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(57) ABSTRACT 

A method for making a semiconductor device is described. 
That method comprises forming a first dielectric layer on a 
substrate, a trench within the first dielectric layer, and a sec­
ond dielectric layer on the substrate. The second dielectric 
layer has a first part that is formed in the trench and a second 
part. After a first metal layer with a first workfunction is 
formed on the first and second parts of the second dielectric 
layer, part of the first metal layer is converted into a second 
metal layer with a second workfunction. 
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METHOD FOR MAKING A 
SEMICONDUCTOR DEVICE HAVING A 

HIGH-K GATE DIELECTRIC LAYER ANDA 
METAL GATE ELECTRODE 

FIELD OF THE INVENTION 

2 
DETAILED DESCRIPTION OF THE PRESENT 

INVENTION 

A method for making a semiconductor device is described. 

The present invention relates to methods for making semi­
conductor devices, in particular, semiconductor devices that 

10 
include metal gate electrodes. 

That method comprises forming a first dielectric layer on a 
substrate, forming a trench within the first dielectric layer, 
and forming a second dielectric layer on the substrate. The 
second dielectric layer has a first part that is formed at the 
bottom of the trench and a second part. A first metal layer with 
a first workfunction is formed on the first part of the second 
dielectric layer and on the second part of the second dielectric 

BACKGROUND OF THE INVENTION 
layer. The first metal layer, where formed on the first part of 
the second dielectric layer, is then converted into a second 
metal layer with a second workfunction. 

In the following description, a number of details are set 
forth to provide a thorough understanding of the present 
invention. It will be apparent to those skilled in the art, how­
ever, that the invention may be practiced in many ways other 
than those expressly described here. The invention is thus not 

MOS field-effect transistors with very thin gate dielectrics 15 

made from silicon dioxide may experience unacceptable gate 
leakage currents. Forming the gate dielectric from certain 
high-k dielectric materials, instead of silicon dioxide, can 
reduce gate leakage. Because, however, such a dielectric may 

20 limited by the specific details disclosed below. not be compatible with polysilicon, it may be desirable to use 
metal gate electrodes in devices that include high-k gate 
dielectrics. 

When making a CMOS device that includes metal gate 
electrodes, a replacement gate process may be used to form 
gate electrodes from different metals. In one variant of that 
process, polysilicon layers are removed to create first and 
second trenches. Both trenches are filled with a first metal 
layer. The first metal layer is then removed from the first 
trench. A second metal layer is then deposited on the first 
metal layer in the second trench, and on the high-k gate 
dielectric in the first trench. 

In this variant of the replacement gate process, the high-k 
gate dielectric-within the first trench-may serve as an etch 
stop, when the first metal layer is removed from the first 
trench. When the high-k gate dielectric performs an etch stop 
function, the process for etching the first metal layer may 
damage the underlying dielectric, which may adversely affect 
the performance and reliability of transistors that include the 
high-k gate dielectric. 

Accordingly, there is a need for an improved process for 
making a semiconductor device that includes a high-k gate 
dielectric and a metal gate electrode. There is a need for a 
replacement gate process for making such a device that does 
not require the high-k gate dielectric to serve as an etch stop, 
when removing a metal layer from its surface. The method of 
the present invention provides such a process. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. la-li represent cross-sections of structures that may 
be formed when carrying out an embodiment of the method of 
the present invention. 

FIG. 2 provides a chart showing how various elements' 
workfunctions scale with their electronegativity. 

FIGS. la-li illustrate structures that may be formed, when 
carrying out an embodiment of the method of the present 
invention. FIG. la represents an intermediate structure that 
may be formed when making a CMOS device. That structure 

25 includes first part 101 and second part 102 of substrate 100. 
Isolation region 103 separates first part 101 from second part 
102. Polysilicon layers 104 and 106 are formed on dummy 
dielectric layers 105 and 107, respectively. Polysilicon layers 
104 and 106 lie between sidewall spacers 108 and 109, and 

30 sidewall spacers 110 and 111, respectively. First dielectric 
layer 112 separates the sidewall spacers. 

Substrate 100 may comprise any material that may serve as 
a foundation upon which a semiconductor device may be 
built. Isolation region 103 may comprise silicon dioxide, or 

35 other materials that may separate the transistor's active 
regions. Dummy dielectric layers 105 and 107 may each 
comprise silicon dioxide, or other materials that may insulate 
the substrate from other substances. First and second poly­
silicon layers 104 and 106 preferably are each between about 

40 100 and about 2,000 angstroms thick, and more preferably are 
between about 500 and about 1,600 angstroms thick. Those 
layers each may be undoped or doped with similar sub­
stances. Alternatively, one layer may be doped, while the 
other is not doped, or one layer may be doped n-type (e.g., 

45 with arsenic, phosphorus or another n-type material), while 
the other is doped p-type ( e.g., with boron or another p-type 
material). Spacers 108, 109, 110, 111 preferably comprise 
silicon nitride, while first dielectric layer 112 may comprise 
silicon dioxide, or a low-k material. 

50 Conventional process steps, materials, and equipment may 
be used to generate the FIG. la structure, as will be apparent 
to those skilled in the art. As shown, first dielectric layer 112 
may be polished back, e.g., via a conventional chemical 
mechanical polishing ("CMP") operation, to expose first and 

55 second polysilicon layers 104 and 106. Although not shown, 
the FIG. la structure may include many other features ( e.g., a 
silicon nitride etch stop layer, source and drain regions, and 
one or more buffer layers) that may be formed using conven-
tional processes. 

