
US 20180374928A1 
( 19 ) United States 
( 12 ) Patent Application Publication ( 10 ) Pub . No . : US 2018 / 0374928 A1 

DEWEY et al . ( 43 ) Pub . Date : Dec . 27 , 2018 

( 54 ) DIELECTRIC METAL OXIDE CAP FOR 
CHANNEL CONTAINING GERMANIUM 

( 71 ) Applicant : Intel Corporation , Santa Clara , CA 
( US ) 

Publication Classification 
( 51 ) Int . Cl . 

HOIL 29 / 51 ( 2006 . 01 ) 
HOIL 29 / 78 ( 2006 . 01 ) 
HOIL 29 / 66 ( 2006 . 01 ) 
HOIL 29 / 16 ( 2006 . 01 ) 

( 52 ) U . S . CI . 
CPC HOIL 29 / 513 ( 2013 . 01 ) ; HOIL 29 / 7851 

( 2013 . 01 ) ; HOIL 29 / 16 ( 2013 . 01 ) ; HOIL 
29 / 66795 ( 2013 . 01 ) ; HOLL 29 / 517 ( 2013 . 01 ) 

( 72 ) Inventors : GILBERT DEWEY , Hillsboro , OR 
( US ) ; ASHISH AGRAWAL , Santa 
Clara , CA ( US ) ; BENJAMIN 
CHU - KUNG , Portland , OR ( US ) ; VAN 
H . LE , Portland , OR ( US ) ; 
MATTHEW V . METZ , Portland , OR 
( US ) ; WILLY RACHMADY , 
Beaverton , OR ( US ) ; JACK T . 
KAVALIEROS , Portland , OR ( US ) ; 
RAFAEL RIOS , Austin , TX ( US ) 

( 57 ) ABSTRACT 

( 21 ) Appl . No . : 15 / 776 , 752 
Dec . 24 , 2015 ( 22 ) PCT Filed : 

( 86 ) PCT No . : 
$ 371 ( c ) ( 1 ) , 
( 2 ) Date : 

Embodiments of the present disclosure describe semicon 
ductor devices comprised of a semiconductor substrate with 
a metal oxide semiconductor field effect transistor having a 
channel including germanium or silicon - germanium , where 
a dielectric layer is coupled to the channel . The dielectric 
layer may include a metal oxide and at least one additional 
element , where the at least one additional element may 
increase a band gap of the dielectric layer . A gate electrode 
may be coupled to the dielectric layer . Other embodiments 
may be described and / or claimed . 
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500 

502 Providing a semiconductor substrate with a partially formed transistor 
having a channel composed of a germanium semiconductor or silicon 

germanium semiconductor 

Forming a dielectric layer on an exposed surface of the channel , wherein 
the dielectric layer is composed of a metal oxide having at least one 

additional element , wherein forming the dielectric includes 

Depositing a first layer of the metal oxide with the at least one 
additional element at a first concentration Ir 504 

Depositing a middle layer of the metal oxide with the at least 
one additional element at a middle concentration 

Depositing a last layer of the metal oxide with the at least one 
additional element at a second concentration , wherein the first 

concentration is lower than the second concentration 
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DIELECTRIC METAL OXIDE CAP FOR 
CHANNEL CONTAINING GERMANIUM 

FIELD 

[ 0010 ] FIG . 5 schematically illustrates a process for fab 
ricating a semiconductor device , in accordance with some 
embodiments . 
[ 0011 ] FIG . 6 schematically illustrates a computing device 
with a MOSFET having a dielectric metal oxide cap on a 
germanium containing channel as described herein , in accor 
dance with some embodiments . 

[ 0001 ] Embodiments of the present disclosure generally 
relate to semiconductor integrated circuits ( ICs ) and more 
specifically to semiconductor ICs with transistors having a 
germanium containing channel with a dielectric metal oxide 
cap on the channel . 

BACKGROUND 

[ 0002 ] Metal oxide semiconductor field effect transistor 
( MOSFET ) channels with silicon - germanium or germanium 
generally have a gate stack that includes a silicon cap on the 
channel , a high k dielectric layer on the silicon cap , and a 
gate electrode on the high kappa dielectric layer . Generally , 
a silicon cap is required between the channel and the high 
kappa dielectric layer to provide channel stability over time . 
Without a silicon cap , unstable germanium oxide or a 
sub - stoichiometric germanium metal oxide may form at the 
surface of the channel over time . The formation rate of these 
oxides may be increased by higher temperatures . These 
oxides may have dangling bonds and / or oxygen vacancies at 
the germanium oxide interface and may limit the ability of 
the gate to control the transistor , resulting in a less efficient 
transistor . A silicon cap may reduce the formation of these 
germanium oxides but may not eliminate it or reduce the 
impact . Therefore , over time , a germanium containing chan 
nel may form these oxides , resulting in degraded perfor 
mance of transistors with germanium containing channels . 

BRIEF DESCRIPTION OF THE DRAWINGS 
[ 0003 ] Embodiments will be readily understood by the 
following detailed description in conjunction with the 
accompanying drawings . To facilitate this description , like 
reference numerals designate like structural elements . 
Embodiments are illustrated by way of example and not by 
way of limitation in the figures of the accompanying draw 
ings . 
[ 0004 ] FIG . 1 schematically illustrates a top view of an 
example die in wafer form and in singulated form , in 
accordance with some embodiments . 
[ 0005 ) FIG . 2 schematically illustrates a cross - section side 
view of an integrated circuit ( IC ) assembly , in accordance 
with some embodiments . 
[ 0006 ] FIG . 3A schematically illustrates a fin cut cross 
section of a MOSFET gate stack comprised of a germanium 
containing channel with a dielectric layer , in accordance 
with some embodiments . 
[ 0007 ] FIG . 3B schematically illustrates a gate cut cross 
section of a MOSFET gate stack comprised of a germanium 
containing channel with a dielectric layer , in accordance 
with some embodiments . 
[ 0008 ] FIG . 3C schematically illustrates a perspective 
view of a MOSFET including a gate stack comprised of a 
germanium containing channel with a dielectric layer , in 
accordance with some embodiments . 
[ 0009 ] FIG . 4 schematically illustrates a plot of band gap 
as a function of the weight percentage of an additional 
element added to a dielectric metal oxide , in accordance 
with some embodiments . 

