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LOW TEMPERATURE SILICON COMPOUND DEPOSITION

Field of the Invention

[0001]  This invention relates generally to forming silicon-containing layers during
integrated circuit fabrication and, more particularly, to methods for forming uniform silicon

compound layers by reaction rate limited processing.

Background of the Invention

[0002] As the dimensions of microelectronic devices become smaller, the physical
characteristics of the deposited layers, including uniformity in thickness, composition, and
coverage, become more important. This is particularly true of the layers, or films, of silicon
compounds that can act as dielectrics or insulators to separate conductive elements of an integrated
circuit. For example, silicon nitride materials are widely used in the semiconductor industry as
transistor gate dielectrics, insulators between metal levels, barriers to prevent oxidation and other
diffusion, hard masks, passivation layers, spacer materials in transistors, anti-reflective coating
materials, layers in non-volatile memories, etc. Silicon oxide and silicon carbide materials are
similarly common in integrated circuit fabrication.

[0003] Currently, chemical vapor deposition (CVD) is the most commonly used process
for deposition of thin layers on a substrate. With this process, precursors for molecules or atoms
that will ultimately form the deposited layer are fed simultaneously into a reaction chamber as
molecular precursors. The substrate is kept at a temperature that is optimized to promote chemical
reaction between the molecular precursors so that a layer of the desired atomic or molecular species
is deposited on the substrate. The most common molecular precursor for forming silicon-
containing thin layers by conventional CVD has been silane.

[0004] CVD has proven to have a superior ability to deposit layers with relatively
uniform thicknesses. In addition, it produces relatively conformal layers, i.e., layers that closely
replicate the shape of the surface on which they are being deposited. However, as device density
continues to increase and geometries continue to become more complicated, deposition processes

have been further refined to meet the need for even more uniform and conformal layers.
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[0005] For these reasons, atomic layer deposition (ALD) has become more prominent in
semiconductor fabrication. ALD typically involves multiple deposition cycles, with each cycle
depositing a thin layer. ALD seeks to deposit perfectly conformal and uniform layers by depositing
no more than a single monolayer during each cycle. Typically, this is accomplished by use of a
self-terminating precursor molecule and optimizing conditions to avoid condensation and thermal
decomposition of the precursors. For example, to deposit a layer of a titanium compound, a
titanium precursor molecule such as TiCls can be used. With TiCly, the titanium atom attaches to
the surface of the substrate while chlorine atoms terminate the adsorbed layer on the side of the
titanium atom opposite the substrate surface. As a result, once the substrate surface is covered with
a monolayer of the titanium molecule, the top of the titanium layer will comprise chlorine atoms
which are relatively inert and cause the adsorption process to self-terminate.

[0006] In contrast to CVD, ALD molecular precursors used to produce a compound
layer, i.e., a layer comprising two or more elements, are typically introduced into the ALD reactor in
separate pulses. For example, a first precursor self-limitingly adsorbs on the substrate in a first
pulse, with ligands of the adsorbed species preventing further adsorption. Between introduction of
precursors, the reaction chamber is evacuated or purged with inert gas to prevent gas phase
reactions between the different precursors. After purging of the first precursor, a second precursor
can be introduced into the reaction chamber to react with the layer deposited by introduction of the
first precursor, e.g., to strip the ligands or to replace the ligands. In this way, one cycle is
completed and one thin compound layer is deposited on a substrate. After the layer is reacted with
the second precursor, the second precursor (and any byproduct) can be removed by evacuation or
inert gas purging. In addition to these precursors, other reactants can also be pulsed into the
reaction chamber during each cycle. The cycle can then be repeated until a compound layer of a
desired thickness is reached.

[0007] While ALD gives superior conformality and uniformity in comparison to CVD,
ALD is relatively inefficient in terms of speed. Because a layer of a desired thickness must, in
theory, be formed one molecular monolayer at a time (in actuality, less than one molecular
monolayer is typical, due to the blocking of reactive sites as a result of steric hindrance), and
because multiple steps must be employed to form each monolayer, ALD forms a layer with a given
thickness more slowly than does CVD. Consequently, while conformality and uniformity is

increased, ALD has the drawback of having decreased throughput in comparison to CVD.
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[0008] Nevertheless, high conformality and uniformity are important considerations as
semiconductor fabrication currently involves depositing silicon-containing compound films during
the process of making thousands or even millions of devices simultaneously on a substrate that is
200 millimeters (mm) in diameter. Moreover, the industry is transitioning to 300 mm wafers, and
could use even larger wafers in the future. In addition, even larger substrates, in the form of flat
panel displays, etc., are becoming increasingly common. Significant variations in the thickness
and/or composition of the silicon-containing compound films during the manufacturing process can
lead to lower manufacturing yields when the affected devices do not meet required performance
specifications.  Also, variations across the film within a particular device can reduce device
performance and/or reliability. Thus, as substrate sizes increase to accommodate manufacture of
larger numbers of microelectronic devices on a circuit, the problems created by the shortcomings of
conventional CVD processes also increase.

[0009] Consequently, due to the constant need for high throughput, the decreasing sizes
of circuits in microelectronic devices and the increasing surface areas of substrates, there is a
continuing need for methods for forming more uniform and conformal layers of silicon compounds,

while also allowing for high throughput.

Summary of the Invention

[0010] In accordance with one aspect of the invention, a method is provided for
fabricating integrated circuits. The method comprises depositing a silicon layer on a plurality of
substrates in a batch process chamber by exposing the substrates to a supply of trisilane. Process
conditions in the process chamber are selected to achieve reaction rate limited deposition of the
silicon layer. The supply of trisilane is interrupted. A silicon compound layer is formed by
exposing the silicon layer to a reactive species after interrupting the supply of trisilane.

[0011] In accordance with yet another aspect of the invention, a method of
semiconductor processing is provided. The method comprises establishing reaction rate limited
deposition conditions in a reaction chamber. A silicon layer is deposited on each of a plurality of
substrates in the reaction chamber by exposing the substrates to a silicon source. The silicon layer
has a thickness between about 3 A and about 30 A. The silicon source is a polysilane. The flow of
the silicon source is interrupted and the silicon source is removed from the reaction chamber. The

silicon layer is exposed to radicals to form a silicon compound layer.
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[0012] In another aspect of the invention, a semiconductor reactor is p'rovided. The
reactor comprises a process chamber and an evacuated tube inside the process chamber. The tube is
formed by an insulating sleeve, which houses a coil of conductive material connected to a power

source. The tube is configured to produce a plasma outside the sleeve but inside the process

chamber.

Brief Description of the Drawings

[0013] The invention will be better understood from the detailed description of the
preferred embodiments and from the appended drawings, which are meant to illustrate and not to
limit the invention and wherein like numerals refer to like parts throughout.

[0014] FIGURE 1 is a schematic cross-sectional side view of an elongated batch process
tube with a gas injector, constructed in accordance with preferred embodiments of the invention;

[0015] FIGURE 2 is a front view of a gas injector for use with the batch process tube of
FIGURE 1;

{0016] FIGURE 3 is a horizontal cross-sectional view of the gas injector of FIGURE 2;

[0017] FIGURE 4 is a schematic side view of a batch reactor with a remote plasma
generator for supplying plasma products to the process tube, in accordance with preferred
embodiments of the invention;

[0018] FIGURE 5 is a schematic cross section of an in situ plasma source within a batch
reaction tube, in accordance with another embodiment of the invention;

[0019] FIGURE 6 is an enlarged schematic cross section of the in situ plasma source of
FIGURE 5;

{0020] FIGURE 7 is a flow éhart showing steps for forming silicon-containing -
compound layers, in accordance with preferred embodiments of the invention;

[0021] FIGURE 8A illustrates a substrate after wafer cleaning, in accordance with
preferred embodiments of the invention,;

[0022] FIGURE 8B illustrates the substrate of FIGURE 8A after formation of a silicon
oxide layer, in accordance with preferred embodiments of the invention;

[0023] FIGURE 8C illustrates a silicon nitride layer formed over the silicon oxide layer

of FIGURE 8B, in accordance with preferred embodiments of the invention,
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[0024] FIGURE 8D illustrates the silicon nitride layer of FIGURE 8C made thicker by
formation of subsequent silicon nitride layers over the silicon nitride layer of FIGURE 8C, in
accordance with preferred embodiments of the invention;

[0025] FIGURE 8E illustrates a gate electrode formed after the silicon nitride layer of
FIGURE 8D has been formed to a preferred thickness, in accordance with preferred embodiments
of the invention;

[0026] FIGURE 9 is a flow chart showing a process for forming silicon nitride in a
batch reactor, in accordance with some preferred embodiments of the present invention;

[0027] FIGURE 10 is a graph illustrating thickness and refractive index (RI) for
deposited silicon nitride layers, in accordance with some preferred embodiments of the present
invention; and

[0028] FIGURE 11 is a graph illustrating the thickness for silicon layers deposited in a
batch reactor using four different nitridation conditions, in accordance with some preferred

embodiments of the present invention.

