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PROCESS FOR OXIDE FABRICATION USING 
OXIDATION STEPS BELOW AND ABOVE A 

THRESHOLD TEMPERATURE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of US. patent 
application Ser. No. 09/597,076, entitled “PROCESS FOR 
FABRICATING OXIDES”, ?led on Jun. 20, 2000. The 
above-listed application is commonly assigned With the 
present invention and is incorporated herein by reference as 
if reproduced herein in its entirety. 

TECHNICAL FIELD OF THE INVENTION 

[0002] This present application relates to integrated circuit 
fabrication and particularly to a technique for fabricating a 
high quality, planar and substantially stress-free oxide. 

BACKGROUND OF THE INVENTION 

[0003] As integrated circuit (IC) complexity increases, the 
siZe of devices Within the IC must decrease. To decrease the 
siZe of a device, the various elements of a device must be 
reduced proportionately. This is knoWn as device sealing. In 
one type of device, a metal-oxide-semiconductor (MOS) 
structure, device scaling requires that the oxide layer be 
made thinner. Unfortunately, as conventional oxides are 
made thinner (scaled), their quality tends to degrade. The 
degradation in oxide quality tends to adversely impact the 
reliability of a device using the oxide. 

[0004] In addition to oxide quality, the reliability of the 
dielectric material in a MOS structure may be affected by 
oxide stress and the planarity of the oxide-substrate inter 
face. Oxide stress can result from lattice mismatch and 
groWth induced stress. Lattice mismatch is difficult to over 
come and groWth stress has been addressed in a variety of 
Ways With mixed results. Stress in the oxide may lead to 
dislocations and defects especially in the interfacial region. 
This may result in mass transport paths and leakage current. 

[0005] The reliability of a device is characteriZed by a feW 
conventional criteria. For example, in a MOS transistor 
reliability may be characteriZed in terms of the change in 
conventional device parameters over time (knoWn as device 
parameter drift). Additionally, time-dependent dielectric 
breakdoWn (TDDB) may be used to characteriZe reliability 
of transistor. 

[0006] Under operating bias (applied voltage) and tem 
perature conditions, device parameters such as threshold 
voltage (V1), saturation current (IDSAT) and transconduc 
tance (gm) tend to drift to unacceptable values. In fact, the 
drift in device parameters during normal operation is 
thought to be more problematic than other knoWn reliability 
problems, such as dielectric breakdoWn of the oxide. 
Accordingly, in some cases, device parameter drift can cause 
a device to fail Well before dielectric breakdoWn occurs. 

[0007] In order to address the reliability issues discussed 
above, a variety of approaches have been tried. For example, 
it is knoWn that the best oxides for many IC devices are 
groWn rather than deposited oxides. Furthermore, the higher 
groWth temperatures may yield a better quality oxide. Unfor 
tunately, there are problems associated With fabricating 
oxides at high temperatures by conventional techniques. For 
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example, in achieving the high temperatures required in the 
high temperature oxide groWth sequence, the overall thick 
ness of the oxide groWn tends to increase. As a result the 
oxide may be too thick for a reduced dimension device. 
Thus, in the effort to fabricate a better equality oxide, device 
scaling objectives may be defeated. Moreover, When cooling 
doWn from the high groWth temperatures, the viscosity of 
the groWn oxide increases and groWth induced stress may 
result. Given these issues, it is customary in the semicon 
ductor industry to groW oxides at loW temperatures. The 
draWback to this practice is that by groWing oxide at loWer 
temperatures, the oxide quality may be compromised. This 
reduction in quality adversely impacts reliability of the 
oxide for reasons discussed above. 

[0008] What is needed, therefore, is a process for fabri 
cating ultra-thin oxides Which overcomes the problems 
described above. 

SUMMARY OF THE INVENTION 

[0009] The present invention relates to a process for 
fabricating an oxide. A ?rst oxide portion is formed over a 
substrate at a ?rst temperature beloW a threshold tempera 
ture. A second oxide portion is formed under the ?rst oxide 
portion at a temperature above the threshold temperature. In 
an illustrative embodiment, the substrate is oxidiZable sili 
con and the threshold temperature is the viscoelastic 
t4emperature of silicon dioxide. The resulting oxide has a 
loW defect density (DO), a loW interface trap density (Ni) and 
the oxide/substrate interface is planar and substantially 
stress-free. 

[0010] The foregoing has outlined preferred and alterna 
tive features of the present invention so that those skilled in 
the art may better understand the detailed description of the 
invention that folloWs. Additional features of the invention 
Will be described hereinafter that form the subject of the 
claims of the invention. Those skilled in the art should 
appreciate that they can readily use the disclosed conception 
and speci?c embodiment as a basis for designing or modi 
fying other structures for carrying out the same purposes of 
the present invention. Those skilled in the art should also 
realiZe that such equivalent constructions do not depart from 
the spirit and scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] The invention is best understood from the folloW 
ing detailed description When read With the accompanying 
draWing ?gures. It is emphasiZed that in accordance With 
standard practice in the semiconductor industry the various 
features are not necessarily draWn to scale. In fact, the 
dimensions of the various features may be arbitrarily 
increased or decreased for clarity of discussion. 

