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(57) ABSTRACT 

In accordance With the present invention, a method for 
forming a crystalline silicon nitride layer, includes the steps 
of providing a crystalline silicon substrate With an exposed 
surface, precleaning the exposed surface by employing a 
hydrogen prebake and exposing the exposed surface to 
nitrogen to form a crystalline silicon nitride layer. Also, a 
trench capacitor, in accordance With the present invention, 
includes a crystalline silicon substrate including deep 
trenches having surface substantially free of native oxide. A 
dielectric stack, including a crystalline silicon nitride layer, 
is formed on the sidewalls of the trenches. The dielectric 
stack forms a node dielectric betWeen electrodes of the 
trench capacitor. 
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METHOD FOR FORMING CRYSTALLINE 
SILICON NITRIDE 

BACKGROUND 

[0001] 1. Technical Field 

[0002] This disclosure relates to semiconductor fabrica 
tion and more particularly, to a method for forming crystal 
line silicon nitride dielectric layers for semiconductor 
devices. 

[0003] 2. Description of the Related Art 

[0004] Silicon nitride is used extensively in microelec 
tronic technology for its superior dielectric properties. Typi 
cally, silicon nitride includes superior dielectric constant 
(e.g., e=7.5 for silicon nitride) as compared to silicon 
dioxide (e.g., e=3.9). The need for higher capacitance With 
shrinking dimensions in semiconductor devices such as 
dynamic random access memories (DRAMs) has been met 
by reducing the thickness of dielectric layers. Much of the 
silicon nitride employed for microelectronic applications is 
deposited by Chemical Vapor Deposition (CVD) techniques 
and is amorphous in structure. Although thick amorphous 
silicon nitride (Si3N4) ?lms have adequately loW leakage 
currents, for thin (<50 dielectric ?lms, higher leakage 
currents impede, if not preclude, successful device imple 
mentation. 

[0005] To overcome the limitations posed by excessive 
leakage currents observed in thin CVD nitride dielectric 
layers, a thermally groWn Si3N4 component is added to the 
CVD nitride layer. Thermally groWn Si3N4 is denser than 
CVD silicon nitride and exhibits superior electrical proper 
ties for the same thickness. HoWever, thermal groWth of 
silicon nitride is a self limiting process (at about 950° C. 
approximate thickness of nitride layer is 18-23 AWhich is 
limited by the thermal groWth process). To meet the total 
required thickness, a CVD nitride layer may be added to the 
initial thermal nitride. 

[0006] For DRAM chips employing deep trench capaci 
tors, a node dielectric is deposited in a deep trench. The node 
dielectric separates the storage node in the deep trench from 
a buried plate outside the trench to form a capacitor. It is 
desirable for the node dielectric to be as thin as possible to 
provide a high capacitance With minimal or loW leakage. 
Node dielectrics have evolved from using an oxide only (O) 
dielectric layer to a mixed oxide-nitride (ONO) and cur 
rently to nitride-oxide (NO) dielectric layers to take advan 
tage of the higher 6 of Si3N4. Similarly, for gate dielectrics, 
in addition to a reduction in thickness, incorporation of some 
nitride into the oxide ?lm is being explored to boost the 
physical thickness (and dielectric constant) While keeping 
the equivalent oxide thickness small enough to meet the 
needs of smaller and faster devices. 

[0007] A desirable option for improving the properties of 
ultra-thin dielectric layers Would be to employ crystalline 
Si3N4 ?lms for such applications. Unlike CVD nitride ?lms, 
in Which the large leakage currents have been attributed to 
the presence of a large number of defects and pinholes, 
crystalline nitride ?lms by nature could be denser and 
relatively defect free. HoWever, crystalline Si3N4 ?lms are 
dif?cult to groW and unstable due to lattice mismatch With 
silicon and the consequent excessive strain at the groWth 
interface. An added complication for the case of a node 
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dielectric is the presence of a thin non-stoichiometric native 
oxide on the exposed silicon surface of a substrate Which 
inhibits the reaction betWeen nitridiZing species and the 
silicon substrate. This native oxide may be partially respon 
sible for the electrical leakage in thermally groWn nitride 
?lms. 

