
(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2007/0218668A1 

Wagener 

US 20070218668A1 

(43) Pub. Date: Sep. 20, 2007 

(54) 

(76) 

(21) 

(22) 

(63) 

(60) 

CONTROLLED GROWTH OF HIGHLY 
UNIFORM, OXIDE LAYERS, ESPECIALLY 
ULTRATHN LAYERS 

Inventor: Thomas J. Wagener, Shorewood, MN 
(US) 

Correspondence Address: 
KAGAN BINDER, PLLC 
SUTE 20 0, MAPLE ISLAND BUILDING 
221 MAN STREET NORTH 
STILLWATER, MN 55082 (US) 

Appl. No.: 

Filed: 

11/803,482 

May 15, 2007 

Related U.S. Application Data 

Continuation of application No. 10/900.912, filed on 
Jul. 28, 2004, now Pat. No. 7,235,495. 

Provisional application No. 60/491,850, filed on Jul. 
31, 2003. 

Publication Classification 

(51) Int. Cl. 
HOIL 2L/02 (2006.01) 

(52) U.S. Cl. ......................... 438/591; 438/697; 438/699; 
257/E21 

(57) ABSTRACT 

The present invention relates to methods of making oxide 
layers, preferably ultrathin oxide layers, with a high level of 
uniformity. One such method includes the steps of forming 
a substantially saturated or saturated oxide layer directly or 
indirectly on a semiconductor Surface of a semiconductor 
Substrate, and etchingly reducing the thickness of the Sub 
stantially Saturated or saturated oxide layer by an amount 
such that the etched oxide layer has a thickness less than the 
Substantially Saturated or saturated oxide layer. In certain 
embodiments, methods of the present invention provide 
etched oxide layers with a uniformity of less than about 
+/-10%. The present invention also relates to microelec 
tronic devices including made by methods of the present 
invention and manufacturing systems for carrying out meth 
ods of the present invention. 
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CONTROLLED GROWTH OF HIGHLY UNIFORM, 
OXIDE LAYERS, ESPECIALLY ULTRATHIN 

LAYERS 

REFERENCE TO PRIOR FILED APPLICATIONS 

0001. This patent Application is a continuation of and is 
entitled to the benefit of the filing date of prior nonprovi 
sional patent Application No. 10/900.912, filed on Jul. 28, 
2004, by Thomas J. Wagener, and titled CONTROLLED 
GROWTH OF HIGHLY UNIFORM, OXIDE LAYERS, 
ESPECIALLY ULTRATHIN LAYERS, which nonprovi 
sional patent application claims priority of commonly 
owned provisional Application Ser. No. 60/491,850, filed on 
Jul. 31, 2003, and titled CONTROLLED GROWTH OF 
HIGHLY UNIFORM, OXIDE LAYERS, ESPECIALLY 
ULTRATHIN LAYERS, wherein the entireties of said prior 
patent Applications are incorporated herein by reference. 

FIELD OF THE INVENTION 

0002 The present invention provides methodologies to 
precisely form ultrathin oxide layers having excellent uni 
formity and purity characteristics. The layers may be used in 
a wide range of applications, but are especially useful as 
buffer layers for higher k dielectric materials when making 
gate dielectric structures. 

BACKGROUND OF THE INVENTION 

0003 Most integrated circuits currently produced are 
manufactured on thin disks of silicon and/or other semicon 
ductor material (wafers) using “complementary metal oxide 
semiconductor' (CMOS) technology. A general discussion 
of CMOS technology can be found in “Silicon Processing 
for the VLSI Era, Volume 2 Process Integration” by Wolf 
et al., Lattice Press, 298-367, (1990). In a CMOS circuit, an 
electric potential applied to a transistors gate electrode 
capacitively couples to its channel and controls the current 
that flows between its source and drain electrodes. The gate 
electrode is electrically insulated from the channel by the 
gate dielectric. The gate dielectric has historically utilized 
SiO, formed by thermally oxidizing the silicon above the 
channel. SiO2 dielectrics have many advantages, including 
their ability to be removed by etching in either gas, plasma 
or liquid based processes. 
0004 The electrical properties of the transistor depend to 
a significant degree upon the nature of the gate dielectric. In 
particular, reducing the thickness of the dielectric increases 
the capacitive coupling between the gate and channel, allow 
ing higher speed transistor operation at lower operating 
voltages. But, as the thickness of the dielectric is reduced 
much below about 20 angstroms, quantum tunneling effects 
tend to increase, allowing an electric current to flow between 
the gate and channel. This tunneling current is undesirable as 
it increases the transistor's power requirements and causes 
undue heat generation. 
0005 Excessive tunneling can be alleviated if the capaci 
tive coupling between the gate and channel is increased by 
increasing the dielectric constant (k) of a fixed “physical 
thickness of gate dielectric, ty. In one approach, then, a 
portion or all of a gate dielectric layer can be replaced with 
an equivalent “electrical thickness of an insulating material 
having a dielectic constant that is higher than that of silicon 
dioxide. The equivalent “electrical thickness, t of a elect 
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high-k gate dielectric is approximately equal to the gate's 
physical thickness times the ratio of the dielectric constants 
of SiO, and the high-k material, ksio and knight, respec 
tively. That is: 

telect-phys"(KsiO2/khigh-k) 

0006 For example, assume it is desired to form a gate 
dielectric layer having the electrical capacitance of a silicon 
dioxide layer that is 10 angstroms thick. Because of quantum 
tunneling effects, actually using a silicon dioxide layer that 
is only ten angstroms thick is problematic. However, rec 
ognizing that silicon dioxide has a dielectric constant of 3.8. 
one generally instead can use 20 angstroms of a material 
whose dielectric constant is 7.6, or 30 angstrom of a material 
whose dielectric constant is 11.4, etc. 

0007 Developing higher k dielectric materials as well as 
effective methods of using them to make microelectronic 
devices has been extremely challenging. One challenge has 
been the quality of the interface between a semiconductor 
wafer substrate (especially silicon wafer substrates) and the 
higher k dielectric material. Whereas silicon dioxide tends to 
provide an excellent electrical interface with semiconductor 
materials such as silicon, higher k dielectric materials tend 
to provide a lesser quality interface. The poor quality of the 
interface tends to impair the electrical performance of the 
resultant microelectronic in those instances in which a 
higher k dielectric material is deposited directly onto the 
silicon. 

0008. It has been found by researchers that another 
dielectric material such as silicon dioxide or the like can 
provide a buffer, or bridge, between a semiconductor wafer 
and a high k dielectric material to improve electrical per 
formance when using higher k dielectric materials. Gener 
ally, the buffer material is one that provides an electrical 
interface of a desired quality between the buffer and the 
semiconductor substrate, and the buffer in turn provides an 
electrical interface of a desired quality with the higher k 
dielectric material. 

0009. The buffer layer should not be too thick or else the 
benefits of using a higher k dielectric material may be 
unduly reduced. Accordingly, it would be desirable to use a 
verythin layer (typically on the order of about 20 angstroms 
or less, preferably about 15 angstroms or less, more prefer 
ably about 10 angstroms or less) of another Suitable bridging 
dielectric material such as silicon dioxide as such a buffer. 
As a representative, concrete example, assume it is desired 
to use a dielectric layer having electrical capacitance com 
parable to a 10 angstrom thick silicon dioxide layer. Two 
angstroms, e.g., of silicon dioxide can be used as a buffer. 
This leaves 8 angstroms of equivalent silicon dioxide still to 
be made up. This may be provided by using one or more 
materials with higher dielectric constant(s) that provide an 
equivalent electrical thickness with respect to silicon dioxide 
of 8 angstroms. The resultant dielectric system will then be 
thick enough generally to avoid undue quantum tunneling 
problems while still providing some electrical capacitance 
characteristics as if it were 10 angstroms of silicon dioxide. 
Additionally, the intervening buffer layer helps to ensure that 
the electrical couplings between the substrate and the buffer, 
and then the buffer to the higher k material pass muster. 
0010. Of course, even though this example used a buffer 
layer having a thickness of 2 angstroms, other buffer thick 
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nesses could be used depending upon factors such as the 
nature of the buffer material(s), the nature of the high k 
material(s), the desired electrical properties, thickness con 
straints, and the like. Thus, if the buffer layer were to be 6 
angstroms thick, then only additional material that is the 
equivalent of 4 angstroms of silicon dioxide would need to 
be used to achieve the 10 angstrom standard used above as 
an illustration. Other standards, of course, may be used as 
well. Thus, one might desire to use a dielectric system that 
has the equivalent performance of 5 angstroms of silicon 
dioxide, or perhaps 15 angstroms of silicon dioxide, etc. 

