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A METHOD OF FORMING A SILICON NITRIDE LAYER
ON A SUBSTRATE

BACKGROUND OF THE INVENTION

1). Field of the Invention

[0001] This invention relates to a method of forming a silicon nitride layer on a

substrate.

2). Discussion of Related Art

[0002] Integrated circuits are often formed in and on a semiconductor wafer
substrate. One or more steps may include the formation of a silicon nitride layer
on a surface of the wafer substrate. The surface of the wafer substrate often has
alternating raised transistor gates and low regions between the transistor gates.
Very narrow low regions may be formed between some of these formations, and
the surface may also have entirely flat larger areas.

[0003] A mixture of silane (SiH4) gas and ammonia (NHs) gas is often used to
form the silicon nitride layer over such a surface. The silicon nitride layer is
subsequently etched back to form spacers adjacent to the transistor gates. The

SiH, gas and the NHs gas are introduced into a processing chamber and react
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with one another to form silicon nitride, which deposits on the surface. The rate
at which the silicon nitride layer forms depends on the processing cénditions, in
particular the pressure within the chamber. A higher pressure will resultin a
higher rate at which the silicon nitride layer forms. In one process, the pressure
is maintained relatively low, but many wafers are simultaneously processed in
one chamber so that a relatively high throughput can be maintained.

[0004] Should a single wafer be processed in a chamber, it may be required to
increase the pressure to obtain a higher rate at which the silicon nitride layer
forms. It has, however, been found that substantial variations in thickness result
when a silicon nitride layer is formed at a high rate and pressure, in particular
when comparing deposition rates, and corresponding resulting thicknesses,

between larger flat areas and narrow low regions between transistor gates.
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SUMMARY OF THE INVENTION

[0005] This invention relates generally to a method of forming a silicon nitride
layer on a substrate. A substrate having a surface with raised transistor gates
and low regions between the transistor gates is inserted into a processing
chamber. The substrate is heated to a processing temperature. A pressure
within the chamber is maintained at a processing pressure. A silicon-containing
gas is introduced into the chamber. NHs gas is introduced into the chamber. The
silicon-containing gas and the NH3 gas react with one another to form a silicon
nitride layer on the surface. The substrate is removed from the chamber when
the silicon nitride layer is formed on the surface.

[0006] ~The silicon nitride layer is formed while the processing temperature is
relatively high, typically at least 500°C, and the pressure is relatively high,
typically at least 50 Torr, to obtain a relatively high rate of formation of the
silicon nitride layer. Processing conditions are controlled so as to more

| uniformly form the silicon nitride layer. Generally, the ratio of the NHs gas to
the silicon-containing gas by volume is selected sufficiently high so that, should
the surface have a low region between transistor gates which is less than 0.15
microns wide and have a height-to-width ratio of at least 1.0, as well as an
entirely flat area of at least 5 microns by 5 microns, the layer forms at a rate of

not more than 25% faster on the flat area than on a base of the low region. The
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ratio is generally between 200 and 350, although a much lower ratio may be
possible if other processing conditions, in particular pressure, are controlled,

with similar results.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The invention is further described by way of example with reference to
the accompanying drawings, wherein:

[0008] Figure 1 is a cross-sectional side view of a processing chamber which
may be used for carrying out the method according to invention;

[0009] Figure 2 is a cross-sectional side view of a wafer substrate on which a
silicon nitride layer is formed according to the method of the invention;

[0010] Figure 3 is a flow chart illustrating the steps used to form a silicon
nitride layer according to an embodiment of the invention; and

[0011] Figure 4 is a chart illustrating thickness variation against processing
partial pressure ratio of NHz gas and SiHs gas for sixteen different wafer
substrates in four groups, the groups processed at different temperatures, and
each group processed at four different partial pressure ratios of NH3 gas and

SiHy gas.
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DETAILED DESCRIPTION OF THE INVENTION