FIGS. 3a-3e represent cross-sections of structures that may 
be formed when carrying out the embodiment of FIGS. la-li 
to generate a device that includes a PIN junction within a 60 

trench. 

After forming the FIG. la structure, first and second poly-
silicon layers 104 and 106 are removed. In a preferred 
embodiment, those layers are removed by applying a wet etch 
process, or processes. Such a wet etch process may comprise 
exposing layers 104 and 106 to an aqueous solution that 

FIGS. 4a-4e represent cross-sections of structures that may 
be formed when carrying out a second embodiment of the 
method of the present invention. 

Features shown in these figures are not intended to be 
drawn to scale. 

65 comprises a source of hydroxide for a sufficient time at a 
sufficient temperature to remove substantially all of those 
layers. That source of hydroxide may comprise between 

10
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about 2 and about 30 percent ammonium hydroxide or a 
tetraalkyl ammonium hydroxide, e.g., tetramethyl ammo­
nium hydroxide ("TMAH"), by volume in deionized water. 

Ann-type polysilicon layer may be removed by exposing it 
to a solution, which is maintained at a temperature between 
about 15° C. and about 90° C. (and preferably below about 
40° C. ), that comprises between about 2 and about 30 percent 
ammonium hydroxide by volume in deionized water. During 
that exposure step, which preferably lasts at least one minute, 
it may be desirable to apply sonic energy at a frequency of 10 

between about 10 KHz and about 2,000 KHz, while dissipat-
ing at between about 1 and about 10 watts/cm2

. For example, 
an n-type polysilicon layer that is about 1,350 angstroms 
thick may be removed by exposing it at about 25° C. for about 
30 minutes to a solution that comprises about 15 percent 15 

ammonium hydroxide by volume in deionized water, while 
applying sonic energy at about 1,000 KHz----dissipating at 
about 5 watts/cm2

. 

4 
that is formed at the bottom of first trench 113, and second 
part 131-which in this embodiment is formed at the bottom 
of second trench 114. Preferably, second dielectric layer 115 
comprises a high-k gate dielectric layer. Some of the materi­
als that may be used to make such a high-k gate dielectric 
layer include: hafnium oxide, hafnium silicon oxide, lantha­
num oxide, lanthanum aluminum oxide, zirconium oxide, 
zirconium silicon oxide, tantalum oxide, titanium oxide, 
barium strontium titanium oxide, barium titanium oxide, 
strontium titanium oxide, yttrium oxide, aluminum oxide, 
lead scandium tantalum oxide, and lead zinc niobate. Particu-
larly preferred are hafnium oxide, zirconium oxide, and alu­
minum oxide. Although a few examples of materials that may 
be used to form a high-k gate dielectric layer are described 
here, that layer may be made from other materials. 

As an alternative, an n-type polysilicon layer may be 
removed by exposing it for at least one minute to a solution, 
which is maintained at a temperature between about 60° C. 
and about 90° C., that comprises between about 20 and about 

High-k gate dielectric layer 115 may be formed on sub­
strate 100 using a conventional deposition method, e.g., a 
conventional chemical vapor deposition ("CVD"), low pres­
sure CVD, or physical vapor deposition ("PVD") process. 

20 Preferably, a conventional atomic layer CVD process is used. 

30 percent TMAH by volume in deionized water, while 
applying sonic energy. Substantially all of such an n-type 
polysilicon layer that is about 1,350 angstroms thick may be 
removed by exposing it at about 80° C. for about 2 minutes to 
a solution that comprises about 25 percent TMAH by volume 

In such a process, a metal oxide precursor ( e.g., a metal 
chloride) and steam may be fed at selected flow rates into a 
CVD reactor, which is then operated at a selected temperature 
and pressure to generate an atomically smooth interface 

25 between substrate 100 and high-k gate dielectric layer 115. 

in deionized water, while applying sonic energy at about 
1,000 KHz-dissipating at about 5 watts/cm2

. 

A p-type polysilicon layer may also be removed by expos­
ing it to a solution that comprises between about 20 and about 
30 percent TMAH by volume in deionized water for a suffi­
cient time at a sufficient temperature ( e.g., between about 60° 

The CVD reactor should be operated long enough to form a 
layer with the desired thickness. In most applications, high-k 
gate dielectric layer 115 should be less than about 60 ang­
stroms thick, and more preferably between about 5 angstroms 

30 and about 40 angstroms thick. 

C. and about 90° C.), while applying sonic energy. Those 
skilled in the art will recognize that the particular wet etch 35 

process, or processes, that should be used to remove first and 
second polysilicon layers 104 and 106 will vary, depending 
upon whether none, one or both of those layers are doped, 
e.g., one layer is doped n-type and the other p-type. 