0011. Unfortunately, it has been very difficult to fabricate 
extremely thin silicon dioxide layers (e.g., those having a 
thickness below about 10 angstroms) with desired unifor 
mity characteristics. Lack of uniformity can impair electrical 
properties of the resultant devices. Thus, maintaining uni 
formity is very desirable, especially when manufacturing 
devices with smaller features such as those devices whose 
gate dielectric layers are comprised of silicon dioxide and/or 
other dielectric materials and having an equivalent thickness 
of about 20 angstroms or less, preferably about 15 angstroms 
or less, and more preferably, about 10 angstroms or less of 
silicon dioxide. 

0012. Thus, there is a strong need and desire in the 
industry to develop materials and/or methodologies that 
allow very thin, highly uniform dielectric layers to be 
formed with high precision. 

SUMMARY OF THE INVENTION 

0013 As an overview, a substantially saturated, or satu 
rated, oxide is chemically grown on a wafer, wherein the 
saturated thickness is greater than the desired thickness of 
the oxide. After the saturated oxide is formed, precision 
etching techniques are used to reduce the oxide thickness to 
the desired oxide thickness. The advantage of this approach 
is perhaps more appreciated in a concrete example. Assume 
that it is desired to form a silicon dioxide layer that is less 
than about 8 to 10 angstroms thick, e.g., less than a satura 
tion oxide thickness when using desired oxide growing 
conditions and chemistry. Trying to form Such an ultrathin 
layer directly, e.g., by growing the oxide and then trying to 
stop when growth reaches 6 angstroms, is difficult because 
too much thickness variation typically results. However, 
recognizing that Saturated oxide is sufficiently uniform in 
thickness characteristics, and recognizing that precision, 
uniform etching of oxide is readily practiced to etch away 
angstroms, or fractions of angstroms, the present invention 
first grows an over-thick but uniform oxide layer by first 
forming a substantially saturated, or saturated oxide having 
a thickness on the order of 8 to 10 angstroms (which is 
typical for OZone or SC1 chemistry) and then uses precision 
etching techniques to etchback to the final desired thickness, 
e.g., 6 angstroms, or 5.5 angstroms, or 2 angstroms, etc. 
Such an approach allows verythin, highly uniform dielectric 
layers to be formed with high precision, e.g., a thickness 
uniformity that varies only by about +/-10%, more prefer 
ably about +/-5% when thickness is on the order of about 20 
angstroms or less, preferably about 15 angstroms or less, 
more preferably about 10 angstroms or less. Meeting Such 
uniformity standards becomes more difficult with decreasing 
layer thickness. For instance, a 20 angstrom layer with a 
uniformity of +/-5% can vary from 19 to 21 angstroms (a 2 
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angstrom range), but a 10 angstrom layer with a uniformity 
of +/-5% can vary only from 9.5 to 10.5 angstroms (1 
angstrom range). 

0014 For purposes of illustration, the invention will be 
described in an illustrative context of using ultrathin (e.g., 
less than about 20 angstroms, preferably less than 15 ang 
stroms, more preferably less than about 10 angstroms) 
dielectric layers that constitute all or a portion of gate 
dielectric features. However, it should be readily appreciated 
that the invention is applicable to the formation of oxide 
films of any thickness in a wide range of uses with respect 
to microelectronic devices in general. Other representative 
applications include any feature or structure in which use of 
a thin, uniform oxide layer is desired. 
0015. In one aspect of the present invention, a method of 
making an oxide layer, including the steps of forming a 
substantially saturated or saturated oxide layer directly or 
indirectly on a semiconductor Surface of a semiconductor 
Substrate, and etchingly reducing the thickness of the Sub 
stantially Saturated or saturated oxide layer by an amount 
such that the etched oxide layer has a thickness less than the 
Substantially saturated or Saturated oxide layer. In one pre 
ferred embodiment, the method further includes the step of 
depositing one or more high k dielectric material(s) directly 
or indirectly onto the etched oxide layer. In this one pre 
ferred aspect, the method can provide the gate dielectric 
layers of a gate dielectric component of a microelectronic 
device. 

0016. In another aspect of the present invention, a 
method of making a dielectric, buffer layer, including the 
step of forming a dielectric buffer layer directly or indirectly 
on a semiconductor Surface of a semiconductor Substrate, 
wherein the buffer layer has a thickness in the range of from 
about 0.5 angstroms to about 20 angstroms. Preferably, the 
method further includes the step of depositing one or more 
high k dielectric materials directly or indirectly onto the 
buffer layer. In this preferred aspect the method can provide 
the gate dielectric layers of a gate dielectric component of a 
microelectronic device. 

