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Low Pressure CVD of Silicon Nitride from a Silane-Ammonia Mixture:
Analysis of Preliminary Experimental and Simulation Results

K. Yacoubi, C. Azzaro and I.P. Couderc

ENSIGC INPT, Laboratoire de Génie Chimique, URA 192 du CNRS, 18 Chemin de la Loge,
31078 Toulouse cedex, France _

Abstract : Results of a study dealing with the deposition of silicon nitride from a silane-ammonia
mixture and combining experimental approach and deposition modelling are presented. First, a
thorough QRKK analysis has compensated for the lack of kinetic information in the gas phase. A
reduced reaction set reproducing the essential features of the full mechanism and involving 6
species including two silylamine intermediates SiH3NH3 and SiHNH; has been identified. A local
two-dimensional model previously developed in our laboratory has then been adapted to the
treatment of silicon nitride deposition. The identification of the kinetic parameters of the
heterogeneous mechanism has been achieved through a combined approach of experimental and
simulation results.

1. INTRODUCTION

LPCVD has become a classical production method for silicon nitride films, commonly used as insulation
or passivation materials within the MOS technology. When this kind of deposition is carried out from a
silane-ammonia mixture, the following processing difficulties may be encountered:

(i)-Growith rate decreases markedly relative to pure polysilicon deposition;

(ii)-A significant radial nonuniformity is reported, both in deposition ratc and film composition;

(iii)-A longitudinal decrease in deposition rate is generally observed.

.~ In spite of its importance and difficulties, the case of silicon nitride has surprisingly received little
attention. Only the deposition from a mixture of dichlorosilane and ammonia, presenting the same
general trends as those reported from a silanc-ammonia source, has been treated in the Hterature [1].
Results of this study indicate that the in-wafer film thickness nonuniformities may be explained by the
effect of diffusion-limited film growth from highly reactive gas-phase intcrmediates, with simultaneous
deposition from less reactive dichlorosilane.

The purpose of this work is to combine both modelling and experimental analysis in order to
ducidate the complex physicochemical phenomena involved in the deposition process from a silane-
ammonia mixture.

Due to the lack of kinetic information available in the literature, a major part of this work has
been focused on the investigation of gas phase reactions. In the first part of this paper, the results of a
thorough QRRK (Quantum Rice Ramsberger Kassel) analysis compensating for the lack of kinetic
information will be presented. Then, first experimental results of silicon nitride deposition will be
presented and analysed. They will be compared with the predictions of the CVD2 model previously
developed in our laboratory [2]. The extension principles of the CVD2 model to the case of silicon
nitride will be discussed. It must be pointed out that the results presented in this paper are preliminary ,
but that a promising agreement between experimental and simulation results has been obtained.
Perspectives of this work will finally be suggested.
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2. THERMAL DECOMPOSITION OF A SILANE-AMMONIA MIXTURE

To our knowledge, the kinetics of thermal decomposition of a mixture of silane and ammonia hag
received very littie atrention in the literature. In this study, the following reactions have been taken ingg
account [4]:

Type of reactions Chemical mechanism / Remarks o
[References]

SiHg == SiH, + Hy - Extensively studied
Silane pyrolysis [3] SiHg == SiHs +H -The formation of higher

order silanes is negligibt
SisHg = SiH4 + SiH2 ilanes 1s neghgible [3]

Ammonia pyrolysis [5] NHy = NH:+H

Ammonia-silicon SiH4 + NH3 == SiHaNHz + Hy SiH2 + NH3 = SiHiNHj
hydrides
reactions [4]
Pyrolysis-of SiHsNHz [4] | SiH3NHp = S$iHNHp + Hy  SiH3NH; == SiHsNHp + H
SiH3NH; == SiHoNH + Hp SiH3NH» = SiH3+ NH>

Molecule-radical and NH3+ H = NHz + Hp NHz+ SiHg = SiHz+ NH;3

radical-radical reactions . s

(6] NH3 + NHp = NzH4 SiH4 + H = SiH3+ Hp
NH3+ NHp = NoHg+ H SiHy + SiH3 = SisHg + H

