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*166166*  FIELD EFFECT TRANSISTOR AND METHOD OF FABRICATING THE SAME  FIELD
OF THE INVENTION The present invention generally relates to fabricating an
n-channel  field effect transistor (FET) and p-channel FET on the same
wafer in a  manner that optimizes carrier transport for each device.
BACKGROUND OF THE INVENTION Carrier transport in. the germanium field
effect transistor (Ce FET)  is. known to be enhanced relative to silicon
field effect transistors. The  prior. art, therefore, recognizes that
ermanium provides a superior  electron mobility compared to silicon.
Additionally, the prior art  commonly combines nFETs and pFETs on a single
wafer for CMOS circuits..  What is missing. in the prior art, however, is
an optimization of the  structure and orientation of the complementary
devices, as based on  characteristics of carrier mobility. Further the
prior art discusses crystal orientation with respect. to  carrier mobility.
For example in the prior art. in the filed includes US'  5,337;175 to.
Nissan Motor Co., Ltd., which discloses forming a P.' channel  MOSFET_and N
channel MOSFET in a (011') orientated semiconductor is such a  manner that
the channel on the P:channel MOSFET is perpendicular to the  chatmel of the
N channel MOSFET. US 2001/0026006- to-Forbes et. Al
Diacloses,..a.structure with:lateral:surfaces:to surfaces with a (110): c
ystal plane such -:that an electrical current of', such; structures: is  :)
conducted ' in the <110;*' direction c 'US 4, 7.19 `996 to :'" : : ..: -
.,., -:,. . the:'VSA;-as.~ resente3 .by  _ p  the:, Administrator: of.:the
National- Aeronautics and`: Space. administration's,.?=-:,,  discloses
a::`h gh speed: 5`formed on ,a singl'e.`=semiconduetor.'substrate. `=
which includes:; a.' DUOS` having'"an'asymmetric channel and a.VMOS:with,a
relatively short-' channel-: length- US 4.225,9879 discloses a V-MOs field
effect. transistor which is:provided with enhanced source. capacitance to
provide a single transistor dynamic memory. cell. US 4,233,617 discloses a
filed. effect transistor of the V-MOST type in which the channel region  



comprises a more highly doped part which adjoins the source zone and a
lower doped part which surrounds the region, the channel adjoining the
surface` and surrounded by an insulation diffusion. What is missing in 'the
prior art, however,' is an optimization of the structure and orientation of
the complementary devices, as based on characteristics of carrier mobility.
llllllllllllllllllllllll~ *G00002*  AME~t~bED~~SHEE' EmPf .zei t:12/07/2004
16:47 ";;..~:;.-,,.:;061 P.005 29SEP2006  -2 SUMMARY  The present inventors
have found that not only is carrier mobility higher in  germanium relative
to silicon but have also found that, to maximize carrier transport
benefits, it is necessary to choose the proper crystal orientation and
direction along which  the carrier transport occurs'. This recognition
becomes even more significant for CMOS  where two carrier types are
involved. According to a first aspect of the disclosure, there is provided
an electronic chip  having: at least one layer of material for which a
carrier mobility of a first carrier type is  higher in a first crystal
surface than in a second crystal surface and for which a -carrier  mobility
of a second carrier type is higher in said second crystal surface than said
first  crystal surface, said. electronic chip comprising: a first device
having at least one component fabricated on said. first.crystal  surface of
said -material, wherein an activity of said at least one component of said
first  device involves primarily said first carrier type, said first
crystal surface resultant from a  first etching that is selective to
provide said first crystal surface as a final device"surface;  and a.
second device. having at least one component fabricated on said second
crystal  surface of said material, wherein an activity of said at least one
component of said second  device involves primarily said second carrier
type said second crystal surface resultant  -.from a second etching that is
selective to provide said second crystal surface as a final  device
surface. Therefore the present ,:disclosure teaches that there-.- is a
:preferred crystal  orientation and direction for. each device of as
`circuit, as based on 'the 'type of carrier of that  device. An exemplary
embodiment is an nFET having a channel fabricated on the crystal  surface
`of germanium. 