0017. In yet another aspect of the present invention, a 
microelectronic device including a gate dielectric layer 
formed directly or indirectly on a semiconductor surface of 
a semiconductor Substrate, wherein the gate dielectric layer 
includes a buffer layer proximal to the substrate, the buffer 
layer having a thickness in the range of about 1 to about 10 
angstroms and a uniformity of less than about +/-10%. 
0018. In yet another aspect of the present invention, a 
manufacturing system used in the course of manufacturing 
a microelectronic device, including at least one processing 
chamber in which one or more semiconductor Substrates are 
Subjected to oxidizing and etching treatments, and program 
instructions to form an oxide layer, the instructions includ 
ing oxidizing instructions that cause oxidizing to occur in a 
manner effective to form a saturated oxide layer directly or 
indirectly on one or more semiconductor Surfaces of one or 
more semiconductor Substrates positioned in a processing 
chamber, and etching instructions that cause etching to occur 
in a manner effective to etchingly reduce the thickness of the 
saturated oxide layer. In preferred embodiments, the pro 
gram instructions cause oxidizing to occur in a manner 
effective to form an oxide layer having a thickness of less 
than about 20 angstroms, preferably less than about 10 
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angstroms. Also in preferred embodiments, the etching 
instructions cause etching to occur in a manner effective to 
etchingly reduce the thickness of the saturated oxide layer 
by an amount in the range from about 0.5 angstrom to about 
19 angstroms, preferably in the range from about 1 angstrom 
to about 9 angstroms. 
0019. In yet another aspect of the present invention, a 
method of making at least a portion of a gate dielectric layer, 
including the steps of providing first information indicative 
of the thickness of a saturated or substantially saturated 
oxide layer, providing second information indicative of the 
etching characteristics of the Saturated or Substantially Satu 
rated oxide layer; and using the first and second information 
to formulate a process recipe for making at least a portion of 
the gate dielectric layer. In preferred embodiments, the at 
least a portion of the gate dielectric layer has a thickness of 
less than about 10 angstroms. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0020 FIG. 1 shows a graph representing the uniformity 
of oxide thickness data for Saturated oxide layers grown to 
nominally 10 angstroms with ozonated water (DIO). 
0021 FIG. 2 shows a graph representing the uniformity 
of oxide thickness data after Saturated oxide layers grown to 
nominally 10 angstroms have been etchingly reduced to 
nominally 8 angstroms with hydrofluoric acid chemistry. 
0022 FIG. 3 shows a graph representing the uniformity 
of oxide thickness data after Saturated oxide layers grown to 
nominally 10 angstroms have been etchingly reduced to 
nominally 5.5 angstroms with hydrofluoric acid chemistry. 
0023 FIG. 4 shows a graph representing a metrology 
check for an oxide layer that is nominally 10 angstroms 
thick. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0024. In the practice of the invention, layer thickness and 
uniformity are determined by the following procedures. All 
oxide thickness measurements were made on an ellipsom 
eter, which measures the oxide thickness at 25 predeter 
mined locations across the wafer in accordance with pro 
gram instructions provided with the instrument. In one 
protocol, a thickness measurement is made in the center of 
the wafer, another 16 symmetrically positioned points are 
measured proximal to the wafer perimeter, and an additional 
8 symmetrically positioned points are measured on a 
“circle” about halfway between the center and the perimeter. 
The ellipsometer works by allowing light of known polar 
ization to interact with a thin film structure. In general, the 
reflected light has a polarization different from the incident 
light. Knowing the polarization states of the light before and 
after reflection allows you to calculate film thickness and 
refractive index (given certain assumptions about the film 
structure). The thickness is given by the average of these 25 
measurements. Sometimes it may be desirable to make two 
or more, preferably three, measurements at each point to 
help alleviate ellipsometer noise effects, and thickness at 
Such a point is deemed to be the average of these measure 
ments. Uniformity is calculated by taking the standard 
deviation of the 25 points (or the average of each point, if 
multiple measurements are made at each point) and dividing 
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by the average of the 25 points. This value then is expressed 
as percent uniformity, 1 sigma. 
0025 There are different methodologies by which silicon 
dioxide forms on a silicon wafer Substrate. A first approach 
is to form a so-called native oxide. When a silicon wafer 
having an exposed silicon Surface is exposed to the ambient, 
the silicon surface will oxidize and form the native oxide. 
Native oxide formation is subject to saturation constraints. 
This means that the native oxide will grow only so thick, and 
then it will stop growing in thickness at Saturation. Satura 
tion thickness generally is independent of variables such as 
temperature and pressure, although these variables may 
affect the rate at which saturation is reached. Native oxide 
layer is saturated at about 6 to about 10 angstroms thick. 
0026 Native oxide generally is not a desirable constitu 
ent of microelectronic devices. Native oxide generally forms 
with contaminants embedded in it, and these contaminants 
disrupt the dielectric characteristics of the oxide. For 
instance, metal contaminants can make the native oxide 
more conductive. This, in turn, impairs the performance of 
resultant microelectronic devices. The contamination prob 
lem is more severe for smaller devices. For instance, a 10 
angstrom thick layer of native oxide will have more impact 
on performance when it constitutes part of a 20 angstrom 
thick oxide layer (the native oxide is 50% of the total) than 
if the native oxide constitutes part of a 200 angstrom thick 
oxide layer (the native oxide is 5% of the total). 
0027 Consequently, microelectronic fabrication pro 
cesses, especially those for Smaller devices, tend to be 
carried out in way in which native oxide will not be a 
constituent of the resultant devices. Instead, oxide is formed 
under controlled conditions so that the dielectric properties 
of the oxide are not unduly compromised by contaminants. 
Most commonly, high quality oxide is grown thermally 
and/or chemically. 
0028. Thermally growing oxide involves heating a bare 
silicon Surface in a furnace, bake station, or the like, in an 
appropriate, clean atmosphere. Although thin, uniform oxide 
layers are difficult to grow thermally, a furnace otherwise 
can be used to grow oxide layers of any desired thickness, 
up to about the thickness of the wafer being treated. A 
furnace typically is operated at a temperature of about 800° 
C. to 1200° C. Prior to heating, a cleaning process may be 
used that includes a strip with hydrofluoric acid or the like 
followed by rinsing in deionized water and drying. The 
thickness of the oxide layer is affected by factors including 
the temperature, time, and oxygen content in the furnace. 
Oxide films may be grown up to 1000 angstrom in thickness, 
or more, within a short period of time. Thus, variations in the 
furnace exposure time of only a few seconds can cause the 
thickness oxide layer to vary widely. Additionally, the length 
of time the wafer waits between cleaning and being placed 
in the furnace affects the thickness of the oxide film, since 
native oxide film grows naturally in air. 
0029 Chemically growing oxide involves contacting a 
bare silicon Surface with liquid and/or gaseous chemical(s) 
that oxidize the surface. These processes often are carried 
out at temperatures below about 100° C., even at room 
temperature or cooler. Chemically growing oxide is subject 
to Saturation constraints. Whereas a furnace can be used to 
oxidize the entirety of a wafer substrate, chemically grown 
oxide grows to a saturation point after which further oxida 
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tion does not occur or else occurs so slowly as not to occur 
as a practical matter. For many oxidizing chemistries, about 
10 angstroms is a typical Saturation thickness when oxidiz 
ing bare silicon. Temperature, pressure, concentration, etc. 
may impact the rate at which saturation is reached, but 
otherwise do not substantially alter, if at all, the thickness at 
which Saturation is reached. In short, the oxide growth has 
reached Saturation when practically no more oxide thickness 
will grow under the reaction conditions. 
0030 The well-known SC1 chemistry, including dilute 
and ultradilute embodiments thereof, may be used to chemi 
cally grow oxide. SC1 chemistry typically involves using an 
aqueous solution of hydrogen peroxide and ammonia. A 
wide range of recipes may be used including those that are 
relatively concentrated (such as 5 parts by weight water, 1 
part by weight aqueous ammonia, and 1 part by weight of 
peroxide), moderately dilute (e.g., up to about 100 to 500 
parts by weight of water per part by weight of ammonia and 
peroxide), or very dilute (more than 500 parts by weight 
water per part by weight of ammonia and peroxide). The 
chemistry most commonly is practiced in wet benches or 
spray processors, but gas phase processing may be practiced. 
SC1 chemistry has at least three drawbacks. First, the 
ammonia and/or peroxide tend to have metal contaminants 
that end up in the oxide. Second, growth of the oxide is 
nonuniform until Saturation is reached. For instance, one 
may see a variation of +/-3 angstroms if one tries to stop the 
process at only 6 angstroms. Yet, the variation might only be 
+/-0.5 angstroms if the growth is allowed to proceed to 
saturation, which occurs at about 6 to about 10 angstroms. 
This is not problematic if one wants a 10 angstrom thick 
oxide, but is problematic if thinner oxide is desired. Third, 
SC1 chemistry is reactive with hydrofluoric acid (HF) 
chemistry and can form undesirable salts. Generally, this 
requires that HF processing and SC1 processing occur in 
different chambers unless cumbersome rinsing operations 
are interposed between the treatments. Multi-tank process 
ing is not as desirable, in Some instances, as single tank 
processing. 

0031. Using chemistry incorporating ozone (such as ozo 
nated water and/or OZone gas) to grow oxide is an alternative 
to SC1 chemistry and is similar to SC1 chemistry in some 
respects. Like SC1 chemistry, oZone oxidation proceeds 
nonuniformly until Saturation is reached. And, saturation is 
reached at about 10 angstroms. However, oZone chemistry 
tends to be cleaner than SC1 chemistry. Also, ozone decom 
poses rapidly to oxygen, and thus is more environmentally 
friendly to use than SC1. Further, ozone is not unduly 
reactive with HF, allowing HF and ozone treatments to be 
readily carried out in the same vessel. 

0032. In certain embodiment(s) of the present invention, 
a Substantially Saturated or saturated oxide layer is formed 
on a semiconductor Surface under conditions such that the 
oxide layer has a thickness in the range of from about 8 
angstroms to about 20 angstroms. Preferably, a Substantially 
saturated or Saturated oxide layer is formed on a semicon 
ductor Surface under conditions such that the oxide layer has 
a thickness in the range of from about 8 angstroms to about 
11 angstroms. 

