.
[0019] Preferably, the semiconductor device includes
a plurality of semiconductor fins. An isolation region is
disposed between adjacent semiconductor fins, and
each of the semiconductor fins is configured as a back
gate.
[0020] Preferably, the catalytic material includes a lay-
er of aluminum oxide, hafnium oxide, or zirconium oxide.
[0021] Preferably, the gate structure includes a gate
dielectric layer on the graphene nanoribbon and a gate
on the gate dielectric layer.
[0022] Preferably, the gate dielectric layer includes
one or more of boron nitride, aluminum nitride, silicon
oxide, or amorphous silicon carbide, and the gate com-
prises a metal or polysilicon.
[0023] Preferably, the substrate includes a silicon sub-
strate, and the semiconductor fin is formed with silicon.
[0024] A semiconductor device according to the sec-
ond aspect of the present invention may be obtained by
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a method according to the first aspect of the present in-
vention.
[0025] A further understanding of the nature and ad-
vantages of the present invention may be realized by
reference to the remaining portions of the specification
and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026]

FIG. 1 is a simplified flow chart illustrating a method
of manufacturing a semiconductor device according
to an embodiment of the present invention;

FIG. 2A is a cross-sectional diagram illustrating a
stage of manufacturing a semiconductor device ac-
cording to an embodiment of the present invention;

FIG. 2B is a cross-sectional diagram illustrating an-
other stage of manufacturing a semiconductor de-
vice according to an embodiment of the present in-
vention;

FIG. 2C is a cross-sectional diagram illustrating an-
other stage of manufacturing a semiconductor de-
vice according to an embodiment of the present in-
vention;

FIG. 2D is a cross-sectional diagram illustrating an-
other stage of manufacturing a semiconductor de-
vice according to an embodiment of the present in-
vention;

FIG. 2E is a cross-sectional diagram illustrating an-
other stage of manufacturing a semiconductor de-
vice according to an embodiment of the present in-
vention; and

FIG. 2F is a perspective view diagram illustrating a
semiconductor device according to an embodiment
of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0027] The various exemplary embodiments of the
present disclosure will now be described in detail with
reference to the accompanying drawings. It should be
understood that the relative arrangements, numerical ex-
pressions, and numerical values of the components and
steps set forth in these embodiments should not be con-
strued as limiting the present invention unless otherwise
specifically stated.
[0028] In addition, it should be understood that the di-
mensions of the various components shown in the figures
are not necessarily drawn in an actual scale relationship
for ease of description, such as the thickness or width of
certain layers may be exaggerated relative to other lay-

ers.
[0029] The following description of exemplary embod-
iments is illustrative only and is not to be taken as a lim-
itation on the invention, its application or use in any
sense. Techniques, methods, and apparatus known to
those of ordinary skill in the relevant art may not be dis-
cussed in detail, but such techniques, methods, and ap-
paratuses should be considered as part of this descrip-
tion insofar as they apply to such techniques, methods,
and apparatuses. It should be noted that like reference
numerals and letters designate like items in the following
drawings, and therefore, once an item is defined or illus-
trated in one of the drawings, it will not be necessary to
go further in the description of the subsequent figures
discuss.
[0030] Graphene-based transistors are considered to
be an alternative to silicon transistors. Based on analysis,
graphene-based transistors are believed to be able to
provide good performance, such as on/off current ratio
and suitability for low-voltage operation. However, the
structure and the manufacturing process of graphene-
based transistors suitable for practical application and
mass production are still unknown. Embodiments of the
present invention provide a graphene-based semicon-
ductor device and a method of manufacturing.
[0031] FIG. 1 is a simplified flow chart illustrating a
method of manufacturing a semiconductor device ac-
cording to an embodiment of the present invention. The
method is briefly summarized below and described fur-
ther with reference to FIGS. 2A-2E.
[0032] Step 102 - providing a substrate structure which
includes a substrate; and a semiconductor fin on the sub-
strate and a recess on the side of the semiconductor fin;
[0033] Step 104 - forming a catalytic material layer
overlying the semiconductor fins;
[0034] Step 106 - forming an isolation region covering
the catalytic material layer in a lower portion of the sem-
iconductor fins;
[0035] Step 108 - forming a graphene nanoribbon on
the catalytic material layer on an upper portion of the
semiconductor fin; and
[0036] Step 110 - forming a gate structure on the graph-
ene nanoribbon.
[0037] This embodiment provides a method of manu-
facturing a semiconductor device based on graphene na-
noribbons. The catalytic material formed on the semicon-
ductor fin can enable the formation of graphene nanori-
bbons, which can be formed as a channel of the nanori-
bbon graphene FinFET devices. The carrier mobility can
be greatly increased to improve the performance of the
device.
[0038] FIGS. 2A-2E are cross-sectional diagrams illus-
trating the method for manufacturing a semiconductor
device as shown in the flowchart of FIG. 1 according to
embodiments of the present invention.
[0039] First, as shown in FIG. 2A, a substrate structure
is provided. The substrate structure includes a substrate
201, which can be a semiconductor substrate, and a sem-