DETAILED DESCRIPTION 
[ 0012 ] . Embodiments of the present disclosure describe 
transistors with a germanium containing channel with a 
dielectric metal oxide cap coupled to the channel for isola 
tion , where the metal oxide contains one or more additional 
elements . Further embodiments describe processes of mak 
ing the transistors , as well as devices and systems with the 
transistors . 
[ 0013 ] In the following description , numerous specific 
details are set forth in order to provide a thorough under 
standing of the various embodiments . In other instances , 
well - known semiconductor processes and / or fabrication 
techniques may not be described in particular detail in order 
not to unnecessarily obscure the embodiments described 
herein . Additionally , illustrations of embodiments herein 
may omit certain structures and / or details in order to not 
obscure the embodiments described herein . 
[ 0014 ] In the following detailed description , reference is 
made to the accompanying drawings that form a part hereof , 
wherein like numerals designate like parts throughout , and 
in which is shown by way of illustration embodiments in 
which the subject matter of the present disclosure may be 
practiced . It is to be understood that other embodiments may 
be utilized and structural or logical changes may be made 
without departing from the scope of the present disclosure . 
Therefore , the following detailed description is not to be 
taken in a limiting sense , and the scope of embodiments is 
defined by the appended claims and their equivalents . 
[ 0015 ] . For the purposes of the present disclosure , the 
phrase " A and / or B ” means ( A ) , ( B ) , or ( A and B ) . For the 
purposes of the present disclosure , the phrase “ A , B , and / or 
C ” means ( A ) , ( B ) , ( C ) , ( A and B ) , ( A and C ) , ( B and C ) , or 
( A , B and C ) . 
[ 0016 ] The description may use perspective - based 
descriptions such as top / bottom , side , over / under , and the 
like . Such descriptions are merely used to facilitate the 
discussion and are not intended to restrict the application of 
embodiments described herein to any particular orientation . 
[ 00171 The description may use the phrases " in an 
embodiment , ” or “ in embodiments , " which may each refer 
to one or more of the same or different embodiments . 
Furthermore , the terms " comprising , ” " including , " " hav 
ing , " and the like , as used with respect to embodiments of 
the present disclosure , are synonymous . The term “ coupled ” 
may refer to a direct connection , an indirect connection , or 
an indirect communication . 
[ 0018 ] The terms " coupled to ” and “ coupled with , ” along 
with all derivatives , may be used herein . “ Coupled ” may 
mean one or more of the following . " Coupled ” may mean 
that two or more elements are in direct physical and / or 
electrical contact . However , “ coupled ” may also mean that 
two or more elements indirectly contact each other , but yet 
still cooperate or interact with each other , and may mean that 
one or more other elements are coupled or connected 
between the elements that are said to be coupled to each 
other . The term " directly coupled ” may mean that two or 
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more elements are in direct contact . By way of example and 
not limitation , “ coupled ” may mean two or more elements or 
devices are coupled by electrical connections on a printed 
circuit board such as a motherboard , for example . The 
electrical connections may provide direct physical coupling 
by way of the electrical connections . By way of example and 
not limitation , " coupled ” may mean two or more elements / 
devices cooperate and / or interact through one or more 
network linkages such as wired and / or wireless networks . 
By way of example and not limitation , a computing appa 
ratus may include two or more computing devices " coupled ” 
by one or more network linkages . 
[ 0019 ] In various embodiments , the phrase " a first feature 
formed , deposited , or otherwise disposed on a second fea 
ture ” may mean that the first feature is formed , deposited , or 
disposed over the second feature , and at least a part of the 
first feature may be in direct contact ( e . g . , direct physical 
and / or electrical contact ) or indirect contact ( e . g . , having one 
or more other features between the first feature and the 
second feature ) with at least a part of the second feature . 
[ 0020 ] As used herein , the term “ circuitry ” may refer to , 
be part of , or include an Application Specific Integrated 
Circuit ( ASIC ) , an electronic circuit , a processor ( shared , 
dedicated , or group ) and / or memory ( shared , dedicated , or 
group ) that execute one or more software or firmware 
programs , a combinational logic circuit , state machine , 
and / or other suitable components that provide the described 
functionality . 
[ 0021 ] Various dielectric metal oxides may be useful as 
dielectric caps ( isolation dielectric layers ) on a channel of a 
MOSFET transistor . However , a metal oxide by itself may 
not be satisfactory for use on channels composed of germa 
nium or a germanium containing material such as silicon 
germanium . For example , titanium oxide or tantalum oxide , 
and the like , may have a band gap that is too narrow and / or 
an unfavorable band alignment with a germanium contain 
ing channel . This narrow band gap and / or unfavorable band 
gap alignment may result in a high gate leakage rate if these 
oxides are used as a cap . Accordingly , in some embodi 
ments , the addition of one or more elements to a metal oxide , 
such as titanium oxide or tantalum oxide , may provide a 
wider band gap and / or better band gap alignment . In some 
embodiments , the addition of one or more elements may 
reduce gate leakage . In some embodiments , elements that 
may be added to a dielectric metal oxide cap to provide a 
wider band gap , better band gap alignment , and / or reduce 
gate leakage may include aluminum , silicon , nitrogen , zir 
conium , and / or hafnium , for example . 
[ 0022 ] In some embodiments , a dielectric metal oxide cap 
with one or more elements may make the germanium of a 
germanium containing channel less prone to oxidation at the 
interface between the dielectric and the channel . A reduction 
or elimination of oxidation may be desirable for a transistor 
since oxidation may degrade transfer characteristics of a 
transistor with the germanium containing channel . A mea 
sure of germanium oxidation may be obtained by a capaci 
tance - voltage measurement where kinks or bumps in a 
measurement curve may be indicative of the presence of a 
germanium oxide interfacial layer . These kinks or bumps 
may be an indication of trapped charges at an interface 
between a dielectric metal oxide cap and a germanium 
containing channel . 
[ 0023 ] A dielectric metal oxide cap with one or more 
elements may provide a more stable interface over time 

between the dielectric cap and a germanium containing 
channel . In some embodiments , improved stability and / or 
reduced oxidation may be provided by a metal oxide com 
posed of a metal having a large oxygen binding energy with 
one or more additional elements . By way of example , metals 
with large oxygen binding energies may include titanium , 
tantalum , and aluminum . 
[ 0024 ] In some embodiments , further improvements in 
leakage control may be provided by a variable ( graded ) 
concentration of one or more elements through a thickness 
of the dielectric cap . In some embodiments , the concentra 
tion of the one or more elements may be adjusted to change 
a band gap of the metal oxide from a narrow band gap to a 
wider band gap and / or to provide a better band gap match 
between the dielectric metal oxide cap and the germanium 
containing channel . For example , Tio , may have a relatively 
small band gap for an oxide . In contrast , A1203 may be an 
oxide with a large band gap . These may be mixed to form 
Ti , Al O . When adding Aluminum to the TiO , , the band 
gap of the ternary oxide may increase from value near Tio , 
( small ) to a value closer to A1 , 0 , ( large ) with the addition 
of Alto TiO2 . As another example , the band gap of TiO2 may 
be increased by addition of one or more of hafnium , zirco 
nium , or silicon , and in some instances nitrogen . As another 
example , the band gap of Ta 05 may be increased by the 
addition of one or more of aluminum , hafnium , zirconium , 
or silicon , and in some instances , nitrogen . In other words , 
the selection of the metal oxide and the additional element ( s ) 
added to the metal oxide , as well as the concentration 
through the thickness of the cap , may allow engineering of 
a band gap and / or band gap alignment to provide improved 
matching with a germanium containing channel . This 
improved band gap and / or band gap alignment may reduce 
gate leakage and provide better stability over time . A tran 
sistor with metal oxide dielectric caps doped with one or 
more additional elements may be useful for an advanced 
metal oxide semiconductor field effect transistor ( MOSFET ) 
for logic applications . 
[ 0025 ] To ensure proper concentration of elements 
through a thickness of a cap , various analytical techniques 
may be used . By way of example , some of the techniques 
may include Transmission Electron Microscopes ( TEM ) , 
X - ray Photoelectron Spectroscopy ( XPS ) , and Secondary 
Ion Mass Spectrometry ( SIMS ) , and other analytical end of 
line techniques . 
[ 0026 ] FIG . 1 schematically illustrates a top view of an 
example die 102 in wafer form 10 and in singulated form 
100 , in accordance with some embodiments . In some 
embodiments , the die 102 may be one of a plurality of dies 
( e . g . , dies 102 , 103a , 103b ) of a wafer 11 composed of 
semiconductor material such as , for example , silicon or 
other suitable material . The plurality of dies may be formed 
on a surface of the wafer 11 . Each of the dies may be a 
repeating unit of a semiconductor product that includes one 
or more transistor assemblies and / or other device assemblies 
that include transistors having a germanium containing 
channel with a dielectric metal oxide cap containing one or 
more additional elements , as disclosed herein . In some 
embodiments , the transistors may be advanced metal oxide 
field effect transistors for logic applications . In some 
embodiments , the transistors may be multi - gate transistors , 
such as tri - gate transistors . For example , the die 102 may 
include circuitry having transistor structures 104 and / or 
other device structures that include the transistors having a 
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germanium containing channel with a dielectric metal oxide 
cap containing one or more additional elements as described 
herein . A dielectric metal oxide cap with one or more 
additional elements may provide a more stable interface 
between the dielectric and a germanium containing channel . 
Additionally , a dielectric metal oxide cap with one or more 
additional elements may make the germanium of a germa 
nium containing channel less prone to oxidation at the 
interface between the dielectric and the channel . A reduction 
in germanium oxide formation and / or minimizing the impact 
of germanium oxide may allow better control of the channel 
over time . 
[ 0027 ] Although the transistor structures 104 are depicted 
in rows that traverse a substantial portion of the die 102 in 
FIG . 1 for the sake of simplicity , it is to be understood that 
the transistor structures 104 may be configured in any of a 
wide variety of other suitable arrangements on the die 102 
in other embodiments , including , for example , vertical and 
horizontal features having much smaller dimensions than 
depicted . After a fabrication process of the semiconductor 
product embodied in the dies is complete , the wafer 11 may 
undergo a singulation process in which each of the dies ( e . g . , 
die 102 ) is separated from one another to provide discrete 
" chips ” of the semiconductor product . The wafer 11 may be 
any of a variety of sizes . In some embodiments , the wafer 11 
has a diameter ranging from approximately 25 . 4 mm to 
approximately 450 mm . The wafer 11 may include other 
sizes and / or other shapes in other embodiments . According 
to various embodiments , the transistor structures 104 may be 
disposed on a semiconductor substrate in wafer form 10 or 
singulated form 100 . The transistor structures 104 described 
herein may be incorporated in a die 102 for logic or memory , 
or combinations thereof . In some embodiments , the transis 
tor structures 104 may be part of a system - on - chip ( SoC ) 
assembly . 