[0012] A process is described wherein a silicon nitride layer is formed over
transistor gates while the processing temperature is relatively high, typically at
least 500°C, and the pressure is relatively high, typically at least 50 Torr, to obtain
a relatively high rate of formation of the silicon nitride layer. Processing
conditions are controlled so as to more uniformly form the silicon nitride layer.
Generally, the ratio of the NHs gas to the silicon-containing gas by volume is
selected sufficiently high so that, should the surface have a low region between
transistor gates which is less than 0.15 microns wide and have a height-to-width
ratio of at least 1.0, as well as an entirely flat area of at least 5 microns by 5
microns, the layer forms at a rate of not more than 25% faster on the flat area
than on a base of the low region.

[0013] Figure 1 of the accompanying drawings illustrates an apparatus 10
which is used for carrying out the method according to the invention. The
apparatus includes a chemical vapor deposition chamber 12, a susceptor 14, a
valve 16, a pump 18, a slit valve 20, and a dispersion plate 21.- The susceptor 14 is
located in a base of the chamber 12. The valve 16 is connected to an upper part of
the chamber 12 and the pump 18 is connected to a base of the chamber 12. The
slit valve 20 opens and closes a slit valve opening in a side of the chamber 12.
The dispersion plate 21 is located in a lid of the chamber 12 above the slit valve

20 and separates the chamber 12 into upper and lower portions.
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[0014] In use, a wafer substrate 22 is inserted through the slit valve opening
into the chamber 12 and located on the susceptor 14. The slit valve 20 then closes
the slit valve opening. The valve 16 is closed and the pump 18 is switched on so
that a pressure within the chamber 12 reduces. Gases are then introduced
through the valve 16 into the chamber 12 and flow through openings 24 in the
dispersion plate 21 over the wafer substrate 22 to the pump 18. The wafer
substrate 22 is so exposed to the gases. The valve 16 is typically connected to a
manifold which is connected to different gases. Different gases can thus be
introduced into the chamber 12 at different times. The pump 18 can be operated
to maintain and control the pressure within the chamber 12 at a predetermined
selected processing pressure, or to increase or decrease the pressure. A resistive
heating element 26 is located within the susceptor 14. A current through the
resistive heating element 26 causes heating of the susceptor and the wafer
substrate 22. An apparatus (not shown) is used to monitor the pressure within
the chamber 12 and another apparatus (not shown) detects the temperature of
the wafer substrate 22.

[0015] Figure 2 illustrates a wafer substrate 22 having an upper surface 32 onto
which a silicon nitride layer has to be formed. The upper surface 32 has a
plurality of raised transistor gates 34 and 36 with low regions between them.
The transistor gates 34 and 36 are located close to one anothe;r in a dense region,

and the transistor gates 36 are located further from one another in a less-dense
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region than the transistor gates 34. A low region 38 is formed between two of the
transistor gates 34. The low region 38 has a width 40 and a depth 42. The width
40 is less than 0.15 microns, and a ratio of the depth 42 to the width 40 is at least
1.0. The low region 38 is thus relatively narrow, but has a depth which is
relatively deep when compared to its width. An entirely flat area 46 is formed
between the transistor gates 34 and 36. The area 46 is approximately 10 microns
wide, and has a length into the paper of at approximately 20 microns. The area
46 is thus approximately 200 microns square.

[0016] Figure 3 illustrates the steps that are carried out to form a silicon nitride
layer on the surface 32 in Figure 2. In step 141, the wafer substrate is inserted
into the chamber. In step 142, the wafer substrate is then heated to a processing
temperature. In step 143, NHs gas is introduced into the chamber, together with
a nitrogen (N2) carrier gas. In step 144, SiHs gas is introduced into the chamber.
The SiHa4 gas and the NH3 gas may be premixed before flowing into the chamber.
In step 145, the pressure within the processing chamber is maintained at a
processing pressure while the water is exposed to the gases. In stép 146, the
pressure is pumped down to approximately 2 Torr and the wafer substrate is
removed from the chamber.