3 4 



EP 3 264 472 A1

4

5

10

15

20

25

30

35

40

45

50

55

iconductor fin 202 on the substrate. Recesses 203 are
formed on the sides of semiconductor fin 202. Here, for
example, the substrate 201 may be a silicon substrate
of P-type or N-type, III-V semiconductor substrate, and
so on. In one embodiment, there can be multiple semi-
conductor fins 202. In one embodiment, the material of
semiconductor fin 202 and substrate 201 can be of the
same material, such as silicon. Recess regions 203 can
be formed as recesses in the substrate as a result of
etching the substrate to form the semiconductor fins. Al-
ternatively, the semiconductor fins can be formed by a
second semiconductor material, and recesses 203 are
formed in substrate 201 by further etching.
[0040] The substrate structure illustrated in FIG. 2A
may be implemented in different ways, In this embodi-
ment, the step of providing a substrate structure may
include: first, providing an initial substrate, such as a sil-
icon substrate; then, patterning a hard mask, such as a
nitride of silicon, on the initial substrate; after that, the
initial substrate is etched using the patterned hard mask
as a mask, such as dry etching or wet etching, to form a
substrate, and the semiconductor fins on the substrate.
Recess regions 203 can be formed as recesses in the
substrate as a result of etching the substrate to form the
semiconductor fins. Alternatively, the semiconductor fins
can be formed by a second semiconductor material, and
recesses 203 are formed in substrate 201 by further etch-
ing.
[0041] Then, as shown in Fig. 2B, a catalytic material
204 is formed on semiconductor fins 202 to cover the
semiconductor fins. In one embodiment, the catalytic ma-
terial may include a layer of aluminum oxide (Al2O3), haf-
nium oxide (HfO2) or zirconium oxide (ZrO2). For exam-
ple, catalytic material 204 can be formed by atomic layer
deposition (Atomic Layer Deposition, ALD). In an em-
bodiment, Al2O3 of thickness of 20-60 nm, e.g., 50 nm,
can be deposited as catalytic material layer 204. How-
ever, catalytic material layer 204 is not limited to the spe-
cific examples given above; the layer of catalytic material
204 may also be of other materials, as long as it can act
as a catalytic material for the formation of graphene na-
noribbons.
[0042] Next, as shown in FIG. 2C, isolation regions 205
are formed in the lower portion of the recess 203 to cover
the catalytic material covering the lower portion of sem-
iconductor fins 202. In one implementation, isolation re-
gion 205 can be formed according to the following: first,
for example, a dielectric material such as silicon oxide
can be formed by ALD or FCVD (Flowable Chemical Va-
por Deposition) to fill recess 203 and cover semiconduc-
tor fins 202. Thereafter, the dielectric material is
planarized to expose the layer of catalytic material 204
on the top surface of semiconductor fins 202. Thereafter,
the upper portion of the dielectric material is etched back
(e.g., using diluted hydrofluoric acid) to expose a layer
of the catalytic material 204 on the upper portion of sem-
iconductor fins 202 of the fin. The remaining dielectric
material 205 forms the isolation regions.

[0043] It should be noted that the terms "upper" and
"lower" referred to in this disclosure are merely relative
concepts; for example, the "upper" and "lower" portions
of the recess may be delimited in the middle of the recess,
or another point in the recess, in the longitudinal direction.
[0044] Then, as shown in FIG. 2D, graphene nanorib-
bons 206 are formed on the layer of catalytic material
204 on the upper portion of semiconductor fin 202. As
known to the inventor, graphene nanoribbon is a semi-
conductor material with a bandgap. In one embodiment,
the graphene nanoribbon may be formed by chemical
vapor deposition nanoribbons (CVD),with the deposition
of graphene nano-layer on the catalytic material. There-
fore, the graphene nanoribbon may be selectively depos-
ited on a layer of catalytic material. As a non-limiting ex-
ample, the CVD process may be performed under the
following conditions:

the reaction gases include methane (CH4), hydro-
gen, and carrier gas;

the reaction temperature is between about 600 °C
to about 1500 °C; and

the reaction time is 5-300 min.