[ 0028 ] FIG . 2 schematically illustrates a cross - section side 
view of an integrated circuit ( IC ) assembly 200 , in accor 
dance with some embodiments . In some embodiments , the 
IC assembly 200 may include one or more dies ( hereinafter 
“ die 102 ” ) electrically and / or physically coupled with a 
package substrate 121 . In some embodiments , the package 
substrate 121 may be electrically coupled with a circuit 
board 122 , as can be seen . In some embodiments , an 
integrated circuit ( IC ) assembly 200 may include one or 
more of the die 102 , package substrate 121 and / or circuit 
board 122 , according to various embodiments . 
[ 0029 ] Embodiments described herein for transistors hav 
ing a germanium containing channel with a dielectric metal 
oxide cap containing one or more additional elements may 
be incorporated in the one or more die 102 , according to 
various embodiments . In some embodiments , the transistors 
may be advanced metal oxide field effect transistors for logic 
applications . In some embodiments , the transistors may be 
multi - gate transistors , such as tri - gate transistors . A dielec 
tric metal oxide cap with one or more additional elements 
may provide a more stable interface between the dielectric 
and a germanium containing channel . Additionally , a dielec 
tric metal oxide cap with one or more additional elements 
may make the germanium of a germanium containing chan 
nel less prone to oxidation at the interface between the 
dielectric and the channel . A reduction in germanium oxide 
formation and / or minimizing the impact of germanium 
oxide may allow better control of the channel over time . 

[ 0030 ] The die 102 may represent a discrete product made 
from a semiconductor material ( e . g . , silicon ) using semi 
conductor fabrication techniques such as thin film deposi 
tion , lithography , etching and the like used in connection 
with forming complementary metal oxide semiconductor 
( CMOS ) devices . In some embodiments , the die 102 may be , 
include , or be a part of a processor , memory , system - on - chip 
( SOC ) , or ASIC . In some embodiments , an electrically 
insulative material such as , for example , molding compound 
or underfill material ( not shown ) may encapsulate at least a 
portion of the die 102 and / or die - level interconnect struc 
tures 106 . 
10031 ] The die 102 can be attached to the package sub 
strate 121 according to a wide variety of suitable configu 
rations including , for example , being directly coupled with 
the package substrate 121 in a flip - chip configuration , as 
depicted . In the flip - chip configuration , an active side , S1 , of 
the die 102 including circuitry is attached to a surface of the 
package substrate 121 using die - level interconnect struc 
tures 106 such as bumps , pillars , or other suitable structures 
that may also electrically couple the die 102 with the 
package substrate 121 . The active side S1 of the die 102 may 
include active devices such as , for example , transistor 
devices . An inactive side , S2 , may be disposed opposite to 
the active side S1 , as can be seen . 
[ 0032 ] The die 102 may generally include a semiconduc 
tor substrate 102a , one or more device layers ( hereinafter 
" device layer 102b ” ) and one or more interconnect layers 
( hereinafter “ interconnect layer 102c " ) . The semiconductor 
substrate 102a may be substantially composed of a bulk 
semiconductor material such as , for example , silicon , in 
some embodiments . The device layer 102b may represent a 
region where active devices such as transistor devices are 
formed on the semiconductor substrate . The device layer 
102b may include , for example , transistor structures such as 
channel bodies and / or source / drain regions of transistor 
devices . The interconnect layer 102c may include intercon 
nect structures ( e . g . , electrode terminals ) that are configured 
to route electrical signals to or from the active devices in the 
device layer 102b . For example , the interconnect layer 102c 
may include horizontal lines ( e . g . , trenches ) and / or vertical 
plugs ( e . g . , vias ) or other suitable features to provide elec 
trical routing and / or contacts . 
0033 ] In some embodiments , the die - level interconnect 
structures 106 may be electrically coupled with the inter 
connect layer 102c and configured to route electrical signals 
between the die 102 and other electrical devices . The 
electrical signals may include , for example , input / output 
( 1 / 0 ) signals and / or power ground signals that are used in 
connection with operation of the die 102 . 
[ 0034 ] In some embodiments , the package substrate 121 is 
an epoxy - based laminate substrate having a core and / or 
build - up layers such as , for example , an Ajinomoto Build - up 
Film ( ABF ) substrate . The package substrate 121 may 
include other suitable types of substrates in other embodi 
ments including , for example , substrates formed from glass , 
ceramic , or semiconductor materials . 
[ 0035 ] The package substrate 121 may include electrical 
routing features configured to route electrical signals to or 
from the die 102 . The electrical routing features may 
include , for example , pads or traces ( not shown ) disposed on 
one or more surfaces of the package substrate 121 and / or 
internal routing features ( not shown ) such as , for example , 
trenches , vias or other interconnect structures to route elec 
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trical signals through the package substrate 121 . For 
example , in some embodiments , the package substrate 121 
may include electrical routing features such as pads ( not 
shown ) configured to receive the respective die - level inter 
connect structures 106 of the die 102 . 
[ 0036 ] The circuit board 122 may be a printed circuit 
board ( PCB ) composed of an electrically insulative material 
such as an epoxy laminate . For example , the circuit board 
122 may include electrically insulating layers composed of 
materials such as , for example , polytetrafluoroethylene , phe 
nolic cotton paper materials such as Flame Retardant 4 . 
( FR - 4 ) , FR - 1 , cotton paper and epoxy materials such as 
CEM - 1 or CEM - 3 , or woven glass materials that are lami 
nated together using an epoxy resin prepreg material . Inter 
connect structures ( not shown ) such as traces , trenches , or 
vias may be formed through the electrically insulating layers 
to route the electrical signals of the die 102 through the 
circuit board 122 . The circuit board 122 may be composed 
of other suitable materials in other embodiments . In some 
embodiments , the circuit board 122 is a motherboard . 
[ 0037 ] Package - level interconnects such as , for example , 
solder balls 112 may be coupled to one or more pads 
( hereinafter “ pads 110 ” ) on the package substrate 121 and / or 
on the circuit board 122 to form corresponding solder joints 
that are configured to further route the electrical signals 
between the package substrate 121 and the circuit board 122 . 
The pads 110 may be composed of any suitable electrically 
conductive material such as metal including , for example , 
nickel ( Ni ) , palladium ( Pd ) , gold ( Au ) , silver ( Ag ) , copper 
( Cu ) , and combinations thereof . Other suitable techniques to 
physically and / or electrically couple the package substrate 
121 with the circuit board 122 may be used in other 
embodiments . 
[ 0038 ] The IC assembly 200 may include a wide variety of 
other suitable configurations in other embodiments includ 
ing , for example , suitable combinations of flip - chip and / or 
wire - bonding configurations , interposers , multi - chip pack 
age configurations including system - in - package ( SiP ) and / or 
package - on - package ( PoP ) configurations . Other suitable 
techniques to route electrical signals between the die 102 
and other components of the IC assembly 200 may be used 
in some embodiments . 
[ 0039 ] FIG . 3A schematically illustrates a fin cut cross 
section of a MOSFET gate stack 320 comprised of a 
germanium containing channel with a dielectric layer 326 , in 
accordance with some embodiments . FIG . 3B schematically 
illustrates a gate cut cross section of a MOSFET gate stack 
320 comprised of a germanium containing channel with a 
dielectric layer 326 , in accordance with some embodiments . 
FIG . 3C schematically illustrates a perspective view of a 
MOSFET 330 including a gate stack 320 comprised of a 
germanium containing channel with a dielectric layer 326 , in 
accordance with some embodiments . 
[ 0040 ] The example gate stack 320 illustrated is of a 
tri - gate transistor as illustrated by example MOSFET 330 , 
which may include source 332 and drain 334 . The source 
332 and the drain 334 may be a raised source and a raised 
drain . In some embodiments , the MOSFET gate stack 320 
may include a semiconductor substrate 322 , a germanium 
containing channel fin 324 , a dielectric layer 326 including 
a metal oxide with one or more additional elements , and a 
metal electrode 328 , as illustrated . In some embodiments , 
the semiconductor substrate 322 may include shallow trench 
isolation structures 312 coupled to a substrate 325 as illus 