[0017] The SiHs gas and the NHs gas react with one another while the substrate
in the processing chamber is at the processing temperature and the pressure

within the chamber is at the processing pressure. As illustrated in Figure 4, the
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reaction of the SiHs gas with the NHs gas causes the formation of a silicon nitride
layer 50 on the surface 32 of the wafer substrate 22. The silicon nitride layer 50
has a thickness T1 on the flat area 46, on a region 52 thereof of approximately 8
microns and spaced by a distance 54 of approximately 2 microns from the nearest
transistor gate of the transistor gates 34. The silicon nitride layer 50 has a
thickness T2 in a base of the low region 38. The NHj3 gas and the SiH, gas flow
simultaneously for an equal length of time, so that the resulting partial pressure
of NHs gas to SiH; gas are in an identical ratio to their respective flow rates. A
flow rate ratio of the NH;s gas to the SiH, gas is selected sufficiently high so that a
rate at which the silicon nitride layer forms on the flat area 46 does not differ
much from a rate at which the silicon nitride layer forms in a base of the low
region 38, and, accordingly, that the resulting thickness T1 is not much thicker
than the thickness T2.

[0018] Figure 4 illustrates experimental results of silicon nitride layers that
were formed on wafer substrates such as the wafer substrate 22 of Figure 1. In
each case, a processing pressure within the chamber was maintained at
approximately 240 Torr. Four wafers were processed at 725°C, and the partial
pressure ratio of NHs gas to SiHs was changed for each one of the wafers
processed at 725°C. Four wafers were then processed at 750°C, each at a different
partial pressure ratio of NH3 gas to SiHy gas, followed by four wafers at 775°C

and four wafers at 800°C. It was found that in each case, the thickness T1 was
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greater than the thickness T2 by a certain percentage, presented by
F(t.v.)(%)=(T1-T2)/T2. F(t.v.) had an optimum minimum at a particular partial
pressure ratio of NH3 gas to SiHs gas. The optimum minimum differed from
temperature to temperature. It can generally be said that all the optima fell at a
partial pressure ratio of between 200 and 350, regardless of temperature. F(t.v.)
was usually also less than 25% at a partial pressure ratio of between 250 and 310.
In certain instances, it was also possible to obtain an F(t.v.) of below 20%. An
F(t.v.) value below 20% is exceptional because of the given processing conditions,
in particular the relatively high pressure.

[0019] It may be possible to modify the processing conditions without
departing from the scope of the invention. It may, for example, be possible to
utilize a temperature in the range of from 600°C to 850°C, more preferably in the
range of from 725°C to 800°C as for the sixteen wafers of Figure 4. The
temperature is preferably at least 500°C in order to obtain a relatively high rate of
formation of the silicon nitride layers, as is required for processing a single wafer
at a time. It may also be possible to obtain suitable results at a pressure other
than 240 Torr. As such, the pressure may bé between 50 Torr and 350 Torr, and
is preferably at least 100 Torr. It may also be possible to obtain suitable results
utilizing different partial pressure ratios of NHs gas to SiHs gas. A partial
pressure ratio of at least 100 may prove to be suitable at different temperatures

and/or pressures. It may also be possible to utilize a different silicon-containing

10
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gas such as SizHs, SiH2Cly, Si2Cls, Bis (tert-butylamino) silane (BTBAS), or a
| combination of these gases, and alter processing conditions accordingly.
[0020] While certain exemplary embodiments have been described and shown
in the accompanying drawings, it is to be understood that such embodiments are
merely illustrative and not restrictive of the current invention, and that this
invention is not restricted to the specific constructions and arrangements shown

and described since modifications may occur to those ordinarily skilled in the art.

