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Ciaran A. MurrayT, Simon D. Elliott*T, Dennis Hausmanni, Jon Henrii, Adrien LaVoie*
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ABSTRACT: Atomic layer deposition (ALD) of highly conformal, silicon-based dielectric thin films has become necessary due
the continuing decrease of feature size in microelectronic devices. The ALD of oxides and nitrides is usually thought to be mecha-
nistically similar, but plasma-enhanced ALD of silicon nitride is found to be problematic, while that of silicon oxide is straightfor-
ward. To find why, the ALD of silicon nitride and silicon oxide dielectric films was studied by applying ab initio methods to theo-
retical models for proposed surface reaction mechanisms. The thermodynamic energies for the elimination of functional groups
from different silicon precursors reacting with simple model molecules were calculated using density functional theory (DFT), ex-
plaining the lower reactivity of precursors towards the deposition of silicon nitride relative to silicon oxide seen in experiments, but
not explaining the trends between precursors. Using more realistic cluster models of amine and hydroxyl covered surfaces, the
structures and energies were calculated of reaction pathways for chemisorption of different silicon precursors via functional group
elimination, with more success. DFT calculations identified the initial physisorption step as crucial towards deposition and this step
was thus used to predict the ALD reactivity of a range of amino-silane precursors, yielding good agreement with experiment. The
retention of hydrogen within silicon nitride films but not in silicon oxide observed in FTIR spectra was accounted for by the theo-
retical calculations and helped verify the application of the model.

mental difficulties in the ALD of SiO2 and SizN4 therefore war-
INTRODUCTION

rant further study.
Conformal dielectric films based on silicon oxide or silicon . :
o . SR Sio, Si;N,
nitride are used for liner and spacer applications in front-end-
of-line (FEOL) semiconductor wafer processing. The tradi- ALD SisNA\
tional methods for depositing these films have been either
plasma enhanced chemical vapor deposition (PECVD) or low

pressure chemical vapor deposition (LPCVD). PECVD is capa-
ble of depositing semi-conformal films at low temperature
(<400°C) and LPCVD is capable of perfectly conformal films at
high temperature (>550°C). For sub-32 nm technology how-
ever, both low deposition temperature and perfect conformal-
ity is required, which has necessitated the move to atomic
layer deposition (ALD). Additional applications such as Fin-
FET conformal doping, double patterning, and through-Si-via
(TSV) 3D integration are also enabled by ALD of silicon-based
dielectrics.

Herein, we focus on two silicon dielectric films: SiO2 and _ M

SisN4. The successful deposition of these materials using ALD
techniques is shown in Figure 1, demonstrating that high
quality conformal films are possible. Plasma enhanced ALD Figure 1: TEM images of SiO, and Si;N4 ALD thin films.
techniques may be applied in the deposition of these materials
where an oxygen plasma is used for SiO2 and a nitrogen plas-
ma for SisN4!2, Both ALD silicon oxide and nitride films exhibit
the properties desired of these materials with excellent step
coverage, good dielectric properties and low wet etch rates.
Deposition of these films has also demonstrated reasonable
growth rates per ALD cycle if exposure is sufficient. Unfortu-
nately, many experimental problems exist, making the appli-
cation of the ALD of these silicon dielectrics in industrial pro-
cesses unfeasible, in particular silicon nitride. These experi-
ACS Paragon Plus Environment
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Figure 2: Deposition rate versus exposure of SiO, (red diamonds)
and SizN, (green circles) films deposited from chloro-silane pre-
cursors by ALD at 450 °C.

Of specific interest is the experimental observation that the
required silicon precursor exposure is significantly (>100 X)
higher for SisNa than for SiO2. Figure 2 compares the relative
reactivity for simple chloro-silane precursors (e.g. DCS, HCDS,
etc.) while similar data (not shown) has been obtained using
amino-silane precursors (e.g. BTBAS, BDEAS, etc.). The very
long precursor exposure for deposition of silicon nitride
makes this process economically unviable, due to both the
excessive throughput time per film deposited and the unac-
ceptably high volume of silicon precursors consumed. It is the
goal of this work to explain the difference in deposition effi-
ciency for a given exposure between SiOz and SisNs4 and to
examine the effect of different silicon precursor on deposition
efficiency.

rption\E

IR Abso

—

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3: FTIR absorption spectra of SiO, (upper red plot) and
SisN, (lower green plot) thin films both deposited by ALD at
>400°C.

Representative FTIR data are shown in Figure 3. One of the
marked differences between these spectra is the lack of bands
associated with hydrogen (Si—O—H) in SiO2. In Si3zNs a peak
assigned to NH stretching modes can be clearly observed at
3350 cm'l, whereas the equivalent OH stretching modes in
SiOz are non-existent. The incorporation of hydrogen in ALD

of silicon nitride but not in ALD of silicon oxide suggests dif-
ferent surface chemistries during deposition. In order to in-
vestigate the surface chemistry of these materials, models for
the deposition of silicon oxide/nitride have been developed.
The prediction of hydrogen incorporation can be used as a
way of verifying the mechanistic models.

In this paper, we use first principles density functional the-
ory to probe the reasons behind the differences between the
ALD of SiOz and Si3N4. Various theoretical approaches are
used including model reaction pathways, acidity/basicity of
the oxide vs. nitride surfaces and overall energetics as a func-
tion of precursor functional group. A variety of silicon precur-
sors will be taken into account with particular consideration
of amino-silane precursors. Amino-silane precursors would be
preferred in the ALD of silicon nitride due to the detrimental
incorporation of chlorine in films deposited using chloro-
silanes. It is assumed that the NH3 plasma produces an amine-
terminated surface, in analogy with the hydroxyl-terminated
surface that is produced by oxygen plasma3.