trated . In some embodiments , the shallow trench isolation 
structures 312 may be comprised of a dielectric oxide 
material . In some embodiments , the substrate 325 may be a 
silicon semiconductor substrate . In some embodiments , the 
substrate 325 may be a germanium containing semiconduc 
tor substrate . In some embodiments , the substrate 325 and 
the germanium containing channel fin 324 may be com 
prised of the same germanium containing semiconductor 
material . In some embodiments , the substrate 325 and the 
germanium containing channel fin 324 may be comprised of 
one semiconductor body comprised of a germanium con 
taining semiconductor material . In some embodiments , the 
MOSFET gate stack 320 may replace a silicon cap and a 
high kappa dielectric cap of some current MOSFET gate 
stacks on germanium containing channels . 
[ 0041 ] Although FIGS . 3A - 3C illustrate a gate stack for 
tri - gate transistors , the various features and caps illustrated 
may be implemented in planar MOSFET transistors , as well 
as other multi - gate transistors with a channel containing 
germanium . A dielectric metal oxide cap with one or more 
additional elements may provide a more stable interface 
between the dielectric and a germanium containing channel . 
Additionally , a dielectric metal oxide cap with one or more 
additional elements may make the germanium of a germa 
nium containing channel less prone to oxidation at the 
interface between the dielectric and the channel . A reduction 
in germanium oxide formation and / or minimizing the impact 
of germanium oxide may allow better control of the channel 
over time . 

[ 0042 ] In some embodiments , the MOSFET gate stack 
320 may be included in a plurality of transistors of different 
types in various semiconductor devices . For example , the 
MOSFET gate stack 320 may be included in a plurality of 
tri - gate transistors in various semiconductor devices , where 
the MOSFET gate stack 320 may include the semiconductor 
substrate 322 having a channel fin 324 composed of a 
germanium semiconductor or a silicon - germanium semicon 
ductor . In some embodiments , the channel fin 324 may be a 
portion of a fin of a MOSFET 330 as illustrated in FIG . 3C 
by way of example . The MOSFET gate stack 320 included 
in various semiconductor devices further may include the 
dielectric layer 326 with a first surface 326 . 1 coupled to the 
channel fin 324 and composed of a metal oxide having at 
least one additional element . The metal oxide may have the 
at least one additional element interspersed with the metal 
oxide as a mixture deposited by atomic layer deposition . In 
some embodiments , the at least one additional element may 
increase a band gap of the metal oxide , thereby increasing 
the band gap of the dielectric layer 326 . The MOSFET gate 
stack 320 included in various semiconductor devices further 
may include a gate electrode coupled to a second surface 
326 . 2 of the dielectric layer 326 , the second surface 326 . 2 
opposite the first surface 326 . 1 through a thickness 326 . 3 of 
the dielectric layer 326 . 
10043 ] . In some embodiments , the semiconductor substrate 
322 may be a silicon semiconductor substrate . In some 
embodiments , the semiconductor substrate 322 may be a 
germanium semiconductor substrate . In some embodiments , 
the semiconductor substrate 322 may be a silicon - germa 
nium semiconductor substrate . In some embodiments , the 
semiconductor substrate 322 and the channel fin 324 may be 
comprised of a one body comprised of a germanium con 
taining semiconductor material . 
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[ 0044 ] In some embodiments , the MOSFET gate stack 
320 may be included in a tri - gate transistor of a semicon - 
ductor device , wherein a fin of the tri - gate transistor may be 
coupled to and extend from the semiconductor substrate 322 
and span a source , a gate , and a drain of the tri - gate 
transistor , wherein the channel fin 324 includes a top surface 
and two opposite side surfaces of the fin spanning the gate 
between the source and the drain , wherein the fin is com 
posed of a germanium semiconductor or a silicon - germa 
nium semiconductor . In some embodiments , the source may 
be a raised source , and the drain may be a raised drain . 
[ 0045 ] In some embodiments , the channel fin 324 may be 
a fin of a tri - gate transistor , and the semiconductor substrate 
322 and the channel fin 324 may be a single body composed 
of a germanium semiconductor substrate or a silicon - ger 
manium semiconductor substrate . In some embodiments , the 
channel fin 324 may be a fin of a tri - gate transistor , and the 
fin may be composed of germanium . In some embodiments , 
the top surface of the fin may include a 100 crystal plane and 
the two side opposite surfaces may include a 110 crystal 
plane . In some embodiments , the channel is undoped . In 
some embodiments , the channel is doped with a p - type 
dopant . 
[ 0046 ] In some embodiments , the metal oxide of the 
dielectric layer 326 may include at least one of titanium 
oxide or tantalum oxide . In some embodiments , the at least 
one additional element of the dielectric layer 326 may 
include at least one of aluminum , silicon , nitrogen , zirco 
nium , or hafnium . In some embodiments , the metal oxide of 
the dielectric layer 326 may be titanium dioxide , and the at 
least one additional element may be aluminum . 
00471 In some embodiments , the dielectric layer 326 may 
have a first concentration of the at least one additional 
element at the first surface 326 . 1 and a second concentration 
of the at least one additional element at the second surface 
326 . 2 , wherein the first concentration may be lower than the 
second concentration . In some embodiments , the concentra 
tion of the at least one additional element increases mono 
tonically through the thickness 326 . 3 of the dielectric layer 
326 from the first surface 326 . 1 to the second surface 326 . 2 . 
In some embodiments , the first concentration is from about 
0 % to about 30 % by weight and the second concentration is 
from about 30 % to about 70 % by weight , wherein the 
balance of the weight percentage is metal of the metal oxide . 
For clarity , the weight percentage is calculated without 
taking into account the oxygen content of the metal oxide . 
By way of example , a metal oxide that includes 50 % 
aluminum is comprised of 50 % of the metal of the metal 
oxide and 50 % aluminum . In some embodiments , the first 
concentration may be about 5 % , and the second concentra 
tion may be about 30 % to about 40 % . In some embodiments , 
the first concentration may be from about 20 % to about 30 % , 
and the second concentration may be up to about 70 % . In 
some embodiments , the first concentration , the second con 
centration , and a concentration profile through the thickness 
of the dielectric layer of the at least one additional element 
are selected to increase the band gap of the metal oxide of 
the dielectric layer 326 by at least three electron volts . 
[ 0048 ] FIG . 4 schematically illustrates a plot of band gap 
as a function of weight percentage of one or more additional 
elements added to a dielectric metal oxide , in accordance 
with some embodiments . The weight percentage is calcu 
lated based on the metal of the metal oxide and not including 
the oxygen of the metal oxide . In some embodiments , the 