[0008] Therefore, a need exists for a method to preclean 
and remove a native oxide before thermal nitridation of 
exposed silicon is performed. A further need exists for a 
method for forming a crystalline silicon nitride for semi 
conductor devices. 

SUMMARY OF THE INVENTION 

[0009] In accordance With the present invention, a method 
for forming a crystalline silicon nitride layer, includes the 
steps of providing a crystalline silicon substrate With an 
exposed silicon surface, precleaning the exposed surface by 
annealing in a hydrogen ambient and further annealing or 
exposing the exposed surface to nitrogen (eg in an ammo 
nia ambient) to form a crystalline silicon nitride layer. 

[0010] A method for forming a node dielectric layer in 
deep trenches, includes the steps of providing a crystalline 
silicon substrate With trenches formed therein, the trenches 
including surfaces With exposed silicon, precleaning the 
exposed silicon surfaces by employing a hydrogen prebake, 
exposing the exposed surfaces to ammonia to form a crys 
talline silicon nitride layer, depositing an amorphous silicon 
nitride layer over the crystalline silicon nitride layer, and 
oxidizing the amorphous silicon nitride layer to form a node 
(NO) dielectric layer. 

[0011] In alternate methods, the step of precleaning may 
include the step of employing a Wet cleaning process to 
remove native oxide from the exposed surface(s). The 
cleaning process may include HF cleaning. The step of 
precleaning may include the step of prebaking the exposed 
surface(s), in situ, in the presence of hydrogen gas, hydrogen 
plasma or similar reducing atmospheres at a temperature 
betWeen about 400° C. and about 1300° at a pressure 
betWeen about 10'9 Torr and about 600 Torr. The step of 
precleaning may include the step of prebaking the exposed 
surface(s) in the presence of hydrogen gas introduced at a 
How rate of betWeen about 100 sccm and about 20 SLM for 
betWeen about 2 seconds and about 3600 seconds. FloW 
rates and time durations can vary over a Wide range of 
acceptable values depending on the conditions and the tool 
set employed. The step of annealing/exposing the exposed 
surface(s) to nitrogen to form a crystalline silicon nitride 
layer may include the step of introducing ammonia at a 
temperature of betWeen about 400° C. and about 1300° C. 
The step of exposing the exposed surface(s) to nitrogen to 
form a crystalline silicon nitride layer may include the step 
of maintaining ammonia at a pressure of betWeen about 10-6 
Torr and about one atmosphere or greater. A semiconductor 
device may be fabricated in accordance With the methods 
described herein. 

[0012] A trench capacitor, in accordance With the present 
invention, includes a crystalline silicon substrate including 
deep trenches having surfaces substantially free of native 
oxide. A dielectric stack, including a crystalline silicon 
nitride layer, is formed on the surfaces of the trenches. The 
dielectric stack forms a node dielectric betWeen electrodes 
of the trench capacitor. 
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[0013] In alternate embodiments, the crystalline silicon 
nitride layer may include a thickness of betWeen about 3 A 
and about 40 The dielectric stack may include an oXidiZed 
amorphous nitride layer. 

[0014] These and other objects, features and advantages of 
the present invention Will become apparent from the fol 
loWing detailed description of illustrative embodiments 
thereof, Which is to be read in connection With the accom 
panying draWings. 