0033) A preferred mode of practice involves a sequence 
of treatments including an optional cleaning phase, an 
oxidation phase to form a substantially saturated, or Satu 
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rated oxide layer, a precision etching phase, preferably 
removing less than about 20, more preferably less than about 
10 angstroms of oxide to yield an etched oxide layer having 
a thickness of less than about 20 angstroms, preferably less 
than about 10 angstroms, more preferably 2 to 8 angstroms, 
and then an optional rinsing and drying phase. In certain 
embodiments of the present invention, the substantially 
saturated or Saturated oxide layer is etchingly reduced by an 
amount in the range of from 0.5 angstrom to about 18 
angstroms, preferably in the range of from 1 to 15 ang 
stroms, and even more preferably in the range of from 1 to 
9 angstroms. In certain embodiments of the present inven 
tion, the Substantially saturated or saturated oxide layer is 
etchingly reduced by an amount Such that the etched oxide 
layer has a thickness in the range of from about 0.5 to about 
19 angstroms, preferably from about 0.5 to about 9 ang 
StrOmS. 

0034. A wafer optionally first may be cleaned via a 
Suitable process Such as etching, rinsing, and drying to 
provide a wafer with an exposed semiconductor, e.g., sili 
con, Surface. This cleaning may occur in one or more 
process tools such as a wet bench(es) such as the FSI 
MAGELLANR) tool, spray tool(s) such as the FSI MER 
CURYR) or ZETAR) tools, and/or gas phase processor(s) 
such as the FSI ORIONR) or EXCALIBUR(R) tools, all 
available from FSI International, Inc. Preferably, the entirety 
of cleaning occurs in the same tool at one or more stations 
to avoid exposing the wafer to the ambient. 

0035) In a preferred embodiment, cleaning occurs in a 
wet bench tool or spray processor using a recipe comprising 
one or more etchings steps and one or more rinsing steps. 
The objective of the etching treatment is to provide a wafer 
with clean, exposed, bare semiconductor material on which 
an oxide can be chemically grown. 

0036) The nature of how this etching treatment is carried 
out is not critical, and a wide range of conditions and 
chemistry may be used in accordance with conventional 
practices now or hereafter developed, keeping in mind the 
objective is to obtain a wafer with a clean, exposed, semi 
conductive Surface Such as bare silicon. In a preferred mode, 
this etching occurs using fluorine-containing etching com 
positions such as aqueous HF, aqueous buffered HF, and/or 
the like applied via a wet bench or spray processor tool. 

0037. The concentration of the HF may vary over a wide 
range. Generally, diluting one part by weight of for instance, 
49% by weight HF (which is widely available) with 1 to 
10,000, preferably 10 to 500, more preferably about 200 
parts by weight of deionized water would be suitable. 
Etching may occur over a wide temperature range depending 
upon whether the chemical to be used is a liquid or a gas. 
Using aqueous, liquid chemistry, temperatures of from about 
5°C. to about 95°C. may be used, although etching at room 
temperature is effective, economical, and therefore pre 
ferred. In a typical wet bench operation, using a 10 to 100, 
preferably 20 to 40, LPM flow of 200:1 HF (49%) diluted 
with deionized water, at 20-25° C. (room temperature) for 
about 2 to 8, preferably about 4 minutes would be suitable. 
This etch may be carried out as an integrated transition 
rinse/etch/rinse process as described in assignee's copend 
ing application Ser. No. 10/115,449, filed Apr. 3, 2003, for 
TRANSITION FLOW TREATMENT PROCESS AND 
APPARATUS in the names of Kurt K. Christenson, Nam 
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Pyo Lee, Gary William Michalko, and Christina Ann Rath 
man, the entirety of which is incorporated herein by refer 
ence. The transition etch is preferred because the method 
ology etches extremely uniformly and controllably. A 
commercial embodiment of the transition etch process is 
marketed under the trade designation SYMFLOWTMTECH 
NOLOGY by FSI International, Inc. 
0038. The chemistry of aqueous HF solutions and its etch 
mechanisms have been investigated by Verhaverbeke and 
Knotter (S. Verhaverbeke et al., “The Etching Mechanisms 
of SiO in Hydrofluoric Acid.” J. Electrochemical Soc., 141 
(10), 2852-2852, (1994); D. Martin Knotter, “Etching 
Mechanisms of Vitreous Silicon Dioxide in HF-Based Solu 
tions,” J. Am. Chem. Soc., 122 (18), 4345-4351, (2000)). 
Verhaverbeke and Knotter noted that the concentration of 
the various ionic species in aqueous HF (e.g., HF, HF, 
HF, H, F) vary with HF concentration, ascribing the 
etching of SiO, to HF and H.F. Knotter (2001) further 
investigated the etching mechanisms of SiN in aqueous 
HF. 

0039 U.S. Pat. No. 5,382.296 to Anttila notes that aque 
ous HF concentrations of 0.000049 wt % to 0.049 wt % can 
be used near ambient temperature to clean "particles . . . as 
well as metallic and organic contamination' where the 
equivalent thickness of the metallic film is approximately 
10A (Angstrom=10" meter), far below one monolayer of 
film coverage. U.S. Pat. No. 6,300.202 to Hobbs notes that 
“metal oxide dielectrics are not readily susceptible to wet 
etch processing and proposes removing the metal-oxides by 
first reducing the metal-oxides to metals by annealing in a 
low-oxygen or hydrogen-rich environment, followed by 
etching the metallic metals with a wet or dry etch. 
0040. In recently published work, Chambers tested the 
etching of unannealed and annealed films in ambient tem 
perature, 0.49 wt % aqueous HF, and concluded that for 
annealed films “Selectivities of metal silicate to silicon 
dioxide of <0.1 were measured, indicating the need for 
alternative high-k wet etch chemistries with high selectivity 
to silicon dioxide and silicon' (J. J. Chambers et al., “Effect 
of Composition and Post-Deposition Annealing on the Etch 
Rate of Hafnium and Zirconium Silicates in Dilute HF.' 
Proc. 7th Intl. Symp. on Cleaning Technology in Silicon 
Device Mfg., Electrochemical Society, Pennington, N.J., PV 
2001-26, 359). 
0041 After etching, rinsing desirably occurs under con 
ditions effective to at least Substantially rinse away any 
residual HF (or other etchant) that otherwise might unduly 
react with the substrate surface during the next oxidation 
phase. Any rinsing conditions may be used to achieve this 
objective. As one example, one illustrative mode of rinsing 
in a wet bench involves 2 to 100, preferably 20 to 40 LPM 
flow of DI water, at a temperature from 5° C. to about 100° 
C., preferably 20 to 25° C. for 1 to 15, preferably 2 to 10, 
more preferably about 5 min. As noted above, rinsing may 
be integrated with etching in the transition rinse/etch/rinse 
methodology. 

0042. After rinsing, the substrate(s) optionally may be 
dried as described below, although it is more preferred to 
proceed directly with the oxidation treatment. The purpose 
of the oxidation phase is to carry out an oxidation using a 
chemistry or other conditions that are Subject to a Saturation 
constraint (unlike conventional thermal, furnace oxidation) 

Sep. 20, 2007 

for a time long enough for the Substrate(s) to Substantially 
reach, or reach, Saturation. Extended time periods may be 
used to help ensure that saturation is reached. Thus, SC1 or 
ozone chemistries or the like may be used. This will provide 
an oxide with a thickness corresponding to about the satu 
ration thickness, but that is greater than the desired final 
thickness. Typically, when using oZone or SC1 chemistries, 
or the like, the Saturation thickness is about 10 angstroms, so 
use of SC1 or ozone chemistry is useful to form uniform 
oxide layers that can be etched back to have a resultant 
thickness after etching of less than about 10 angstroms. As 
used herein, “substantially reach saturation” means that 
oxidation is carried out long enough to reach a desired 
condition of oxide thickness uniformity, e.g., an oxide 
thickness in which the thickness uniformity is within 
+/-15%, preferably within +/-10%, more preferably within 
+/-5%. Since chemically grown oxides tend to grow non 
uniformly until saturation, proceeding Substantially to satu 
ration, or at least to saturation, helps to promote the thick 
ness uniformity of the grown oxide. 