dielectric metal oxide may be titanium oxide . In some 
embodiments , the dielectric metal oxide may be tantalum 
oxide . In some embodiments , the additional element may be 
one or more of aluminum , silicon , nitrogen , zirconium , or 
hafnium . In some embodiments , the additional element may 
increase the band gap of the metal oxide from about 2 . 5 
electron volts to about 7 . 5 electron volts , depending on the 
concentration of the one or more additional elements . In 
some embodiments , the concentration of the one or more 
additional elements may be close to zero at the first surface 
326 . 1 of the dielectric layer 326 of FIGS . 3A - 3C . In some 
embodiments , the concentration of the one or more addi 
tional elements may be about 75 % at the second surface 
326 . 2 of the dielectric layer 326 of FIGS . 3A - 3C . In some 
embodiments , the concentration of the one or more addi 
tional elements may increase monotonically through the 
thickness 326 . 3 of the dielectric layer 326 of FIGS . 3A - 3C . 
In some embodiments , the metal of the metal oxide of 
dielectric layer 326 of FIGS . 3A - 3C may have a high affinity 
for oxygen and may prevent or minimize formation of 
germanium oxide at first surface 326 . 1 of the dielectric layer 
326 to provide better channel control over time , while the 
increasing concentration through thickness 326 . 3 of the one 
or more additional elements may provide an improved band 
gap and / or band gap alignment . In some embodiments , the 
one or more additional elements may be added to the 
dielectric layer 326 to modulate band gap of the metal oxide . 
Modulating the band gap may include increasing the band 
gap of the metal oxide . 
[ 0049 ] FIG . 5 schematically illustrates a process 500 for 
fabricating a semiconductor device , in accordance with 
some embodiments . 
[ 0050 ] At 502 , the process 500 may include providing a 
semiconductor substrate with a transistor having a channel 
composed of a germanium semiconductor or silicon - germa 
nium semiconductor . In some embodiments , the semicon 
ductor substrate may be a silicon semiconductor , a germa 
nium semiconductor , ora silicon - germanium 
semiconductor . In some embodiments , the transistor may be 
a planar transistor or a tri - gate transistor . The transistor may 
be a partially formed transistor without a gate on a channel . 
[ 0051 ] At 504 , the process 500 may include forming a 
dielectric layer on an exposed surface of the channel . In 
some embodiments , the dielectric layer may be composed of 
a metal oxide having at least one additional element in 
addition to a metal and oxygen . In some embodiments , 
forming the dielectric layer includes depositing layers of the 
metal oxide with the at least one additional element as a 
mixture of the metal oxide and the additional element . In 
some embodiments , the layers may be deposited by atomic 
layer deposition . In some embodiments , forming of the 
dielectric layer may include depositing a first layer of the 
metal oxide with the at least one additional element at a first 
concentration . In some embodiments , forming of the dielec 
tric layer further may include depositing subsequent layers 
of the metal oxide with the at least one additional element at 
subsequent concentrations . In some embodiments , forming 
of the dielectric layer further may include depositing a last 
layer of the metal oxide with the at least one additional 
element at a second concentration , wherein the first concen 
tration is lower than the second concentration . 
[ 0052 ] In some embodiments , the process 500 may further 
comprise forming a gate electrode on the dielectric layer . In 
some embodiments , the metal oxide may include at least one 
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of titanium oxide or tantalum oxide . In some embodiments , 
the at least one additional element may include at least one 
of aluminum , silicon , nitrogen , zirconium , or hafnium . In 
some embodiments , the metal oxide may be titanium diox 
ide , and the at least one additional element may be alumi 
num . In some embodiments , the middle concentration of the 
at least one additional element may increase monotonically 
during forming of the dielectric layer . In some embodiments , 
the first concentration may be from about 0 % to about 30 % 
by weight , and the second concentration may be from about 
30 % to about 70 % by weight , wherein the balance of the 
weight percentage may be metal of the metal oxide . In some 
embodiments , the first concentration may be about 5 % , and 
the second concentration may be about 30 % to about 40 % . 
In some embodiments , the first concentration may be from 
about 20 % to about 30 % , and the second concentration may 
be up to about 70 % . In some embodiments , the forming of 
the dielectric layer may be by atomic layer deposition . 
[ 0053 ] In some embodiments , the transistor is a tri - gate 
transistor having a fin coupled to and extending from the 
semiconductor substrate and spanning a source , a gate , and 
a drain of the tri - gate transistor , wherein the channel may 
include a top surface and two opposite side surfaces of the 
fin spanning the gate between the source and the drain , 
wherein the fin may be composed of the germanium semi 
conductor or the silicon - germanium semiconductor . In some 
embodiments , the fin may be composed of germanium , 
wherein the top surface of the fin may include a 100 crystal 
plane and the two opposite side surfaces may include a 110 
crystal plane . In some embodiments , the fin and the semi 
conductor substrate may be a single body composed of the 
germanium semiconductor or the silicon - germanium semi 
conductor . 
[ 0054 ] A dielectric metal oxide cap with one or more 
additional elements may provide a more stable interface 
between the dielectric and a germanium containing channel . 
Additionally , a dielectric metal oxide cap with one or more 
additional elements may make the germanium of a germa 
nium containing channel less prone to oxidation at the 
interface between the dielectric and the channel . A reduction 
in germanium oxide formation and / or minimizing the impact 
of germanium oxide may allow better control of the channel 
over time . 
[ 0055 ] Various operations are described as multiple dis 
crete operations in turn , in a manner that is most helpful in 
understanding the claimed subject matter . However , the 
order of description should not be construed as to imply that 
these operations are necessarily order dependent . 
[ 0056 ] Embodiments of the present disclosure may be 
implemented into a system using any suitable hardware 
and / or software to configure as desired . FIG . 6 schematically 
illustrates a computing device 600 with a MOSFET having 
a dielectric metal oxide cap on a germanium containing 
channel as described herein , in accordance with some 
embodiments . In some embodiments , the dielectric metal 
oxide cap includes one or more additional elements as 
described herein , for example . In some embodiments , the 
transistor may be a planar transistor or a multi - gate transis 
tor , such as a tri - gate transistor . The transistor with a 
dielectric metal oxide cap with one or more additional 
elements may provide a more stable interface between the 
dielectric and a germanium containing channel . Addition 
ally , a dielectric metal oxide cap with one or more additional 
elements may make the germanium of a germanium con 