Detailed Description Of The Preferred Embodiments
[0029] International patent publication No. WO 04009861 A2, to Todd et al., which

claims priority to-the above-incorporated U.S. patent application No. 10/623,482, filed July 16,
2002, discloses one method of depositing silicon nitride to form highly uniform and conformal
films. Todd et al. teaches trisilane and nitrogen source pulses that are alternated with intervening
purge steps. Todd et al., however, emphasizes the importance of the mass flow limited regime for
such deposition.

[0030] It will be appreciated that high quality results in the mass flow limited regime is
more easily achieved in the context of single substrate reactors than in batch systems. Batch
systems, while advantageously allowing for increased throughput by simultaneously processing a
plurality of substrates, can encounter difficulties in achieving an even distribution of precursor
vapors across all substrates within the reaction chamber. Because the local deposition rate in a
mass flow limited regime is dependent upon the local concentration of precursor, an uneven
distribution of precursors can result in an uneven deposition rate across a substrate or across a batch
of substrates. In turn, the uneven deposition rate can result in non-uniform layers. On the other
hand, batch systems can often employ principles of hot wall reactors to achieve highly uniform

temperature distributions. Accordingly, rather than the mass transport limited regime, depositions
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according to the preferred embodiments are preferably conducted under reaction rate limited
conditions, also known as the kinetically limited reaction regime or kinetic regime, wherein
deposition rates are sensitive to temperature changes but relatively insensitive to supplied reactant
concentrations.

[0031] Depositions according to the preferred embodiments allow for the formation of
highly uniform and conformal silicon-containing compound layers, particularly for batch
processing. A silicon precursor is flowed into a batch process chamber to deposit a silicon layer.
The silicon precursor is then removed from the chamber, e.g., by evacuation or by purging with
another gas, such as a purge gas. Another precursor is flowed into the chamber to react with the
silicon layer, thereby forming a silicon compound layer. The other precursor is then removed from
the chamber. This sequence of flowing and removing precursors from the chamber can be repeated
as desired to form a silicon-containing compound layer of a desired thickness. Deposition
conditions are preferably chosen such that the formation of the silicon-containing compound layer
occurs in the kinetic regime.

[0032] Preferably, the silicon precursor is a silane, more preferably, a polysilane (a
silane having the chemical formula Si,Han+2, where n = 2 to 4) and, most preferably, the polysilane
is trisilane. To form silicon nitride, the other precursor is a nitrogen species, e.g., an excited
nitrogen species, including nitrogen radicals. The excited nitrogen species can be generated by a
remote or in situ plasma. In some preferred embodiments, the flow of excited nitrogen species 1s
intermixed with a flow of ammonia. In other preferred embodiments, the flow of ammonia is
intermixed with a flow of an excited species which is not a nitrogen species. Unexpectedly,
combining ammonia with an excited species has been found to advantageously increase the quality,
especially the uniformity, of deposited films.

[0033] Thus, depositions according to the preferred embodiments advantageously allow
for the formation of very uniform and conformal films, as discussed further below.

[0034] Reference will now be made to the Figures, wherein like numerals refer to like

parts throughout.

Preferred Batch Reactor

[0035] FIGURES 1-6 illustrate two different versions of an exemplary batch reactor,
commercially available under the trade name Advance 412™ or A412™ from ASM International

N.V. of Bilthoven, The Netherlands. The illustrated reactor is a vertical furnace type of reactor,
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which has benefits for efficient heating and loading sequences, but the skilled artisan will
appreciate that the principles and advantages disclosed herein will have application to other types of
reactors,

[0036] With reference to FIGURE 1, a schematic cross-sectional side-view is shown of
an exemplary elongated furnace with a gas injector. The process tube or chamber 526 is preferably
surrounded by a heating element (not shown). A liner 528, delimiting the outer perimeter of the
reaction space 529, is preferably provided inside the process chamber 526. Preferably, at the
bottom of the process chamber 526, a wafer load 550 may enter and exit the process chamber 526
by a door 530. Precursor source gas is injected through a gas injector 540, preferably via a gas feed:
conduit 544. The gas injector 540 is provided with a pattern of holes 548, preferably extending
substantially over the height of the wafer load 550. Note that, because gases are first introduced
into the reaction space 529 from the holes 548 of the gas injector 540, the interior of gas delivery
devices, such as the gas injector 540, through which gases travel is not part of the reaction space
529 and is, in a sense, outside of the reaction space 529. Consequently, the reaction space 529
comprises the interior volume of the process chamber 526, excluding the volume occupied by gas
delivery devices such as the gas injector 540.

[0037] In a preferred embodiment, inside the process chamber 526, gas is flowed in a
generally upward direction 552 and then removed from the reaction space 529 via an exhaust space
554 between the process chamber 526 and the liner 528, where gas flows in a downward direction
556 to the exhaust 558, which is connected to a pump (not shown). The gas injector 540 preferably
distributes process gases inside the process chamber 526 over the entire height of the reaction space
529. The gas injector 540 itself acts as a restriction on the flow of gas, such that the holes 548 that
are closer to the conduit 544 tend to inject more gas into the reaction space than those holes 548
that are farther from the conduit 544. Preferably, this tendency for differences in gas flows through
the holes 548 can be compensated to an extent by reducing the distance between the holes 548 (i.e.,
increasing the density of the holes 548) as they are located farther away from the conduit 544. In
other embodiments, the size of individual holes making up the holes 548 can increase with
increasing distance from the conduit 544, or both the size of the holes 548 can increase and also the
distance between the holes 48 can decrease with increasing distance from the conduit 544.
Advantageously, however, the preferred embodiments are illustrated with holes 548 of constant size

so as to minimize the surface area of the sides of the gas injector 540 containing the holes 548.



WO 2006/026350 PCT/US2005/030243

[0038] The injector 540 is advantageously designed to reduce the pressure inside the gas
injector, resulting in a reduction of the gas phase reactions within the injector, since reaction rates
typically increase with increasing pressure. While such reduced pressure can also lead to a poor
distribution of gas over the height of the gas injector 540, the distribution of holes 548 across the
height of the injector 540 is selected to improve uniformity of gas distribution.

[0039] The gas injector 540 in accordance with one illustrative embodiment of the
invention is shown in FIGURE 2. The gas injector 540 preferably comprises two gas injector parts
541 and 542, each preferably provided with separate gas feed conduit connections 545 and 546,
respectively. The first part 541 injects gas into the lower volume of the reaction space 529
(FIGURE 1) and the second part 542 injects gas into the upper volume of the reaction space 529
(FIGURE 1). The parts 541 and 542 are connected by linkages 549 and 551. At its top end; the gas
injector 540 can be provided with a hook 553, to secure the top end of the gas injector 540 to a
hook support inside the chamber 526 (FIGURE 1).

[0040] The gas injector 540 is provided with a pattern of holes 548 substantially
extending over the height 560 (FIGURE 1) of the wafer load 550 (FIGURE 1). The total cross
section of the holes is preferably at least about 30 mm?. The diameter of each of holes 548 is
preferably about 1 mm or more, more preferably between about 2.5 mm and 3.5 mm, and most
preferably about 3 mm. In the illustrative embodiment shown in FIGURE 2, the gas injector 540
has 40 holes total for a total hole cross-sectional area of about 282 mm”. More generally, the total
cross-sectional area of the holes 548 is preferably about 30 mm?® or more, and more preferably
between about 196 mm? and 385 mm”.

[0041] With reference to FIGURE 3, each part 541 and 542 of the gas injector 540 has
an inner cross-sectional area 564 and 562, respectively, available for the conduction of source gases
through the gas injector 540. Preferably, each of inner cross-sectional areas 564 and 562 are at least
about 100 mm?. In the illustrative embodiment, the cross-sectional area of each of the parts 541,
542 of the gas injector 540 is about 330 mm?. More generally, the cross-sectional area of each of
the parts 541, 542 is between about 140 mm? and 600 mm’, more preferably between about 225
mm? and 455 mm”.

[0042] The cross-section shown in FIGURE 3 is taken through the lower end of the gas
injector 540 and straight through a pair of injection holes 548 provided in gas injector part 541, for
injecting the gas into the lower end of the process chamber 526. Preferably, in each gas injector

part, the holes 548 are provided in pairs, at the same height. In addition, the two holes 548
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preferably inject the precursor gas in two directions 566 and 568 forming an angle 570 of between
about 60 and 120 degrees, illustrated at about 90 degrees, to improve the radial uniformity.
Moreover, as shown, the tubes comprising the gas injector 540 preferably have an oblong shape, as
viewed in horizontal cross-section. Preferably, the longer dimension of the oblong shape faces the
center of the process chamber 526, ie., the side of the oblong shape with the longer dimension is
perpendicular to an imaginary line extending radially from the center of the process chamber 526.