[0012] FIG. 1a is a schematic cross-sectional vieW of an 
exemplary MOS structure according to the present inven 
tion; 
[0013] FIG. 1b is schematic cross sectional vieW of an 
exemplary MOS transistor according to the present inven 
tion; 
[0014] FIG. 2a is a How chart of an exemplary fabrication 
sequence in accordance With the present invention; 

[0015] FIG. 2b is a graph of temperature vs. time in 
accordance With an exemplary fabrication sequence of the 
present invention; 
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[0016] FIGS. 3-5 are schematic cross sectional views 
illustrating the process sequence of forming the oxide layer 
in accordance With an exemplary embodiment of the present 
invention; 
[0017] FIG. 6 is a transmission electron microscope 
(TEM) lattice image of a conventional oxide on a substrate 
having a conductive layer on the oxide; 

[0018] FIG. 7 is a transmission electron microscope 
(TEM) lattice image of an oxide layer on a substrate 
including a conductive layer on the oxide in accordance With 
an exemplary embodiment of the present invention; 

[0019] FIG. 8 is a graph of percent degradation of VT (VT 
drift) over time of illustrative oxides of the present invention 
and a conventional oxide; 

[0020] FIG. 9 is a graph including plots of time vs. 
substrate current (ISub) indicative of hot carrier aging (HCA) 
for a conventional oxide and an oxide layer in accordance 
With an exemplary embodiment of the present invention; 

[0021] FIG. 10 is a graph including plots of mean time to 
failure (MTTF) vs. electric ?eld for conventional oxide 
layers and oxide layers in accordance With an exemplary 
embodiment of the present invention; 

[0022] FIG. 11 is a comparative graph including plots of 
transconductance (gm) vs. gate-source voltage (Vgs) for 
15x15 pmz NMOSFETs incorporating conventional gate 
oxide layers and those incorporating gate oxide layers in 
accordance With an exemplary embodiment of the present 
invention; 
[0023] FIG. 12 is a comparative graph including plots of 
drain currents (Id) vs. drain voltage (Vd) for a 15x15 pmz 
NMOSFETs incorporating conventional gate oxide layers 
and those incorporating gate oxide layers in accordance With 
an exemplary embodiment of the present invention; and 

[0024] FIG. 13 is a comparative graph including plots of 
cumulative probability vs. leakage for 15x15 pmz FETS in 
a n-type tub including conventional gate oxide layers and 
gate oxide layers in accordance With an exemplary embodi 
ment of the present invention. 

DETAILED DESCRIPTION 

[0025] The present invention Will noW be described more 
fully With reference to the accompanying draWing ?gures, in 
Which exemplary embodiments of the present invention are 
shoWn. Referring initially to FIG. 2a, an exemplary 
sequence for fabricating an oxide layer according to the 
present invention is shoWn. Step I includes a relatively rapid 
temperature increase folloWed by a more gradual tempera 
ture increase. Step I occurs in a dilute oxygen ambient so 
that very little oxide is groWn in this step. Section II includes 
a loW temperature oxide groWth step. This results in the 
formation of a ?rst oxide portion over a substrate at a 
temperature beloW a threshold temperature. Step III includes 
a temperature increase, illustratively in tWo stages, to a 
temperature above the threshold temperature. The tWo stage 
temperature increase is believed to reduce groWth induced 
stress in the oxide. This tWo stage temperature increase is 
folloWed by a high temperature oxide groWth at a tempera 
ture above the threshold temperature. This results in the 
formation of a second oxide portion beloW the ?rst oxide 
portion. An illustrative cooling step is carried out in step IV. 
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This step includes a gradual decrease in the temperature to 
beloW the threshold temperature, folloWed by a more rapid 
temperature decrease. In this cooling phase, the ?rst oxide 
portion is believed to act as a sink for stress relaxation. 

[0026] A characteristic of the present invention is that the 
interface betWeen the second oxide portion and the substrate 
is substantially planar. This planarity is generally measured 
in terms of surface roughness. In the oxide of the present 
invention the interface has a surface roughness of approxi 
mately 0.3 nm or less. Moreover, the interface betWeen the 
substrate and the second oxide portion is substantially 
stress-free, having on the order of 0 to 2><109 dynes/cm2 of 
compression. This results in a defect density (Do) on the 
order of 0.1 defects/cm2 or less. Finally, the second oxide 
portion is believed to be a more dense layer of oxide, When 
compared to conventional oxides. As a result of the dense 
and substantially stress free characteristics of the oxide, the 
interface trap density (Nit) of the oxide of the present 
invention is on the order of 5><101O/cm2 to 3><109/cm2 or less. 