NHa+ SiHy== SiHaNH; +H  SiHNHy+ H = SiH;NH3

NH3+ SiHz = SiH3NHp +H  SiHoNH + H += SiHpNHj

Table I ;: Homogeneous gas phase reactions

Different methods have been used to evaluate unknown rate constants (carbon hydrides analogies,
collision frequency limits, Benson's method [7]) at P=1 atm and T = 298°K. Using these evaluations, or
measured constants in other conditions (note that they are only available for silane pyrolysis), rate
constants of unimolecular or bimolecular reactions deduced from the reactions presented in Table 1,
corresponding to LPCVD conditions, i.e. to the-pressure fall-off region, have been caleulated with QRRK
theory [8]. Note that this theory has been successful in predicting the reduction of the unimolecular rate
constants with decreasing pressure for silane or SIPOS decomposition {8] and the estimation of
bimolecular rate constants. A detailed presentation of the QRRE model used can be found in [8]. By lack
of place, kinetic rate constants of the whole mechanism will not be presented.

Using that mechanism, the time evolution of all the species concentrations which could be
observed in a hypothetical gas volume, uniform in its properties and without any contact with solid
surfaces, starting from the mixture of silane and ammonia has been computed using numerical integration
based on Gear's method [9]. Typical results obtained are presented in Figure 1 for a temperature of
750°C, a pressure set at 0.4 Torr and a silane/fammonia ratio equal to 0.4/0.6

A distinction must be made between radical and stable species :

On the one hand, disilane and hydrazine, which are stable molecules, have very low
concentrations relative to the concentrations of the other stable species, i. €. silane and hydrogen. A series
of simulation runs was performed in which secondary reactions of these species were neglegted. The
results obtained showed that the evolution of the remaining species of the system is not affected by this
modification.

On the other hand, even in very low concentrations, silylamine radicals (SiHNHj, SiHoNH and
SiHsNH7) may have a non negligible impact on the whole mechanism. Due to the similar atomic
structure of these species, it could be assumed that their contribution to deposition rate was direcly

dependent on the molar fraction of the species. As SiHNH2 molar fraction is approximately 104 times
greater than the other ones, its contribution will mask the effect of the other species.




C5-293

.f-

- A similar analysis has been applied to the cases of SiHp and SiH3. It has led to the elimination of
k“ 5iH3 in the chemical mechanism (see Figure 2). This approach has been repeated for a wide range of
Y emperatures, pressures and silane/ammonia ratos. In all cases, the same species have been candidates
ia hag " for elimination and have been finally removed from the complete scheme.
bl i{]to Lagavithm wE smwler Eractloms o gy LoTRSLUS ot mlar freceims
Pe—— g —— * — O s1m1 “Eee B s
. - B B g =" 4 +——r : - : -
- [3] . -la.se g:r_:—_' - " = + © nimma o uimm—
b .
— z N
H . /,,.__.—————-—-—< L —
3 figure 1 : Time evokiition of the specics cohcentrations Figure 2 : Time evoltion of the species
. (Complete mechanism) concentrations (Reduced mechanism)
1
Finally, a reduced reaction set (see Table 2) which reproduces the essential features of the full
mechanism and involves only 6 species including two silylamine intermediates, i.e., SiH3NHp (stable}
S and SiHNH} (reactive) has been adopted.
hemical reaction Kinetic constants (results of QRRK analysis)
(R =8.314 T mole-! X-1, P in [Pa])
’E? SiHp + Hp = SiHy k1 =0074 P exp (6627 10°/RT) [m3 mole™? 51
18§, Or
fate k.1 =1.3810° P exp (20965 103RT) [s 1]
’11&115 SiHz + NH3 = SiH3NH Iy = 4,082 10 exp (34.97 10°/RT) [m? mole-l s 1]
r rate - ko=9.21 10° exp (16,18 I0ORT) (511
,"l‘a;f SiHy +NH3 == SiHNHz+Hz  |132174107 P exp (64.53 10°RT) [ molels 1)
b 3=323 108 P exp (217.51 10°0RT) {m3 mole’l 5 1]
db _ -2 p087 3 3 -1 1
solid ) ) k4 =178110 exp (121.4 10°/RT) {m3 mole 15 1]
. SiHNH»+ Hp = SiH3NH:
aton 22 3R k4 =968 105 P27 exp (-178.09 10°RT) [5°1]
re o ,
Table 2 : Homogeneous gas phase mechanism adopted in this study
cll*;:s’ 3. EXPERIMENTAL STUDY
The . .
* this 3.1 Operating condmon_s
- and Experiments were carried out in a conventional tubular hotizintal hot-wall LPCVD reactor, in which 82
an o ptype <100> Si wafers were stacked vertically inside the reactor. The main characteristics of the
ﬁ'y equipment used are presented in Table 3. Four test wafers were placed at selected locations along the
imes length of reactor ( 57, 62, 67, 72 ). The position of cach wafer in the batch is numbered from the first