[0043] In a preferred embodiment, in a CVD mode, two precursor source gases,
providing the two constituting elements of a binary film, are mixed in the gas supply system (not
shown) prior to entering the gas injector 540 via feed conduit connections 545 and 546 (FIGURE
2). Pre-mixing the precursor gases in the gas supply system is one way to ensure a homogeneous
composition of injected gas over the height of the boat. However, the gases can be flowed into the
process chamber 526 (FIGURE 1) without pre-mixing. In another embodiment, the two precursor
source gases can each be injected via their own separate gas injectors 540 (not shown), so that they
are first mixed after being injected into the reaction space 529. Consequently, it will be appreciated
that more than one gas injector 540 may be located inside the process chamber 526.

[0044] Advantageously, the use of two gas injector parts 541 and 542 allows for further
tuning possibilities. The flows supplied to the different gas injector parts 541, 542 can be chosen
differently to fine-tune the gas flow into the reaction space 529. This will improve uniformity in
the deposition rates of precursors over the height 560 of the wafer load 550 (FIGURE 1).

[0045] With reference to FIGURE 4, a process tube 526 is shown in relation to a remote
plasma generator. The illustrated remote plasma unit comprises a microwave radical generator
(MRG) commercially available from MKS Instruments of Wilmington, MA, USA, and includes a
microwave power generator 580 coupled to a plasma cavity or applicator 582 through which a
source of reactant flows during operation. Microwave power is coupled from the power generator
580 through a waveguide 584 to the plasma cavity 582. The reactant source, preferably a source of
nitrogen in the illustrated embodiments and, most preferably, diatomic nitrogen gas (N), flows
through the plasma cavity 582 during operation and plasma products are carried to the process
chamber 526 by way of a conduit 586. The conduit materials and length are preferably optimized to
maximize the delivery of neutral nitrogen species (N) while minimizing recombination into N, and
minimizing delivery of ions, as will be appreciated by the skilled artisan. The conduit can lead to a

gas injector of the type illustrated in FIGURES 1-3, or can lead to a more conventional gas inlet,
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such as in the bottom flange of the process tube 526 from which plasma products (and other
reactants) flow upwardly and diffuse laterally across the substrate surfaces.

[0046] The use of a remote MRG unit is particularly applicable to the pulsed silicon
precursor process of the preferred embodiments. Unlike most batch processes, the nitridation (or
other compound forming step) of the preferred embodiments is a self-limiting process in the kinetic
regime, such that uniformity of radical distribution within the process chamber 526 is not essential.
Over-reaction is not a concern from a result point of view. Nevertheless, non-uniformity of radical
distribution is disadvantageous because it will prolong the nitridation process; nitridation would be
conducted for a longer time to ensure complete nitridation across each wafer at every vertical
position within the process chamber 526. Furthermore, aside from uniformity issues, the distance
traversed from the plasma cavity 582 to the process chamber 526, and within the process chamber
526 to reach each wafer, leads to a relatively low radical survival rate due to collisions en route that
cause recombination.

[0047] With reference to FIGURE 5, an in situ plasma source 590 can be provided
within the process chamber 526 to improve distribution of radicals across the wafers 550.
Preferably the plasma source extends more than about half the height of the process chamber 526
(FIGURE 1), more preferably extending at least about 90% of the height of the wafer stack 550
within the process chamber 526.

[0048] With reference to FIGURE 6, the plasma source 590 includes a conductor coil
592, formed of, e.g., copper, sealed within an insulating sleeve 594, formed of, e.g., quartz or, more
preferably, sapphire. Optionally, a conductive core 596, formed of, e.g., iron or ferrite, is also
included. The volume (FIGURE 1) defined by the insulating sleeve 594 is preferably evacuated to
avoid plasma generation within the insulating sleeve 594.

[0049] In operation, a current is applied to the coil. A readily available radio frequency
(RF) power source, e.g., 13.56 MHz, can be employed for this purpose. Process gases surrounding
the plasma source 590, outside the insulating sleeve 594, but inside the process chamber 526
(FIGURE 1), are ignited in an annulus surrounding the plasma source 590. Due to the proximity to
the wafers 550, lower power can be employed, compared to use of a remote plasma generator.
Symmetry of distribution across the wafers can be provided by rotating the wafer boat during

operation.

Preferred Silicon Precursor

-10-
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[0050] A silane is preferably used as the silicon precursor. The silane can be selected
from the group consisting of monosilane (SiH,), a polysilane and a chlorosilane (SiH4.,Cl,, where n
=1to4).

[0051] Preferably, a polysilane is used as the silicon precursor to form the silicon layer,
discussed below. As used herein, a “polysilane” has the chemical formula SizHjq42, Wwhere n =2 to
4. Preferably, the polysilane is disilane or trisilane. Most preferably, the polysilane is trisilane.
Consequently, while the invention is described in the context of particularly preferred embodiments
employing CVD cycles with trisilane, the skilled artisan will appreciate, in view of the present
disclosure, that certain advantages of the described processes can be obtained with other precursors
and/or other deposition techniques.

[0052] Trisilane (H3SiSiH,SiH;3 or SisHg) offers substantial benefits when used as a
silicon precursor, as disclosed in U.S. Application Serial No. 10/623,482, filed July 18, 2003; U.S.
Application No. 10/074,564, filed February 11, 2002; and published PCT Application WO
02/064,853, published August 2, 2002, the disclosures of which are hereby incorporated by
reference in their entireties. For example, films can be deposited with trisilane at substantially
lower temperatures than with other silicon precursors, such as silane (SiHs). Moreover, deposition
rates with trisilane are relatively insensitive to substrate material and thickness. Also, trisilane has an
extremely short film nucleation time, which reduces the size of localized crystalline deposits of
silicon. As a result, deposited silicon films can be made thinner, while still being uniform. Moreover,
the films will show reduced surface roughness due to the reduced size of the localized silicon deposits.

[0053] In addition, with regards to process throughput, trisilane exhibits higher
deposition rates relative to silane. Trisilane also reduces thermal budgets, since it allows use of
lower process temperatures than does silane.

[0054] Thus, employing trisilane in the deposition methods described herein provides
numerous advantages. For example, these deposition methods enable the production of silicon-
containing compound films that are uniformly thin and continuous. These advantages, in turn,
enable devices to be produced in higher yields, and also enable the production of new devices
having smaller circuit dimensions and/or higher reliability. These and other advantages are

discussed below.

Preferred Process Flow

-11-
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[0055] As described in greater detail below, in forming a silicon-containing compound
layer, a thin silicon layer is first deposited on a substrate by exposing the substrate to a silicon
precursor. The silicon layer can then be reacted with another reactive species to form a silicon-
containing compound layer. Multiple sequential cycles of these depositions and reactions can be
performed to build up a silicon-containing compound layer to a desired thickness.

[0056] FIGURE 7 shows a general process sequence in accordance with preferred
embodiments of the invention. A substrate is provided in a process chamber and all sequence steps
are preferably performed in situ in that process chamber. “Substrate” is used herein in its usual
sense to include any underlying surface onto which a silicon-containing material is deposited or
applied in accordance with the preferred embodiments of the present invention. Preferred
substrates can be made of virtually any material, including without limitation metal, silicon,
germanium, plastic, and/or glass, preferably silicon compounds (including Si-O-C-H low dielectric
constant films) and silicon alloys. Substrates can also have in them physical structures such as
trenches or steps, as in a partially fabricated integrated circuit.

[0057] In step 100, a silicon layer is deposited on a substrate by exposing the substrate
to a silicon precursor. The silicon precursor is preferably a silane, more preferably, a polysilane
and, most preferably, trisilane. The silicon precursor is preferably introduced into the process
chamber in the form of a feed gas or as a component of a feed gas. The feed gas can include gases
other than the silicon precursor, such as inert carrier gases. The carrier gas can comprise carrier
gases known in the art, such as nitrogen, hydrogen, helium, argon, or various combinations thereof.
Preferably, nitrogen is used as the carrier gas. Where the silicon precursor is trisilane, the trisilane
is preferably introduced into the chamber by way of a bubbler used with a carrier gas to entrain
trisilane vapor, more preferably, a temperature controlled bubbler is utilized.

[0058] In forming 100 the silicon layer, deposition from a silicon precursor can be
conducted according to various deposition methods known to those skilled in the art, but the
greatest benefits are obtained when deposition is conducted according to the CVD methods taught
herein. The disclosed methods can be practiced by employing CVD, including plasma-enhanced
chemical vapor deposition (PECVD) or, more preferably, thermal CVD.

[0059] Deposition conditions are preferably tailored to processing in the particular type
of reactor in which substrates are loaded. In general, deposition conditions are established to supply

sufficient energy to pyrollize or decompose the silicon precursor on a hot substrate surface.
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[0060]  In addition, deposition conditions are preferably established so that the reaction
rate of the silicon precursor is the limiting variable for the silicon deposition rate. Thus, the ability
of hot wall reactors to achieve highly uniform temperature distributions can advantageously be
applied to form uniform layers. While depositions conducted under reaction kinetics limited
conditions have deposition rates that are sensitive to temperature changes, the ability to establish
high temperature uniformity minimizes the effect of this sensitivity. Moreover, reaction kinetics
limited conditions advantageously have deposition rates that are relatively insensitive to supplied
reactant concentrations.