[0027] The resultant ultra-thin oxide having improved 
planarity, being substantially stress free and being more 
dense has clear advantages over conventional oxides. These 
advantages include improvements in both reliability and 
performance in devices incorporating the oxide of the 
present invention. To this end, deleterious effects of device 
parameter drift, and time dependent dielectric breakdown 
(TDDB) are reduced by virtue of the present invention. 
Moreover, device performance may be improved through 
reduced leakage current and increased mobility, for 
example. These characteristics of the oxide of the present 
invention and the improvements in reliability and perfor 
mance are discussed more fully herein. 

[0028] Referring to FIG. 1a, an oxide layer 30 in accor 
dance With an exemplary embodiment of the present inven 
tion is ?rst described. Illustratively, the oxide layer 30 is 
incorporated into an integrated circuit. The oxide layer 30 is 
disposed over a substrate 22, and includes a ?rst oxide 
portion 31 and a second oxide portion 32. The second oxide 
portion 32 forms an interface 34 With the substrate 22. The 
substrate 22 illustratively silicon; it may be monocrystalline 
or polycrystalline silicon. Most generally it is oxidiZable 
silicon. Illustratively, the oxide layer 30 has a thickness of 
approximately 40 A or less. It is anticipated othat the thick 
ness of the oxide layer 30 may be 15 A-20 A; and may be 
even less than 15 Moreover, the oxide layer may have a 
layer of material 33 disposed betWeen it and a conductive 
layer 26. Layer 33 may be a high-k material, including but 
not limited to tantalum pentoxide, barium-strontium titanate, 
and silicate dielectric materials. Additionally, other materi 
als may be disposed betWeen the conductive layer 26 and the 
oxide layer 30 to achieve a variety of results as Would be 
appreciated by the artisan of ordinary skill. 

[0029] The exemplary embodiment of FIG. 1a is gener 
ally a MOS structure. Clearly a variety of devices and 
elements may incorporate this structure. These include, but 
are not limited to a MOS transistor (described beloW) and a 
MOS capacitor, a common element in integrated circuits. 
Still other devices and elements may incorporate the oxide 
of the present invention, as Would be readily apparent to one 
having ordinary skill in the art to Which the present invention 
relates. 

[0030] In the exemplary embodiment shoWn in FIG. 1b, 
the oxide layer 30 is incorporated into a MOS transistor 21. 
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The MOS transistor includes a source 23 and a drain 24, 
separated by a channel 25. The transistor may also include 
lightly doped source and drain regions 27 and 28, respec 
tively. The source, drain and channel may be fabricated by 
a variety of conventional techniques to form a variety of 
transistor structures including but not limited to PMOS, 
NMOS complementary MOS (CMOS) and laterally diffused 
MOS (LDMOS) devices. 

[0031] Turning to FIG. 2b, an illustrative sequence for 
fabricating the oxide layer 30 by fast thermal processing 
(FTP) is shoWn. (Cross sectional vieWs of this exemplary 
groWth sequence and the resulting oxide structure are shoWn 
in FIGS. 3-5). Segment 200 indicates a Wafer boat push step 
at an initial temperature of approximately 300° C.-700° C., 
With nitrogen How of 8.0 L/min and 0.02 to 1% ambient 
oxygen concentration. These parameters are chosen to mini 
miZe the groWth of native oxide, Which can degrade oxide 
quality as Well as consume the alloWed oxide thickness 
determined by scaling parameters (referred to as oxide 
thickness budget or scaling budget). Additionally, a load 
lock system or a hydrogen bake, Well knoWn to one of 
ordinary skill in the art, can be used to impede the groWth 
of this undesirable loW-temperature oxide. 

[0032] Segment 210 is a rapid upWard temperature 
increase at approximately 50-125° C. per minute to about 
750° C.-850° C. This step is carried out at a very loW oxygen 
ambient concentration (on the order of 0.05% to 5%) and a 
high nitrogen ambient. One aspect of the present embodi 
ment relates to the step of upWardly ramping the temperature 
at a relatively high rate (segment 210) to minimiZe the 
thickness of the oxide formed in this segment (knoWn as the 
ramp oxide). This helps control the overall thickness of the 
oxide 30. Thus, through this step, the desired higher groWth 
temperatures (segments 230 and 260) may be attained 
Without sacri?cing the oxide thickness budget. Moreover, 
this rapid rise in temperature at loW ambient oxygen con 
centrations retards the groWth of loWer temperature oxide, 
Which may be of inferior quality, as discussed above. 