wafer reached by the gases. Three boats were used and placed coaxially in the reactor one after another.
The boats are separated by a distance of 5 cm. The first boat is placed next to the inlet door of the reactor
and the test wafers are placed inside the flat temperature zone of the reactor. Experiments were
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performed at two temperatures 650°C and 750°C. Pressure was set at 0.4 Torr. As gaseous Sowrces, pure
silane and ammonia with a ratio (.4/0.6 were used. Silane flowrate was maintained at 180 sccm and 27
scem of ammonia was injected. Film thickness was measured by ellipsometry at a wavelength of 405 gy
The results obtained were confirmed by plasma etching and measurements of the height of the
chemically created step with TENCOR equipment

‘Geometrical parameters

Tube length [m] 1.97
Tube diameter {mrm] 135
VWafer diameter [mum] 100.4
interwafer distance [mm] 3
Boat number ] 3
Wafer number in each boat 28128126

Table 3 : Reactor geomeltry

3. 2 Experimental results

The longitudinal evolution of silicon nitride deposition rate measured in the center of each wafer is
shown in Figure 3. It can be first seen that the presence of ammonia reduces markedly deposition rate
{relative to pure polysilicon deposition). To give an onder of comparison, pure polysilicon deposition rate
is about 100 A/min at 600°C. Second, it can be seen that, at both temperatures, the deposition rate is
higher on the first test wafers and then tends to 2 quasi uniform deposition rate on the last test wafers.

Figure 4 relative to 4t test wafer of the load shows typical radial deposition rate profiles,
Significant non-uniformities appear at the wafer periphery, creating the so-called "bull's eye effect™.
These results will be analysed in the following sections.

[

120 15 120
Vo0 i 100 [—o— T =650%C: Test wafer4
Experimental results i 1 |—=— T=750C Test walers
-l v =
= s £ %01
£ w0 : £ | Experimental results
<2 Lk £ =
= 3 3
G i
: s §
] Y
£ 407 -
&
- 11
20 .
¢ T T Y T o
Q 1 2 3 4 5
Radial position (mm)
Test waler aumber
Figure 3 : Longitudinal evolution of silicon Figure 4 : Radial silicon nitide deposition rate
nitnide deposition rate

4. MODELLING OF SILICON NITRIDE DEPOSITION

4. 1 Basic principles

A local two-dimensional model called CVD2 was developed previously in our laboratory [2] and led t©
very satisfying results concerning in situ phosphorus doped polysilicon deposition or SIPOS deposition
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2, 9). Note that these depositions show a remarkable similarity to data for the deposition of silicon
. pimide. Let us recall that CVD2 is limited to a small but representative part of the reactor, ie. an
. jmerwafer spacing and the corresponding annular region between the wafer edge and the reactor walls. In
¢ (s modelling field, the continuity and Navier-Stokes equations on the one hand and the mass balance
L cquations for every chemical species on the other hand are solved, respectively, for gas flow and mass
 gansport. A detailed presentation of the modelling principles of CVD2 is provided in [2]. In this paper,
" only the ccriuzw elements introduced to extend the model to the case of silicon nitride deposition will be
. developed.
& 1?I‘hc creation and consumption of the chemical species due to the homogeneous gas phase
reactions previously determined are taken into account in the mass balance equations.