[0061] It will be appreciated that a reaction kinetics limited regime is primarily achieved
by use of a relatively low temperature. This results in a reduced film deposition rate that is
preferable in a batch furnace. Because of the large batch size, an adequate throughput can still be
achieved at a deposition rate that results from temperatures shifted down into the reaction rate
limited regime. Advantageously, trisilane enables acceptable deposition rates at very low
temperatures, allowing a considerably reduced consumption of thermal budgets. As the skilled
artisan will readily appreciate, thermal budgets are constantly reduced as critical dimensions are
scaled down, tolerances for diffusion are reduced, and new materials with lower resistance to
thermal processing are introduced. The process is preferably operated at a temperature below about
600°C ahd, more preferably, at a temperature below about 500°C, and, even more preferably, at a
temperature between about 300°C and about 500°C.

[0062] In addition to temperature, the skilled artisan will appreciate that the kinetic
regime is partially dependent upon the reactant supply or partial pressure of the silicon precursor.
Preferably, the reaction rate is slower than the rate at which reactant is supplied.

[0063] The thickness of the film formed in Step 100 can be varied according to the
intended application, as known in the art, by varying the deposition time and/or gas flow rates for a
given set of deposition parameters (e.g., total pressure and temperature). For a particular set of
deposition conditions, the duration of silicon deposition for silicon layer formation 100 is preferably
chosen so that a thin silicon layer is formed. By forming thin and uniform silicon layers, the layers
can be easily fully reacted, allowing for the formation of uniform silicon-containing compound
layers. Preferably, the thickness of the silicon layer is more than a monolayer of silicon, but is less
than about 20 A and, more preferably, less than about 10 A.

[0064] With continued reference to FIGURE 7, after silicon layer formation 100, any

excess silicon precursor and byproduct is removed 110 from the process chamber. Silicon
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precursor removal 110 can occur by any one, or any combination of removal processes, including
the following: purging of the process chamber with inert gas, evacuation of the silicon precursor, or
displacement of the silicon precursor gas by a gas carrying a reactive species. Where silicon
precursor gas removal 110 is performed by purging, the process chamber is preferably purged for a
duration long enough to replace the atmosphere in the chamber at least once.

[0065] It will be appreciated that silicon precursor gas removal 110 is preferably
performed such that the quantity of a particular reactant in the process chamber is at a level
sufficiently low as to minimize unwanted side reactions with the next reactant to enter the chamber.
This, in turn, minimizes undesirable incorporation of impurities in the silicon-containing
compound layers that are formed. Such a low level of reactants can be achieved by, for example,
optimizing the duration of a purge or evacuation of the reaction chamber. At such a level, the
process chamber can be said to be substantially free of a particular reactant.

[0066] With continued reference to FIGURE 7, after silicon precursor gas removal 110,
the silicon layer can be reacted 120 with a reactive species to form a silicon-containing compound
layer. The silicon-containing compound layer can be formed by introduction of the reactive species
into the process chamber. Preferably, the reaction conditions are chosen to completely react the
silicon layer and to avoid damage to underlying structures, e.g., as discussed in more detail herein
with respect to the formation of silicon nitride layers. The reactive species can include, as noted, a
reactive nitrogen species for forming silicon nitride layers, or a reactive oxygen species for forming
silicon oxide layers. Exemplary reactive nitrogen species include chemical species such as
(H3Si1)3N (trisilylamine), ammonia, atomic nitrogen, hydrazine (HzN>), hydrazoic acid (HN3), NF3,
mixtures of the foregoing and dilutions of the foregoing with inert gases (e.g., Ha, Na, Ar, He).
More preferably, nitrogen radicals and/or ammonia are the reactive nitrogen species, as discussed
below.

[0067] With continued reference to FIGURE 7, after formation of the silicon-containing
compound layers 120, reactant removal 130 can be performed using any of the methods described
above for silicon precursor removal 110. It will be appreciated, however, that Steps 110 and 130
need not occur by exactly the same methods, e.g., one step can involve purging, while the other can
involve evacuating.

[0068] Accordingly, performance of the steps 100, 110, 120, and 130 comprises one

cycle 140 and deposits one layer of a silicon-containing compound on a substrate. The cycle 140
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can then be repeated until the silicon-containing compound layers are built up to a aesirea
thickness.

[0069] It will be appreciated that various other layers can be formed over the deposited
silicon compound layer. For example, where the silicon compound layer is a silicon nitride which
forms a gate dielectric, a gate electrode can be formed over the gate dielectric, by methods known
in the art.

[0070] © Referring to FIGURES 8A through 8E, the result of the above-described process,
applied to forming a gate dielectric, is shown in stylized illustrations. FIGURE 8A illustrates a
substrate 400 after wafer cleaning. It will be appreciated that wafer cleaning prior to a deposition
can be performed by various ex situ and in situ methods known in the art. FIGURE 8B illustrates
an interfacial layer 410 is formed over the substrate 400 to improve electrical performance of the
deposited layers. The interfacial layer 410 can be, e.g., a silicon oxide layer, which is formed ex
situ or in situ according to methods known in the art, including but not limited to thermal or
chemical oxidation or other methods involving exposing the substrate to oxidant. FIGURE 8C
illustrates a silicon nitride layer 420 formed by performing a first cycle 140 (FIGURE 7) over the
interfacial layer 410. FIGURE 8D illustrates the silicon nitride layer 420 made thicker by
subsequent additional performances of cycles 140 (FIGURE 7). FIGURE 8E illustrates a
subsequently formed gate electrode 430.

[0071] It will be appreciated that in some embodiments, the silicon-containing
compound layer can subsequently be reacted after step 130 (FIGURE 7) in each cycle 140, or after
completing all cycles 140. For example, silicon-containing compound layers that serve as
semiconductors (e.g., SiGe) can subsequently be doped. In another example, a silicon oxynitride
(SiOxNy) layer can be formed from a silicon nitride layer by introducing an oxygen source to
oxidize the silicon nitride, to form silicon oxynitride. Tt will be appreciated that such a silicon
oxynitride layer can be used as an interfacial layer for forming dielectric layers in place of the
silicon oxide layer described above with reference to FIGURES 8A to 8E. Silicon carbide nitride
(SiCxN,) or silicon oxycarbide (SiO«Cy) can similarly be formed by a subsequent carbonization,
nitridation or oxidation step.

[0072] In some embodiments, different silicon sources can be used in different cycles
140 (FIGURE 7). For example, trisilane can be used as the silicon precursor for one cycle, and
disilane can be used for another cycle. Preferably, trisilane is used to form at least the first silicon

layer deposited on a substrate in the first performance of cycles 140 (FIGURE 7). Subsequent
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silicon layers can be formed using, e.g., halosilanes (i.e., silicon compounds having the chemical
formula R4.xSiHy, where R = Cl, Br or I and X = 0 to 3) or other silanes (Si,Hj,+; where n =1 to 4,
with n>2 preferred). It will also be appreciated that combinations of silicon precursors can be used,
e.g., trisilane and disilane can be used simultaneously after forming the first silicon layer.

[0073] It will be further appreciated that the temperatures for Steps 100 (FIGURE 7) for
each cycle 140 is preferably isothermal, but can also vary for different cycles 140. For example, a
silicon layer formation 100 can occur at a first temperature that is less than about 525°C, preferably
less than about 500°C, and most preferably less than about 475°C. Preferably, the layer is then
allowed to stand for several seconds to allow for complete elimination of the hydrogen from the as-
deposited silicon layer, prior to forming a silicon-containing compound layer 120 (FIGURE 7).
Preferably, the layer is allowed to stand for more than 10 seconds. For formation of the silicon-
containing compound layer 120 (FIGURE 7), the temperature is then increased to a second
temperature that is higher than the first temperature. Preferably, subsequent cycles 140 (FIGURE
7) are performed isothermally at this second higher temperature to deposited a silicon-containing
compound layer of a desired thickness. Such a process is particularly useful for silicon nitride film
deposition on substrate surfaces other than crystalline silicon (e.g., SiO2, low dielectric constant
spin on glass materials, metal oxides, metal silicates and metals), as the low temperature and
hydrogen elimination period give a film with low hydrogen content at the interface with the
substrate surface. Advantageously, the higher temperatures for subsequent deposition cycles allows
for faster depositions and increased throughput after formation of the low hydrogen interface.

[0074] It will also be appreciated that any of the steps or combinations of the steps 100-
130 in a cycle 140 can be performed a plurality of times before progressing to the next step. For
example, a plurality of silicon precursor pulses, each followed by a silicon precursor source
removal, can be performed to form a silicon layer, before the silicon layer is reacted to form a
silicon-containing compound layer. Similarly, a plurality of reactive species pulses, each followgd
for a reactive species removal, can be performed to react the silicon layer to form a silicon-

containing compound layer, before or without forming another silicon layer.