0043. Because ozonated water tends to be cleaner than 
SC1 chemistry, using oZonated water is preferred to grow 
saturated oxide. In a representative mode of practice, it is 
preferred to use conditions involving a source of pressurized 
ozonated water having an ozone concentration of 10 to 90. 
preferably 60 to 80 ppm at 0°C. to 60° C., preferably 0°C. 
to 25°C., more preferably room temperature, at a flow of 5 
to 100 LPM, more preferably about 20 to 40 LPM for 1 to 
15, preferably about 5 to 10, more preferably 7 minutes. The 
pressurized system available from FSI is useful for accom 
plishing this. These conditions preferably proceed long 
enough to moderately exceed the time required to reach 
saturation so as to help ensure that Saturation is reached. 
Doing so yields oxide with very good uniformity such as 10 
angstroms +/-0.3 angstroms, which is an exceptionally 
minor variation in uniformity for oxide layers so thin 
0044 Rinsing then occurs again to remove oxidizing 
chemical that might unduly react with the chemistry used to 
carry out the next etching phase. 

0045 With a saturated, uniform oxide layer now grown 
on the wafer, an etching chemistry that is able to controllably 
remove single digit angstrom (or fractions thereof) amounts 
of oxide, or otherwise as desired, is carried out. For instance, 
in some modes of practice, it may be desirable to form a 10 
angstroms thick, Saturated oxide, and then etch away 1 to 9.5 
angstroms of Such a layer to yield an etched oxide having a 
thickness of 9 to 0.5 angstroms. Any etching chemistry that 
offers this kind of precision may be used. As an example, 
using dilute, aqueous HF is one such chemistry that allows 
one to controllably remove oxide in the single digit ang 
strom regime. 

0046) The appropriate concentration of aqueous HF may 
be determined empirically in a variety of ways. As one 
approach, it is advantageous to define the etching duration 
first and then determining the concentration of etchant that 
accomplishes etching in approximately this time frame. If 
this time period is too short, process control is more difficult 
to implement. On the other hand, taking too much time just 
wastes fabrication time and lowers throughput efficiency. 
Balancing these concerns, Suitable etching durations are in 
the range from about 20 seconds to 500 seconds, more 
preferably 50 seconds to 200 seconds. Once this time period 
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is set, the concentration of HF needed to achieve the desired 
amount of oxide removal in about that time period may be 
determined. As examples, diluting 1 part of 49% HF with 
800 parts of deionized water removed 2 angstroms of oxide 
in 45 seconds at room temperature, while diluting 1 part of 
49% HF with 800 parts of deionized water removed 4 
angstroms of oxide in 150 seconds at room temperature. 
Starting with a saturated oxide having a thickness of 10 
angstroms +/-0.3 angstroms, the final thickness were 8 
angstroms +/-0.3 angstroms and 5 angstroms +/-0.3 ang 
stroms, respectively, as shown in the graphs included here 
with. Remarkably, this data shows that precision etching 
removed angstrom quantities of oxide without reducing the 
uniformity of the oxide being etched, at least to within the 
precision of the metrology being used. 
0047. After precision etching, the substrate(s) may be 
rinsed and dried. Rinsing may be carried out as described 
above. Although any Suitable drying conditions may be 
used, an excellent drying methodology is the STG(R) Process 
of FSI International, Inc. This treatment carries out drying in 
a controlled atmosphere in the presence of a cleaning 
enhancement Substance Such as isopropyl alcohol. The 
STG(R) drying treatment and other Marangoni style drying 
treatments are described in U.S. Pat. Nos. 5,571,337 and 
5,271,774, the entireties of which are incorporated herein by 
reference. 

0.048 Substrates may be processed singly or in batches, 
depending upon the nature of the tools used to carry out the 
processing. Processing may occur in multiple tools or in one 
or more stations of a single tool. For instance, an entire 
cleaning, oxidizing, etching, rinsing, and drying recipe of 
the present invention may be carried out in an FSIMAGEL 
LANR) tool, commercially available from FSI International, 
Inc., Chaska, Minn. The Substrate(s) advantageously are not 
exposed to the ambient when carrying out the processing in 
a single tool, or even a single processing chamber 
0049. A wide range of high k dielectric materials are 
known. Early approaches to increasing k included "nitrid 
ing” the SiO, forming silicon oxy-nitrides (SiON) of 
various stoichiometries. Recent work evaluating the electri 
cal, metallurgical and chemical properties of various dielec 
tric materials has focused upon the unary oxides of alumi 
num, Zirconium and hafnium, mixtures of these oxides, and 
silicates of these elements or mixtures. A general discussion 
on the need for high-k dielectrics can be found in “High-k 
Gate Dielectric Materials.” by R. M. Wallace et al., MRS 
Bulletin, 27 (3), 192-197, (2002). A general discussion on 
the selection process that leads to particular metal oxides can 
be found in "A Thermodynamic Approach to Selecting 
Alternative Gate Dielectrics.” by D. G. Schlom, MRS Bul 
letin, 27 (3), 198-204, (2002). 
0050. In the practice of the present invention, a high-k 
dielectric material refers to a material having a dielectric 
constant, k, that is greater than the dielectric constant for 
SiO,(k=3.8). 
0051 Preferred high k materials comprise unary oxides 

(i.e., those oxides including predominantly, e.g., at least 95 
to 100% of one elemental constituent other than oxygen) 
such as Hf(). Other high k materials include those incor 
porating at least two elemental constituents in addition to 
optional oxygen. It has been discovered that dielectric 
materials comprising at least two elemental constituents in 
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addition to any optional oxygen may be favorably etched 
using the dilute fluoride containing etching Solutions of the 
present invention. While not wishing to be bound by theory, 
it is believed that the favorable etch characteristics are 
related to the crystalline structure of the high-k dielectric 
films. Conventionally, a unary high-k dielectric material, 
i.e., a material comprising only one elemental constituent 
other than oxygen (e.g., Hf) and ZrO2), are highly resistant 
to dilute etchants. However, it is believed that incorporating 
at least two elemental constituents in addition to optional 
oxygen disrupts the crystalline lattice to a sufficient degree 
Such that the material is more Susceptible to etching. 
0.052 SiO, is a convenient reference for identifying 
high-k dielectric materials, as SiO is the current dominant 
gate dielectric material. Switching from essentially pure 
SiO, to a higher k dielectric material, which may or may not 
be intermixed or otherwise combined with conventional 
SiO, is desirable in order to reduce the equivalent electrical 
thickness needed for a particular application. Commonly, it 
may be desirable to reduce the equivalent electrical thick 
ness by a factor of at least 2 or 3, which in turn would require 
high-k dielectric material having a dielectric constant that is 
at least 2 or 3 times greater than k=3.8. Accordingly, in the 
practice of the present invention, preferred high-k dielectric 
material(s) refers to those materials having a dielectric 
constant of at least about 7.6, and more preferably at least 
about 10. 

