
18JUN2  METHOD TO FORM VERY HIGH MOBILITY VERTICAL CHANNEL TRANSISTOR BY
SELECTIVE DEPOSITION OF SiGe OR MULTI-QUANTUM  WELLS (MOWs) FIELD OF THE
INVENTION The present invention relates generally to forming transistors,
and  more specifically to a method of forming vertical channel transistors.
1 ~8JUN  BACKGROUND OF THE INVENTION Conventional transistors are
fabricated horizontally. Prior art vertical  channel transistors use
epitaxial silicon (epi Si) as the vertical channel. U.S. Patent No.
5,757,038 to Tiwari et al. describes a silicon  germanium (SiGe) vertical
channel within a dual gate field effect transistor (FET).  U.S. Patent No.
4,740,826 to Chatterjee describes a vertical transistor (Tx) with a
tungsten (W) gate and doped epitaxial channel. U.S. Patent No. 5,591,318 to
Blanchard describes a SiGe channel for a  horizontal Tx. U.S. Patent No.
5,780,327 to Chu et al. describes a vertical double gate  FET with a W gate
and vertical channel. 



The "Growth and characterization of strained Si1-xGex multi-quantum  well
waveguide photodetectors on (110) Si for 1.3 and 1.55 pm," Bernhard-Hofer
et  al., Physica E, Vol. 2, Issue 1 - 4; July 15, 1998, article describes
the growth of  pseudomorphic Si1-xGex multi-quantum well p-i-n photodiodes
on (110) Si by  molecular beam epitaxy. 2 2  ~8JUN SUMMARY OF THE INVENTION
Accordingly, it is an object of the present invention to provide a  method
of fabricating a vertical channel transistor having a higher carrier
mobility.  Another object of the present invention is to provide a method
of fabricating a vertical channel SiGe multi-quantum well transistor having
improved  performance. A further object of the present invention is to
provide a method of  fabricating a vertical channel transistor with a
strained layer super lattice having  improved carrier mobility. Other
objects will appear hereinafter. It has now been discovered that the above
and other objects of the  present invention may be accomplished in the
following manner. Specifically, a  



semiconductor substrate having an upper surface is provided. A high doped
N- type lower epitaxial silicon layer is formed on the semiconductor
substrate. A low  doped P-type middle epitaxial silicon layer is formed on
the lower epitaxial silicon  layer. A high doped N-type upper epitaxial
silicon layer is formed on the middle  epitaxial silicon layer. The lower,
middle, and upper epitaxial silicon layers are  etched to form a epitaxial
layer stack defined by isolation trenches. Silicon dioxide  (oxide) is
deposited to fill the isolation trenches followed by chemical mechanical
planarization. The oxide is etched to form a gate trench within one of the
trenches  exposing a sidewail of the epitaxial layer stack facing the gate
trench. SiGe multi- 3 6 JUN 2W5  quantum wells are formed on the exposed
epitaxial layer stack sidewall. A gate dielectric layer is formed on the
multi-quantum wells and within the gate trench. A  gate conductor layer is
formed on the gate dielectric layer, filling the gate trench. 4 A 8 JUN
2(~5  BRIEF DESCRIPTION OF THE DRAWINGS The features and advantages of the
present invention will be more  clearly understood from the following
description taken in conjunction with the  accompanying drawings in which
like reference numerals designate similar or  



corresponding elements, regions and portions and in which: Figs. 1 to 6
schematically illustrate in cross-sectional representation a  preferred
embodiment of the present invention. 5 18JUN  DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT A single quantum well refers to a thin (less than
about 50A) layer of  semiconductor with smaller energy band-gap sandwiched
in wider band-gap  semiconductor layers. In such a structure, the carrier
motion in the smaller energy  band-gap semiconductor is quantified in one
direction across the layer, and carriers  experience a two-dimensional
motion along the layer. A super lattice refers to  periodic artificial
structures combining two lattice-mismatched semiconductors  having
different energy band-gaps.. Unless otherwise specified, all structures,
layers, etc. may be formed  or accomplished by conventional methods known
in the prior art. While the  method specifically described is for NMOS
transistors, one skilled in the art will  readily understand that by
changing the epi (epitaxial) N' - P - N' to P` - N - P', the  same method
/procedure will give PMOS transistors. Accordingly as shown in Fig. 1,
starting semiconductor substrate 10 is  understood to include an upper
silicon layer, and may be a silicon substrate.  