For example, iflayer 104 is doped n-type and layer 106 is 40 

doped p-type, it may be desirable to first apply an ammonium 
hydroxide based wet etch process to remove then-type layer 
followed by applying a TMAH based wet etch process to 
remove the p-type layer. Alternatively, it may be desirable to 
simultaneously remove layers 104 and 106 with an appropri- 45 

ate TMAH based wet etch process. 
After removing first and second polysilicon layers 104 and 

106, dummy dielectric layers 105 and 107 are exposed. In this 
embodiment, dummy layers 105 and 107 are removed. When 
dummy dielectric layers 105 and 107 comprise silicon diox- 50 

ide, they may be removed using an etch process that is selec­
tive for silicon dioxide. Such an etch process may comprise 
exposing layers 105 and 107 to a solution that includes about 
1 percent HF in deionized water. The time layers 105 and 107 
are exposed should be limited, as the etch process for remov- 55 

ing those layers may also remove part of first dielectric layer 
112. With that in mind, ifa 1 percent HF based solution is used 
to remove layers 105 and 107, the device preferably should be 
exposed to that solution for less than about 60 seconds, and 
more preferably for about 30 seconds or less. As shown in 60 

FIG. lb, removal of dummy dielectric layers 105 and 107 
leaves first and second trenches 113 and 114 within first 
dielectric layer 112 positioned between sidewall spacers 108 
and 109, and sidewall spacers 110 and 111, respectively. 

As shown in FIG. le, when an atomic layer CVD process is 
used to form high-k gate dielectric layer 115, that layer will 
form on the sides of trenches 113 and 114 in addition to 
forming on the bottom of those trenches. Ifhigh-k gate dielec­
tric layer 115 comprises an oxide, it may manifest oxygen 
vacancies at random surface sites and unacceptable impurity 
levels, depending upon the process used to make it. It may be 
desirable to remove impurities from layer 115, and to oxidize 
it to generate a layer with a nearly idealized metal:oxygen 
stoichiometry, after layer 115 is deposited. 

To remove impurities from that layer and to increase that 
layer's oxygen content, a wet chemical treatment may be 
applied to high-k gate dielectric layer 115. Such a wet chemi­
cal treatment may comprise exposing high-k gate dielectric 
layer 115 to a solution that comprises hydrogen peroxide at a 
sufficient temperature for a sufficient time to remove impuri­
ties from high-k gate dielectric layer 115 and to increase the 
oxygen content ofhigh-kgate dielectric layer 115. The appro­
priate time and temperature at which high-k gate dielectric 
layer 115 is exposed may depend upon the desired thickness 
and other properties for high-k gate dielectric layer 115. 

When high-k gate dielectric layer 115 is exposed to a 
hydrogen peroxide based solution, an aqueous solution that 
contains between about 2% and about 30% hydrogen perox­
ide by volume may be used. That exposure step should take 
place at between about 15° C. and about 40° C. for at least 
about one minute. In a particularly preferred embodiment, 
high-k gate dielectric layer 115 is exposed to an aqueous 
solution that contains about 6.7% H2 O2 by volume for about 
10 minutes at a temperature of about 25° C. During that 
exposure step, it may be desirable to apply sonic energy at a 
frequency of between about 10 KHz and about 2,000 KHz, 
while dissipating at between about 1 and about 10 watts/cm2

. 

In this embodiment, after removing dummy dielectric lay­
ers 105 and 107, second dielectric layer 115 is formed on 
substrate 100. Second dielectric layer 115 has first part 130 

65 In a preferred embodiment, sonic energy may be applied at a 
frequency of about 1,000 KHz, while dissipating at about 5 
watts/cm2

. 

11



US 7,390,709 B2 
5 

Although not shown in FIG. le, it may be desirable to form 
a capping layer, which is no more than about five monolayers 
thick, on high-k gate dielectric layer 115. Such a capping 
layer may be formed by sputtering one to five monolayers of 
silicon, or another material, onto the surface of high-k gate 5 

dielectric layer 115. The capping layer may then be oxidized, 
e.g., by using a plasma enhanced chemical vapor deposition 
process or a solution that contains an oxidizing agent, to form 
a capping dielectric oxide. 

6 
such a workfunction shifting component to an unmasked part 
of first metal layer 116 include ion implantation, plasma 
enhanced ion implantation, furnace diffusion, and plasma 
deposition. 

In addition, a workfunction shifting component may be 
added to first metal layer 116 by depositing a donor metal 
layer on first metal layer 116, removing that layer where first 
metal layer 116 should not be modified, then inducing the 
workfunction shifting component to diffuse from the donor 
metal layer into first metal layer 116. In one embodiment, 
after such a donor metal layer is deposited onto first metal 
layer 116, a first part of the donor metal layer is masked, and 
the unmasked second part of the donor metal layer is 
removed, prior to causing the workfunction shifting compo­
nent to diffuse from the donor metal layer into first metal layer 
116. Alternatively, a masking layer may be formed on part of 
first metal layer 116, the donor metal layer may be deposited 
onto the exposed part of first metal layer 116 and on the 
masking layer, and the masking layer may be removed-

Although in some embodiments it may be desirable to form 1 o 
a capping layer on high-k gate dielectric layer 115, in the 
illustrated embodiment, first metal layer 116 is formed 
directly on layer 115 to generate the FIG. le structure. First 
metal layer 116 has a first workfunction and is formed on both 
first part 130 ofhigh-k gate dielectric layer 115 and on second 15 

part 131 ofhigh-k gate dielectric layer 115. First metal layer 
116 may comprise any conductive material from which a 
metal gate electrode may be derived, and may be formed on 
high-k gate dielectric layer 115 using well known PVD or 
CVD processes. 