[0033] Segment 220 is a more gradual increase in tem 
perature. Segment 220 proceeds at approximately 10-25° C. 
per minute. In the exemplary embodiment the temperature 
reached at the end of segment 220 is in the range of 
approximately 800° C. to 900° C. The same oxygen and 
nitrogen ?oWs/concentrations used in segment 210 are main 
tained in segment 220. This control of the ramp up in 
temperature in segment 220 is also important as it helps to 
prevent overshooting the groWth temperature of segment 
230. Finally, the loW concentration of oxygen in segment 
220 selectively retards the groWth of oxide during the 
temperature increase to a higher groWth temperature. Again 
this helps to preserve the oxide thickness budget. 

[0034] Segment 230 is a loW temperature oxide (LTO) 
groWth step. In this step, the ambient oxygen concentration 
is about 0.1% to about 10% While the ambient nitrogen 
concentration is 90-99.9%. Dichloroethylene may be added 
at 0-0.5% for a time that is dependent upon the desired 
thickness as Would be appreciated by one of ordinary skill in 
the art. At the end of segment 230, an anneal in pure nitrogen 
may be carried out. In the illustrative sequence of FIG. 2, 
during segments 200-220 an oxide is groWn having a 
thickness in the range of 5-10 Segment 230 results in the 
groWth of approximately 2.5-10 A of oxide. Upon comple 
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tion of segment 230, the groWth of the ?rst oxide portion 31 
(in FIG. 4) is completed. Illustratively, this ?rst oxide 
portion is groWn at a temperature loWer than the viscoelastic 
temperature of silicon dioxide (TVS), Which is approximately 
925° C. The ?rst oxide portion 31 may comprise 25-98% of 
the total thickness of the oxide layer 30. In an exemplary 
embodiment in Which the oxide layer 30 has a thickness of 
30 A or less, the ?rst oxide portion 31 has a thickness of 
approximately 75-20 As discussed more fully herein, 
applicants theoriZe that the ?rst oxide portion 31 acts as a 
sink for stress relaxation that occurs during the groWth of 
second oxide portion 32 under ?rst oxide portion 31. 

[0035] Segment 240 is the ?rst segment in the temperature 
increase to a temperature above the viscoelastic temperature 
of silicon dioxide. This ramp up in temperature occurs 
relatively sloWly, at a rate of approximately 5-15° C. per 
minute and in a nearly pure nitrogen ambient (the ambient 
concentration of oxygen in this segment is illustratively 
0%-5%). The temperature reached at the end of segment 240 
is approximately 50° C. beloW the high temperature oxide 
(HTO) groWth temperature of segment 260. Segment 250 is 
a modulated heating segment in Which the temperature is 
increased at a rate of approximately 5-10° C. per minute to 
a temperature above the viscoelastic temperature. In the 
illustrative embodiment the HTO groWth temperature is in 
the range of 925-1100° C. The same ?oWs/concentration of 
oxygen and nitrogen of segment 240 are used in segment 
250. At the end of segment 250, the HTO groWth tempera 
ture is reached. 

[0036] Segments 240 and 250 are useful steps in the 
exemplary embodiment of the present invention. As Was the 
case in the temperature ramp-up to segment 230 the (LTO 
groWth segment) the careful ramp-up of temperature in 
segments 240 and 250 prevents overshooting the desired 
groWth temperature, in this case the HTO groWth tempera 
ture of the present invention. The rate of temperature 
increase at the illustrated loW ambient oxygen concentration 
is useful in retarding oxide groWth thereby preserving the 
oxide thickness budget. Finally, applicants believe that the 
careful heating in a loW oxygen ambient in segments 240 
and 250 reduces groWth stress, and consequently a reduces 
the occurrence of oxide groWth defects (e.g., slip disloca 
tions and stacking faults). 

[0037] Segment 260 is the HTO groWth step, Where the 
groWth temperature is illustratively above the viscoelastic 
temperature of silicon dioxide. The temperature achieved at 
the end of segment 250 is maintained in the groWth step in 
segment 260 in a 25% or less oxygen ambient for approxi 
mately 2 to 20 minutes so that an additional 2-12 A of oxide 
may be groWn at high temperature. The second portion may 
comprise on the order of 2-75% of the total thickness of the 
oxide layer 30. The ?nal portion of segment 260 may include 
an anneal in pure nitrogen. Applicants believe (again With 
out Wishing to be bound to such a belief) that the high 
temperature groWth above the viscoelastic temperature 
(approximately 925° C.) results in the groWth of an oxide 
(second oxide portion 32) having certain properties. 