Deposition of Silicon Nitride Films

[0075] FIGURE 9 illustrates a process for the deposition of silicon nitride layers, in a
manner more particular in certain aspects to the use of radicals for reacting with the trisilane-

enabled silicon layer and for forming the silicon compound layer.
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[0076] With reference to FIGURE 9, a silicon layer is first deposited 690 by flowing
trisilane. As noted, process conditions are arranged for deposition in the kinetic regime. The
process is preferably operated at a temperature below about 600°C and, more preferably, at a
temperature below about 500°C, and, even more preferably, at a temperature between about 400-
450°C. In addition, the reactant supply or partial pressure of trisilane is set at a sufficiently low
level to maintain the deposition in the kinetic regime. As long as the reaction rate is slower than the
rate at which reactant is supplied, uniformity in a properly tuned batch furnace (in which uniform

temperatures can be maintained) is excellent. Reference is made to Sze, VLSI TECHNOLOGY, pp.

240-41 (1988), the disclosure of which is incorporated herein by reference. In the illustrated batch
reactors, process pressure is maintained at about 10 Torr or below and more preferably about 1 Torr
or below. In order to maintain reaction rate limited deposition, trisilane preferably is supplied at
less than about 100 sccm trisilane, and, more preferably, at less than about 20 sccm. The trisilane is
typically diluted with a flow of a non-reactive or inert gas such as N, Hz, Ar or He. The trisilane
partial pressure is thus preferably below about 10 mTorr, more preferably, about 3-4 mTorr.
Preferably, the trisilane step 690 has a duration of about 30-120 seconds. Preferably, about 3-30 A
of silicon are deposited in the deposition step 690, more preferably, about 3-8 A and, most
preferably, about 4-5 A.

[0077}] Preferably, the thickness of the deposited silicon layer thickness is chosen based
upon nitridation conditions in the step 694, discussed below. This is because, during nitridation of
a silicon layer, atomic nitrogen can diffuse through the silicon Jayer and into the underlying silicon
substrate. The depth of this nitrogen diffusion can be measured, as known in the art, and is related
to various process conditions, including nitridation temperature and duration of nitridation. Thus,
for a given set of process conditions, atomic nitrogen will diffuse into, and possibly through, the
silicon layer to a particular depth, called the nitridation saturation depth. When nitridation occurs
for less than about one minute, the nitridation saturation depth can be termed the short-term
nitridation saturation depth.

[0078] The nitridation of the underlying substrate has been found to result in silicon
nitride layers with dielectric properties which are inferior to what is theoretically expected. Thus, to
improve the dielectric properties of deposited silicon nitride films, nitridation of the underlying
substrate is preferably minimized, preferably by depositing the first silicon layer formed over a
substrate to a thickness equal to or greater than the nitridation saturation depth. It will be

appreciated that subsequently deposited layers will typically be spaced farther from the substrate
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than the nitridation saturation depth, as a consequence of being deposited over this first silicon
layer. As a consequence, the thickness of silicon layers deposited after the first layer preferably are
less than or equal to the nitridation saturation depth.

[0079] For a given set of nitridation conditions, however, after forming the first silicon
layer, silicon layers formed in subsequent cycles can be thinner since the nitridation saturation
depth remains relatively constant while the silicon nitride layer thickness increases. For example,
the first silicon layer can be deposited to about the nitridation saturation depth, e.g., about 8 to 20
A, and subsequent layers can be deposited to a thinner thickness, e.g., about 3 A to 10 A per cycle.
In addition to varying the thickness of the silicon layer, it will be appreciated that other process
conditions, such as the nitridation temperature and/or the duration of nitridation, can be varied so
that the nitridation saturation depth is not deeper than the thickness of the silicon layer.

[0080] After the deposition step 690, trisilane flow is interrupted. In the illustrated
embodiment the reactor is purged 692, preferably for 10 seconds to 5 minutes, and most preferably
for about 20-40 seconds. Purging 692 avoids interaction between the trisilane and the subsequent
radicals, which can undesirably cause gas phase reactions and particles. An exemplary purge flow
for a batch reactor is 5 slm N,. While other non-reactive gases can be used, N, has particular
advantages for efficiency in the nitridation process described herein.

[0081] Subsequently activated species are supplied to react with the thin silicon layer
left by the deposition step 690. In the illustrated embodiment, nitrogen gas (N>) has been flowing
in prior purge step 692. Accordingly, the activated species can be supplied by simply continuing
the N, flow and turning on plasma power 694 to activate nitrogen radicals. The skilled artisan will
appreciate that the same can be true of many other reactants that are non-reactive under the very low
temperature conditions that are preferred for the trisilane deposition, but that can be activated by
turning on plasma power to form radicals that react with the silicon layer and form a silicon
compound. Additionally, the plasma power can be tumed on for a remote plasma generator
(FIGURE 4) or for an in situ plasma source (FIGURES 5-6).

[0082] In a preferred embodiment, the nitrogen radicals are generated by the application
of high frequency electrical power. In a preferred embodiment, this high frequency is in the GHz
range. In one example, the nitrogen radicals are generated in a remote microwave radical generator
(MRG) from MKS Instruments by flowing 1 to 5 slm N2 through the MRG under the application of
3 kW microwave power at 2.45 GHz. Optionally, the remotely generated radicals can be

distributed over the entire wafer load by the use of one or more gas injectors. Alternatively, the
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nitrogen radicals can also be generated inside the furnace chamber, preferably over the entire length
of the vertically elongated chamber. This can be achieved by the coupling of high frequency
electrical power into the process tube. In the embodiment of FIGURES 5 and 6, this coupling
occurs through a coil 592 that is inserted into the process chamber 529 (FIGURE 1). As noted
above, the coil 592 is preferably placed inside a protective sleeve 594 of electrically insulating
material, and this sleeve 594 is preferably evacuated to pressures below about 100 mTorr to avoid
the generation of plasma inside the sleeve 594.

[0083] During radical reaction step 694, the pressure is typically about 1 Torr. For N
radicals generated from N, gas, for example, the nitridation time is typically 5 to 10 minutes.
Depending upon the thickness of the silicon formed by the deposition step 690, the thickness of the
silicon compound (nitride in this case) formed is preferably about 5-40 A, more preferably, about 5-
11 A, and, most preferably, about 5-7 A.

[0084] Preferably, nitridation of the silicon layers is complete and results in a
substantially perfect stoichiometry in the reaction of the silicon layer with the reactive nitrogen
species. Such a complete reaction allows less incorporated impurities, denser films, and improved
thickness control and step coverage. In addition, the deposited silicon nitride layers have improved
insulating properties, and can be made thicker than conventional insulating thin films, increasing
the effectiveness of these deposited layers as diffusion barriers.

[0085] After complete reaction of the thin silicon layer to form a compound silicon
layer, the plasma power is switched off 696. In the case of N gas, switching off the plasma power
while continuing the N flow leads to purging, and the radicals die off rapidly without the power on,
such that reaction with any subsequent trisilane step 690 can be readily avoided.

[0086] Optionally, the steps 690-696 can be repeated 698 as many times as desired, with
each cycle depositing 690 a layer of silicon thin enough that it can be quickly and fully reacted by
radicals in step 696. For trisilane pulses of 1.5 min, a film thickness of 5-6 A nitride is created in
one cycle of silicon deposition and nitridation.

[0087] Tt will be appreciated that formation 594 of the silicon-compound layer can
include reaction of the silicon layer with more than one reactive species, even where the atomic
species of interest for the different reactive species is the same. For example, for nitridation, a
beneficial effect was observed by the use of an NH; flow in addition to a nitrogen radical flow.
This NH; was fed directly into the process tube, rather than via the radical generator. Although

non-activated NH; hardly reacts with silicon at temperatures below 500°C, it was noted that the
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addition of non-activated NHj to the nitrogen radicals resulted in a more fully nitridized amorphous
silicon layer. Without wishing to limited by theory, it is believed that the nitrogen radicals from a
remote plasma generator activate the ammonia within the process chamber. In contrast, N radicals
alone leave a slightly silicon-rich silicon nitride film. Interestingly, ammonia provided through the
remote MRG actually decreased the nitridation effect, even relative to N radicals alone.

[0088] FIGURE 10 illustrates the results of experiments, in a batch A412™ reactor from
ASM International N.V. of Bilthoven, The Netherlands, in which substrates were maintained at about
435°C and the wafer boat was rotated at 5 rpm. Reaction rate limited deposition conditions were
established. In silicon deposition pulses of 1.5 minutes, trisilane was provided through the inlet at
the bottom of the reactor to produce a trisilane partial pressure of about 3.3 mTorr. N, was
provided through an MRG at a rate of 5 slm. After trisilane flow was interrupted and purged for
about 30 seconds, remote plasma power was turned on at a level of 3,000 W for about 10 minutes.
In addition, a flow of 1 slm NH; was provided through the bottom of the process chamber. During
the nitridation step, the pressure in the reaction chamber is typically 1 Torr. Fifty cycles were
performed to form a silicon nitride layer having a thickness of about 257 A

[0089] The flow of nitrogen radicals is applied alternatingly with the flow of trisilane.
When the nitrogen radicals are flowing simultaneously with the trisilane, gas phase reactions tend
to occur resulting in the undesirable formation of particles and non-uniform films. The flow of
NHS,, if any, can be applied alternatingly with the flow of trisilane or can be applied in a continuous
fashion, so that the NHj is also flowing during the trisilane pulses. As noted, since N; and NHj are
non-activated when the plasma power is off (purge steps and silicon deposition steps), neither gas
reacts very much under the preferred temperature conditions in the absence of plasma power, and
benefits can be obtained by a constant supply of the gases, such as avoidance of pressure
fluctuation.