Examples of n-type materials that may be used to form first 
metal layer 116 include: hafnium, zirconium, titanium, tan­
talum, aluminum, and metal carbides that include these ele­
ments, i.e., titanium carbide, zirconium carbide, tantalum 
carbide, hafnium carbide and aluminum carbide. If an n-type 25 

metal, first metal layer 116 may alternatively comprise an 
aluminide, e.g., an aluminide that comprises hafnium, zirco­
nium, titanium, tantalum, or tungsten. Examples of p-type 
metals that may be used include: ruthenium, palladium, plati­
num, cobalt, nickel, and conductive metal oxides, e.g., ruthe- 30 

nium oxide. Although a few examples of materials that may 

20 along with the part of the donor metal layer that was deposited 
on it-prior to causing the workfunction shifting component 
to diffuse from the donor metal layer into first metal layer 116. 

be used to form first metal layer 116 are described here, that 
layer may be made from many other materials. 

First metal layer 116 should be thick enough to ensure that 
any material formed on it will not significantly impact its 35 

workfunction. Preferably, first metal layer 116 is between 
about 25 angstroms and about 300 angstroms thick, and more 
preferably is between about 25 angstroms and about 200 
angstroms thick. When first metal layer 116 comprises an 
n-type material, layer 116 preferably has a workfunction that 40 

is between about 3.9 eV and about 4.2 eV. When first metal 
layer 116 comprises a p-type material, layer 116 preferably 
has a workfunction that is between about 4.9 e V and about 5 .2 
eV. 

FIGS. ld-li illustrate an embodiment of the present inven­
tion in which part of first metal layer 116 is masked after first 
metal layer 116 is formed onhigh-k gate dielectric layer 115, 
and the exposed part of first metal layer 116 is then converted 
into a second metal layer with a second workfunction. To 
mask first metal layer 116, e.g., where formed on second part 
131 ofhigh-k gate dielectric layer 115, initially masking layer 
132 may be formed on first metal layer 116, as shown in FIG. 
ld. 

In a preferred embodiment, masking layer 132 comprises 
sacrificial light absorbing material ("SLAM") 132, which 
may be spun onto first metal layer 116. First part 133 of 
SLAM 132 covers first part 130 ofhigh-k gate dielectric layer 
115, and second part 134 of SLAM 132 covers second part 
131 of high-k gate dielectric layer 115. After depositing 
SLAM 132 on first metal layer 116, first part 133 of SLAM 
132 is removed while second part 134 of SLAM 132 is 
retained. First part 133 of SLAM 132 may be removed in the 
following way. First, a layer of photoresist (not shown) is 
deposited on SLAM 132, then patterned such that it covers 
only second part 134 of SLAM 132. Exposed part 133 may 
then be removed, e.g., by applying an appropriate wet etch 

In a preferred embodiment, first metal layer 116 has a first 
workfunction that is suitable for forming a first type of gate 
electrode, e.g., NMOS or PMOS, but not suitable for forming 
a second type of gate electrode. If, for example, first metal 
layer 116 has a first workfunction that is suitable for forming 
an NMOS gate electrode, then part of first metal layer 116 
must be converted into a second metal layer that has a second 
workfunction that is suitable for forming a PMOS gate elec­
trode. Similarly, if first metal layer 116 has a first workfunc­
tion that is suitable for forming a PMOS gate electrode, then 
part of first metal layer 116 must be converted into a second 
metal layer that has a second workfunction that is suitable for 
forming an NMOS gate electrode. 

45 process. After removing part 133 of SLAM 132, the patterned 
photoresist layer may be removed. As a result, first metal 
layer 116 is exposed where formed on first part 130 ofhigh-k 
gate dielectric layer 115, as FIG. le illustrates. 

SLAM 132 may comprise, for example, a spin on glass 
50 ("SOG") layer or a spin on polymer ("SOP") layer, which 

includes a light absorbing dye. That light absorbing dye pref­
erably absorbs light at the wavelength used to pattern an 
overlying photoresist layer. In addition, SLAM 132 (whether 
an SOG or SOP) should completely and uniformly fill 

55 trenches 113 and 114, and should have wet etch properties 
that enable it to be removed selectively to first metal layer 
116. 

In the illustrated embodiment, first metal layer 116, where 
formed on first part 130 ofhigh-k gate dielectric layer 115, is 
converted into a second metal layer with a second workfunc- 60 

tion. Part of first metal layer 116 may be converted into a 
second metal layer with a second workfunction by adding to 
it a workfunction shifting component. A workfunction shift-
ing component may, for example, be added to part of first 
metal layer 116 by masking part of first metal layer 116, then 65 

adding the workfunction shifting component to the unmasked 
part of first metal layer 116. Examples of processes for adding 

After removing SLAM 132, where it had covered first part 
130 ofhigh-k gate dielectric layer 115, first metal layer 116 
(where formed on first part 130 ofhigh-k gate dielectric layer 
115) is converted into second metal layer 135, as figure lf 
illustrates. As indicated above, the exposed part of first metal 
layer 116 may be converted into second metal layer 135 in 
multiple ways---e.g., by adding a workfunction shifting com­
ponent to the unmasked part of first metal layer 116 via an 
appropriate ion implantation, plasma enhanced ion implanta-
tion, furnace diffusion, or plasma deposition process. Alter-

12
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natively, a donor metal layer may be deposited onto the 
exposed part of first metal layer 116 and on SLAM 132, after 
which SLAM 132 is removed ( along with the part of the donor 
metal layer that was deposited on it) followed by causing a 
workfunction shifting component to diffuse from the donor 
metal layer into the exposed part of first metal layer 116. 