According .to -a second aspect of the present disclosure, there is provided
an  electronic chip comprising: a first device having at least one layer of
material for which a carrier mobility of  a: first carrier type is higher
in a first crystal surface than. in a second crystal surface and  for which
a earner mobility of a second carrier type is higher in said second crystal
surface than in said first crystal surface, said first device having at
least one component  fabricated with said first crystal surface of said
material, said at least one component  involving an activity with.
primarily said first carrier type, wherein .said first crystal  surface
comprises a (111) crystal surface and said second crystal surface comprises
a  [R:',LIBQ]O3l 04.doc:PJM 2'9 SEP2006  -3 (100) surface and said first
crystal surface and said second crystal surface are  respectively resultant
from a selective etch that achieves said surface as a final device
surface. Therefore the present disclosure additionally provides a method of
fabricating  two devices on the same chip, where each device involves a
different carrier type having  a crystal surface for optimal carrier
mobility. An exemplary embodiment provides both  n-channel and p-channel
FETs on germanium and using the respectively preferred crystal
orientations. According to a third aspect of the present disclosure, there
is provided a method  of fabricating on a wafer. a first device having a
carrier of a first type and a second device  having a carrier of a second
type, said first type carrier having a higher carrier mobility in  a (111)
crystal surface than on a (100) crystal surface, said second type carrier.
having a  higher carrier mobility in said (100) crystal surface than on
said (111) crystal surface, said  method comprising the steps of. providing
a layer of material having a characteristic that a carrier mobility of said
first type carrier is higher in a (111) crystal surface than in a (100)
crystal surface and a  characteristic that a carrier mobility of'said
second type carrier is higher in said (100)  crystal surface than in said
(111) crystal surface; etching a first region. of.- said layer with a
(111-) etchant for at-.-least one  component of said first device to form a
final surface for said first device; and etching a. second region of said
layer using an etchant.to provide said (100)  crystal surface for at least
one component of said second device to. form a final surface for  said
second device. .Figure. 1 shows a calculated comparison of electron
mobility. in, silicon and  germanium inversion layers as a function of
electron sheet density, with and without the  



inclusion of scattering with interface roughness. As shown by plot 1, the
-electron  mobility for a germanium inversion layer on the (111) surface is
significantly higher than  the (100) surface of germanium (plot 2) or the
(100) surface of silicon (plot 3). The open  symbols in these three plots
represent no surface roughness and the solid symbols  ..represent
corresponding plots 4,.5, 6, with surface roughness. Specifically; in
germanium the n-channel FET carrier transport is higher in the  (111)
crystal surface. in the. <11.0> direction and the p-channel. FET current
transport is  higher in the (100) crystal surface in the <110> direction.
The inventors have realized  [R:`.LIBQ]03104.doc:PJr,1 2 9 SEP 2006  -4
that by respecting this guideline the carrier transport can be optimal for
n-channel FETs  and p-channel FETs in germanium by choosing for each device
a device structure based  on the crystal direction and orienting the device
in the <110> direction. Preferably, the structure and method fabricate an
n-channel FET in germanium  on the (111) surface in the <110> direction.
Preferably, the structure and method fabricate on the same wafer a first
device  having a first type of carrier in which carrier mobility is higher
in the (111) crystal  orientation and a second device having a second type
of carrier in which carrier mobility  is higher in the (100) crystal
orientation. Preferably, the method and structure forms n-channel FETs and
p-channel FETs  together on the same chip, using Germanium as the
underlying layer. Preferably, the method obtains the best carrier transport
properties of both nFETs  and pFETs in a Ge MOSFET, or any MOSFET which has
different transport properties  on the (111) and (100) surfaces. BRIEF
DESCRIPTION OF THE DRAWINGS The present invention will now be described, by
way of example only, with  reference to a preferred embodiment thereof, as
illustrated in the accompanying drawings,  in which: Figure 1 shows a
calculated comparison of electron mobility in silicon and  germanium
inversion layers as a. function of electron sheet density; Figure 2. shows
a calculated drain-current versus drain-source. voltage..for a Si  bulk
n-MOSFET on the (100) surface and a similar Ge device on the (111)
'surface;  Figure 3 shows a MOSFET structure with triangular parallel wire
channel on an  SOI substrate, as taught in the prior art; Figure 4 shows a
longitudinal cross sectional view of the FinFET structure, as  taught in
the prior art; 