[0090] While in the experiments all gases were provided through the bottom of the
vertical reactor and exhausted from the top, it will be understood in view of the present disclosure
that benefits can be obtained by other injection arrangements. Optionally, the process gases can
also be injected via gas injection tubes or multiple hole injectors (see FIGURES 2-3) to improve the
uniformity over the entire batch. In the case where trisilane is provided through such injectors, N
can also be provided through the same injectors, acting as a carrier gas during trisilane pulses and as
a reactant (whether remotely activated or activated in sifu) during nitridation (or other reaction)

pulses, and as a purge gas between the trisilane and the nitrogen pulses. Under the low
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temperatures of the preferred embodiments, ammonia can also be provided simultaneously or
intermittently (with plasma power) through the injector or through the bottom inlet.

[0091) As noted above, although the process is described using a nitride film deposition
process as an example, it will be clear that other silicon compound layers can be deposited in this
manner such as silicon carbide, silicon oxide, silicon oxynitride and silicon germanium layers. In
such embodiments, the deposited silicon film from a trisilane step is carbonized, oxidized,
oxynitrided or exposed to germanium precursors in between successive trisilane pulses. For
example, silicon oxides can also be formed by introducing an oxygen source during formation of a
silicon-containing compound layer 120 (FIGURE 7), rather than introducing a nitrogen source. The
oxygen source can include oxidants known in the art including, but not limited to, atomic oxygen,
water, ozone, oxygen, nitric oxide, and nitrous oxide.

[0092] One skilled in the art will appreciate that further modifications to the batch
reactor, or to the way of operating the batch reactor, known in the art, can be applied to improve the
performance of this process. For example, it is possible to use a holder boat or ring boat to improve

the uniformity of film deposition over each wafer.

Deposited Silicon-Containing Compound Lavers

[0093] Desirably, preferred silicon-containing compound films according to the
preferred embodiments have a thickness that is highly uniform across the surface of the film. Film
thickness uniformity is preferably determined by making multiple-point thickness measurements,
e.g., by ellipsometry or cross-sectioning, determining the mean thickness by averaging the various
thickness measurements, and determining the rms thickness variability. To enable comparisons
over a given surface area, the results can be expressed as percent non-uniformity, calculated by
dividing the rms thickness variability by the average thickness and multiplying by 100 to express
the result as a percentage. Preferably, the thickness non-uniformity is about 20% or less, more
preferably about 10% or less, even more preferably about 5% or less, most preferably about 2% or
less.

[0094] Suitable methods for measuring film thickness include multiple-point
ellipsometric methods. Instruments for measuring film thickness are well known and commercially
available. Preferred instruments include the NanoSpec® series of instruments from Nanometrics,
Inc., Sunnyvale, California. The thickness of a silicon-containing compound film can also be

determined by cross-sectioning the substrate and measuring the thickness by an appropriate
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microscopy technique, most preferably by electron microscopy. The span over which a thickness is
measured can be any span in the range of from about 10 times the thickness of the film to the entire
span of the silicon-containing compound film. If the film thickness varies over the span, then the
thickness is considered to be the average thickness, i.e., the numerical average of the thickest and
thinnest dimensions of the film over a given span.

[0095] As used herein, rms (more properly, the square root of the mean squared error) is
a way of expressing the amount of variability exhibited by the members of a given population. For
example, in a group of objects having an average weight of y grams, each member of the group has
a weight y’ that differs from the average by some amount, expressed as (y’- y). To calculate rms,
these differences are squared (to ensure that they are positive numbers), summed together, and
averaged to yield a mean squared error. The square root of the mean squared error is the rms
variability.

[0096] In addition to thickness uniformity, preferred silicon-containing compound films
preferably provide a conformal coating over varied topography. A conformal coating is a layer that
follows the curvature, if any, of the structure that it overlies. The conformal silicon-containing
compound films preferably exhibit good step coverage. “Step coverage” refers to the thickness
uniformity of a conformal film that overlies a stepped surface. A stepped surface is a surface that
has two or more parallel components that are not disposed in the same horizontal plane. Step
coverage is preferably determined by measuring the average thickness of the film at the bottom of
the step, dividing it by the average thickness at the top of the step, and multiplying by 100 to
express the result in percentage terms.

[0097] The preferred silicon-containing compound films have good step coverage even
at relatively high aspect ratios. “Aspect ratio” refers to the ratio of the vertical height of the step to
the horizontal width of the structure. At an aspect ratio in the range of about 4.5 to about 6,
preferred silicon-containing compound films have a step coverage of about 70% or greater, more
preferably 80% or greater. At an aspect ratio in the range of about 1 to about 4, preferred silicon-
containing compound films have a step coverage of about 80% or greater, more preferably 90% or
greater. Step coverage is preferably calculated as stated above, but can also be calculated by taking
into account sidewall thicknesses. For example, alternate definitions of step coverage involve the
ratio of the sidewall thickness to the average thickness at the top and/or bottom of the step.
However, unless otherwise stated, step coverage herein i1s determined as stated above by measuring

the average thickness of the horizontal portions of the silicon-containing compound film at the
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bottom of the step, dividing it by the average thickness of the horizontal portions at the top of the
step, and multiplying by 100 to express the result in percentages.

[0098] Advantageously, surface smoothness and thickness of the preferred silicon-
containing compound films are maintained over a surface area of about one square micron (um?) or
greater, more preferably about 5 um? or greater, even more preferably about 10 um? or greater. The
silicon-containing compound film can cover all or part of a large substrate, e.g., a wafer, and thus
can have a surface area of about 300 cm? or greater, preferably about 700 cm? or greater,

[0099] Since good step coverage is usually achieved, in many cases the surface
roughness of the silicon-containing compound film is substantially the same as the roughness of the
surface that it overlies. Surface roughness is preferably mms surface roughness as measured by
atomic force microscopy (AFM) on a 1 micron x 1 micron portion of the surface in question. The
roughness of the underlying substrate surface can range from about 1 A rms (atomically flat
surface) up to about 25 A rms or even higher. Preferably, the underlying substrate surface has a
roughness of 10 A rms or less, more preferably 5 A rms or less, so that the overlying silicon-
containing compound film has a comparable roughness. For an underlying substrate surface having
a given degree of roughness, the silicon-containing compound film deposited thereon preferably has
a surface roughness that is greater than the substrate surface roughness by an amount of about 5 A
or less, more preferably about 3 A or less, even more preferably about 2 A or less. For example, if
the substrate surface roughness is about 7 A rms, then the measured surface roughness of the
silicon-containing compound film deposited thereon is preferably about 12 A rms (7 A + 5 A) or
less. Preferably, the underlying surface has a roughness of about 2 A rms or less and the overlying
silicon-containing compound film has a measured surface roughness of about 5 A rms or less, more
preferably about 3 A rms or less, most preferably about 2 A rms or less.

[0100] The silicon compound layer films formed according to the preferred
embodiments also show excellent stoichiometry and purity. These advantages are evident in the
results shown in FIGURE 10 for the silicon nitride layers in which trisilane was used as the silicon
source and activated NH; and N, were used as the nitrogen sources.

[0101] Analysis of the films indicates a substantially stoichiometric silicon nitride film,
as the silicon nitride was found to have a stoichiometry of about SissNss, or a ratio of about 1.25
nitrogen atoms per silicon atom, approximately equal to perfectly stoichiometric silicon nitride,
Si3Ny, which has a ratio of about 1.33 nitrogen atoms per silicon atom. In addition, the silicon

nitride film showed excellent compositional purity, with the hydrogen concentration within the film
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at less than about 0.8 atomic percent. Thus, analysis of the silicon nitride films showed the films to
have excellent purity and stoichiometry.

[0102] Advantageously, the high conformality and physical and chemical uniformity of
silicon-containing compound layers formed in accordance with the preferred embodiments have
improved physical properties relative to similar layers formed by conventional processes. For
example, it has been found that insulating layers of silicon compounds, e.g., silicon nitride and
silicon oxide, have worse than theoretically expected insulating properties due in part to reaction of
the underlying substrate when forming the silicon compound and also due to incorporated
impurities, such as incorporated hydrogen. Desirably, the preferred insulating layers have low
incorporated hydrogen and minimized reactions of the underlying substrate, resulting in improved
insulating properties.

[0103] In particular, silicon nitride films formed according to the present invention can
be used in applications where other compounds, such as silicon oxynitrides, have traditionally been
favored. Desirably, due to its different materials properties in comparison to silicon oxynitrides,
use of silicon nitride in such applications results in a layer with a higher dielectric constant and
better barrier properties.