[0038] Segment 270 of the exemplary embodiment of 
FIG. 2 is a cooling segment also referred to as a modulated 
cooling segment. A temperature ramp doWn is carried out at 
a rate of approximately 2-5° C. per minute to a temperature 
at the end of segment 270 Which is beloW the viscoelastic 
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temperature. For example, the temperature reached at the 
end of segment 270 is in the range of 900-800° C. Segment 
270 is carried out in a nearly pure nitrogen ambient, Which 
is inert. During the cooling of a groWn oxide to below the 
viscoelastic temperature, stress may result in the oxide, 
particularly at the substrate-oxide interface. As a result of 
this stress, defects such as slip dislocations and oxidation 
induced stacking faults may be formed at energetically 
favored sites such as heterogenities and asperities. These 
defects may be vieWed as routes for diffusional mass trans 

port and leakage current paths Which can have a deleterious 
impact on reliability and device performance. The modu 
lated cooling segment, and the stress absorbing or stress sink 
characteristics of the ?rst oxide portion 31 (particularly 
during the modulated cooling segment) results in a substan 
tially stress free oxide-substrate interface. Moreover, the 
defect density is reduced. Finally, segment 280 represents a 
further ramp doWn at a faster rate on the order of approxi 
mately 35-65° C. per minute in an inert ambient such as pure 
nitrogen. Segment 290 is the boat pull at about 500° C. in a 
pure nitrogen ambient. 

[0039] FIGS. 3-5 shoW the cross sectional vieW of the 
steps of forming the oxide 30. The substrate 22 is generally 
oxidiZable, illustratively monocrystalline or polycrystalline 
silicon, or silicon islands in silicon on insulator (SOI) 
substrates. The ?rst oxide portion 31 may be considered the 
loW temperature oxide (LTO) portion, having been formed 
beloW approximately 925° C. In addition to providing a 
stress sink during the formation of the second oxide portion 
32 the ?rst oxide portion 31 enables oxide groWth thereun 
der. As such, ?rst oxide portion 31 must alloW the diffusion 
of oxygen there through so that oxidation of the substrate 22 
can occur, resulting in the second oxide portion 32. In the 
illustrative embodiment, the ?rst portion is silicon dioxide. 
HoWever, other materials may be used in this capacity as 
Well. Alternative materials include but are not limited to a 
lightly nitrided (for example 0.2 to 3% nitrogen by Weight) 
silicon dioxide layer so that boron penetration is prevented, 
Which is bene?cial in the prevention of poly-depletion. 
Moreover, the ?rst oxide portion 31 may be steam oxide or 
a groWn-deposited composite oxide layer. The second oxide 
portion 32 may be considered the high temperature oxide 
(HTO) portion groWn at a temperature beloW the viscoelas 
tic temperature of 925° C. For purposes of illustration, the 
high temperature groWth of the second portion 32 is in the 
range 925° C.-1100° C. 

[0040] Characteristics of the oxide layer 30 of the present 
invention include improved interfacial planarity and a reduc 
tion in the stress both in the bulk of the oxide and at the 
interface betWeen the oxide and the substrate. This become 
readily apparent from a comparison of the FIGS. 6 and 7. 

[0041] FIG. 6 is a TEM lattice image of a MOS structure 
incorporating conventional oxide; FIG. 7 is a TEM lattice 
image a MOS structure incorporating the exemplary oxide 
of the present invention. FIG. 6 shoWs a substrate 62, a 
conventional oxide layer 60 and a conductive layer 66. In the 
image of FIG. 6, there is a stress band 63 (dark contrast) 
indicating the existence of a strain ?eld betWeen the oxide 60 
and the substrate 62. In addition, the interface betWeen the 
oxide 60 and the substrate 62 is relatively rough (i.e. not 
planar). Conventional oxides exhibit a surface roughness on 
the order of 5 A or greater. Among other drawbacks, this 
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degree of roughness can result in carrier scattering in the 
channel of an exemplary MOS transistor, resulting in 
reduced carrier mobility. 

[0042] In contrast to the conventional oxide in FIG. 6, the 
interface betWeen the graded groWn oxide 30 and the 
substrate 22 in the exemplary embodiment of the present 
invention shoWn in FIG. 7 shoWs no dark contrast in the 
TEM image. Therefore, there is no noticeable stress band. 
Instead, the interface betWeen the graded groWn oxide 30 
and the substrate 22 in the illustrative embodiment is sub 
stantially stress free. Moreover, the interface is substantially 
planar Without any observable breakage in the Si (111) lines 
near the interface. Using standard stress measurement tech 
niques such as x-ray micro-diffraction techniques, the sili 
con (400) Bragg peak pro?le indicates 2><109 dynes/cm2 of 
compression measured by similar technique. Finally, the 
interface betWeen the oxide 30 and the substrate 22 is 
substantially planar having a planarity that is not detectable 
Within the resolution of conventional TEM imaging devices 
(approximately 3 