All the chemical species containing silicon and/or nitrogen can react on solid surfaces to deposit
silicon nitride. Table 4 shows the surface reactions that we consider for this system.

Jurface reactions Deposition rate expression Kinetic constants .
(mol mZ 51}
k;=0973 1077 [mol m2 s 1pa ]
SiH4 — Si+2Hy k; Psig, kg =0.83 10-10 exp(18000/T)
. 1 + kg Psin, + kg Psit kn P, fmolm2 s
[T kg = 4.8 10-8exp(10000/T)
[mol m2s1)
ko Pnh, o = 0.88 107 0exp(20000/T)
NH3 - N+ 3/2 Ha 1 + ks Psir, + ku Psit+ kv Py [molm2 s
k9 =0.1775 106mol m2 s-lpa 1y
. . Yo, | —EL - ESify Ysiz=1 11=3.1416
SiH; — Si+ Hp 2 T Msi, RT Mgigz=30g
. [ RT PsitNe, SENH2 = 1 II=3.1416
SiHNHz — Si+ N+ 3/2Ha TSiHNH, 2 TT Mg, RT ﬁSiHNHZ=45g

v Table 4 : Kinetic expressions for surface reactions

A Langmuir-Hinshelwood approach has been used to represent the respective contributions of
silane 2nd ammonia to silicon nitride deposition. The kinetic constants kg and kg given by Wilke et al.
[10] were adopted. The kinetic adsorption constant ky was introduced to reflect the reduction of silane
cofitribution in presence of ammonia, as suggested by experimental results. A similar form of the rate
equation was adopted for ammonia deposition. The kinetic constants k;, ko and kpyy at 750°C were
adjusted after trial and error tests based on comparison between experimental and simulation results.

As in our earlier modelling work concerning in situ phosphorus doped polysilcon deposition, we
assume that any reactive intermediate (SiHz or SiHNH3) that strikes the surface reacts with unit
probability. The reaction rates of SiHz and of SiHNH3 are first-order dependent on their respective
concentrations. In these expressions, Y; represents the sticking coefficient of species 1. This coefficient
has been taken equal to unity, as suggested by other investigators [4] for silylene, Due to the reactive
.. nawre of SiHINH2, a same value has been adopted for this species.

As first approach, due to its saturated nature, the deposition of silicon nitride from saturated
- molecule SiH3NHj has been assumed to be negligible. A similar hypothesis was adopted for disilane

. SigHg in the case of silicon deposition [2, 9, 11].

The choice of the boundary conditions at the entrance and the exit is complicated by the limitation

. of the modelling field to a representative interwafer space. In previous studies [2, 8], the basic
L. isumption to overcome this difficulty is that, far from the ends of the wafer line, a large number of

¢ Phenomena linked to flow and mass transport processes as well as chemical reactions must have reached
“ somme sort of dynamic equilibrium. So, boundary conditions of a periodicity type have been selected.

In our case, experimental results suggest that this periodicity regime has been obtained at the end
of the wafer boat, i.c. on the 4% position of the test wafers. In the following, only this assumption has
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been considered in the simulation runs. Perspectives for the case of a non periodical regime wil] p,
suggested later. In what follows, for concentrations, the profiles and their axial derivatives have beey,
supposed to be identical for SiHy, SiHINH; and SiH3NH,.