In a preferred embodiment, the exposed part of first metal 
layer 116 is exposed to a plasma that is derived at least in part 
from a workfunction shifting component. If first metal layer 
116 comprises an n-type metal, then the workfunction shift- 10 

ing component preferably comprises an element with rela­
tively high electronegativity, e.g., an electronegativity value 
that is greater than about 2.8. If first metal layer 116 com­
prises a p-type metal, then the workfunction shifting compo­
nent preferably comprises an element with relatively low 15 

electronegativity, e.g., an electronegativity value that is less 
than about 1.7. 

8 
may be generated within such a reactor in the following way. 
Initially, a fluorine containing compound, e.g., sulfur 
hexafluoride ("SF 6"), is fed into the reactor, along with an 
inert gas, e.g., argon. A sufficient amount of that compound 
should be fed into the reactor to ensure that the desired con­
version occurs. Next, the reactor should be operated under the 
appropriate conditions ( e.g., temperature, pressure, radio fre­
quency, and power), and for a sufficient time, to add enough 
fluorine to first metal layer 116 to create a second metal layer 
with a workfunction that is at least about 4.9 eV. It may be 
desirable to perform this operation at low power, e.g., at 
between about 100 watts and 150 watts. 

It is believed that such a process will cause energetic fluo­
rine ions to dissociate from the plasma and to react chemically 
with first metal layer 116 to create second metal layer 135. 
Because first metal layer 116 is relatively thin, it may be 
necessary to vary operating conditions for different types of 
metal layers, and for different thicknesses, to ensure that such 
a plasma deposition treatment does not sputter first metal 

FIG. 2 provides a chart showing how a material's work­
function scales with electronegativity. Adding to the exposed 
part of first metal layer 116 a significant quantity ofa material 
with a relatively high electronegativity may raise the work­
function of that part of first metal layer 116. Adding to first 
metal layer 116 a significant quantity of a material with a 
relatively low electronegativity may lower the workfunction 
of first metal layer 116. 

20 layer 116. After converting the exposed part of first metal 
layer 116 into second metal layer 135, second part 134 of 
SLAM 132 may be removed to generate the structure of FIG. 
lg. SLAM 132 may be removed using an appropriate wet etch 
process. 

25 

As is apparent from that chart, elements that may increase 
the workfunction of an n-type metal layer, rendering it poten­
tially suitable for forming a PMOS gate electrode, include: 
nitrogen, chlorine, oxygen, fluorine, and bromine. Fluorine 
may be a particularly preferred element for raising the work- 30 

function of an n-type metal layer. Elements that may reduce 
the workfunction of a p-type metal layer, rendering it poten­
tially suitable for forming an NMOS gate electrode, include: 
lanthanide metals, scandium, zirconium, hafnium, alumi­
num, titanium, tantalum, niobium, and tungsten. Otherpoten- 35 

tially useful elements include the alkali metals and alkaline 
earth metals. Aluminum and cerium may be particularly pre­
ferred elements for reducing the workfunction of a p-type 
metal layer. 

The elements that best serve to raise or lower the work- 40 

function of first metal layer 116 to the desired level may 
depend upon first metal layer 116's composition and proper­
ties. Although a few examples of the elements, which can 
shift first metal layer 116' s workfunction, are identified here, 
other elements may be used instead. The process of the 45 

present invention thus contemplates the use of any element 
that may serve to convert the exposed part of first metal layer 
116 into a second metal layer with a second workfunction. 
Whether it is best to add a single element to layer 116, or 
instead add multiple elements, may depend upon the particu- 50 

lar application. The optimal concentration of the workfunc­
tion shifting component ( or components) that is added to the 
exposed part of first metal layer 116 to shift its workfunction 
to the targeted level may also depend upon the composition 
and properties of layer 116 (including its initial workfunc- 55 

tion), the type of workfunction shifting component used, and 
the target workfunction. 

In a particularly preferred embodiment, first metal layer 
116 comprises an n-type metal with a first workfunction that 
is between about 3.9 and about 4.2, and the exposed part of 60 

that n-type metal is converted into a second metal layer with 

Although in this embodiment SLAM 132 is used to mask 
part of first metal layer 116, other conventional masking 
materials may be used instead. Applying a sacrificial light 
absorbing material as the masking material in the method of 
the present invention may, however, be beneficial for at least 
the following reasons. Such a sacrificial light absorbing mate­
rial may fill narrow trenches that other materials, e.g., photo-
resist, may not adequately fill. In addition, conventional etch 
processes for removing various sacrificial light absorbing 
materials may effectively remove such materials without 
removing a significant part of the underlying metal layer. 

In this embodiment, after converting part of first metal 
layer 116 into second metal layer 135 (and removing SLAM 
132), the remainder of trenches 113 and 114 may be filled 
with a material that may be easily polished, e.g., tungsten, 
aluminum, titanium, or titanium nitride. Such a trench fill 
metal, e.g., metal 121, may be deposited over the entire device 
using a conventional metal deposition process, generating the 
FIG. lh structure. Fill metal 121, second metal layer 135, first 
metal layer 116, and high-k gate dielectric layer 115 may then 
be removed from the surface of first dielectric layer 112, e.g., 
via an appropriate CMP process, as shown in li. 

In this embodiment second metal layer 135, first metal 
layer 116, and high-k gate dielectric layer 115 are removed 
from the surface of first dielectric layer 112 at the same time 
that fill metal 121 is removed from first dielectric layer 112. In 
other embodiments, second metal layer 135, first metal layer 
116, and high-k gate dielectric layer 115 may be removed 
from the surface of first dielectric layer 112 before fill metal 
121 is deposited on first metal layer 116 and second metal 
layer 135. 