taining channel less prone to oxidation at the interface 
between the dielectric and the channel . A reduction in 
germanium oxide formation and / or minimizing the impact 
of germanium oxide may allow better control of the channel 
over time . 
[ 0057 ] The computing device 600 may house a board such 
as motherboard 602 ( e . g . , in housing 608 ) . The motherboard 
602 may include a number of components , including but not 
limited to a processor 604 and at least one communication 
chip 606 . The processor 604 may be physically and electri 
cally coupled to the motherboard 602 . In some implemen 
tations , the at least one communication chip 606 may also be 
physically and electrically coupled to the motherboard 602 . 
In further implementations , the communication chip 606 
may be part of the processor 604 . 
[ 0058 ] Depending on its applications , computing device 
600 may include other components that may or may not be 
physically and electrically coupled to the motherboard 602 . 
These other components may include , but are not limited to , 
volatile memory ( e . g . , dynamic random access memory 
( DRAM ) 614 ) , non - volatile memory ( e . g . , read only 
memory ( ROM ) 618 ) , flash memory , random access 
memory ( RAM ) 616 , a graphics processor 626 , a digital 
signal processor , a crypto processor , a chipset 612 , an 
antenna 632 , a display , a touchscreen display 636 , a touch 
screen controller 628 , a battery 644 , an audio codec , a video 
codec , a power amplifier 624 , a global positioning system 
( GPS ) device 620 , a compass 622 , microelectromechanical 
systems ( MEMS ) sensor 642 , a Geiger counter , an acceler 
ometer , a gyroscope , a speaker 634 , a camera 610 , and a 
mass storage device ( such as hard disk drive ) , compact disk 
( CD ) , digital versatile disk ( DVD ) , controllers 630 , micro 
phone 638 , and / or jacks 640 , and so forth . Not all of these 
components are illustrated in the figure . 
[ 0059 ] As discussed above , one or more components of 
the computing device 600 may include a MOSFET having 
a dielectric metal oxide cap on a germanium containing 
channel as described herein , in accordance with some 
embodiments . For example , one or more of the processor 
604 , communication chip 606 , chipset 612 , DRAM 614 , 
RAM 616 , ROM 618 , GPS device 620 , compass 622 , power 
amplifier 624 , graphics CPU 626 , touchscreen controller 
628 , and / or controllers 630 may include one or more MOS 
FETs having a dielectric metal oxide cap on a germanium 
containing channel as described herein , in accordance with 
some embodiments . 
[ 0060 ] The communication chip 606 may enable wireless 
communications for the transfer of data to and from the 
computing device 600 . The term " wireless ” and its deriva 
tives may be used to describe circuits , devices , systems , 
methods , techniques , communications channels , etc . , that 
may communicate data through the use of modulated elec 
tromagnetic radiation through a non - solid medium . The term 
does not imply that the associated devices do not contain any 
wires , although in some embodiments they might not . The 
communication chip 606 may implement any of a number of 
wireless standards or protocols , including but not limited to 
Institute for Electrical and Electronic Engineers ( IEEE ) 
standards including WiGig , Wi - Fi ( IEEE 802 . 11 family ) , 
IEEE 802 . 16 standards ( e . g . , IEEE 802 . 16 - 2005 Amend 
ment ) , Long - Term Evolution ( LTE ) project along with any 
amendments , updates , and / or revisions ( e . g . , advanced LTE 
project , ultra mobile broadband ( UMB ) project ( also 
referred to as “ 3GPP2 ” ) , etc . ) . IEEE 802 . 16 compatible 
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broadband wireless access ( BWA ) networks are generally 
referred to as WiMAX networks , an acronym that stands for 
Worldwide Interoperability for Microwave Access , which is 
a certification mark for products that pass conformity and 
interoperability tests for the IEEE 802 . 16 standards . The 
communication chip 606 may operate in accordance with a 
Global System for Mobile Communication ( GSM ) , General 
Packet Radio Service ( GPRS ) , Universal Mobile Telecom 
munications System ( UMTS ) , High Speed Packet Access 
( HSPA ) , Evolved HSPA ( E - HSPA ) , or LTE network . The 
communication chip 606 may operate in accordance with 
Enhanced Data for GSM Evolution ( EDGE ) , GSM EDGE 
Radio Access Network ( GERAN ) , Universal Terrestrial 
Radio Access Network ( UTRAN ) , or Evolved UTRAN 
( E - UTRAN ) . The communication chip 606 may operate in 
accordance with Code Division Multiple Access ( CDMA ) , 
Time Division Multiple Access ( TDMA ) , Digital Enhanced 
Cordless Telecommunications ( DECT ) , Evolution - Data 
Optimized ( EV - DO ) , derivatives thereof , as well as any 
other wireless protocols that are designated as 3G , 4G , 5G , 
and beyond . The communication chip 606 may operate in 
accordance with other wireless protocols in other embodi 
ments . 
[ 0061 ] The computing device 600 may include a plurality 
of communication chips 606 . For instance , a first commu 
nication chip 606 may be dedicated to shorter range wireless 
communications such as WiGig , Wi - Fi and Bluetooth and a 
second communication chip 606 may be dedicated to longer 
range wireless communications such as GPS , EDGE , GPRS , 
CDMA , WiMAX , LTE , EV - DO , and others . 
[ 0062 ] The processor 604 , communication chip 606 , chip 
set 612 , memory chips 614 , 616 , 618 , and other devices with 
chips shown in computing device 600 may contain multi 
gate transistors as described herein . The term “ processor " 
may refer to any device or portion of a device that processes 
electronic data from registers and / or memory to transform 
that electronic data into other electronic data that may be 
stored in registers and / or memory . 
0063 ] In various implementations , the computing device 
600 may be a laptop , a netbook , a notebook , an ultrabook , 
a smartphone , a tablet , a personal digital assistant ( PDA ) , an 
ultra mobile PC , a mobile phone , a desktop computer , a 
server , a printer , a scanner , a monitor , a set - top box , an 
entertainment control unit , a digital camera , a portable music 
player , or a digital video recorder . The computing device 
600 may be a mobile computing device in some embodi 
ments . In further implementations , the computing device 
600 may be any other electronic device that processes data . 
[ 0064 In various implementations , the computing device 
600 may be a computer system , a server , a rack server , a 
blade server , and a super computer system , where compo 
nents commonly used in mobile devices may be absent . In 
further implementations , the computing device 600 may be 
any other electronic device that processes data . 
[ 0065 ] Various components of the computing device 600 
shown as being comprised on the motherboard 602 are 
shown as an illustration of the embodiment and are not 
intended to be limiting . 

additional element deposited with the dielectric metal oxide . 
further description is provided for devices and systems with 
the MOSFET gate stack and processes of making the MOS 
FET gate stack . 
[ 0067 ] Example 1 of a semiconductor device may com 
prise a transistor formed on a semiconductor substrate and 
having a channel including a germanium semiconductor or 
a silicon - germanium semiconductor ; a dielectric layer with 
a first surface coupled to the channel and including a metal 
oxide interspersed with at least one additional element , the 
at least one additional element to modulate a band gap of the 
dielectric layer ; and a gate electrode coupled to a second 
surface of the dielectric layer , the second surface opposite 
the first surface through a thickness of the dielectric layer . 
[ 0068 ] Example 2 may include the subject matter of 
Example 1 and other examples herein , wherein the semi 
conductor substrate is a silicon semiconductor , a germanium 
semiconductor , or a silicon - germanium semiconductor . 
100691 . Example 3 may include the subject matter of 
Example 1 and other examples herein , wherein the metal 
oxide includes at least one of titanium oxide or tantalum 
oxide . 
[ 0070 ] Example 4 may include the subject matter of 
Example 1 and other examples herein , wherein the at least 
one additional element includes at least one of aluminum , 
silicon , nitrogen , zirconium , or hafnium . 
[ 0071 ] Example 5 may include the subject matter of 
Example 1 and other examples herein , wherein the metal 
oxide is titanium dioxide and the at least one additional 
element is aluminum . 
[ 0072 ] Example 6 may include the subject matter of 
Example 1 and other examples herein , wherein the dielectric 
layer has a first concentration of the at least one additional 
element at the first surface and a second concentration of the 
at least one additional element at the second surface , 
wherein the first concentration is lower than the second 
concentration . 
[ 0073 ] Example 7 may include the subject matter of 
Example 6 and other examples herein , wherein the concen 
tration of the at least one additional element increases 
monotonically through the thickness of the dielectric layer 
from the first surface to the second surface . 
[ 0074 ] Example 8 may include the subject matter of 
Example 6 and other examples herein , wherein the first 
concentration is from about 0 % to about 30 % by weight and 
the second concentration is from about 30 % to about 70 % by 
weight , wherein a balance of a weight percentage is metal of 
the metal oxide . 
10075 ] Example 9 may include the subject matter of 
Example 8 and other examples herein , wherein the first 
concentration is about 5 % and the second concentration is 
about 30 % to about 40 % . 
[ 0076 ] Example 10 may include the subject matter of 
Example 8 and other examples herein , wherein the first 
concentration is from about 20 % to about 30 % and the 
second concentration is up to about 70 % . 
[ 0077 ] Example 11 may include the subject matter of 
Example 6 and other examples herein , wherein the first 
concentration , the second concentration , and a concentration 
profile through the thickness of the dielectric layer of the at 
least one additional element are selected to increase the band 
gap of the metal oxide of the dielectric layer by at least three 
electron volts . 