0053 A wide variety of dielectric materials may be used 
as high-k dielectric materials of the invention. In some 
embodiments, preferred high k dielectric materials comprise 
at least two constituents selected from Zr, Hf, Si, Ge. Y. As, 
N, and Al. In some embodiments, if the material comprises 
both Si and N, it is further preferred that such embodiments 
further comprise at least one additional constituent such as 
Zr, Hf, Ge. Y. As, combinations of these, or the like. 
0054) One class of high k dielectric materials found to be 
suitable in the practice of the present invention includes 
silicates Such as those that generally have the formula 
MSiO, wherein M is one or more metals, y has a value 
such that the silicate comprises 10% to 90%, preferably 10% 
to 50% mole fraction Si compared to the other metal(s), and 
X and Z are selected to satisfy Stoichiometry. Such silicates 
optionally may also include one or more additional constitu 
ents, as desired, of which Y. As, Ge, N, Al, combinations of 
these, and the like are representative. 
0055 Specific examples of silicates include, e.g., Hf,SiO, 
(k=12), ZrSiO (k=13), Hf, SiO (k of about 14, com 
monly referred to as HfSiO (40%)), combinations of these, 
and the like. Other examples of combinations of elemental 
oxides include Zr, Hf, O, Hf AlO, and Zr AlO, where 
the ratio of Ziy preferably is in the range of 1000:1 to 1:1000 
and X satisfies Stoichiometry. Some other materials under 
consideration as silicates or in combination with other 
metals are listed by "A Thermodynamic Approach to Select 
ing Alternative Gate Dielectrics.” by D. G. Schlom, MRS 
Bulletin, 27 (3), 198-204, (2002). 
0056 High-k dielectric materials may be homogeneous 

(i.e., essentially pure) or heterogenous, i.e., used in combi 
nation with one or more other high-k and/or conventional 
dielectric materials. If heterogeneous, the materials may be 
intermixed, layered, and/or otherwise combined as desired. 
For example, one multilayer dielectric, gate structure of 
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interest comprises three layers. A first layer typically posi 
tioned adjacent the silicon channel is formed from SiO. One 
or more high-k dielectric materials is used to form a middle 
dielectric layer. Finally, a top layer adjacent the gate elec 
trode is formed from SiO. 
0057 The high-k films may be used in a wide variety of 
applications such as the fabrication of micro-electronic, 
micro-optical, liquid-crystal display (LCD) or micro-me 
chanical (MEMS) devices on any suitable substrate includ 
ing, but not limited to Substrates comprising Si, Ge, GaAs, 
SiC, SiNa, SiO, combinations of these, and the like. For 
convenience, the group comprising any of these Substrates 
will be referred to as “wafers”. The present invention is 
usefully incorporated into one or more stages of manufac 
ture in any Such applications. 
0.058 It has been observed that dilute fluoride containing 
species in aqueous Solutions have different etch selectivities 
than more concentrated Solutions. For example, it was 
observed that very dilute solutions of HF in water selectively 
etch the high-k films compared to TEOS and thermally 
grown oxides, particularly at elevated temperatures. That is, 
the high-k film etched faster than the TEOS reference film. 
TEOS was used as a reference film as it is commonly present 
on microelectronic devices. 

0059. The etch selectivity of an etching composition for 
a high-k film with respect to a co-existing film is determined 
by measuring the respective amounts of high-k film and 
reference film removed during identical exposures to an 
etching solution. The selectivity is then given by the ratio 
(thickness of high-k film removed): (thickness of reference 
film removed). Thus, stating the selectivity as “5:1 indi 
cates that five times as much high-k film was removed as 
was reference film. The amount of film removed is typically 
measured by optical measurements such as ellipsometry. It 
is preferred that the solution etch the high-k material with a 
selectivity greater than about 1:1 with respect to a co 
existing film, more preferably greater than about 3:1, and 
more preferably greater than about 5:1. 
0060. In the practice of the present invention, the selec 
tivity of an etching Solution for a high k material may be 
determined in some instances with reference to a TEOS film, 
inasmuch as TEOS is a conventional, common dielectric 
material in the microelectronic industry. Determining the 
etch selectivity of various high k dielectric materials with 
respect to the same kind of reference film also allows the 
etch selectivity for various materials to be more meaning 
fully compared to each other. For the purposes of the present 
invention, a TEOS reference film means an SiO film depos 
ited from a gaseous mixture that includes tetraethylortho 
silicate. In the practice of the present invention, a TEOS 
reference film is made using the procedure described in 
“Silicon Processing for the VLSI Era, Volume 1—Process 
Technology” by Wolfetal. Lattice Press, 191-194, (2000). 
0061 The fact that sufficiently dilute, aqueous, fluoride 
containing solutions selectively etch high-k film(s) is very 
Surprising. Commonly used concentrations of HF in water 
(0.49 wt % to 49 wt %) were tested at ambient and elevated 
temperatures and all etched the high-k materials much more 
slowly than TEOS. Yet, when the concentration of etchant is 
sufficiently dilute, selectivity is the opposite. The reason for 
the difference in etch selectivity between SiO, and high-k 
materials of solutions with very dilute fluoride containing 
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species is not known. While not wishing to be bound by any 
theory, it is believed that the etching mechanism of SiO, 
differs from that of the high-k material such that dilute 
solutions etch high-k films more favorably. 
0062 For example, it is well known that many combi 
nations of hydrogen and fluoride ions exist in aqueous 
solutions of HF. For instance, H., F, HF, HF and HF are 
believed to all be present in varying degrees. The absolute 
concentrations of these species is dependent upon factors 
including the total fluoride concentration (the sum of all 
fluoride containing species) and the pH of the solution (H" 
concentration) and other factors. HF and HF have been 
proposed as the dominant species involved in etching SiO, 
(Verhaverbeke 1994, Knotter 2000). Very dilute HF solu 
tions favor F as the primary fluorine species present in 
solution, with some HF but very little HF or HF being 
present. Consequently, if the etching mechanism of a high-k 
material proceeded via the F ion or HF molecule, the 
relative etch rate of the high-k material should increase 
compared to that of SiO, as the solution becomes more 
dilute. The actual basis for the increase in selectivity with 
increasing dilution may be related to one or more of these 
effects, or to some other effect that has not been considered. 
0063. The preferred etching solution of the invention for 
carrying out precision etching comprises a fluoride contain 
ing species in an aqueous medium. The fluoride can be 
provided in one or more forms including NHF, HF, buffered 
HF (HF and NHF), KF, combinations thereof, and the like. 
HF is the preferred form. Many combinations of hydrogen 
and fluoride ions exist in aqueous solutions of HF. H. F. 
HF, HF and HF are all present in varying degrees. It is 
believed that polyatomic species such as HF and HF are 
dominant in concentrated HF solutions, while the mona 
tomic species F is relatively more dominant in very dilute 
Solutions. The addition of other chemical species such as 
NHOHallows the creation of other species in solution such 
as the buffering NHF (which exists as NH4" (aq) and F(aq) 
generally), which is generally considered to not take part in 
the etching process. 
0064. The fluoride concentration in the etching solution is 
sufficiently dilute to achieve the desired etch rate in a desired 
time period. If the etch rate is too high, the solution may be 
further diluted if desired. The fluoride concentration is 
preferably no greater than about 5 wt %, more preferably no 
more than about 0.2 wt %, even more preferably in the range 
of 0.0001 wt % to 0.2 wt %, even more preferably in the 
range of 0.001 wt % to 0.1 wt %, and most preferably in the 
range of 0.005 wt % to 0.05 wt %. 
0065. The pH of the etching solution has a strong effect 
on the etch rates of both high-k and SiO2 containing films. 
Increasing the pH of the etching Solution has been shown to 
generally slow the etch rates of the films. But with decreas 
ing pH, the etch rate of the high-k material rose slightly 
while the etch rate of the SiO, fell. This is consistent with 
Knotters (2001) findings that the etch rate of SiO is not a 
simple function of pH. 
0066. It is possible to adjust the pH of the solution 
downward by the addition of an acid (e.g. HCl, HSO, 
CHCOOH, combinations of these, etc.) and upward by the 
addition of a base (e.g. NH-OH, KOH, N(CH)OH, etc.). 
For example, a solution of 0.05 wt % HF in water has a pH 
of approximately 2.4. The addition of 3.8 ml of 37% HCl per 
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liter of HF solution shifts the pH downward to approxi 
mately 1.4. The addition of approximately 1.25 ml of 35 wt 
% NH-OH per liter of HF solution shifts the pH upward to 
approximately 3.4. In the present embodiments, the pH of 
the solution preferably is acidic and more preferably may be 
in the range of about 0 to about 2, alternatively about -1 to 
about 1, alternatively about 1 to about 3, alternatively about 
3 to about 5, and alternatively about 5 to about 6.5. 
0067. Other ingredients can be added to the etching 
Solution to accomplish other purposes in accordance with 
conventional practices as Such practices are constituted from 
time to time. For instance, a surfactant such as 3,5-dimeth 
ylhexyne-3-ol can be added to reduce the surface tension of 
the Solution and improve wetting of the films. Likewise, a 
chelating or complexing agent Such as EDTA (ethylenedi 
aminetetraacetic acid) can be added to bind metals in the 
Solution and reduce metallic contamination remaining on the 
films or wafers after the etching process. In some cases, 
chelating and complexing agents themselves are effective in 
removing metal compounds. For instance, dilute solutions 
containing diammonium EDTA are used to remove calcium 
and other scale from equipment. Therefore, Solutions of 
chelating or complexing agents may themselves be capable 
of etching high-k films, particularly with the addition of an 
acid or base to adjust the pH of the solution. 