The carrier gas flow rate can be at 0-10000 sccm, a ratio
of the flow rate of methane and the flow rate of the carrier
gas is 0.05%-50%, and a ratio of the flow rate of hydrogen
and the flow rate of the carrier gas is 0.05%-50%.
[0045] Thereafter, as shown in FIG. 2E, a gate struc-
ture 207 is formed on graphene nanoribbon 206. In one
embodiment, a gate dielectric layer 217 may be formed
on graphene nanoribbon 206. The material of gate die-
lectric layer 217 may include, but is not limited to, for
example, boron nitride, aluminum nitride, silicon oxide or
amorphous silicon carbide. Then, gate electrode 227
may be formed on the gate dielectric layer 217. The gate
electrode material 227 may include a metal (e.g., Al, W,
etc.) or polysilicon.
[0046] In one embodiment, there may be multiple sem-
iconductor fins 202. In one case, the semiconductor sub-
strate 201 and a plurality of fins 202 can be used as a
back gate; by applying a bias voltage on the back gate,
the conducting state of graphene nanoribbons 206 can
be controlled. In another case, the substrate 201 under
adjacent semiconductor fins can be isolated. For exam-
ple, a shallow trench isolation (STI) region can be formed
between the adjacent regions in semiconductor sub-
strate 201 under the fins 202. In another example, by
way of ion implantation, PN junctions can be formed in
the substrate adjacent to semiconductor fins 202. In this
case, the substrate and each of the semiconductor fins
202 can be used as a back gate to control the conductive
state of the graphene nanoribbon.
[0047] The method according to FIG. 2A- 2E may be
used to form a semiconductor device as shown in FIG.
2E. According to some embodiments of the invention,
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the semiconductor device includes a substrate 201, a
semiconductor fin 202 on the substrate, and a catalytic
material layer 204 covering the semiconductor fin. The
device also has an isolation region 205 on a side surface
of the semiconductor fin, with the isolation region cover-
ing the catalytic material layer in a lower portion of the
semiconductor fin. Further, the device has a graphene
nanoribbon 206 disposed on the catalytic material layer
204 in the upper portion of the semiconductor fin; and a
gate structure 207 on the graphene nanoribbon.
[0048] In an embodiment of the above device, the sub-
strate and the semiconductor fin are configured as a back
gate.
[0049] In another embodiment, the semiconductor de-
vice includes a plurality of semiconductor fins 202. An
isolation region 205 is disposed between adjacent sem-
iconductor fins, and each of the semiconductor fins is
configured as a back gate. The isolation region may be
STI regions or PN junctions.
[0050] In another embodiment, the catalytic material
can include a layer of aluminum oxide, hafnium oxide, or
zirconium oxide.
[0051] In another embodiment, the gate structure 207
includes a gate dielectric layer 217 on the graphene na-
noribbon 206 and a gate 227 on the gate dielectric layer.
[0052] In another embodiment, the gate dielectric layer
217 includes one or more of boron nitride, aluminum ni-
tride, silicon oxide, or amorphous silicon carbide, and the
gate comprises a metal or polysilicon.
[0053] In another embodiment, the substrate 201 in-
cludes a silicon substrate, and the semiconductor fin is
formed with silicon.
[0054] FIG. 2F is a perspective view diagram illustrat-
ing a semiconductor device according to an embodiment
of the present invention. The semiconductor device in
FIG. 3 is a FinFET includes a substrate 201, a semicon-
ductor fin 202 on the substrate, and a catalytic material
layer 204 covering the semiconductor fin. The device also
has an isolation region 205 on a side surface of the sem-
iconductor fin. Further, layer 220 represent a graphene
nanoribbon disposed on the catalytic material layer in the
upper portion of the semiconductor fin. The semiconduc-
tor device also has a gate structure 207 on the graphene
nanoribbon. A gate dielectric layer is omitted from FIG.
3 to simplify the drawing. Part of the semiconductor fin
202 is exposed for illustration purposes. In addition, a
source region 221 and a drain region 222 can be formed
on either side of the gate structure 207.