Examples 
0066 ] According to various embodiments , the present 
disclosure describes a MOSFET gate stack where the chan 
nel contains germanium and a cap on the channel may be 
comprised of a dielectric metal oxide with at least one 
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[ 0078 ] Example 12 may include the subject matter of any 
one of Examples 1 - 11 and other examples herein , wherein 
the transistor is a tri - gate transistor having a fin coupled to 
and extending from the semiconductor substrate and span - 
ning a source , a gate , and a drain of the tri - gate transistor , 
wherein the channel includes a top surface and two opposite 
side surfaces of the fin spanning the gate between the source 
and the drain , wherein the fin is composed of the germanium 
semiconductor or the silicon - germanium semiconductor . 
[ 0079 ] Example 13 may include the subject matter of 
Example 12 and other examples herein , wherein the fin and 
the semiconductor substrate are a single body composed of 
the germanium semiconductor or the silicon - germanium 
semiconductor . 
[ 0080 ] Example 14 may include the subject matter of 
Example 12 and other examples herein , wherein the fin is 
composed of germanium , wherein the top surface of the fin 
includes a 100 crystal plane and the two opposite side 
surfaces include a 110 crystal plane . 
[ 0081 ] Example 15 may include the subject matter of 
Example 12 and other examples herein , wherein the source 
comprises a raised source , and the drain comprises a raised 
drain . 
[ 0082 ] Example 16 may include the subject matter of 
Example 1 and other examples herein , wherein the channel 
is undoped . 
[ 0083 ] Example 17 may include the subject matter of 
Example 1 and other examples herein , wherein the channel 
is doped with a p - type dopant . 
[ 0084 ] Example 18 of a process for fabricating a semi 
conductor device may comprise providing a semiconductor 
substrate with a partially formed transistor disposed on the 
semiconductor substrate and having a channel including a 
germanium semiconductor or silicon - germanium semicon 
ductor ; and forming a dielectric layer on an exposed surface 
of the channel , wherein the dielectric layer includes a metal 
oxide interspersed with at least one additional element , 
wherein forming the dielectric layer includes depositing a 
first layer of the metal oxide with the at least one additional 
element at a first concentration , depositing a middle layer of 
the metal oxide with the at least one additional element at a 
middle layer concentration , and depositing a last layer of the 
metal oxide with the at least one additional element at a 
second concentration , wherein the first concentration is 
lower than the second concentration . 
[ 0085 ] Example 19 may include the subject matter of 
Example 18 and other examples herein , wherein the process 
further may comprise forming a gate electrode on the 
dielectric layer . 
[ 0086 ] Example 20 may include the subject matter of 
Example 18 and other examples herein , wherein the semi 
conductor substrate is a silicon semiconductor , a germanium 
semiconductor , or a silicon - germanium semiconductor . 
[ 0087 ] Example 21 may include the subject matter of 
Example 18 and other examples herein , wherein the metal 
oxide includes at least one of titanium oxide or tantalum 
oxide . 
[ 0088 ] Example 22 may include the subject matter of 
Example 18 and other examples herein , wherein the at least 
one additional element includes at least one of aluminum , 
silicon , nitrogen , zirconium , or hafnium . 

[ 0089 ] Example 23 may include the subject matter of 
Example 18 and other examples herein , wherein the metal 
oxide is titanium dioxide and the at least one additional 
element is aluminum . 
[ 0090 ] Example 24 may include the subject matter of 
Example 18 and other examples herein , wherein the middle 
layer includes at least two additional layers , wherein the 
middle layer concentration of the at least one additional 
element increases monotonically during forming of the 
dielectric layer . 
[ 0091 ] Example 25 may include the subject matter of 
Example 18 and other examples herein , wherein the first 
concentration is from about 0 % to about 30 % by weight and 
the second concentration is from about 30 % to about 70 % by 
weight , wherein a balance of a weight percentage is metal of 
the metal oxide . 
[ 0092 ] Example 26 may include the subject matter of 
Example 25 and other examples herein , wherein the first 
concentration is about 5 % and the second concentration is 
about 30 % to about 40 % . 
[ 0093 ] Example 27 may include the subject matter of 
Example 25 and other examples herein , wherein the first 
concentration is from about 20 % to about 30 % and the 
second concentration is up to about 70 % . 
[ 0094 ] Example 28 may include the subject matter of 
Example 25 and other examples herein , wherein the forming 
of the dielectric layer is by atomic layer deposition . 
[ 0095 ] Example 29 may include the subject matter of any 
one of Examples 18 - 28 and other examples herein , wherein 
the transistor is a tri - gate transistor having a fin coupled to 
and extending from the semiconductor substrate and span 
ning a source , a gate , and a drain of the tri - gate transistor , 
wherein the channel includes a top surface and two opposite 
side surfaces of the fin spanning the gate between the source 
and the drain , wherein the fin is composed of the germanium 
semiconductor or the silicon - germanium semiconductor . 
10096 ) Example 30 may include the subject matter of 
Example 29 and other examples herein , wherein the fin is 
composed of germanium , wherein the top surface of the fin 
includes a 100 crystal plane and the two opposite side 
surfaces include a 110 crystal plane . 
[ 0097 ] Example 31 may include the subject matter of 
Example 29 and other examples herein , wherein the fin and 
the semiconductor substrate are a single body composed of 
the germanium semiconductor or the silicon - germanium 
semiconductor . 
[ 0098 ] Example 32 of a computing device may comprise 
a circuit board ; and a semiconductor device coupled to the 
circuit board and including a plurality of tri - gate transistors 
disposed on the semiconductor device , wherein one or more 
of the tri - gate transistors include a channel including a 
germanium semiconductor or a silicon - germanium semicon 
ductor , a dielectric layer with a first surface coupled to the 
channel and including a metal oxide and interspersed with at 
least one additional element , the at least one additional 
element to modulate a band gap of the dielectric layer , and 
a gate electrode coupled to a second surface of the dielectric 
layer , the second surface opposite the first surface through a 
thickness of the dielectric layer , wherein a concentration of 
the at least one additional element increases monotonically 
from the first surface to the second surface . 
[ 0099 ] Example 33 may include the subject matter of 
Example 32 and other examples herein , wherein the metal 
oxide includes at least one of titanium oxide or tantalum 
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oxide , and the at least one additional element includes at 
least one of aluminum , silicon , nitrogen , zirconium , or 
hafnium . 
[ 0100 ] Example 34 may include the subject matter of 
Example 32 and other examples herein , wherein a first 
concentration is from 0 % to about 30 % by weight and a 
second concentration is from about 30 % to about 70 % by 
weight , wherein a balance of a weight percentage is metal of 
the metal oxide . 
10101 ] Example 35 may include the subject matter of 
Example 32 and other examples herein , wherein the metal 
oxide is titanium dioxide and the at least one additional 
element is aluminum . 
[ 0102 ] Example 36 may include the subject matter of 
Example 32 and other examples herein , wherein the com 
puting device is a wearable device or a mobile computing 
device , the wearable device or the mobile computing device 
including one or more of an antenna , a display , a touchscreen 
display , a touchscreen controller , a battery , an audio codec , 
a video codec , a power amplifier , a global positioning 
system ( GPS ) device , a compass , a Geiger counter , an 
accelerometer , a gyroscope , a speaker , or a camera coupled 
with the circuit board . 
[ 0103 ] Example 37 may include the subject matter of 
Example 32 and other examples herein , wherein the com 
puting device is a desktop computer , a server , or a super 
computer and includes one or more of a display , a processor , 
a cooling system , a chipset , a memory , a slot , a computer bus 
interface , a local area network controller , a port , or interface 
devices coupled with the circuit board . 
[ 0104 ] Various embodiments may include any suitable 
combination of the above - described embodiments including 
alternative ( or ) embodiments of embodiments that are 
described in conjunctive form ( and ) above ( e . g . , the “ and ” 
may be “ and / or ” ) . Furthermore , some embodiments may 
include one or more articles of manufacture ( e . g . , non 
transitory computer - readable media ) having instructions , 
stored thereon , that when executed result in actions of any 
of the above - described embodiments . Moreover , some 
embodiments may include apparatuses or systems having 
any suitable means for carrying out the various operations of 
the above - described embodiments . The above description of 
illustrated implementations , including what is described in 
the Abstract , is not intended to be exhaustive or to limit the 
embodiments of the present disclosure to the precise forms 
disclosed . While specific implementations and examples are 
described herein for illustrative purposes , various equivalent 
modifications are possible within the scope of the present 
disclosure , as those skilled in the relevant art will recognize . 
These modifications may be made to embodiments of the 
present disclosure in light of the above detailed description . 
The terms used in the following claims should not be 
construed to limit various embodiments of the present 
disclosure to the specific implementations disclosed in the 
specification and the claims . Rather , the scope is to be 
determined entirely by the following claims , which are to be 
construed in accordance with established doctrines of claim 
interpretation . 
What is claimed is : 
1 . A semiconductor device , comprising : 
a transistor formed on a semiconductor substrate and 