0068. In some instances, hot water itself can etch silicon. 
It is believed that O. dissolved in the water may be impli 
cated. Accordingly, it may be desirable to provide an etching 
solution in which the dissolved O content is minimized 
and/or incorporate an appropriate amount of reducing agent 
Such as H. into the solution. A typical Supply of deionized 
water to be used in an etching Solution may contain 0.1 to 
10 ppm dissolved oxygen. To alleviate etching of unoxidized 
film, this may be reduced to a level of 0.05 ppm or less. Most 
commonly, a de-oxygenating treatment is applied to an 
aqueous fluid before adding fluoride containing species to 
the fluid, especially when the fluoride containing species is 
HF gas. Because HF is a gas, it would tend to at partially 
come out of Solution in a typical degassification module. 
Methods of de-oxygenating are well known and any con 
ventional technique, as such may be constituted from time to 
time, may be used. An example of one Suitable de-oxygen 
ating technique is described in the operating instructions for 
the SeparelTM EFM-530 Degasification Module (Pall Cor 
poration, East Hills, N.Y.). 

0069. In those embodiments in which a reducing agent is 
incorporated into an etching Solution, an appropriate amount 
of reducing agent may be used based upon any Suitable 
criteria as desired. One representative criteria is the effect of 
added reducing agent upon the oxidation-reduction potential 
(ORP) of the etching solution. For instance, enough reduc 
ing agent may be used to lower the oxidation-reduction 
potential of the Solution to some threshold Voltage, e.g., less 
than, for instance, 0.2 volts, above the oxidation-reduction 
potential of perfectly degassed water, measured at the pH of 
the etching Solution. 

0070 The etching solutions of the present invention can 
be made in accordance with conventional practices as Such 
are constituted from time to time that provides the desired 
composition. For instance, solutions of dilute HF in water 
can be made by mixing stock, concentrated HF with water. 
Solutions of dilute HF with adjusted pH can be created by 
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the addition of other acids or bases to the aqueous HF 
mixture. Additionally, gaseous precursors can be dissolved 
in water to create one or more components of the Solution 
(e.g., anhydrous HF, HCl or NH gas). The fluoride ion 
species can also be provided in forms other than HF such as 
supplying F- from NHF and adjusting the pH of the 
solution by the addition of HC1. The etching solution can be 
Supplied premixed or as a concentrate from a commercial 
source. Or, the solution can be blended on-site and delivered 
to the process tool, blended on-demand in the process tool, 
or even created by blending any gaseous, liquid or Solid 
precursors within the process chamber. Any combination of 
these techniques is also contemplated. 
0071. The etching process(es) and solution(s) can be used 
in any equipment where the etching Solution is able to 
contact and etch the high-k material. For instance, the wafers 
with the high-k material can be immersed in a bath of the 
etching Solution, either static, cascading or otherwise flow 
ing, as in a wet bench. The wafers may be etched either 
singly or in groups. Likewise, the etching solution can be 
sprayed on a single wafer, as in a single-wafer spin proces 
Sor, or on a group of wafers, as in a centrifugal spray 
processor (for example, the ZETAR) or MERCURYR) cen 
trifugal spray processors from FSI International, Chaska, 
Minn.). The etching solution can also be made in-situ by the 
combination of HF gas and water in a single-wafer processor 
(for example, the EXCALIBURR) single-wafer processor 
from FSI International, Chaska, Minn.). Some of these 
equipment sets can couple acoustic energy preferably in the 
kilohertz or megahertz frequency range into the process 
liquids. This energy can cause a bulk motion of the liquid 
(acoustic streaming) that can increase the mass transfer rates 
in the solution. An increase in the mass transfer rate may 
result in an increase in the etch rate. 

0072. In the embodiments in which the etching solution 
is supplied as a flow, the flow rate(s) will tend to be selected 
based upon factors including the type(s) of equipment being 
used. Immersion baths can be static, but typically recirculate 
approximately 0.1 to 1 or more bath volumes per minute 
through a temperature control apparatus and a filter. Single 
wafer spray processors typically flow approximately 0.5 lpm 
(liter per minute) to 2 lpm of process liquid, while batch 
spray processors typically flow from 1.5 lpm to 10 lpm of 
liquid solutions. For example, single-wafer processors 
blending HF gas and DI water (deionized, very pure water) 
in the process chamber might flow 1 lpm of water into the 
chamber along with e.g. 560 scum of anhydrous HF gas, to 
create 0.05 wt % HF. 

0073 Temperature selection is based on many factors 
including desired etch rate and selectivity, and the hardware 
limitations of the etching equipment. Because the etch 
selectivity increases with increasing temperature, and the 
etch rates also increase with increasing temperature, more 
dilute and therefor less costly etching Solutions can be used 
at elevated temperatures. Etching in conventional hardware 
with aqueous solutions is typically limited to temperatures 
below approximately 100° C., the boiling point of water. 
However, higher temperatures could be employed in a 
chamber pressurized above 1 atmosphere of pressure. At 
atmospheric pressures, the temperature of the etching solu 
tion may be at any Suitable temperature Such as at any 
temperature above 1° C., and more typically between 1 C. 
and 999 C. 
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0074 The etch rates are controllable by varying the 
fluoride concentration, temperature and/or pH of the etching 
Solution. 

0075. The principles of the present invention will now be 
described further with reference to the following illustrative 
examples: 

EXAMPLE 1. 

0.076 300 mm bare silicon wafers were processed in a 
three-tank MAGELLANR)-style wet bench (as described in 
assignee's co-pending application U.S. Ser. No. 10/292,147, 
filed Nov. 12, 2002, titled REDUCED FOOTPRINT TOOL 
FOR AUTOMATED PROCESSING OF MICROELEC 
TRONIC SUBSTRATES, in the names of Robert E. Larson 
et al., and having Attorney Docket No. FSI0080/US) to 
remove the native oxide, re-grow a 10 Angstrom chemical 
oxide, and then to uniformly etch back to 6 and 8 Angstrom 
oxide thicknesses. After the final etch, the wafers were 
rinsed and dried. In each run 3 wafers were positioned in 
slots 2, 26, and 51 with filler wafers making up the rest of 
the cassette. Oxide thickness and uniformity measurements 
were made on an ellipsometer commercially available from 
Rudolf Technologies, Inc., Flanders, N.J., and having model 
number 300. The measurements were determined by taking 
the average of 25 point measurements done sequentially. 
Three measurements were actually made at each point, with 
the average of the three measurements being deemed to be 
the measurement at that point. 
0077. This experiment was carried out to empirically 
determine the conditions by which 2 and 4 angstroms, 
respectively are etched. First the chemical oxide thickness 
that was grown with the ozonated water (DIO3). Oxide 
growth was done on 4 independent sets of wafers for the 
time periods noted in the following table. The following 
table lists the oxide thickness and uniformity with respect to 
time for each set. With chemical oxides there is a maximum 
thickness that can be achieved by increasing the time. In this 
case, the maximum thickness is 10.1 angstroms. However, 
the uniformity can be improved while processing for an 
additional period of time as shown by the better uniformity 
data achieved after 600 seconds as compared to 420 seconds. 
The DIO3 process was carried out with an ozone concen 
tration of 80 ppm and at a flow rate of 20 LPM at room 
temperature (21°C.). 