Formation of Epitaxial Layers Epitaxial layers 12, 14, 16 are fabricated on
the surface of substrate 10 using a  suitable technique, such as a
molecular beam epitaxial technique, a metal-organic  chemical vapor
deposition or atomic layer epitaxy, to form very abrupt transitions
between N and P type doping materials. 6 Is JUN 2~5  Lower and upper
epitaxial layers 12, 16, respectively, are preferably high doped N-type Si
with a doping level preferably of about 1 E "cm-'using either  arsenic (As)
or phosphorus (P) as dopants. Lower epitaxial layer 12 is preferably  from
about 500 to 10,000A thick. Upper epitaxial layer 16 is preferably from
about  500 to 10,000A thick. Middle epitaxial layer 14 is preferably low
doped P-type Si with a  doping level preferably from about 1 E 16 to 1 E
"cm' using either boron (B),  indium (In), or antimony (Sb) as dopants.
Middle epitaxial layer 14 is preferably  from about 300 to 5000A thick.
Dielectric film 18 is formed and patterned over upper epitaxial layer  16.
Formation of Trenches As shown in Fig. 2, epitaxial layers 12, 14, 16 are
etched to form  



isolation trenches 20 and 22. Portion 12' of etched lower epitaxial layer
12 may  extend into trench 20 which may be used to form an electrical
connection, for  example. Deposition / Planarization of Gate Oxide As shown
in Fig. 3, a layer of dielectric film 24, such as silicon dioxide  (oxide),
is deposited over the structure, filling isolation trenches 20, 22, and is
then  planarized, preferably by chemical mechanical polishing (CMP). 7 18
JUN 2  Gate Trench Pattern and Etch Planarized oxide layer 24 is patterned
and etched to form gate trench  26. Planarized oxide layer 24 may be
patterned, for example, by forming a layer of  patterned photoresist (not
shown) over oxide layer 24 and epitaxial stack layer, then  etching oxide
layer 24 using the patterned photoresist layer as a mask. Gate trench 26 is
preferably from about 500 to 10,000A wide, and is  more preferably from
about 800 to 3000A wide. Growth of SiGe MOW, or Strained-Layer Super
Lattice As shown in Fig. 4, in a key step of the invention, multi-quantum
wells (MQWs), or strained-layer super lattice, 28 are formed within trench
22  adjacent the exposed sidewalls of etched epitaxial layers 12, 14, 16.
MQWs 28 is  



preferably from about 50 to 2000A wide, and more preferably from about 80
to  1000A wide. MQWs 28 are comprised of multiple single quantum wells
which are  thin layers of semiconductor with smaller energy band-gap
sandwiched in wider  band-gap semiconductor layers. These alternating
smaller energy band-gap  semiconductor layers / wider energy band-gap
semiconductor layers may be  comprised of SiGe-Si; GaAs-Si; or GaAs-AIGaAs,
and is preferably silicon- germanium (Si-Ge), i.e. Si/Ge/Si/Ge/Si/Ge ...
Si/Ge/Si. Germanium has a  smaller energy band-gap than silicon, and hence
the carriers (electrons and holes)  8 1 8JUN2  are confined in the wells
(germanium). The carrier mobility can be much higher in  MQWs than in
single crystal silicon (Si). The present invention preferably utilizes
either Si/Ge/Si/Ge/Si/Ge  ... Si/Ge/Si or Si/SiGe/Si/SiGe ... Si/SiGe/Si
MQWs 28 as channel material to  improve carrier mobility. Si/Ge/Si/Ge/Si/Ge
... Si/Ge/Si MQWs 28, for example, are  preferably selectively grown, and
may be also formed by metal-organic chemical  vapor deposition (MOCVD),
molecular beam epitaxy (MBE), or atomic layer  epitaxy (ALE).
Strained-layer super lattice with ultra-thin Si and Ge alternating  