Figure 5 shows, an exemplary. fabrication of the FinFET shown in Figure 4;
Figure 6 shows an exemplary method for an exemplary first embodiment of the
present invention; [R:\LFBQ]03I04.doc:P.IM 21 SEP 2006  WO 03/088360
PCT/GB03/01145 5  Figure 7 shows an exemplary method for an exemplary
second  embodiment of the present invention; Figure 8 shows a lateral cross
section view of an exemplary nFET and  pFET fabricated according to the
present invention; and Figure 9 shows an exemplary method to prepare a
(111) plane surface  for an exemplary material germanium. DETAILED
DESCRIPTION OF A PREFERRED EMBODIMENT OF THE INVENTION Referring now to the
drawings, and more particularly to Figure 1, by  comparing the plot 1 with
plots 2, 3, and 6, the electron mobility for the  Ge inversion layer on the
(111) surface is significantly higher than that.  of either Si or Ge on the
(100) surface. Through rigorous device modeling.  and analyses, the
inventors have generated this figure and, thereby, determined that germanim
field effect transistor (Ge FET) has high  current drive when the n-channel
FET current transport is in the (111)  surface in the <110> direction, and
'p-channel FET current transport is in  the (100) surface in the <110>
direction. Figure 2 shows a calculated drain-current versus drain-source
voltage plot 20 for a 25 nm-channel-length Si bulk n-MOSFET on the (100)
surface (plots 21) and a similar Ge device on the (111) surface (plots
22). The Ge device. exhibits a significantly larger current and trans
conductance . Ther'ef ore, ..in order to maximize-the:carrier transport
benefits, it"  is necessary to choose not only the : material but also the
proper crystal  orientation. and:' direction along which carrier. transport
occurs. In the  preferred embodiment--a preferred crystal orientation and
direction is  chosen to optimize carrier transport. Since wafers are
usually cut from  ingots with only one predominant crystal orientation, it
is' generally  difficult to fabricate FETs on different crystal-Orientation
on the same  wafer. Therefore, the. preferred embodiment uses a method of
fabricating  both n-channel and p-channel Ge FETs on the same wafer using
different FET  



structures with crystal planes and directions to optimize respective
carrier mobility.' FET configurations using silicon (Si) as the gate
channel with a  (1n) -'structure are already known. Figure 3. shows one
example, as  discussed by Saito, et. al., in "Suppression of Short Channel
Effect in .2 9 SEP 2006  WO 03/088360 PCT/GB03/01145 6  Triangular Parallel
Wire Channel MOSFETs" (IEEE Silicon Nanoelectronics  Workshop, pp. 6-7,
Kyoto, Japan, June 10-11, 2001) having a MOSFET  structure 30 with
triangular parallel wire channel 31. and fabricated on a  buried oxide
(BOX) 32 on silicon. The triangular parallel wire channel 31  is achieved
by anisotropic etching using tetramethylammonium- hydroxide  (TMAH). The
resultant Si (111) plane is then covered by gate structure 32  having an
oxide layer and gate electrode. The same silicon layer for the  wire
channel is also used for source 33 and drain 34 formation. Also known in
the art for suppression of the "short channel effect"  is a silicon-based,
self-aligned double-gate MOSFET structure referred to  as FinFET. Figure 4
shows a longitudinal cross-sectional view of the  FinFET.40 described by
Huang, et. al., in "Sub 50-nm FinFET: PMOS" (IEEE  International Electron
Devices Meeting (IEDM), pp. 67-70, 1999). The  source 41 and drain 42 are
fabricated using poly-SiGe on top of a buried  oxide (BOX) layer 43 (on
silicon wafer 44) and on top of a silicon fins 45  covered by a silicon
oxide layer 46. Nitride spacers 47 and gate 48  constructed of SiGe
complete the FinFET structure that allows a short  channel structure as
short as 17 nm and simulation promises possible  scaling to 10 run gate
length. The ultra-thin Si fin 45 serves to suppress. short-channel effects.
The two separations between the nitride spacers 47 define the channel
length. The:raised'source 41 and drain 42, formed with poly-SiGe, reduce
parasitic resistance. Figure 5 shows one. possible fabrication sequence of
this  silicon-based FinFET. In step A, anSi layer 51 with. thickness -of'
50 nm.  is deposited on top of BOX layer 50 of an SOI wafer, followed by a
SiO2  layer 52 having a thickness of 100 nm:`'.The.silicon layer 51
isetched iii  step B to form the oxide-covered fin structure, using E-beam
lithography  to etch the S O2 52 to form a hard mask for etching the
silicon to  