BRIEF DESCRIPTION OF DRAWINGS 

[0015] This disclosure Will present in detail the following 
description of preferred embodiments With reference to the 
folloWing ?gures Wherein: 

[0016] FIG. 1 is a How diagram shoWing a method for 
forming a crystalline silicon nitride layer in accordance With 
the present invention; 

[0017] FIG. 2 is a cross-sectional vieW of a trench formed 
in a silicon substrate for forming a silicon nitride crystalline 
layer in accordance With the present invention; 

[0018] FIG. 3 is a magni?ed cross-sectional vieW of area 
8 of FIG. 2 shoWing a crystalline silicon nitride layer 
formed in accordance With the present invention; 

[0019] FIG. 4 is a cross-sectional vieW of the area 8 of 
FIG. 3 shoWing an additional silicon nitride layer formed in 
accordance With the present invention; and 

[0020] FIG. 5 is a cross-sectional vieW of the area 8 of 
FIG. 4 shoWing an oXidiZed silicon nitride layer formed in 
accordance With the present invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0021] The present invention relates to semiconductor 
fabrication and more particularly, to a method for forming 
crystalline silicon nitride dielectric layers for semiconductor 
devices. Silicon nitride, and preferably stoichiometric Si3N4, 
is an important dielectric material for many microelectronic 
applications needing a high dielectric constant (6) With loW 
leakage currents. Much of the silicon nitride used for such 
applications is amorphous and is typically a combination of 
both thermally groWn (in N2 or NH3) and/or deposited (by 
LPCVD techniques) materials. Although desirable for their 
enhanced properties, crystalline silicon nitride ?lms are 
dif?cult to groW due to lattice mismatch and off-stoichio 
metric groWth kinetics. The present invention includes a 
method for forming a crystalline silicon nitride layer. In a 
preferred embodiment the present invention is illustratively 
described for the formation of a node dielectric in deep 
trenches for deep trench capacitors. Other applications are 
contemplated as Well. A preclean process is desirable prior 
to the formation of the crystalline silicon nitride layer. 

[0022] Referring noW in speci?c detail to the draWings in 
Which like reference numerals identify similar or identical 
elements throughout the several vieWs, and initially to 
FIGS. 1 and 2, a How diagram for a method in accordance 
With the invention (FIG. 1) and a cross-sectional vieW of a 
semiconductor chip 10 (FIG. 2) are shoWn. Semiconductor 
chip 10 may include a memory device such as, a dynamic 
random access memory (DRAM), a synchronous DRAM 
(SDRAM), static RAM or other memory device. It is to be 
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understood that the present invention is not limited to 
semiconductor memories. The invention may be practiced 
for semiconductor chips Which may include processors, 
embedded DRAM or other embedded memory devices, 
application speci?c integrated circuit chips (ASIC) or any 
other devices Which employ dielectric ?lms. 

[0023] Semiconductor chip 10 of FIG. 2, illustratively 
shoWs a semiconductor memory having deep trench capaci 
tor technology. In block 1, a semiconductor chip 10 is 
provided. Semiconductor chip 10 includes a substrate 12 
Which may be a monocrystalline silicon substrate, hoWever, 
other silicon based/modi?ed materials may be employed, for 
eXample, silicon on insulator, epitaXially groWn silicon, etc. 
A pad stack 11 is formed on substrate 12. Pad stack 11 
preferably includes a thermal oXide layer 13 and a pad 
nitride layer 15. Deep trenches 14 have been formed in 
substrate 12 by methods knoWn to those skilled in the art. A 
buried plate 16 is also formed by conventional methods. 
These methods may include depositing arsenic silicate glass 
(ASG) in the trench as a dopant source and diffusing dopants 
into substrate 12. Alternate techniques may include employ 
ing ion bombardment or gas phase doping to form buried 
plate 16. 

[0024] Prior to further processing, it is preferable to pre 
clean eXposed surfaces of substrate 12, i.e., trench sideWalls, 
to remove native oXides Which may form on the surface of 
substrate 12. In block 2, a standard cleaning process is 
performed to remove the native oXide on the trench side 
Walls and exposed surfaces. The cleaning process may 
include a Wet cleaning process, such as, a HF clean or other 
cleaning processes knoWn in the art, such as, a RCA/B clean. 
Combinations of cleaning processes may also be employed. 
The Wafers or chips 10 are then transferred to the reaction 
chamber for further processing. The reaction chamber in 
Which processing occurs is then evacuated if the transfer is 
not done, in situ, under vacuum. 