After removing trench fill metal 121, except where it fills 
trenches 113 and 114, a capping dielectric layer (not shown) 
may be deposited onto the resulting structure using any con­
ventional deposition process. Process steps for completing 
the device that follow the deposition of such a capping dielec­
tric layer, e.g., forming the device's contacts, metal intercon-
nect, and passivation layer, are well known to those skilled in 
the art and will not be described here. 

a second workfunction that is between about 4.9 and about 
5.2. Such an n-type metal layer may be converted into a 
second metal layer with a second workfunction by exposing 
that n-type metal layer to a fluorine based plasma. 

That conversion may take place in an electron cyclotron 
resonance ("ECR") plasma reactor. A fluorine based plasma 

FIGS. 3a-3e represent cross-sections of structures that may 
65 be formed when carrying out the embodiment of FIGS. la-li 

to generate a device that includes a PIN junction. Such a 
device may, for example, comprise an SRAM, which may be 
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used in process development work. FIGS. 3a-3e represent 
structures that are oriented perpendicular to the plane of cor­
responding cross-sections represented in FIGS. la-li. In this 
respect, FIGS. 3a-3e represent cross-sections that result when 
the device is rotated 90° from the position shown in FIGS. 5 

la-li. FIGS. 3a-3e correspond to structures built within 
trench 113 that FIGS. la-li illustrate. 

10 
method of the present invention. In this second embodiment, 
after forming a structure like the one FIG. le illustrates, donor 
metal layer 420 is deposited on first metal layer 416-gener-
ating the structure illustrated by FIG. 4a. Donor metal layer 
420 comprises a workfunction shifting component. If first 
metal layer 416 comprises an n-type metal, then donor metal 
layer 420 may comprise ruthenium, palladium, platinum, iri­
dium, various refractory metal nitrides ( e.g., tungsten nitride 
or tantalum nitride), or alloys or compounds that include one 

In this embodiment, FIG. 3a shows polysilicon layers 104 
and 122 that are formed on dielectric layer 105, which is 
formed on substrate 100. This structure may be generated 
using materials and process steps described above. Although 
this embodiment illustrates two polysilicon layers, which 
may be doped differently, in alternative embodiments a single 
polysilicon layer may be formed on dielectric layer 105. 

10 or more of those materials. If first metal layer 416 comprises 
a p-type metal, then donor metal layer 420 may comprise 
hafnium, zirconium, titanium, aluminum, lanthanum, or 
alloys or compounds that include one or more of those mate­
rials. 

Although a few examples of materials that may be used to 
form donor metal layer 420 are described here, that layer may 
be made from many other materials. Donor metal layer 420 
may be formed on first metal layer 416 using a conventional 
PVD or CVD process, preferably is between about 25 ang-

After forming the FIG. 3a structure, polysilicon layers 104 15 

and 122, and dielectric layer 105, are removed, e.g., using 
process steps described above, to generate trench 113-as 
FIG. 3b illustrates. Trench 113 is then coated withhigh-k gate 
dielectric layer 115 and first metal layer 116 to generate the 
FIG. 3c structure. Because process steps and materials for 
forming those layers have been described previously, further 
recitation will not be presented here. 

20 stroms and about 300 angstroms thick, and more preferably is 
between about 25 angstroms and about 200 angstroms thick. 

After depositing donor metal layer 420 on first metal layer 
416, masking layer 440 is formed on donor metal layer 420, 
where deposited on first metal layer 416 above first part 430 

Part 141 of first metal layer 116 is then masked, and another 
part of that layer is converted into second metal layer 135, 
generating the structure of FIG. 3d. After removing the mask, 
the remainder of trench 113 is filled with a material ( e.g., 
trench fill metal 121) that may be easily polished. That trench 
fill metal-along with underlying parts of second metal layer 
135, first metal layer 116, and high-k gate dielectric layer 
115-are then removed except where it fills trench 113, as 
shown in 3e. A conventional CMP operation may be used to 
polish back the trench fill metal, and underlying materials. 
Process steps for completing the device are omitted, as they 

25 ofhigh-k gate dielectric layer 415. Masking layer 440 may 
comprise an SOG or SOP based sacrificial light absorbing 
material, or another conventional masking material. Masking 
layer 440 may be deposited and patterned to generate the FIG. 
4b structure using conventional process steps. The exposed 

30 part of donor metal layer 420 may then be removed, e.g., via 
an appropriate etch operation, followed by removing masking 
layer 440, as FIG. 4c illustrates. 

are well known to those skilled in the art. 
A high temperature anneal is then applied to convert first 

metal layer 416, where formed on first part 430 ofhigh-k gate 
In the embodiment represented by FIGS. 3a-3e, if first 

metal layer 116 is n-type, then second metal layer 135 is 
p-type. If first metal layer 116 is p-type, then second metal 
layer 135 is n-type. In the resulting device, PIN junction 124 
resides where first metal layer 116 meets second metal layer 
135. In devices with the FIG. 3e structure, an adjacent trench 
(e.g., trench 114 of FIGS. la-li-not shown in FIG. 3e) may 
have a PIN junction with the reverse orientation. Within such 

35 dielectric layer 415, into second metal layer 435, generating 
the FIG. 4d structure. A rapid thermal anneal ("RTA"), i.e., an 
anneal process in which the temperature ramp up and ramp 
down times are relatively short, may suffice. In a preferred 
embodiment, such an RTA process should take place at 

40 between about 300° C. and about 600° C. in an inert ambient 

an adjacent trench, second metal layer 135 may contact 
high-k gate dielectric layer 115 where first metal layer 116 
contacts that dielectric layer in FIG. 3e, while first metal layer 45 

116 may contact high-k gate dielectric layer 115 where sec­
ond metal layer 135 contacts that dielectric layer in FIG. 3e. 