result in the fin structure. In step C a 300 nm thick layer of Low
Temperature Oxide (LTO) is deposited on a 200 nm layer of p` poly SiGe
.layer, and these two-layers 54-and 55 are etched in step D, first by
etching the LTO layer to become a mask for reactive ion etching of the
poly SiGe layer to result in the source 56 and drain 57. The nitride
spacers 58 are formed in step E by deposition of a 100 rim layer of nitride
and followed by etching. The gap between spacers is typically less than  20
nm. 2 9 S E P 2006  WO 03/088360 PCT/GB03/01145 7  To form the gate
structure 59 of step F, a 15 nm layer of  sacrificial oxide is grown and
wet etched to remove the damage caused in  an earlier dry-etching of the
side surfaces of the fin. This step further  reduces the fin thickness so
that the final thickness of the fins ranges  from 15 nm to 30 nm. A 2.5 nm
gate oxide is grown on the side surfaces of  the fin at 7501C, which "high
temperature" step combined with an  additional annealing step, drives boron
from the SiGe raised source/drain  regions into the fin underneath the
nitride spacer to form p' source/drain  extensions. After depositing 200 nm
of in-situ-doped SiGe(60% Ge, with a..  workfunction of 4.75 eV) as the
gate material, the electrode is patterned.  and etched. By taking these
prior art examples as demonstrations of techniques  in which a specific
crystal plane such as (111) is prepared for a specific..  component of a
device and combining an appropriate one of such prior art  techniques with
the conclusions of Figures 1 and 2, two exemplary  preferred embodiments of
the present invention will be explained using  germanium as the material
and FET channels as specific device components.  The first exemplary
embodiment comprises the method 60 summarized by Figure 6. In step 61, a
material germanium (Ge) is identified as a  material having an optimal
carrier mobility for an n-channel FET carrier in the (111) crystal plane
and an optimal-carrier mobility for a p-channel  FET.. carrier in the (100)
crystal plane. The optimal direction of carrier  travel occurs in the <110>
direction for both carrier types. 'Accordingly, to demonstrate the first
exemplary embodiment of the  present invention, an n-channel FET will be
designed as optimized for  



germanium. Since : the activity of interest in a FET occurs in the channel
the nFET channel has an optimal carrier mobility in the (111) plane.
Therefore in steps 63 and 64 the channel and gate of a Ge nFET are
prepared on the (111) surface. The fabrication of remaining nFET
components, such as. source and drain, are straightforward but depend upon
the specific nFET architecture selected. Thus, the specific device
components that are. prepared before step 63 and the specific device
components that are prepared. after step 64 depend upon the device
architecture, with possible examples being the parallel wire architecture
shown in Figure 3 or the FinFET shown in Figure 4. Since optimal carrier
travel occurs in the <110> direction, the  channel orieritation and the
source and drain location are established  accordingly, as is easily
accomplished by one of ordinary skill. It is 2 9. SEP 166,-:  WO 03/088360
PCT/GB03/01145 8  also noted that one of ordinary skill in the art will
readily recognize  that steps 63 and 64 may be separated in sequence so
that one or more  device components are fabricated in between these two
steps. It should  also be obvious to one of skill in the art that the
germanium material  could be a substrate or could be a layer added to a
silicon wafer or could  be a layer added to an isolation layer such as
silicon oxide on top of a  silicon wafer, or any other method of providing
germanium as a layer or  region on a wafer. The minimum thickness of a
germanium layer would be  that sufficient to achieve the pyramidal crystal
structure of the channel  for the nFET (111). plane surface. A second
exemplary embodiment of the present invention is the method  70 shown in
Figure 7. In this embodiment two different devices, each  having a
respective carrier type, is fabricated on the same chip so as to  optimize
each device as based on respective carrier characteristics. This
non-limiting example comprises an nFET, as discussed in the first
embodiment above, in combination with a pFET and again using germanium as
the material identified in step 71. Since the nFET channel is optimal
using the (111) plane and the pFET channel is optimal using the (100)
plane, steps 73A, 74A, 73B and 74B comprise a preparation using a (111)
etchant for a first region of germanium to become the nFET and an etchant
to prepare a (100) plane in a second region of the germanium for the pFET. 