layers may also be used where the carriers in the Ge layers are quantum
mechanically coupled to adjacent Ge layers. Formation of Gate Dielectric
Layer As shown in Fig. 5, gate dielectric layer 30 is then formed over MQWs
28 to a thickness of about 5 to 100A, and more preferably from about 8 to
50A. Gate  dielectric layer 30 may be formed of a high-k material and is
preferably formed of  silicon dioxide (SiO2). Formation of Gate Conductor
Layer As shown in Fig. 6, planarized gate conductor layer 32 is formed
within gate trench 26 and filling gate trench 26. Gate conductor layer 32
may be  comprised of Al, Ti, or TiN, and is preferably comprised of
polysilicon (poly),  9 ~BJUN M  tungsten (W), or titanium (Ti). Gate
conductor layer 32 is preferably planarized by  CMP. Contacts to the gate
electrode 32 and source/drain (top and bottom N- type epitaxial Si, for
example) may be formed by conventional methods. This completes the
formation of the vertical channel transistor 34.  Advantages of the Present
Invention The advantages of the present invention include: 



1) carrier mobility is much higher in the MQWs than in single crystal
silicon;  2) transistor performance is improved by the use of the
Si/Ge/Si/Ge/Si/Ge  ... Si/Ge/Si or Si/SiGe/Si/SiGe ... Si/SiGe/Si MQWs; and
3) transistor performance is improved by the use of a strained-layer super
lattice. While particular embodiments of the present invention have been
illustrated and described, it is not intended to limit the invention,
except as defined  by the following claims. 10 8 JUN Z  CLAIMS We claim: 1.
A method of fabricating a vertical channel transistor, comprising the steps
of:  a) providing a semiconductor substrate having an upper surface; b)
forming a high doped N-type lower epitaxial silicon layer on said
semiconductor substrate; c) forming a low doped P-type middle epitaxial
silicon layer on said lower  epitaxial silicon layer; d) forming a high
doped N-type upper epitaxial silicon layer on said middle  epitaxial
silicon layer; 



e) etching said lower, middle, and upper epitaxial silicon layers to form a
`\ epitaxial layer stack defined by isolation trenches; f) forming oxide
within said isolation trenches; g) etching said oxide to form a gate trench
within one of said trenches  exposing a sidewall of said epitaxial layer
stack facing said gate trench; h) forming multi-quantum wells or a
strained-layer super lattice on said  exposed epitaxial layer stack
sidewall; i) forming a gate dielectric layer on said multi-quantum wells or
said  strained layer super lattice and within said gate trench; and j)
forming a gate conductor layer on said gate dielectric layer, filling said
gate  trench. 2. The method of claim 1, wherein said high doped N-type
lower and upper  epitaxial silicon layers have a doping level of about 1 E
19 cm', and said middle  11 I8JUNM  low doped P-type middle epitaxial layer
has a doping level of from about 1 E 16 to  1 E 17 cm-3. 3. The method of
claim 1, wherein said N-type lower and upper epitaxial  silicon layers are
doped with dopants selected from the group comprising As and P;  and said
P-type middle epitaxial silicon layer is doped with dopants selected from.