[0043] As alluded to above, by virtue of the substantially 
stress free and planar Si—SiO2 interface and the denser 
second oxide portion 32 formed by the present invention 
oxide of the present invention, there are improvements in the 
reliability of devices employing the oxide of the present 
invention. The device parameter drift during normal opera 
tion is often more signi?cant than oxide breakdoWn When 
evaluating the reliability device employing the thin gate 
oxide. Device parameter drift can cause a device to fail the 
required parameter speci?cations long before an oxide 
breakdoWn event occurs. Drift in devices is dominated by 
tWo mechanisms. In a p-MOS device, bias-temperature (BT) 
drift is the dominant factor, While in an n-MOS device hot 
carrier degradation (also referred to as hot carrier aging 
(HCA)) dominates. 
[0044] The migration to surface channel devices for better 
off-state leakage performance can result in drift in the 
threshold voltage (VT) under bias temperature (BT) condi 
tions. This drift phenomenon is attributed to the creation of 
hot holes due to impact ioniZation by electrons Which have 
tunneled into the silicon substrate. These hot holes are 
trapped Within the oxide. It is theoriZed that the traps Within 
the oxide are due to Weak Si—O bonds in the bulk oxide 
Which behave like hole traps. These trapped holes act as 
positive charge Within the oxide Which behave like hole 
traps. These trapped holes act as positive charge Within the 
oxide resulting in shift in the threshold voltage (VT). In 
contrast to conventional oxides, the second oxide portion 32 
of the present invention is believed to have a reduced 
number of Weak silicon-oxygen bonds. Accordingly, there is 
a reduced incidence of traps. Again, this folloWs from the 
substantially stress free, dense nature of the second oxide 
portion 32. The propensity for threshold voltage shift in the 
oxide of the present invention is signi?cantly loWer. This is 
shoWn in FIG. 8, Where the percentage degradation of 
threshold voltage in tWo illustrative samples of the oxide of 
the present invention having thicknesses of 36 A (plot 81) 
and 32 A (plot 82) is compared to a conventional oxide 
having a thickness of 33 A (plot 83). As is clear form FIG. 
8, bias temperature (BT) drift is signi?cantly loWer in 
devices using the oxide of the present invention. 

[0045] Another phenomenon that can adversely impact the 
reliability of a device is hot carrier aging (HCA). In sub 
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micron gate structures, hot carrier effects result from a 
increased lateral electric ?eld in the reduced length channel. 
This causes inversion-layer charges to be accelerated (or 
heated) to an extent that they may cause a number of harmful 
device phenomena, commonly referred to as hot carrier 
effects. An important hot carrier effect from the standpoint of 
reliability in devices is the damage in?icted on the gate 
oxide and/or the silicon-silicon dioxide interface by hot 
carriers. Hot carrier aging is believed to be due to interface 
trap generation or the breaking of passivating dangling 
bonds. To this end, dangling bonds in the silicon-silicon 
dioxide interface are conventionally passivated in a hydro 
gen ambient, thereby reducing the number of interface traps. 
While this passivation technique has met With some success 
in conventional oxides, hot carriers can readily break sili 
con-hydrogen bonds, thereby re-establishing the previously 
passivated interface traps. The traps in the interface act as 
scattering centers, thereby reducing the mobility of carriers 
Within the channel. As is knoWn, the drive current, IOn (or 
saturation current, ldsat), and the transconductance grn are 
directly proportional to the mobility of the carriers in the 
channel. Accordingly, as the scattering centers become more 
abundant due to hot carrier effects, mobility of carriers in the 
channel is reduced, and the drive current and transconduc 
tance are reduced. Thus, the number of interface traps can 
cause the device to degrade (age) due to drift in device 
parameters such as drive current and transconductance. This 
degradation has a deleterious impact on device reliability. 

[0046] The oxide of the present invention has a reduced 
incidence of dangling silicon bonds, and thereby a reduced 
number of interface traps. Applicants theoriZe that this is a 
result of a more complete oxidation process and because the 
interface is substantially stress-free and planar. Moreover, 
since there are feWer interface traps in the oxide of the 
present invention, there are feWer traps passivated With 
hydrogen; and it is anticipated that there Will be less device 
drift due to hydrogen release in devices Which incorporate 
the oxide of the present invention. 

[0047] Measured by standard technique, the interface trap 
density (Nit) of the oxide of the present invention is on the 
order of 3><109/cm2 to 5><101O/cm2 or less. The resulting 
improvement in hot carrier aging can be seen clearly in the 
graphical representation of FIG. 9. The hot carrier aging 
criteria by convention is a 15% change in transconductance. 
The plot labeled 90 is for a device incorporating a 32 A 
oxide layer fabricated in accordance With the present inven 
tion. The plot labeled 91 is for a device incorporating for a 
conventional oxide of the same thickness. For example, the 
substrate current limit of 3 pA/pm is achieved at 120 hours 
in a conventional oxide in a MOSFET; in an exemplary 
oxide of the present invention this is limit achieved at 400 
hours. As Will be readily appreciated of those of ordinary 
skill in the art, hot carrier aging is improved by a factor of 
3-10 by the oxide of the present invention When compared 
to conventional oxides. 