DIO3 process Average Oxide Oxide Uniformity 
time (sec.) Thickness (A) (%1 Sigma) Range (A) 

18O 9.8 2.4 O.9 
3OO 9.7 2.3 1.O 
420 10.1 1.8 0.7 
600 10.1 1.7 0.7 

0078. The next step involved etching the saturated oxide 
layers to empirically determine how long it would take to 
etch 2 angstroms and 4 angstroms, respectively, using the 
SYMFLOWTM TECHNOLOGY process at a concentration 
of 800:1 and at a flow rate of 40 LPM at room temperature. 
Since the etching of this chemical oxide film is not linear 
with respect to time, several tests were done to determine 
how long it would take to etch 2 and 4 A. It was experi 
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mentally determined that to etch 2 A required roughly 45 
seconds and around 150 seconds to etch 4 A. Although not 
used for this test, an etch control algorithm could be used to 
help make these times more precise by monitoring HF 
concentration, bath temperature, flow rate, and/or the like as 
inputs for a suitable control methodology Such as feedback 
and/or feedforward control. 

EXAMPLE 2 

0079 The following recipe was used to fabricate 
ultrathin, oxide layers with excellent uniformity character 
istics, using 300 mm wafers and the MAGELLANR) style 
tool described above: 

0080 Place wafers into STG(R) tank filled with room 
temperature DI water; 

0081) A 250 second SYMFLOWTM TECHNOLOGY 
process using 200:1 HF at 40 LPM at room temperature 
to remove the native oxide. (This could also be a soak 
etch.) 

0082) A 300 second 40 LPM room temperature DI 
water rinse; 

0.083 A420 second DIO3 flow at 20 LPM with 80 ppm 
O3 concentration at room temperature; 

0084. A 300 second 40 LPM room temperature DI 
water rinse; 

0085) A 45 second SYMFLOWTM TECHNOLOGY 
process using 800:1 HF at 40 LPM at room temperature 
for a 2A etch or a 150 Second SYMFLOWTM TECH 
NOLOGY process for a 4A etch: 

0.086 A 300 second 40 LPM room temperature DI 
water rinse; 

0087 A STG(R) dry process using IPA: 
0088 Standard STG(R) dry sequence. 

0089. The following table lists the characteristics of the 
resulting 6 and 8 angstrom oxide films. 

Ave. Oxide Oxide Uniformity 
Process Slot Thickness (A) (%1 sigma) Range (A) 

8 A 2 7.73 2.51 0.7 
26 7.85 140 O.3 
51 7.95 1.55 0.4 

6 A 2 5.94 3.09 0.7 
26 6.O1 2.48 O.S 
51 6.13 2.81 O6 

What is claimed is: 
1. A method of making an oxide layer, comprising the 

steps of 

cleaning a semiconductor Substrate to provide a bare 
semiconductor Surface; 

forming a substantially saturated or Saturated oxide layer 
directly or indirectly on the bare semiconductor surface 
of a semiconductor substrate such that the substantially 
Saturated or Saturated oxide layer has a thickness in the 
range of from about 8 angstroms to about 20 angstroms, 
wherein the forming step comprises chemically grow 
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ing a saturated or Substantially saturated oxide layer on 
the bare semiconductor Surface; and 

precision etching the thickness of the Substantially satu 
rated or saturated oxide layer in a uniform manner and 
by an amount in the range of from 0.5 angstrom to 
about 18 angstroms. 

2. The method of claim 1, wherein the etched oxide layer 
has a uniformity of less than about +/-10%. 

3. The method of claim 1, wherein the etched oxide layer 
has a uniformity of less than about +/-5%. 

4. The method of claim 1, wherein the etched oxide layer 
has a thickness in the range of from about 0.5 angstroms to 
about 19 angstroms. 

5. The method of claim 4, wherein the etched oxide layer 
has a thickness in the range of from about 0.5 to about 9 
angStroms. 

6. The method of claim 1, wherein the substantially 
saturated or saturated oxide layer has a thickness in the range 
of from about 8 angstroms to about 11 angstroms and the 
etched oxide layer has a thickness in the range from 2 
angstroms to 8 angstroms. 

7. The method of claim 6, wherein the etched oxide layer 
has a uniformity in the range from +/-1 angstrom. 

8. The method of claim 6, wherein the etched oxide layer 
has a uniformity in the range from +/-0.5 angstrom. 

9. The method of claim 6, wherein the etched oxide layer 
has a uniformity in the range from +/-0.3 angstrom. 

10. The method of claim 1, wherein the precision etching 
step comprises precision etching the thickness of the chemi 
cally grown oxide to provide an oxide layer having a 
thickness of about 10 angstroms or less. 

11. The method of claim 1, further comprising the steps 
of after the precision etching step: 

rinsing the semiconductor Substrate; and 
drying the semiconductor Substrate. 
12. The method of claim 1, wherein the substantially 

saturated or saturated oxide layer is precision etched by an 
amount in the range of from 1 angstrom to 15 angstroms. 

13. The method of claim 12, wherein the substantially 
saturated or saturated oxide layer is precision etched by an 
amount in the range of from 1 angstrom to 9 angstroms. 

14. The method of claim 1, further comprising the steps 
of: 

positioning the semiconductor Substrate in a processing 
chamber; and 

performing the cleaning and forming steps while the 
semiconductor Substrate is positioned in the processing 
chamber. 

15. The method of claim 14, wherein the precision etching 
step is performed while the semiconductor substrate is 
positioned in the processing chamber. 
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16. The method of claim 1, wherein chemically growing 
a saturated or Substantially Saturated oxide on the semicon 
ductor Surface comprises using oZonated water to chemi 
cally grow the Saturated or Substantially saturated oxide. 

17. The method of claim 16, wherein precision etching the 
thickness of the substantially saturated or saturated oxide 
layer comprises using a fluorine-containing species in an 
aqueous medium to precisely etch the thickness of the 
Substantially saturated or Saturated oxide layer. 

18. The method of claim 1, wherein cleaning the semi 
conductor Substrate to provide a bare semiconductor Surface 
comprises etching and rinsing steps to provide a bare 
semiconductor Surface. 

19. The method of claim 1, wherein cleaning the semi 
conductor Substrate to provide a bare semiconductor Surface 
comprises etching, rinsing, and drying steps to provide a 
bare semiconductor Surface. 

20. A method of making an oxide layer, comprising the 
steps of 

cleaning a semiconductor Substrate to provide a bare 
semiconductor Surface; 

forming a substantially saturated or Saturated oxide layer 
directly or indirectly on the bare semiconductor surface 
of a semiconductor substrate such that the substantially 
Saturated or Saturated oxide layer has a thickness in the 
range of from about 8 angstroms to about 20 angstroms, 
wherein the forming step comprises chemically grow 
ing a Saturated or Substantially saturated oxide on the 
semiconductor Surface; 

precision etching the thickness of the Substantially satu 
rated or saturated oxide layer in a uniform manner and 
by an amount in the range of from 0.5 angstrom to 
about 18 angstroms; and 

depositing one or more high k dielectric materials directly 
or indirectly onto the etched oxide layer. 

21. The method of claim 20, wherein at least a portion of 
a dielectric buffer layer is formed from the precision etching 
step. 

22. The method of claim 21, further comprising the step 
of depositing one or more high k dielectric material(s) 
directly or indirectly onto the dielectric buffer layer to 
provide the gate dielectric layers of a gate dielectric com 
ponent of a microelectronic device. 

23. The method of claim 21, wherein the dielectric buffer 
layer has a thickness in the range of from about 1 angstrom 
to about 10 angstroms. 