It should be obvious that the preparation of the first and second  regions
can be done in any order and that some steps of the preparation  may be
shared. Additionally, similar to remarks for the above first  exemplary
embodiment, the nFET. and pFET devices can have any of various  known
basic-architectures. The two devices might use the same basic  architecture
as differing only in the channel preparation, or the two  device could have
different basic architectures. As noted above, the  germanium could be a
layer having a minimum thickness sufficient to  achieve the pyramidal
crystal structure of the channel for the nFET (111)  plane surface.
Alternatively, the germanium. could be a wafer substrate, a  germanium
layer added to a silicon wafer, or a germanium layer added on  top of an
insulating layer such as silicon dioxide on a silicon wafer, or  any other
method of providing germanium as a layer or region on a wafer.  Also as
noted above, the fabrication of specific components for steps 72A,  72B,
74A,.74B, 75A, and 75B will vary depending upon the device  architecture
and, as above, the channel and remaining device components  would be
oriented to accommodate the <110> carrier preferred direction for  both
carriers. 29 SEP 2006  WO 03/088360 PCT/GB03/01145 9  Figure 8 shows an
exemplary cross sectional' view 80 of an nFET 81  channel and pFET 82
channel as mounted on a same chip 83 and fabricated on  a common buried
oxide layer (BOX) 84. Sources and drains are not shown,  but the device
layouts shown in Figures 3 and 4 can be used to explain  that the source
and drain would be located either behind this Figure 8  cross sectional
view or in front of it. The channel 85 is covered by a  gate insulator 86
such as silicon dioxide and gate electrode 87.  Fabrication of the gate
insulator and electrode are well known in the art.  It should be obvious
that this figure illustrates the second exemplary  embodiment described
above as well. as the first exemplary embodiment by  considering the nFET
81 channel in isolation from the pFET 82. Figure 9 shows the (111) crystal
preparation 90 for the nFET region  of the Ge layer 92. A hard mask 91 is
located over the nFET channel  region appropriate to the <110> direction.
To achieve this prism  structure 94 of the (111) plane, anisotropic etch 93
of germanium is done,  using exemplarily an acidic chemistry
(H3P04:H2O2:C2H5OH in 1:1:1 or  



HF:H202:H20.in 17:17:66 (as taught by Lang et. al., "Bulk micromachining
of Ge for IR gratings", J. Micromech. Microeng., Vol. 6, pp. 46-48, 1996).
The former is preferred, using a chromium hard mask. The region 95 shown to
the right of the nFET is. available to be  prepared in another manner such
as a Ge (100) plane surface for a pFET,  using a standard vertical etchant
method, as shown in the right side of  Figure 8. Any known FET architecture
could be used to complete the nFET and  pFET structures~as long as the
channel structure for the nFET is based on  the prism structure and the
channel structure for the pFET is. based on the  planar. surface, as shown
in the cross section. of Figure 8. The preferred  embodiment of the
invention places both channel structures so'that carrier'  motion occurs in
the <110> direction for both the nFET and pFET. As is apparent from the
above description, a primary benefit of the  present invention is that the
best carrier transport properties are  obtained for both nFET and pFET
devices in a Ge MOSFET or any MOSFET which  has different transport
properties on the (111) and (100) surfaces. 29SEP20G6  -10 We claim: 1. An
electronic chip having at least one layer of material ' for which a carrier
mobility of a first carrier type is higher in a first crystal surface than
in a second crystal  surface and for which a carrier mobility of a second
carrier type is higher in said second  crystal surface than said first
crystal surface, said electronic chip comprising: a first device having at
least one component fabricated on said first crystal  surface of said
material, wherein an activity of said at least one component of said first
device involves primarily said first carrier type, said first crystal
surface resultant from a  first etching that is selective to provide said
first crystal surface as a final device surface;  and a second device
having at least one component fabricated on. said .second; crystal  surface
of said material, wherein. an activity of said at least one component of
said second  device involves primarily said second carrier type.said second
crystal surface,resultant  -from a second etching that is selective to
provide said second crystal surface" as a final  device surface. 2. The
,electronic chip of claim 1, wherein said first crystal surface comprises a
crystal surface and said second crystal surface comprises a (100) surface.
3. The. electronic chip of claim 2, wherein said material comprises.
germanium. 