[0048] The oxide of the present invention also results in an 
improvement in the time dependent dielectric breakdoWn 
(TDDB), another measure of reliability of the MOS device. 
This improvement in TDDB is believed to be a direct result 
of the stress free and high quality silicon-silicon dioxide 
interface of the present invention. As discussed above, due 
to the planar and substantially stress free interface betWeen 
the substrate and oxide, the defect density D0 is loWer. As a 
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result, it is believed that there are feWer defects, Which can 
lead to diffusional mass transport and leakage current. 
Ultimately this can lead to an improvement in charge ?uence 
or charge-to-breakdoWn (Qdb) and dielectric breakdoWn 
under temperature (for example >150° C. to 210° C.) and 
?eld acceleration (for example 3-6 MV/cm). 

[0049] As shoWn in FIG. 10 the oxide of the present 
invention results in a factor of 8-10 improvement of TDDB 
When compared to conventional oxides. In particular the 
mean time to failure (MTTF) vs. electric ?eld strength is 
plotted for various conventional oxides and an exemplary 
oxide of the present invention in a 0.25 microns CMOS 
device. The plot 100 is for an illustrative oxide of the present 
invention having a thickness of 32 A, While the correspond 
ing conventional oxides of the same thickness are repre 
sented by plots 102 and 103. For purposes of illustration in 
an exemplary device, the oxide of the present invention 
exhibits a breakdoWn at 105 sec at a ?eld of 5.5 MV/cm, 
compared to the conventional oxide Which exhibits a break 
doWn at approximately 2><104 sec at the same electric ?eld. 
Plot 101 is for an illustrative oxide of the present invention 
having a thickness of 28 A, While that of plot 104 is for a 28 
A thick layer of conventional oxide. As can be seen, the 
illustrative oxide of the present invention exhibits a break 
doWn at about 2><104 sec for a 5.5 MV/cm electric ?eld 
compared to a breakdoWn at 7><103 sec for the same electric 
?eld for a conventional oxide. 

[0050] As stated previously, device performance is also 
improved by virtue of the oxide of the present invention. As 
discussed above, the carrier mobility Within the channel can 
be signi?cantly impacted by the number of traps and the 
degree of surface roughness (planarity) at the oxide-sub 
strate interface. A more planar (less rough) interface and a 
reduction in the number of traps is manifest in an improve 
ment in mobility. This results in an improvement in 
transconductance. This can be seen most readily from a 
revieW of FIG. 11. The even number plots 110, 112, 114, 116 
and 118, shoW the transconductance vs. gate-source voltage 
in an illustrative device using the oxide of the present 
invention. The odd number plots (111, 113, 115, 117 and 
119) are plots of transconductance vs. gate-source voltage in 
devices using conventional gate oxides. The transconduc 
tance vs. gate-source voltage (Vgs) are plotted for a 15x15 
pmz NMOSFET. Plots 110 and 111 are for a drain voltage of 
2.1 volts. Plots 112 and 113 are for a drain voltage of 1.6 
volts, While plots 114 and 115 are for a drain voltage of 1.1 
volts. Plots 116 and 117 are for a drain voltage of 0.6 volts 
and plots 118 and 119 are for a drain voltage of 0.1 volt. As 
Would be appreciated by one of ordinary skill in the art, FIG. 
11 shoWs the oxide in accordance With exemplary embodi 
ment of the present invention provides a 5-6% increase in 
channel mobility. This results in an improvement of drive 
current (saturation current ldsat) on the order of 20% in the 
illustrative embodiment. 

[0051] Turning to FIG. 12, a comparative result of the 
oxide of the present invention and conventional oxides for a 
drive current for a 15x15 pmz NMOSFET is shoWn. The 
drain current is plotted vs. drain voltage for a series of gate 
voltages. Plots 120 and 121 are for gate voltages of 2.5 volts 
for the oxide layer of the present invention and a conven 
tional oxide, respectively. Plots 122 and 123 are for a gate 
voltage of 0.2 voltages for the oxide of the present invention 
and a conventional oxide, respectively. Finally, plots 124 
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and 125 are for a gate voltage of 1.5 volts for the oxide of 
the present invention and a conventional oxide, respectively. 
As can be appreciated by one having ordinary skill in the art, 
devices incorporating the oxide of the present invention 
shoW improved sub-threshold and saturation characteristics 
compared to devices using conventional oxides. 

[0052] Leakage current characteristics for a transistor 
employing the oxide of the present invention are also 
improved. As discussed above, leakage current is believed to 
be attributable to oxide defects (DO) The oxide of the present 
invention has a defect density of 0.1 defects/cm2 or less. 
Again, for thin gate dielectrics, the major contributors to D0 
are the groWth induced defect density and the intrinsic stress 
Within the oxide layer. The defects are formed at energeti 
cally favored sites such as heterogenities and asperities. 
These defects tend to groW outWardly as oxidation consumes 
silicon around the defect and eventually a netWork of defects 
may exist. These defects may be vieWed as pipes for 
diffusional mass transport as Well as potential leakage cur 
rent paths, Which can have a signi?cant impact on device 
reliability and performance. 