[0025] In block 3, a hydrogen (H2) preclean is performed 
on the exposed silicon surface of the trench sideWalls after 
the evacuation of the reaction chamber. This step further 
removes the native oXide from the silicon surface of sub 
strate 12 at sideWalls of trench 14. The efficacy of the clean 
process depends on the temperature, time, gas How and 
pressure. In a preferred method, the gas How may include a 
How rate of about 100 sccm and about 10 SLM for betWeen 
about 2 seconds and about 3600 seconds. FloW rates and 
time durations can vary over a Wide range of acceptable 
values depending on the conditions and the tool set 
employed. The step of precleaning may include the step of 
prebaking eXposed silicon surface(s), in situ, in the presence 
of hydrogen gas, hydrogen plasma or similar reducing 
atmospheres at a temperature betWeen about 400° C. and 
about 1300° and at a pressure betWeen about 10-9 Torr and 
about 600 Torr. 

[0026] FIG. 2 indicates an area of interest 8 Which is 
magni?ed in FIGS. 3, 4 and 5 to shoW the process step of 
the method of the present invention. 

[0027] Referring to FIG. 3, With continued reference to 
FIG. 1, after evacuating the reaction chamber of any H2 
(typical but not necessary), the silicon surface of substrate 
12 is eXposed to nitrogen containing compounds, preferably 
ammonia (NH3) or N2 gas, in block 4. For convenience, the 
process Will be illustratively described using ammonia. The 
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nitrogen may be introduced With other materials or com 
pounds, for example, N2 gas, atomic nitrogen formed by 
plasma techniques or nitrogen containing organic or inor 
ganic precursors. Ammonia is preferably introduced into the 
reaction chamber at a temperature of betWeen about 400° C. 
and about 1300° C., preferably betWeen about 900° C. and 
about 1100° C. The pressure maintained in the chamber 
during the introduction of the ammonia is betWeen about 
10 Torr and about one atmosphere or greater, preferably 
betWeen about 1 Torr and about 600 Torr. The thickness of 
a nitride layer 18 formed during this step is largely depen 
dent on the temperature and to a lesser extent on the 
pressure. In a preferred embodiment, a thickness of nitride 
layer 18 is betWeen about 3 A to about 40 Nitride layer 
18 forms a crystalline silicon nitride layer. 

[0028] The crystalline characteristics of this nitride layer 
18 have been con?rmed by tests and analysis. For example, 
a substantially continuous crystalline silicon nitride layer 
Was observed along the trench sideWalls of a semiconductor 
device. Nitride layer 18 exhibited characteristics indicative 
of a crystalline layer and Was uniformly oriented parallel to 
the silicon in the sideWalls of the trench. Measurement of the 
lattice planes of nitride layer 18 resulted in a measured 
spacing of approximately 4 A, Which is a close match to the 
theoretical spacing of 3.88 A for the (110) planes of hex 
agonal Si3N4. 
[0029] Nitride layer 18 may include a thickness of 
betWeen 2-6 atomic layers. In addition, analysis on a Scan 
ning Transmission Electron Microscope (STEM) With a 2-3 
A lateral resolution and Electron Energy Loss Spectroscopy 
(EELS) With an energy resolution of 0.35 eV con?rmed that 
the layer Was crystalline silicon nitride and oxide at the 
silicon to silicon nitride interface Was absent. The crystalline 
silicon nitride layer Was not observed When the sample Was 
not subjected to in situ H2 pre-bake and NH3 nitridation in 
accordance With the present invention. 