4. The electronic chip of . claim 2, :wherein. said first device comprises
an n-channel  FET (Field Effect: Transistor), and; said second device
comprises a p-channel FET-and said  at least one component comprises a
channel of said FETs. 5. The electronic chip of claim 4, wherein said
channel of at least one of said n- ! channel. FET and said p-channel FET
aligns to a direction. 6. The electronic. chip of claim 4, wherein at least
one of said first device and said  second device comprises a FinFET
structure. 7.. - The electronic chip of claim 4, wherein said material
comprises germanium.  [R:\LIBQj03104.doc:PJM 2 9 SEP 2006  -11 8. An
electronic chip comprising: a first device having at least one layer of
material for which a carrier mobility of  a first carrier type is higher in
a first crystal surface than in a second crystal surface and  for which a
carrier mobility of a second carri er type is higher in said second crystal
surface than in said first crystal surface, said first device having at
least one component  fabricated with said first crystal surface of said
material, said at least one component  involving an activity with primarily
said first carrier type, wherein said first crystal  surface comprises a
(111) crystal surface and said second crystal surface. comprises a  (100)
surface and said first crystal surface and said second crystal surface are
respectively  resultant from a selective etch that achieves said surface as
a final device surface. 9. The electronic chip of claim 8, wherein said
material comprises germanium. 10. The electronic chip of claim 9, wherein
said first device comprises an n-channel.  FET (Field Effect Transistor)
and said at least one component comprises a channel of said  n-channel FET.
11. The electronic chip of claim 10, wherein said channel of said n-channel
FET  aligns to a <110> direction. 12. The electronic chip of claim 10,
wherein a structure. of said n-channel FET  comprises a FinFET"structure.
13. The electronic chip of claim 8, further comprising: a second device
having at, least: one layer of said material, said second device  having at
least one component, fabricated with said second crystal surface of said
material,  said at least one component of said second device involving an
activity with primarily  said second carrier type. 14. The electronic chip
of claim 13, wherein said second device comprises a p- channel FET.  15.
The electronic chip of claim 14,. wherein a structure of at least one of
said first  



device and said second device comprises a FinFET structure.
[R:\LIBQ]03104.doc: PJM 2 9 SEP 2006  -12 16. The electronic chip of claim
13, wherein said material comprises germanium. 17. A method of fabricating
on a wafer a first device having a carrier of a first type  and a second
device having a carrier of a second type, said first type carrier having a
higher carrier mobility in a (111) crystal surface than on a (100) crystal
surface, said  second type carrier having a higher carrier mobility in said
(100) crystal surface than on  said-(111) crystal surface, said method
comprising the steps of: providing a layer of material having a
characteristic that a carrier mobility of said  first type carrier is
higher. in a (111) crystal surface than in a (100) crystal surface and a
characteristic that a carrier mobility of said second type carrier is
higher in said (100)  crystal surface than in said (111) crystal surface;
etching a first region of said layer with a (111) etchant for at -least..
one  component of said first device to form a final surface for said first
device; and etching a second region of said layer using an etchant to
provide said.' (100)  crystal surface for at least one component of said
second device to form a final surface for  said second device. 18. The
method of claim 17, wherein , said. material comprises germanium.. l 9. The
method of claim f7,' wherein.said first device comprises an n-channel FET
(Field Effect Transistor) and said second: device comprises a p-chahnel,FET
and said at  least one component comprises a channel of said FETs. 20. The
method of claim 17, further comprising the steps of. aligning -a carrier
direction to be in a <110> direction for at least one of said at  least.
one component of said first device and said at least one component of said
second  device. ~R:\',LIBQ103 104.doc:PJM 