[0104] In addition, in forming silicon nitride layers, the process temperature is
preferably reduced relative to a conventional CVD process utilizing silane. As such, nitrogen
diffusion towards a silicon channel can be reduced in gate dielectric applications where the amount
of nitrogen at the silicon-dielectric interface must be carefully controlled and limited.

[0105] Moreover, because of its high dielectric constant, silicon nitride layers can be
superior in some applications, such as for gate dielectrics. This is because, as device critical
dimensions continue to shrink, the utility of traditional materials such as SiO, for gate dielectric
applications is decreasing due to limitations arising from the fundamental materials properties of
silicon oxides. These limitations are particularly acute for physical thicknesses below about 15 A,
when quantum mechanical tunneling becomes a dominant mechanism for current leakages through
the dielectric layer. In addition, ultra-thin SiO, layers are poor barriers to the diffusion of
electrically active dopant atoms. Consequently, insulating thin film materials with a dielectric
constant greater than that of SiO; have been determined to be desirable in order to improve leakage
current performance and to act as better barriers to dopant atom diffusion. In addition to gate
dielectric applications, silicon nitride films can also be employed as spacers in a number of

transistor applications. For all of these applications, the thin silicon nitride films preferably have
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exceptional properties with regard to leakage current performance. In addition, for gate dielectric
application, the thin silicon nitride films preferably exhibit superior electrical performance from a
carrier mobility perspective, which implies that they have low interfacial trapl density (i.e., an
acceptable interface with the crystalline semiconductor surfaces onto which they will be deposited).

[0106] While conventional silicon nitride films, by virtue of the higher dielectric
constant of silicon nitride itself, has theoretically appeared to fit this need, in practice, silicon
nitride films formed by conventional CVD processes have not exhibited the physical and electrical
properties required for gate dielectric applications. Typically, these films have exhibited leakage
currents only -marginally better than that of SiO, at comparable physical thicknesses. It is believed
that this has been due in part to the chemical composition of the films, i.e., the presence of
impurities incorporated into the silicon-nitride layers. Elements such as hydrogen, carbon and
oxygen are believed to be the principal impurities responsible for film properties that do not meet
theoretical predictions. It is also believed that the unintentional presence of nitrogen at the interface
with a crystalline silicon surface, “below” the silicon nitride layer itself, contributes to the worse
than expected electrical performance. This nitrogen within the underlying bulk semiconductor is
thought to be present as a by-product of the silicon nitride deposition process.

[0107] While silicon nitride layers formed by conventional CVD have been
disappointing in the areas discussed above, preferred silicon nitride layers formed as discussed
above have exceptional within-wafer and wafer-to-wafer thickness, elemental concentration
uniformity and low contaminating element concentrations. Moreover, these preferred silicon
nitride layers have fewer impurities than conventionally formed silicon nitride layers and exhibit
electrical properties more consistent with theoretical predictions. Moreover, by depositing the first
silicon layer over a substrate to a thickness equal to or greater than the nitridation saturation depth,
the presence of nitrogen below the silicon nitride layer is minimized. As the first layer is already
greater than or equal to a nitridation saturation depth, subsequent silicon layers can advantageously
be deposited to a thickness less than a thickness equal to the nitridation saturation depth. Thus, in
addition to being more uniform and conformal than silicon-containing compound layers formed by
conventional CVD processes, silicon-containing compound films formed in accordance with the
preferred embodiments can also exhibit superior dielectric or electrical properties.

[0108] Additionally, it will be appreciated that silicon nitride layers can be formed over

a silicon oxide or silicon oxynitride layer, further improving the electrical properties of the
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integrated silicon nitride film. The silicon oxide and silicon oxynitride layers can thus be used as an
interfacial layer. These layers can be formed as discussed above, or by methods known in the art.
[0109] In addition, the silicon nitride layers formed according to the methods of the
present invention also show improved oxidation resistance. The improved oxidation resistance
makes the films less sensitive to clean room air exposure or to 0xygen or moisture present in the
reaction chamber (due to, e.g., leaks or gas purity problems) during subsequent, steps such as
annealing after layer formation. Advantageously, such an anneal can be performed under oxidizing

or with inert ambient conditions.

Example 1
[0110] A silicon nitride layer was formed in a batch A412™ reactor from ASM

International N.V. of Bilthoven, The Netherlands. A batch of wafers was loaded into a boat and the
boat loaded into the reaction chamber and prepared for trisilane deposition. The temperature of the
wafers is allowed to stabilize such that the temperature across each wafer is uniform at about 435 °C.
The boat was rotated about a vertical axis within the reaction chamber at the rate of S rpm. The
pressure was set to about 1.3 Torr. Trisilane diluted with inert gas was flowed into the reaction
chamber with a trisilane partial pressure of 3.3 mTorr for 1.5 minutes. A thin layer of amorphous
silicon results. Trisilane flow was interrupted. Nitridation was then performed by providing 5 slm N
through an MKS remote microwave radical generator (MRG) for 10 minutes, with power set to 3000

W. The cycle was repeated about 50 times.

Example 2
[0111] A silicon nitride layer was formed using the process of Example 1, except that

during nitridation, in addition to 5 slm N, through the microwave radical generator (MRG), NH;3
was additionally provided separately to the reaction chamber.
[0112] The deposited films were analyzed and the results shown in Figure 10, and

discussed above, were obtained.

Example 3
[0113]) A silicon nitride layer was formed in a batch A412™ reactor from ASM

International N.V. of Bilthoven, The Netherlands. A batch of wafers was loaded into a boat, vertically

separated and with major surfaces horizontally oriented, and the boat was loaded into the reaction
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chamber and prepared for trisilane deposition. The temperature of the wafers was allowed to stabilize
such that the temperature across each wafer was uniform at about 435 °C. The boat was rotated about
a vertical axis within the reaction chamber at a rate of 5 rpm. The process conditions were as
specified in Table 1. Four different nitridation conditions were investigated: 1- no nitridation; 2-
nitridation with Nj; 3- nitridation with N + 90 sccm NHj; 4- nitridation with N> + 180 sccm NHj. In
all cases, an amorphous silicon film was deposited using 50 cycles of trisilane exposure steps, each
trisilane exposure step alternated with a purge step. During the amorphous silicon deposition step,
trisilane and N, were injected through a first multiple hole injector. During the nitridation step, N
(and NH;) was (were) injected through a second multiple hole injector in proximity of an in-situ
radical generator having a pair of electrodes extending over the vertical height of the furnace and
driven by high frequency electrical power at a frequency of 2.45 GHz. For the plasma ignition, higher
flows and a higher pressure were selected to facilitate the ignition of the plasma. During the
subsequent plasma exposure step, lower flows and a lower pressure were used to increase the
diffusion length of the radicals so that they could more easily penetrate between the vertically stacked
wafers.

[0114] The addition of NH; to the N, flow had a beneficial effect on the film uniformity
of the nitride films, as shown in Figure 11. The variation in average film thickness was
advantageously low at about 1.5 A. In comparison, the variation for the silicon nitride film nitrided
using N, alone was about 13 A, and the variation for an amorphous silicon film deposited without
nitridation was about 5 A.

[0115] The addition of NH; also resulted in an average nitride film thickness that was
lower than for nitridation with activated N, alone flow. The average thickness decreased with the
addition of higher levels of NH3. The lower nitride film thickness may indicate a more complete
nitridation of the film, or a longer inhibition time for the silicon deposition after each nitridation step

or may indicate a combination of both.
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Table 1.
Process: 1 2 3 4
Amorphous silicon deposition
Trisilane flow during deposition 20 sccm 20 sccm 20 sccm 20 sccm
N, flow during deposition 1.0 sim 1.0 slm 1.0 sim 1.0 sim
Tube pressure during trisilane deposition 200 mT 200 mT 200 mT 200 mT
Deposition time/cycle 0:05:00 0:05:00 0:05:00 0:05:00
Nitridation conditions
In-situ radical generator power n/a 4000W 4000W 4000W
N, flow at Plasma ignition n/a 5.0 sim 5.0 sim 5.0 sim
NH; flow at Plasma ignition n/a 0 slm 0.13 slm 0.25 slm
Tube pressure at Plasma ignition n/a 1000 mT 1000 mT 1000 mT
Piasma ignition step time n/a 0:00:21 0:00:21 0:00:21
N, flow during stable plasma n/a 3.5slm 3.5slm 3.5sim
NH; flow during stable plasma n/a 0 slm 0.090 sim 0.18 sim
Tube pressure during stable plasma n/a 700 mT 700 mT 700 mT
Stable Plasma step time n/a 0:01:45 0:01:45 0:01:45
50 (dep only, | 50 (both dep | 50 (both dep | 50 (both dep

# cycles no plasma) | and plasma) | and plasma) | and plasma

[0116] It will be appreciated that other additions to N, during the plasma nitridation step

may have a similar beneficial effect. For example, Ar, H,, He, or mixtures thereof can be added to the

N, flow, whether or not in combination with NH;. Without being limited by theory, the beneficial

effect may be caused by an improved uniformity of the plasma, an improved efficiency of the plasma,

the creation of more reactive radical species, or the creation of radical species having a longer lifetime

or a combination of these effects.