having a channel including a germanium semiconduc 
tor or a silicon - germanium semiconductor ; 

a dielectric layer with a first surface coupled to the 
channel and including a metal oxide interspersed with 
at least one additional element , the at least one addi 
tional element to modulate a band gap of the dielectric 
layer ; and 

a gate electrode coupled to a second surface of the 
dielectric layer , the second surface opposite the first 
surface through a thickness of the dielectric layer . 

2 . The semiconductor device of claim 1 , wherein the 
semiconductor substrate is a silicon semiconductor , a ger 
manium semiconductor , or a silicon - germanium semicon 
ductor . 

3 . The semiconductor device of claim 1 , wherein the 
metal oxide includes at least one of titanium oxide or 
tantalum oxide . 

4 . The semiconductor device of claim 1 , wherein the at 
least one additional element includes at least one of alumi 
num , silicon , nitrogen , zirconium , or hafnium . 

5 . The semiconductor device of claim 1 , wherein the 
metal oxide is titanium dioxide and the at least one addi 
tional element is aluminum . 

6 . The semiconductor device of claim 1 , wherein the 
dielectric layer has a first concentration of the at least one 
additional element at the first surface and a second concen 
tration of the at least one additional element at the second 
surface , wherein the first concentration is lower than the 
second concentration . 

7 . The semiconductor device of claim 6 , wherein the 
concentration of the at least one additional element increases 
monotonically through the thickness of the dielectric layer 
from the first surface to the second surface . 

8 . The semiconductor device of claim 6 , wherein the first 
concentration is from about 0 % to about 30 % by weight and 
the second concentration is from about 30 % to about 70 % by 
weight , wherein a balance of a weight percentage is metal of 
the metal oxide . 

9 . The semiconductor device of claim 6 , wherein the first 
concentration , the second concentration , and a concentration 
profile through the thickness of the dielectric layer of the at 
least one additional element are selected to increase the band 
gap of the metal oxide of the dielectric layer by at least three 
electron volts . 

10 . The semiconductor device of claim 1 , wherein the 
transistor is a tri - gate transistor having a fin coupled to and 
extending from the semiconductor substrate and spanning a 
source , a gate , and a drain of the tri - gate transistor , wherein 
the channel includes a top surface and two opposite side 
surfaces of the fin spanning the gate between the source and 
the drain , wherein the fin is composed of the germanium 
semiconductor or the silicon - germanium semiconductor . 

11 . The semiconductor device of claim 10 , wherein the fin 
and the semiconductor substrate are a single body composed 
of the germanium semiconductor or the silicon - germanium 
semiconductor . 

12 . A process for fabricating a semiconductor device , 
comprising : 

providing a semiconductor substrate with a transistor 
disposed on the semiconductor substrate and having a 
channel including a germanium semiconductor or sili 
con - germanium semiconductor ; and 

forming a dielectric layer on an exposed surface of the 
channel , wherein the dielectric layer includes a metal 
oxide interspersed with at least one additional element , 
wherein forming the dielectric layer includes 
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depositing a first layer of the metal oxide with the at least 
one additional element at a first concentration , 

depositing a middle layer of the metal oxide with the at 
least one additional element at a middle layer concen 
tration , and 

depositing a last layer of the metal oxide with the at least 
one additional element at a second concentration , 
wherein the first concentration is lower than the second 
concentration . 

13 . The process of claim 12 , wherein the semiconductor 
substrate is a silicon semiconductor , a germanium semicon 
ductor , or a silicon - germanium semiconductor . 

14 . The process of claim 12 , wherein the metal oxide 
includes at least one of titanium oxide or tantalum oxide . 

15 . The process of claim 12 , wherein the at least one 
additional element includes at least one of aluminum , sili 
con , nitrogen , zirconium , or hafnium . 

16 . The process of claim 12 , wherein the metal oxide is 
titanium dioxide and the at least one additional element is 
aluminum 

17 . The process of claim 12 , wherein the middle layer 
includes at least two additional layers , wherein the middle 
layer concentration of the at least one additional element 
increases monotonically during forming of the dielectric 
layer . 

18 . The process of claim 12 , wherein the first concentra 
tion is from about 0 % to about 30 % by weight and the 
second concentration is from about 30 % to about 70 % by 
weight , wherein a balance of a weight percentage is metal of 
the metal oxide . 

19 . The process of claim 12 , wherein the transistor is a 
tri - gate transistor having a fin coupled to and extending from 
the semiconductor substrate and spanning a source , a gate , 
and a drain of the tri - gate transistor , wherein the channel 
includes a top surface and two opposite side surfaces of the 
fin spanning the gate between the source and the drain , 
wherein the fin is composed of the germanium semiconduc 
tor or the silicon - germanium semiconductor . 

20 . The process of claim 19 , wherein the fin and the 
semiconductor substrate are a single body composed of the 
germanium semiconductor or the silicon - germanium semi 
conductor . 

21 . A computing device , comprising : 
a circuit board ; and 
a semiconductor device coupled to the circuit board and 

including a plurality of tri - gate transistors disposed on 
the semiconductor device , wherein one or more of the 
tri - gate transistors include 

a channel including a germanium semiconductor or a 
silicon - germanium semiconductor , 

a dielectric layer with a first surface coupled to the 
channel and including a metal oxide and interspersed 
with at least one additional element , the at least one 
additional element to modulate a band gap of the 
dielectric layer , and 

a gate electrode coupled to a second surface of the 
dielectric layer , the second surface opposite the first 
surface through a thickness of the dielectric layer , 
wherein a concentration of the at least one additional 
element increases monotonically from the first surface 
to the second surface . 

22 . The computing device of claim 21 , wherein the metal 
oxide includes at least one of titanium oxide or tantalum 
oxide , and the at least one additional element includes at 
least one of aluminum , silicon , nitrogen , zirconium , or 
hafnium . 

23 . The computing device of claim 21 , wherein a first 
concentration is from 0 % to about 30 % by weight and a 
second concentration is from about 30 % to about 70 % by 
weight , wherein a balance of a weight percentage is metal of 
the metal oxide . 

24 . The computing device of claim 21 , wherein the metal 
oxide is titanium dioxide and the at least one additional 
element is aluminum . 

25 . The computing device of claim 21 , wherein the 
computing device is a wearable device or a mobile comput 
ing device , the wearable device or the mobile computing 
device including one or more of an antenna , a display , a 
touchscreen display , a touchscreen controller , a battery , an 
audio codec , a video codec , a power amplifier , a global 
positioning system ( GPS ) device , a compass , a Geiger 
counter , an accelerometer , a gyroscope , a speaker , or a 
camera coupled with the circuit board . 