[0053] FIG. 13 is a graph of cumulative probability vs. 
leakage current for gate oxides in an n-type tub at a voltage 
2.0 volts. Plot 130 is for a gate oxide layer in accordance 
With the present invention having a thickness of 28 A, While 
plot 131 is for a conventional oxide of the same thickness. 
Plot 132 is for an oxide layer of the invention of the present 
disclosure having a thickness of 32 A, While plot 133 is for 
a conventional oxide having a thickness of 32 

[0054] FIG. 14 presents various leakage plots for a p-type 
tub at a voltage of 2.0 volts. Plot 134 is for a gate oxide in 
accordance With the present invention having a thickness of 
28 A, and plot 135 is for a conventional oxide of the same 
thickness. Plot 136 is for an oxide of invention of the present 
disclosure having a thickness of 32 A, While plot 137 is for 
a conventional oxide layer having a thickness of 32 From 
FIGS. 13 and 14 it can be appreciated that the oxide of the 
present invention offers a 8-10 times improvement leakage 
current. Moreover, With this signi?cant improvement in 
leakage current, as one of ordinary skill in the art Would 
readily appreciate, the charge control over the channel is 
improved, With improved sub-threshold characteristics (I05). 

[0055] Although the present invention has been described 
in detail, those skilled in the art should understand that they 
can make various changes, substitutions and alterations 
herein Without departing from the spirit and scope of the 
invention in its broadest form. 

What is claimed is: 
1. A process for fabricating an oxide, the process com 

prising: 
(a) exposing said substrate to a ?rst oxidiZing ambient, 

Wherein exposing said substrate to a ?rst oxidiZing 
ambient includes increasing from an initial temperature 
to a ?rst temperature beloW a threshold temperature at 
a ?rst ramp rate, increasing from said ?rst temperature 
to a second temperature beloW said threshold tempera 
ture at a second ramp rate, and groWing at least a 
portion of said oxide; 
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(b) exposing said substrate to a second oxidiZing ambient, 
Wherein exposing said substrate to a second oxidiZing 
ambient includes increasing from said second tempera 
ture to a third temperature at a third ramp rate, and 
increasing from said third temperature to a temperature 
above said threshold temperature at a fourth ramp rate; 
and 

(c) cooling said substrate to a temperature beloW said 
threshold temperature, Wherein said oxide has a thick 
ness of 40 A or less. 

2. The process as recited in claim 1, Wherein said ?rst 
temperature beloW said threshold temperature is in the range 
of 750° C. to 850° C. and said ?rst ramp rate is approxi 
mately 50° C.-125° C. per minute. 

3. The process as recited in claim 1, Wherein said second 
temperature beloW said threshold temperature is approxi 
mately 800° C.-900° C. and said second ramp rate is 
approximately 10° C.-25° C. per minute. 

4. The process as recited in claim 1, Wherein step (b) 
further comprises: 

increasing from said second temperature to said third 
temperature at a ramp rate of approximately 5-15° 
C./minute in an ambient oxygen concentration of 
approximately 0%-5%; 

increasing from said third temperature to said temperature 
above said threshold temperature at a ramp rate of 
5-10° C./minute in an ambient oxygen concentration of 
approximately 0%-5%; and 

groWing at least a portion of the oxide in an oxygen 
ambient concentration of about 25% or less. 

5. The process as recited in claim 1, Wherein step (c) 
further comprises: 

reducing from said temperature above said threshold 
temperature to approximately 800° C. to 900° C. at a 
rate of about 2° C./min-5° C./min; and 

reducing said temperature of approximately 800° C. to 
900° C. to a boat pull temperature at a rate of about 35° 
C./min-65° C./min, Wherein said oxide portion formed 
in step (a) is a ?rst oxide portion and acts as a stress 
sink to a second oxide portion formed in step (b) during 
at least a portion of said cooling. 

6. The process as recited in claim 1, Wherein said substrate 
is oxidiZable silicon and said threshold temperature is the 
viscoelastic temperature of silicon dioxide. 

7. The process as recited in claim 1, Wherein said substrate 
is oxidiZable. 

8. The process as recited in claim 1, Wherein said substrate 
is chosen from the group consisting essentially of monoc 
rystalline silicon, polycrystalline silicon and silicon islands 
in a silicon on insulation (SOI) substrate. 

9. The process as recited in claim 1, Wherein said thresh 
old temperature is the viscoelastic temperature of SiO2. 

10. The process as recited in claim 5, Wherein said 
threshold temperature is the viscoelastic. 