Claims

1. A method for forming a semiconductor device, char-
acterized by comprising:

providing a substrate structure, the substrate
structure having:

a semiconductor substrate; and
a semiconductor fin on the substrate;
forming a catalytic material layer overlying
the semiconductor fins;
forming an isolation region covering the cat-
alytic material layer in a lower portion of the
semiconductor fins;
forming a graphene nanoribbon on the cat-
alytic material layer on an upper portion of
the semiconductor fin; and
forming a gate structure on the graphene
nanoribbon.

2. The method according to claim 1, wherein at least
one of:

the semiconductor substrate and the semicon-
ductor fin are configured as a back gate of the
semiconductor device;
the semiconductor substrate comprises silicon,
and the semiconductor fin comprises silicon;
and
said catalytic material comprises a layer of alu-
minum oxide, hafnium oxide, or zirconium oxide.

3. The method according to claim 1 or 2, wherein the
substrate structure comprises a plurality of semicon-
ductor fins; and
wherein preferably: each semiconductor fin is con-
figured as a back gate.

4. The method according to anyone of the claims 1-3,
wherein forming an isolation region comprises:

depositing an isolation material to cover the
semiconductor fins;
planarizing the insulating material to expose a
layer of the catalytic material on a top surface
of the semiconductor fin; and
etching an upper portion of the insulating mate-
rial to expose the catalytic material layer in the
upper portion of the semiconductor fin.

5. The method according to anyone of the claims 1-4,
wherein forming a graphene nanoribbon comprises
using a chemical vapor deposition by (CVD) process
under the following conditions:

the reaction gases include methane, hydrogen
and carrier gas;
the reaction temperature is between about 600
°C to about 1500 °C;
the reaction time is 5-300 min;
wherein:

the carrier gas flow rate is at 0-10000 sccm;
a ratio of the flow rate of methane and the
flow rate of the carrier gas is 0.05%-50%;
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and
a ratio of the flow rate of hydrogen and the
flow rate of the carrier gas is 0.05%-50%.

6. The method according to anyone of the claims 1-5,
wherein providing a substrate structure comprises:

providing an initial substrate;
forming a patterned hard mask on the initial sub-
strate;
etching the initial substrate with the patterned
hard mask as an etch mask to form the sub-
strate, and a semiconductor fin on the substrate.

7. The method according to anyone of the claims 1-6,
wherein forming a gate structure on the graphene
nanoribbon comprises: forming a gate dielectric lay-
er on the graphene nanoribbon; and forming a gate
on the gate dielectric layer; and
wherein preferably: the gate dielectric layer compris-
es one or more of boron nitride, aluminum nitride,
silicon oxide or amorphous silicon carbide, and
wherein the gate comprises a metal or polysilicon.

8. A semiconductor device, comprising:

a substrate;
a semiconductor fin on the substrate;
a catalytic material layer covering the semicon-
ductor fin;
an isolation region on a side surface of the sem-
iconductor fin, the isolation region covering the
catalytic material layer in a lower portion of the
semiconductor fin;
a graphene nanoribbon on the catalytic material
layer in the upper portion of the semiconductor
fin; and
a gate structure on the graphene nanoribbon.

9. The semiconductor device according to claim 8,
wherein the substrate and the semiconductor fin are
configured as a back gate.

10. The semiconductor device according to claim 8 or
9, wherein the semiconductor device comprises a
plurality of semiconductor fins.

11. The semiconductor device according to claim 10,
wherein an isolation region is disposed between ad-
jacent semiconductor fins;
wherein each of the semiconductor fins is configured
as a back gate.

12. The semiconductor device according to anyone of
the claims 8-11, wherein the catalytic material com-
prises a layer of aluminum oxide, hafnium oxide, or
zirconium oxide.

13. The semiconductor device according to anyone of
the claims 8-12, wherein the gate structure compris-
es:

a gate dielectric layer on the graphene nanori-
bbon; and
a gate on the gate dielectric layer.

14. The semiconductor device according to claim 13,
wherein the gate dielectric layer comprises one or
more of boron nitride, aluminum nitride, silicon oxide,
or amorphous silicon carbide, and where the gate
comprises a metal or polysilicon.

15. The semiconductor device according to anyone of
the claims 8-14, wherein the substrate comprises
silicon, and the semiconductor fin comprises silicon.
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