the group comprising B, In, and Sb. 4. The method of claim 1, wherein said
lower, middle and upper epitaxial  silicon layers are formed using a method
selected from the group consisting of a  molecular beam epitaxial technique
(MBE); a metal-organic chemical vapor  deposition (MOCVD), and atomic layer
epitaxy (ALE). 5. The method of claim 1, wherein said lower epitaxial layer
is from about 500  to 10,000A thick, said middle epitaxial layer is from
about 300 to 5000A thick; and  said upper epitaxial layer is from about 500
to 10,000A thick. 6. The method of claim 1, further including a patterned
dielectric film on said  lower, middle, and upper epitaxial silicon layers.
7. The method of claim 1, wherein said gate trench is from about 500 to
10,000A  wide. 8. The method of claim 1, wherein said multi-quantum wells
or said strained- layer super lattice are comprised of alternating layers
of a pair of materials selected  from the group comprising SiGe-Si,
GaAs-Si, AlGaAs-GaAs, and Si-Ge. 12 16JUN2l  9. The method of claim 1,
wherein said multi-quantum wells or said strained- layer super lattice are
comprised of alternating layers of: Si and Ge; or SiGe and Si. 10. The
method of claim 1, wherein said multi-quantum wells or said strained- 



layer super lattice are each from about 50 to 10,000A wide. 11. The method
of claim 1, wherein said multi-quantum wells or said strained- layer super
lattice are each selectively grown. 12. The method of claim 1, wherein said
multi-quantum wells or said strained- layer super lattice are each formed
by metal-organic chemical vapor deposition  (MOCVD). 13. The method of
claim 1, wherein said multi-quantum wells or said strained- layer super
lattice are each formed by molecular beam epitaxy (MBE) or atomic  layer
epitaxy (ALE). 14. The method of claim 1, wherein said gate dielectric
layer is from about 5 to  10A thick, and said gate conductor layer is from
about 1000 to 10,000A thick and is  formed from a material selected from
the group consisting of polysilicon, tungsten,  and titanium. 15. A method
of fabricating a vertical channel transistor, comprising the steps of:  a)
providing a semiconductor substrate having an upper surface; 13 18 JUN 2Q05
b) forming a high doped N-type lower epitaxial silicon layer on said
semiconductor substrate; said high doped N-type lower epitaxial silicon
layer  having a doping level of about 1 E 19 cm"3; 



c) forming a low doped P-type middle epitaxial silicon layer on said lower
epitaxial silicon layer; said low doped P-type middle epitaxial silicon
layer having a  doping level of from about 1 E 16 to 1 E 17 cm'; d) forming
a high doped N-type upper epitaxial silicon layer on said middle  epitaxial
silicon layer; said high doped N-type upper epitaxial silicon layer having
a  doping level of about 1E 19 cm-3 ;  e) etching said lower, middle, and
upper epitaxial silicon layers to form a  epitaxial layer stack defined by
isolation trenches; f) forming oxide within said isolation trenches; g)
etching said oxide to form a gate trench within one of said isolation
trenches exposing a sidewall of said epitaxial layer stack facing said gate
trench; h) forming Si-Ge multi-quantum wells or stained-layer super lattice
on said  exposed epitaxial layer stack sidewall; i) forming a gate
dielectric layer on said multi-quantum wells or said  stained-layer super
lattice and within said gate trench; and j) forming a gate conductor layer
on said gate dielectric layer, filling said gate  trench. 16. The method of
claim 15, wherein said N-type lower and upper epitaxial  silicon layers are
doped with dopants selected from the group comprising As and P;  



and said P-type middle epitaxial silicon layer is doped with dopants
selected from  the group comprising B, In, and Sb. 14 Is JUN 245  17. The
method of claim 15, wherein said lower, middle and upper epitaxial  silicon
layers are formed using a molecular beam epitaxial technique (MBE), metal-
organic chemical vapor deposition (MOCVD), or atomic layer epitaxy (ALE).
18. The method of claim 15, wherein said lower epitaxial layer is from
about 500  to 10,000A thick, said middle epitaxial layer is from about 300
to 5000A thick; and  said upper epitaxial layer is from about 500 to
10,000A thick. 19. The method of claim 15, further including a patterned
dielectric film on said  lower, middle, and upper epitaxial silicon layers.
20. The method of claim 15, wherein said gate trench is from about 500 to
10,000A wide. 21. The method of claim 15, wherein said multi-quantum wells
or said strained- layer super lattice are each from about 50 to 10,000A
wide. 22. The method of claim 15, wherein said multi-quantum wells or said
strained- layer super lattice are each selectively grown. 23. The method of
claim 15, wherein said multi-quantum wells or said strained- layer super
lattice are each formed by metal-organic chemical vapor deposition  