4. 2 First examples of simulation results

By lack of place, it must be pointed out that only a few significant results will be presented. In all e

simulation runs, a temperature of 750°C, a pressure of 0.4 Torr and a silane/ammonia ratio equal to 0.4/ 6

were adopted. ’
Radial concentration profiles for SiHa, Hy, NH3z and SiHzNH3 are displayed in Figure 5 to 8.
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Figure 5 : Radial profile of silane molar fraction Figure 6 : Radial profile of ammonia molar fraction
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Figure 7: Radial profile of hydrogen molar fraction Figure § : Radial profile of SiH3NH3 molar fraction
They are relative to axial positions corresponding to the eatrance, center and exit of the modelling

field. As a first approximation, it can be concluded that all these specics are uniformly distributed in the

modelling field, in regard of the enlargement of the concentration scales. In more details, on the on

hand, it can be said that silane and ammonia (respectively hydrogen) concentrations decreast
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respectively increases) from the entrance to the exit, due to the consumption (respectively production) of
(s species on sqlid surfaces by chemical reactions. In the case of SiHaNH3, no axial variations and only
dlight radial variations are observed. This species has a similar behavior to disilane in the case of
Polysilicon deposition [2] and may act as a storage for SiHz and SIHNH3.

Figures 9 and 10 present radial concentration profiles for SiHy and SiHNH3. It must be observed

' hat their concentrations remain very low everywhere with a maximum value of 0.365 1075 for SiH;

(rcspccn'vcly of 0.405 10-3 for SiHNH,). But their molar fraction varies widely in the modelling region
and is function of the radial position (but not of the axial position) in the annular region. It is quite the
opposite in the interwafer space, where the molar fraction is independent of the radial coordinate but

varics with the axial position.

4+00e-6 Laterwafer space Annular region 500¢-6
Interwater space Annular region
4.00e-6
31,00e-67 -
g — I=0mm %
i —o— Z-4mm £
5 —— Z=Bmm 2 3.00e-6
& 200061 : T Z=0mm
g % [——  Z=4mm
. ) “ £ 200e67 |—— Z=8mm
1,00¢-61 _‘J‘ =
1,00e-67
0,002+0 T T T T T 0,00e40 . . T ~ v
0 1 2 3 4 5 5 7 ] 1 2 "3 4 5 3 7
Radial position [cm | Radial position [ om |
Figure 9 :Radial profile of $iH2 molar fraction Figure 11 :Radial profile of SiHNH2 molar fraction

Figure 11 represents silicon nitride deposition rate on the downstream side of the entrance wafer
and indicates the contributions due to SiHz, SiHp, SiHNH, NH3 at T = 750°C
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Silane and ammonia contribution are uniform on the wafer. On the contrary, the SiHy apg
SiHNH; contributions are functions of position as a consequence of the important radial concentratigp,
variations of these species. The same trend is observed at 650°C. Deposition rate has an order osf
magnitude of 10 A/min in the center of the wafer and of 15 A/min at the wafer edge. In view of g, -
scarcity of kinetic information, the reasonable agreeement between mode! predictions and experiments i:,
encouraging for the present modelling approach. Another result provided by the model concerns SiN
ratic (see Figure 12) deduced from the contributions of silicon and nitrogen to film elaboratioy
Simulation results show that silicon nitride films contain more silicon at the wafer edge, which may be
related to the concentations of the reactive species in the vicinity of the wafer edge. These resulis have g
be confirmed by measurements of Si/N ratio.

5- PERSPECTIVES AND CONCLUSIONS

The CVD2 model previously developed in our laboratory has been developed and applied to the specific
gxample of silicon nitride deposition. Complex kinetic schemes involving both gas phase and surface
reactions have been included in the model formulation. Considering the lack of detail information ang
kinetic parameters, the fit is encouraging for future investigations involving additional experimental data,
concerning both film composition and deposition rate. Another perspective concerns the assumption of
periodicity assumed in the model for SiH3NHj. Experiments have shown that on the first test wafer,
positioned directly after a free volume without any wafer, deposition rate is higher than on the other
wafers. This situation is similar to what happens after the entrance zone of a reactor, on the first wafers of
the load. It can thus be suggested that SiH3NHz acts as a storage tank for reactive species generated in
the volume, i-¢., $iH; and SiHNHj. This assumoption is now under investigation in our laboratory.
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