Although the embodiment of FIGS. 3a-3e illustrates a 
method for forming a structure with a PIN junction, other 
embodiments may form devices that do not include a PIN 50 

junction. For example, in other devices, first metal layer 116, 
shown in FIG. li, may coat trench 114 along its entire width, 
while second metal layer 135, shown in FIG. li, coats trench 
113 along its entire width. The method of the present inven­
tion is thus not limited to forming devices with PIN junctions. 55 

It follows that the aforementioned second part of the afore­
mentioned second dielectric layer may be formed within a 
second trench, which differs from a first trench that receives a 
first part of the second dielectric layer, or instead may be 
formed within the same trench that receives a first part of the 60 

second dielectric layer. In the illustrated embodiments, the 
second dielectric layer, which may comprise a high-k gate 
dielectric layer, is formed after forming the first dielectric 
layer. In alternative embodiments, such a second dielectric 
layer may be formed before forming the first dielectric layer. 65 

FIGS. 4a-4e represent cross-sections of structures that may 
be formed when carrying out a second embodiment of the 

or under vacuum. Although an RTA process may be preferred, 
in alternative embodiments a high temperature anneal that 
takes place for between about 1 minute and about 2 hours may 
be performed. 

The appropriate time, temperature, and other operating 
conditions under which the high temperature anneal takes 
place may depend upon the nature of first metal layer416 and 
donor metal layer 420. The desired result may also depend 
upon the nature of those metal layers. If, for example, first 
metal layer 416 comprises an n-type metal, then the anneal 
should be applied under conditions that convert part of that 
n-type metal layer into a p-type metal layer with a workfunc­
tion of between about 4.9 and about 5.2. If instead first metal 
layer 416 comprises a p-type metal, then the anneal should be 
applied under conditions that convert part of that p-type metal 
layer into an n-type metal layer with a workfunction of 
between about 3.9 and about 4.2. 

After converting part of first metal layer 416 into second 
metal layer 435, fill metal 421 may be deposited onto first 
metal layer 416 and second metal layer 435. Portions of fill 
metal 421, second metal layer 435, first metal layer 416, and 
high-k gate dielectric layer 415 are then removed, except 
where they fill the trench, generating the FIG. 4e structure. 
Process steps for completing the device are omitted, as they 
are well known to those skilled in the art. Like the embodi­
ment ofFIGS. la-li, first metal layer416 of FIG. 4e may coat 
trench 413 along its entire width, while second metal layer 

14
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435 of FIG. 4e coats trench 414 along its entire width. Alter­
natively, the embodiment of FIGS. 4a-4e may be used to form 
a structure with a PIN junction, like the structure of FIG. 3e. 

As illustrated above, the method of the present invention 
enables production of CMOS devices that include a high-k 
gate dielectric layer and metal gate electrodes with appropri­
ate workfunctions for both NMOS and PMOS transistors. 
This method may enable a replacement gate process to gen­
erate such a CMOS device without requiring removal of part 
of a metal gate layer from an underlying high-k gate dielectric 10 

layer. As a result, the process of the present invention may 
prevent such a removal step from damaging the high-k gate 
dielectric layer. Although the embodiments described above 
provide examples of processes for forming CMOS devices 
that may benefit from application of the present invention, the 15 

present invention is not limited to these particular embodi-
ments. 

12 
barium strontium titanium oxide, barium titanium oxide, 
strontium titanium oxide, yttrium oxide, aluminum oxide, 
lead scandium tantalum oxide, and lead zinc niobate. 

4. The method of claim 1 wherein the first metal layer 
comprises a material that is selected from the group consist­
ing of hafnium, zirconium, titanium, tantalum, aluminum, a 
metal carbide, an aluminide, ruthenium, palladium, platinum, 
cobalt, nickel, and a conductive metal oxide. 

5. The method of claim 1 wherein the workfunction shift­
ing component is added to the first metal layer by exposing 
the first metal layer to a fluorine based plasma. 

6. The method of claim 5 wherein the first metal layer, 
where formed on the first part of the second dielectric layer, is 
converted into a second metal layer with a second workfunc­
tion by: 

treating the first metal layer, where formed on the first part 
of the second dielectric layer, to a plasma derived at least 
in part from sulfur hexafluoride; then 

removing the second portion of the sacrificial light absorb­
ing material. 

Although the foregoing description has specified certain 
steps and materials that may be used in the present invention, 
those skilled in the art will appreciate that many modifications 20 

and substitutions may be made. Accordingly, all such modi­
fications, alterations, substitutions and additions fall within 7. The method of claim 1 wherein the first metal layer, 

where formed on the first part of the second dielectric layer, is 
converted into a second metal layer with a second workfunc-

25 
tion by: 

the spirit and scope of the invention as defined by the 
appended claims. 