[0030] The H2 pre-bake, in block 3, results in a thicker 
nitride layer 18. Depending on the groWth conditions (i.e, 
crystal directions of the surface on Which the ?lm is to be 
groWn), the pressure of the H2 pre-bake (block 3) and the 
time betWeen the cleaning (block 2) and H2 pre-bake (block 
3) three distinct types of nitride ?lms may result. The three 
distinct types of nitride ?lms are illustratively described in 
terms of speci?cs. These speci?cs are not to be construed as 
limiting as other parameters may be employed in accordance 
With the invention to achieve similar results. The three 
distinct types of nitride ?lms that may result include: 

[0031] a) a continuous crystalline layer Which is 
formed if the pressure is about 5 Torr and the amount 
of time betWeen the cleaning process and the H2 
pre-bake is betWeen less than about 30 seconds and 
about 1 hour; 

[0032] b) a ?oating (partial) crystalline layer is 
formed if the pressure is beloW about 5 Torr and the 
amount of time betWeen the cleaning process and the 
H2 pre-bake is betWeen more than about 1 hour; and 

[0033] c) an amorphous layer is formed outside the 
parameters of a) and b). 

[0034] Advantageously, this provides the ability to modu 
late silicon nitride layer 18 by varying the process condi 
tions. Other process parameters and tool settings may be 
used as Well. 
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[0035] Referring to FIG. 4 With continued reference to 
FIG. 1, an additional silicon nitride layer 20 may be 
deposited by a chemical vapor deposition (CVD) process or 
a physical vapor deposition process in block 5, to obtain a 
desired thickness of a total dielectric layer. The total dielec 
tric layer thickness is comprised of nitride layer 18 and 
nitride layer 20. 

[0036] Referring to FIG. 5 With continued reference to 
FIG. 1, an additional step may be performed to make the 
total dielectric layer compatible With later processes. Nitride 
layers 18 and 20 may be exposed to an oxidiZing ambient at 
suitable temperatures to form an oxidiZed portion of nitride 
layer 20 thereby forming an N—O stack. Processing then 
continues as is knoWn in the art. A storage node is formed 
in trench by ?lling the trench With polysilicon. The storage 
node (not shoWn) and buried plate 16 act as capacitor 
electrodes for Which the N—O stack is the capacitor or node 
dielectric. 

[0037] Although described in terms of a deep trench 
capacitor, the present invention may be applied to other 
semiconductor structures and devices. For example, the 
crystalline silicon nitride layer may be employed instead of 
a gate oxide for vertical transistors. Other applications are 
contemplated as Well. Local nitride crystalliZation may also 
be formed by employing the above methods in accordance 
With the present invention. For example, localiZed nitride 
crystals may be formed on polycrystalline silicon surfaces to 
provide a dielectric layer thereon. This embodiment may be 
employed for forming devices in ?ash memories, for 
example, or other devices employing polysilicon. 

[0038] Having described preferred embodiments for a 
method for forming crystalline silicon nitride (Which are 
intended to be illustrative and not limiting), it is noted that 
modi?cations and variations can be made by persons skilled 
in the art in light of the above teachings. It is therefore to be 
understood that changes may be made in the particular 
embodiments of the invention disclosed Which are Within the 
scope and spirit of the invention as outlined by the appended 
claims. Having thus described the invention With the details 
and particularity required by the patent laWs, What is claimed 
and desired protected by Letters Patent is set forth in the 
appended claims. 

What is claimed is: 
1. A method for forming a crystalline silicon nitride layer, 

comprising the steps of: 

providing a crystalline silicon substrate With an exposed 
surface; 

precleaning the exposed surface by employing a hydrogen 
prebake; and 

exposing the exposed surface to nitrogen to form a 
crystalline silicon nitride layer. 

2. The method as recited in claim 1, Wherein the step of 
precleaning includes the step of employing a hydrogen 
?uoride Wet clean process to remove native oxide from the 
exposed surface. 

3. The method as recited in claim 2, Wherein the step of 
precleaning the exposed surface by employing a hydrogen 
prebake is delayed from the step of employing a hydrogen 
?uoride Wet clean process to remove native oxide from the 
exposed surface by an interval of betWeen about 30 seconds 
and about 3600 seconds. 