[0117]

Accordingly, it will be appreciated by those skilled in the art that various

omissions, additions and modifications can be made to the processes described above without

departing from the scope of the invention, and all such modifications and changes are intended to

fall within the scope of the invention, as defined by the appended claims.
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WE CLAIM:
1. A method of fabricating integrated circuits, comprising:
depositing a silicon layer on a plurality of substrates in a batch process chamber by
exposing the substrates to a supply of trisilane, wherein process conditions in the process
chamber are selected to achieve reaction rate limited deposition of the silicon layer;
interrupting the supply of trisilane; and
forming a silicon compound layer by exposing the silicon layer to a reactive species
after interrupting the supply.

2. The method of Claim 1, wherein depositing the silicon layer is performed at a

temperature of about 600°C or less.

3. The method of Claim 2, wherein the temperature is about 500°C or less.
4, The method of Claim 3, wherein the temperature is about 400-450°C.
5. The method of Claim 1, wherein exposing the substrates to the supply of trisilane

comprises establishing a trisilane partial pressure of about 10 mTorr or less.

6. The method of Claim 5, wherein the trisilane partial pressure is about 3-4 mTorr.

7. The method of Claim 1, wherein exposing the substrates to the supply of trisilane
comprises exposing the substrates to trisilane for about 30-120 seconds.

8. The method of Claim 1, wherein forming the silicon compound layer comprises
exposing the silicon layer to plasma-activated reactive species.

9. The method of Claim 8, wherein forming the silicon compound layer comprises
activating the reactive species in a remote microwave radical generator.

10. The method of Claim 8, wherein forming the silicon compound layer comprises
activating the reactive species within the batch process chamber.

11. The method of Claim 10, wherein activating the reactive species within the batch
process chamber comprises supplying current to a conductor coil within the batch process chamber.

12. The method of Claim 12, wherein the conductor coil is housed within an evacuated
insulating sleeve and reactive species are formed outside the insulating sleeve and within the batch
process chamber.

13. The method of Claim 8, wherein the plasma-activated reactive species comprises
nitrogen radicals.

14. The method of Claim 8, further comprising supplying ammonia into the process

chamber.
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15.  The method of Claim 14, wherein supplying ammonia comprises first intermixing
the ammonia with the plasma-activated reactive species in the process chamber.

16.  The method of Claim 16, wherein intermixing the ammonia with the plasma-
activated reactive species activates the ammonia to form nitrogen radicals from the ammonia.

17.  The method of Claim 1, wherein depositing the silicon layer comprises forming
more than one atomic layer of silicon.

18.  The method of Claim 1, wherein depositing the silicon layer comprises forming the
silicon layer to a thickness equal to or greater than the nitridation saturation depth.

19.  The method of Claim 1, wherein the reactive species comprises a nitrogen species
and the silicon-containing compound layer comprises silicon nitride.

20.  The method of Claim 19, wherein the silicon nitride layer is more uniform than a
silicon nitride layer of substantially similar thickness deposited by chemical vapor deposition with
silane.

21. The method of Claim 1, wherein the silicon-containing compound layer has a
thickness non-uniformity of about 5% or less.

22.  The method of Claim 21, wherein the silicon-containing compound layer has a step
coverage of about 80% or greater.

23.  The method of Claim 1, further comprising repeating depositing, interrupting and
forming in a plurality of cycles.

24. A method of semiconductor processing, comprising:

establishing reaction rate limited deposition conditions in a reaction chamber;

depositing a silicon layer on each of a plurality of substrates in the reaction chamber
by exposing the substrates to a silicon source, wherein the silicon layer has a thickness
between about 3 A and about 30 A, wherein the silicon source is a polysilane;

interrupting flow of the silicon source and removing the silicon source from the
reaction chamber; and

exposing the silicon layer to radicals to form a silicon compound layer.

25. The method of Claim 24, wherein the radicals comprise nitrogen and the silicon
compound is silicon nitride.

26.  The method of Claim 24, wherein exposing the silicon layer to radicals comprises
exposing the silicon layer to ammonia and plasma-activated radicals.

27.  The method of Claim 26, wherein the plasma-activated radicals are nitrogen radicals.
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28.  The method of Claim 26, wherein the plasma-activated radicals are one or more
species chose from the group consisting of argon, hydrogen and helium radicals.

29.  The method of Claim 26, wherein exposing the silicon layer to radicals comprises
remotely generating the plasma-activated radicals and supplying the plasma activated-radicals to the
reaction chamber.

30. The method of Claim 24, wherein exposing the silicon layer to radicals comprises
generating the plasma-activated radicals in situ.

31. The method of Claim 24, wherein exposing the silicon layer to radicals comprises
exposing the silicon layer to plasma-activated nitrogen radicals and to one or more species chosen
from the group consisting of argon, hydrogen and helium radicals.

32. The method of Claim 24, wherein depositing, interrupting and exposing comprises
continuously flowing N into the reaction chamber, wherein exposing comprises providing power to
a radical generator to generate radicals.

33. The method of Claim 32, wherein depositing, interrupting and exposing further
comprises continuously flowing NHj3 into the reaction chamber.

34.  The method of Claim 25, wherein the layer of an insulating silicon compound has a
stoichiometry of about 45 silicon atoms per 56 nitrogen atoms.

35.  The method of Claim 24, wherein the radicals comprise oxygen and wherein the
silicon compound is silicon oxide.

36. The method of Claim 24, wherein depositing the silicon layer is performed a
plurality of times to deposit a plurality of silicon layers over each of the substrates, wherein trisilane
is the silicon source used to deposit a first of the silicon layers.

37. The method of Claim 36, wherein the silicon source for depositing subsequent
silicon layers after depositing the first silicon layer comprises one or more silicon precursors
selected from the group consisting of silanes having a silane chemical formula SinHjp+2, Where n =
1 to 4, and halosilanes having a halosilane chemical formula R4.xSiHx, where R = Cl, Bror I and X
=0to 3.

38. The method of Claim 37, wherein a first substrate temperature for depositing the
first silicon layer is less than about 500°C.

39.  The method of Claim 24, wherein depositing, interrupting and exposing are

performed at a temperature of less than about 600°C.
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40.  The method of Claim 24, wherein depositing the silicon layer comprises providing

trisilane through a gas injector.

41.  The method of Claim 40, wherein the gas injector has a plurality of openings along a
height of the reaction chamber.

42.  The method of Claim 24, wherein removing the silicon source comprises purging the
reaction chamber with inert gas.

43.  The method of Claim 24, wherein removing the silicon source comprises performing
one or more removal processes selected from the group consisting of evacuation of the silicon
source, and displacement of the silicon source gas by a gas carrying radicals.

44,  The method of Claim 24, further comprising removing the radicals and exposing the
substrates an other reaétive species.

45.  The method of Claim 44, wherein the other reactive species is a dopant.

46.  The method of Claim 44, wherein exposing the silicon layer to radicals forms a gate
dielectric layer.

47.  The method of Claim 46, further comprising forming a gate electrode over the gate
dielectric layer.

48. The method of Claim 24, wherein the reaction chamber is a batch reactor chamber
configured to accommodate a plurality of substrates.

49. The method of Claim 48, wherein the reaction chamber is configured to
accommodate a wafer boat, the wafer boat configured to accommodate the plurality of substrates.

50. A semiconductor reactor, comprising:

a process chamber; and

an evacuated tube inside the process chamber, the tube formed by an insulating
sleeve, the sleeve housing a coil of conductive material connected to a power source, the
tube configured to produce a plasma outside the sleeve but inside the process chamber.

51. The semiconductor reactor of Claim 50, wherein the tube is configured to operate
adjacent a vertical stacking wafer boat in the process chamber.

52.  The semiconductor reactor of Claim 51, wherein the tube is elongated along a height
greater than half a height of the wafer boat. |

53. The semiconductor reactor of Claim 52, wherein the height of the tube is greater
than about 90% of the height of the wafer boat.

54.  The semiconductor reactor of Claim 50, wherein the sleeve comprises quartz.
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55.  The semiconductor reactor of Claim 50, wherein the sleeve comprises sapphire.

56. The semiconductor reactor of Claim 50, wherein the conductive material comprises
copper.

57.  The semiconductor reactor of Claim 50, further comprising a conductive core,

wherein the coil wraps around the conductive core.

58.  The semiconductor reactor of Claim 57, wherein the conductive core comprises iron.

59. The semiconductor reactor of Claim 50, wherein the power source is a radio
frequency (RF) power source.

60. The semiconductor reactor of Claim 50, wherein the process chamber is configured
to accommodate a wafer boat.

61. The semiconductor reactor of Claim 50, further comprising gas sources in gas

communication with the process chamber.

62.  The semiconductor reactor of Claim 61, wherein the gas sources comprise a trisilane
source.

63.  The semiconductor reactor of Claim 62, further comprising gas sources comprise a
N, source.

64. The semiconductor reactor of Claim 63, further comprising gas sources comprise a

NH3; source.
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