(MOCVD). 15 8JUN2U  24. The method of claim 15, wherein said multi-quantum
wells or said strained- layer super lattice are each formed by molecular
beam epitaxy (MBE) or atomic  layer epitaxy (ALE). 25. The method of claim
15, wherein said gate dielectric layer is from about 5 to  100A thick, and
said gate conductor layer is from about 1000 to 10,000A thick and is
formed from a material selected from the group consisting of polysilicon,
tungsten,  and titanium. 26. A method of fabricating a vertical channel
transistor, comprising the steps of:  a) providing a semiconductor
substrate having an upper surface; b) forming a high doped N-type lower
epitaxial silicon layer on said  semiconductor substrate; said high doped
N-type lower epitaxial silicon layer  having a doping level of about 1 E 19
cm-'; said N-type lower epitaxial silicon layer  being doped with dopants
selected from the group comprising As and P; c) forming a low doped P-type
middle epitaxial silicon layer on said lower  epitaxial silicon layer; said
low doped P-type middle epitaxial silicon layer having a  doping level of
from about 1 E 16 to 1 E 17 cm-'; aid P-type middle epitaxial silicon
layer being doped with dopants selected from the group comprising B, In,
and Sb; 



d) forming a high doped N-type upper epitaxial silicon layer on said middle
epitaxial silicon layer; said high doped N-type upper epitaxial silicon
layer having a  doping level of about 1E 19 cm-3; said N-type upper
epitaxial silicon layer being  doped with dopants selected from the group
comprising As and P; e) etching said lower, middle, and upper epitaxial
silicon layers to form a  epitaxial layer stack defined by isolation
trenches; f) forming oxide within said isolation trenches;  16 18 JUN M  g)
etching said oxide to form a gate trench within one of said isolation
trenches exposing a sidewall of said epitaxial layer stack facing said gate
trench; h) forming Si-Ge multi-quantum wells or a strained-layer super
lattice on  said exposed epitaxial layer stack sidewall; i) forming a gate
dielectric layer on said multi-quantum wells or said  strained-layer super
lattice and within said gate trench; and j) forming a gate conductor layer
on said gate dielectric layer, filling said gate  trench. 27. The method of
claim 26, wherein said lower, middle and upper epitaxial  silicon layers
are formed using a method selected from the group consisting of a
molecular beam epitaxial technique (MBE); a metal-organic chemical vapor  



deposition (MOCVD), and atomic layer epitaxy (ALE). 28. The method of claim
26, wherein said lower epitaxial layer is from about 500  to 10,000A thick,
said middle epitaxial layer is from about 300 to 5000A thick; and  said
upper epitaxial layer is from about 500 to 10,000A thick. 29. The method of
claim 26, further including a patterned dielectric film on said  lower,
middle, and upper epitaxial silicon layers. 30. The method of claim 26,
wherein said gate trench is from about 500 to  10,000A wide. 31. The method
of claim 26, wherein said multi-quantum wells or said stained- 'layer super
lattice are each from about 50 to 10,000A wide. 17 8 JUN 2(3  32. The
method of claim 26, wherein said multi-quantum wells or said stained- layer
super lattice are each selectively grown. 33. The method of claim 26,
wherein said multi-quantum wells or said stained- layer super lattice are
each formed by a method selected from the group consisting  of a
metal-organic chemical vapor deposition (MOCVD), and atomic layer epitaxy
(ALE). 34. The method of claim 26, wherein said multi-quantum wells or said
stained- layer super lattice are each formed by molecular beam epitaxy
(MBE). 



35. The method of claim 26, wherein said gate dielectric layer is from
about 5 to  10A thick, and said gate conductor layer is from about 1000 to
10,000A thick and is  formed from a material selected from the group
consisting of polysilicon, tungsten,  and titanium. 18 