US 2002/0137362 A1 

4. The method as recited in claim 1, Wherein the step of 
precleaning includes the step of prebaking the exposed 
surface in the presence of hydrogen gas at a temperature 
betWeen about 400° C. and about 1300° C. 

5. The method as recited in claim 1, Wherein the step of 
precleaning includes the step of prebaking the eXposed 
surface in the presence of hydrogen gas at a pressure 
betWeen about 10'9 Torr and about 600 Torr. 

6. The method as recited in claim 1, Wherein the nitrogen 
includes at least one of nitrogen gas, ammonia, atomic 
nitrogen plasma, an organic nitrogen precursor and an 
inorganic nitrogen precursor. 

7. The method as recited in claim 1, Wherein the step of 
eXposing the eXposed surface to nitrogen to form a crystal 
line silicon nitride layer includes the step of introducing 
ammonia at a temperature of betWeen about 400° C. and 
about 1300° C. 

8. The method as recited in claim 1, Wherein the step of 
eXposing the eXposed surface to nitrogen to form a crystal 
line silicon nitride layer includes the step of maintaining 
ammonia at a pressure of betWeen about 10'6 Torr and about 
one atmosphere. 

9. A semiconductor device fabricated in accordance With 
the method as recited in claim 1. 

10. A method for forming a node dielectric layer in deep 
trenches, comprising the steps of: 

providing a crystalline silicon substrate With trenches 
formed therein, the trenches including eXposed silicon 
surfaces; 

precleaning the eXposed surfaces by employing a hydro 
gen prebake; 

exposing the eXposed surfaces to ammonia to form a 
crystalline silicon nitride layer; 

depositing an amorphous silicon nitride layer over the 
crystalline silicon nitride layer; and 

oXidiZing the amorphous silicon nitride layer to form a 
node dielectric layer. 

11. The method as recited in claim 10, further comprising 
the step of employing a hydrogen ?uoride clean process to 
remove native oXide from the eXposed surfaces 
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12. The method as recited in claim 11, Wherein the step of 
precleaning the eXposed surfaces by employing a hydrogen 
prebake is delayed from the step of employing a hydrogen 
?uoride clean process to remove native oXide from the 
eXposed surfaces by an interval of betWeen about 30 seconds 
and about 3600 seconds. 

13. The method as recited in claim 10, Wherein the step of 
precleaning includes the step of prebaking the eXposed 
surfaces in the presence of hydrogen gas at a temperature 
betWeen about 400° C. and about 1300° C. 

14. The method as recited in claim 10, Wherein the step of 
precleaning includes the step of prebaking the eXposed 
surfaces in the presence of hydrogen gas at a pressure 
betWeen about 10'9 Torr and about 600 Torr. 

15. The method as recited in claim 10, Wherein the step of 
eXposing the eXposed surfaces to ammonia to form a crys 
talline silicon nitride layer includes the step of introducing 
the ammonia at a temperature of betWeen 400° C. and about 
1300° C. 

16. The method as recited in claim 10, Wherein the step of 
eXposing the eXposed surfaces to ammonia to form a crys 
talline silicon nitride layer includes the step of maintaining 
the ammonia at a pressure of betWeen about 10-6 Torr and 
about one atmosphere. 

17. Asemiconductor device fabricated in accordance With 
the method as recited in claim 10. 

18. A trench capacitor comprising: 

a crystalline silicon substrate including deep trenches 
having surfaces in the substrate substantially free of 
native oXide; and 

a dielectric stack, including a crystalline silicon nitride 
layer, formed on the surfaces of the trenches, the 
dielectric stack for forming a node dielectric betWeen 
electrodes of the trench capacitor. 

19. The trench capacitor as recited in claim 18, Wherein 
the crystalline silicon nitride layer includes a thickness of 
betWeen about 3 A and about 40 

20. The trench capacitor as recited in claim 18, Wherein 
the dielectric stack includes an oXidiZed amorphous nitride 
layer. 