11
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CLAIMS

What is claimed:
1. A method of forming a silicon nitride layer on a substrate, comprising:

inserting a substrate having a surface with raised transistor gates and low
regions between the transistor gates into a processing chamber;

heating the substrate to a processing temperature of at least 500°C;

maintaining the pressure within the chamber at a processing pressure of at
least 50 Torr;

introducing NHjs gas into the chamber;

introducing a silicon-containing gas into the chamber, a partial pressure
ratio of the NHs gas to the silicon-containing gas being at a selected processing
ratio, the silicon—co'ntairﬁng gas and the NH3 gas reacting with one another to
form a silicon nitride layer on the surface, the processing ratio being selected
sufficiently high so that, should the surface have a low region between transistor
gates which is less than 0.15 microns wide with a height-to-width ratio of at least
1.0 as well as an entirely flat area of at least 1 micron by 1 micron, the layer forms
at a rate of not more than 25% faster on the flat area than on a base of the low
region while the substrate in the chamber is at the processing temperature and
the pressure within the chamber is at the processing pressure; and

removing the substrate from the chamber.

12
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2. The method of claim 1, wherein the surface has a low region which is less
than 0.15 microns wide with a height-to-width ratio of at least 1.0, as well as a
substantially flat area of at least 1 micron square, the layer forming at a rate of

not more than 25% faster on the flat area than in a base of the low region.
3. The method of claim 2, wherein the layer forms at a rate of not more than
25% faster on a region of the flat area which is at least 1 micron away from a

nearest transistor gate between the region of the flat area and the low region.

4.  The method of claim 1, wherein the processing temperature is between

600°C and 800°C.

5.  The method of claim 1, wherein the processing pressure is between 50 Torr

and 350 Torr.

6.  The method of claim 1, wherein the silicon-containing gas is at least one of

SiHy4, SioHe, SiH2Cl2, Si2Cls, and BTBAS.

7. The method of claim 6, wherein the surface has a low region which is less

than 0.15 microns wide with a height-to-width ratio of at least 1.0, as well as a

13
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substantially flat area of at least 25 microns square, the layer forming at a rate of

not more than 25% faster on the flat area than in a base of the low region.

8.  The method of claim 6, wherein the processing temperature is between

600°C and 800°C.

9.  The method of claim 6, wherein the processing pressure is between 50 Torr

and 350 Torr.

10. The method of claim 6, wherein the processing ratio is at least 100.

11. The method of claim 10, wherein the processing ratio is between 200 and

350.

12.  The method of claim 11, wherein the processing temperature is between

600°C and 800°C.

13. The method of claim 12, wherein the processing pressure is between 50

Torr and 350 Torr.

14. The method of claim 13, wherein the pressure is approximately 240 Torr.

14
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15. A method of forming a silicon nitride layer on a substrate, comprising;

inserting a substrate having a surface with raised transistor gates and low
regions between the transistor gates thereon in a processing chamber;

heating the substrate to a processing temperature of between 600°C and
800°C;

maintaining pressure within the chamber at a processing pressure of
between 50 Torr and 350 Tort;

introducing NHs gas into the chamber;

introducing a silicon-containing gas into the chamber, a partial pressure
ratio of the NHjs gas to the silicon-containing gas being at a selected processing
ratio of at least 100, the silicon-containing gas and the NH3 gas reacting with one
another to form a silicon nitride layer on the surface; and

removing the substrate from the chamber.

16. The method of claim 15, wherein the surface has a low region which is less
than 0.15 microns wide with a height-to-width ratio of at least 1.0, as well as a
substantially flat area of at least 1 micron square, the layer forming at a rate of

not more than 25% faster on the flat area than in a base of the low region.

15
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17.  The method of claim 15, wherein the processing ratio is between 200 and

350.

18. The method of claim 16, wherein the processing ratio is between 200 and

350.

19. The method of claim 15, wherein the silicon-containing gas is SiHa.

16
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141
Insert wafer substrate into chamber

AV
142

Heat wafer substrate to processing temperature

N/
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