What is claimed is: 
1. A method for making a semiconductor device compris-

ing: 
forming a first dielectric layer on a substrate; 
forming a trench within the first dielectric layer; 
forming a second dielectric layer on the substrate, the 30 

second dielectric layer having a first part that is formed 
at the bottom of the trench and a second part; 

forming a first metal layer having a first workfunction on 
the first part of the second dielectric layer and on the 
second part of the second dielectric layer; and 

converting the first metal layer, where formed on the first 
part of the second dielectric layer, into a second metal 
layer with a second workfunction by: 
masking the first metal layer with a sacrificial light 

absorbing material; 
forming a photoresist layer on the sacrificial light 

absorbing material; 
patterning the photoresist layer such that a first portion 

of the sacrificial light absorbing material may subse­
quently be removed; 

removing the first portion of the sacrificial light absorb­
ing material, which first portion overlies the first part 

35 

40 

45 

of the second dielectric layer, while leaving a second 
portion of the sacrificial light absorbing material over­
lying the second part of the second dielectric layer; 50 

and 

forming a donor metal layer, which comprises a workfunc­
tion shifting component, on the first metal layer where 
formed on the first part of the second dielectric layer; 
then 

applying a high temperature amieal treatment to cause the 
workfunction shifting component to diffuse from the 
donor metal layer into the first metal layer. 

8. The method of claim 7 further comprising: 
depositing the donor metal layer on the first metal layer; 
forming a masking layer on the donor metal layer, where 

deposited on the first metal layer above the first part of 
the second dielectric layer; 

removing the exposed part of the donor metal layer, where 
deposited on the first metal layer above the second part 
of the second dielectric layer; 

removing the masking layer; and 
applying the high temperature amieal treatment; and 

wherein: 
the donor metal layer comprises a material that is selected 

from the group consisting of ruthenium, palladium, 
platinum, iridium, a refractory metal nitride, hafnium, 
zirconium, titanium, aluminum, and lanthanum; and 

the high temperature anneal takes place at a temperature of 
at least about 300° C. for at least about one minute to 
generate the second metal layer with the second work­
function. adding a workfunction shifting component to the first 

metal layer, where formed on the first part of the 
second dielectric layer, 

wherein: 
the sacrificial light absorbing material includes a light 

absorbing dye that absorbs light at a wavelength 
used in the patterning of the photoresist layer. 

9. The method of claim 1 wherein the first metal layer is 
between about 25 and about 300 angstroms thick, and has a 

55 workfunction that is between about 3.9 eV and about 4.2 eV, 
and the second metal layer has a workfunction that is between 
about 4.9 eV and about 5.2 eV. 

2. The method of claim 1 wherein the second dielectric 
layer comprises a high-k gate dielectric layer that is formed 
on the substrate after the first dielectric layer is formed on the 
substrate. 

10. The method of claim 1 wherein the first metal layer is 
between about 25 and about 300 angstroms thick, and has a 

60 workfunction that is between about 4.9 eV and about 5.2 eV, 
and the second metal layer has a workfunction that is between 
about 3.9 eV and about 4.2 eV. 

3. The method of claim 2 wherein the high-k gate dielectric 
layer comprises a material that is selected from the group 
consisting of hafnium oxide, hafnium silicon oxide, lantha- 65 

num oxide, lanthanum aluminum oxide, zirconium oxide, 
zirconium silicon oxide, tantalum oxide, titanium oxide, 

11. The method of claim 1 wherein the second dielectric 
layer is formed on the substrate before the first dielectric layer 
is formed on the substrate, and wherein the second part of the 
second dielectric layer, like the first part of the second dielec­
tric layer, is formed at the bottom of the trench. 

15
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12. The method of claim 1 wherein the second part of the 
second dielectric layer is formed at the bottom of a second 
trench that is formed within the first dielectric layer. 

13. A method for making a semiconductor device compris­
ing: 

forming a first dielectric layer on a substrate; 
forming a trench within the first dielectric layer; 
forming a high-k gate dielectric layer on the substrate, the 

high-k gate dielectric layer having a first part that is 10 

formed at the bottom of the trench and a second part; 
forming a first metal layer on both the first and second parts 

of the high-k gate dielectric layer, the first metal layer 
having a first workfunction; 

forming a sacrificial light absorbing material on the first 15 

metal layer, a first part of the sacrificial light absorbing 
material covering the first part of the high-k gate dielec-
tric layer and a second part of the sacrificial light absorb-

14 
metal layer, the removal of the first part of the sacrificial 
light absorbing material being accomplished using a 
patterned photoresist layer; 

converting the exposed part of the first metal layer into a 
second metal layer with a second workfunction; and 

removing the second part of the sacrificial light absorbing 
material, wherein the sacrificial light absorbing material 
includes a light absorbing dye that absorbs light at a 
wavelength used in the patterning of the photoresist 
layer. 

14. The method of claim 13 wherein the exposed part of the 
first metal layer is converted into the second metal layer with 
the second workfunction by treating the exposed part of the 
first metal layer with a fluorine based plasma. 

15. The method of claim 14 wherein the first metal layer is 
between about 25 and about 300 angstroms thick, has a work­
function that is between about 3.9 eV and about 4.2 eV, and 
comprises a material that is selected from the group consist­
ing of hafnium, zirconium, titanium, tantalum, aluminum, a ing material covering a second part of the high-k gate 

dielectric layer; 
removing the first part of the sacrificial light absorbing 

material while retaining the second part of the sacrificial 
light absorbing material, thus exposing part of the first 

20 metal carbide, and an aluminide, and the second metal layer 
has a workfunction that is between about 4.9 e V and about 5 .2 
eV. 

* * * * * 

16