METHOD

All species in this work were modeled as isolated molecules
in vacuum in their ground state using the TURBOMOLE suite
of programs#5. All optimized structures and energies (includ-
ing those of the transition states) were calculated using the
generalized gradient approximation Becke-Perdew density
functional BP8667 with the resolution of identity (RI) approx-
imation8-19, Atom-centered basis sets were used for all atoms
in this work: the large def2-TZVPP basis set for amina-
tion/hydrolysis thermodynamic calculations and the smaller
def-SV(P) basis set for both cluster models!12, Transition
state structures were optimized by following a vector with a
negative eigenvalue (or imaginary frequency) corresponding
to the reaction pathway of interest!3. These transition vectors
were determined by performing a vibrational analysis.

The elimination of H—L from a surface has been successful-
ly modeled previously for the ALD of metal oxides using a gas
phase hydrolysis model'. AZhya is the computed energy
change of the following model reaction: MLq) + qH20) —
M(OH)qe) + qHL(g), where M is a metal of valence q and L is a
monodentate ligand. In this model gas-phase H20 represents
the source of hydroxyl groups on the surface of the metal ox-
ide while the substitution of OH groups for the ligands repre-
sents the formation of new M—O0 bonds in the solid. Here, in
order to model the elimination of groups from di-
functionalized silane precursors SiH2Xz, the hydrolysis model
is modified so that only elimination of two functional groups
(X) is considered during the ALD of silicon oxide (Equation
1a). An equation to represent surface reactivity on silicon
nitride is proposed where gas-phase ammonia (NH3) repre-
sents NH bonds on the surface (analogous to H20 representing
surface hydroxyl groups) and the substitution of amide
groups (NHz) for the functional groups, X, represents the for-
mation of new Si—N bonds (Equation 1b). This model reaction
is referred to in this work as “hydrolysis” for the deposition of
silicon oxide and “amination” when considering silicon nitride
deposition.

AE
AEnya =~ SiHyXa(q) + 2Hy0(g) = SiHz (OH) ) + 2HX )
(1a)
AE .
AEamin = 7: SIHZXZ(g) + 2NH3(9) - SIHZ(NHZ)Z(g) + ZHX(g)
(1b)
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In equations 1a and 1b, AE is quoted per functional group X.
The more negative a AEhyd or AEamin value is, the more exo-
thermic the hydrolysis/amination reaction and the greater the
possibility of HX elimination. As this model is concerned solely
with the changes in bonding, temperature effects are neglect-
ed.

In many cases, the activation energies and surface geome-
tries are important in determining the reactivity of a molecule
at a surface and so the model proposed in Section 2.1 is not
adequate. The proposed mechanism for the reactive chemi-
sorption of a SiHzXz precursor is (i) physisorption, (ii) proton
transfer via a transition state followed by (iii) HX
elimination?s. The various steps required to model this pro-
cess are described in Figure 4.

Unbound Reactants (UR) Bound Reactants (BR)

@ H\ /X @

S~
Si
H/ \ H \><
AL\I ; Transition State (TS)
H’
A — A R0
X X\ X
SiY’ SiY a8 g H
Unbound Products (UP) Bound Products (BP) I-{ i

SiY SiY

Figure 4: The proposed mechanistic steps for reactive chemisorp-
tion of SiH,X, precursor and desorption of functional group X via
proton transfer from a Si—Y—H functionalized surface (Y = O, NH
or N).

The first step in Figure 4 shows the “Unbound Reactants”
(UR) where the precursor SiHzX: is isolated, by an effectively
infinite distance, from a surface group Y—H (where Y = O, NH
or N). In the second “Bound Reactants” (BR) step, a loosely
bound complex is formed between a group X on the precursor
and a surface hydrogen atom. Direct coordination of the Si
precursor to surface-Y via dative bonding is not expected in
this mechanism because Si does not tend to increase its coor-
dination number beyond four in stable structures. This BR
structure leads into a four-membered ring “Transition State”
(TS) involving the Si and X on the precursor and Y and H on
the surface. With five-fold coordination about Si in TS, this
structure is expected to be unstable and transient. Step 4 de-
scribes the “Bound Products” (BP) where the precursor is
now chemisorbed to the surface but the newly formed mole-
cule H=X is still hydrogen bonded to Y. Step 5 in Figure 4
shows the final “Unbound Products” (UP) where H—X has
been fully eliminated from the surface and the SiH2X group
bound to the surface has relaxed to its most stable structure.

RESULTS AND DISCUSSION

Chemistry of Materials

SiHy(NH,), 2 \ i i‘ . ? SiH,(OH),

SiH, SiH,Cl,
‘kv, - =

SiH,(CHs), 3 E i j{ ’t SiH,DMA,

DIPAS SiH,EMA,
\) V) ’{

BTBAS

Figure 5: Molecular structures of some of the silicon precursors
considered in this work. Structures were optimized using
BP86/TZVPP. The silicon atoms are represented by yellow
spheres, hydrogen by white, nitrogen by blue, oxygen by red,
carbon by grey and chlorine by green.

In the following sections, results from the application of the
theoretical models described in above will be given. Multiple
di-alkylamide silanes with the general formula SiH2(NR'R”)2
were considered including: SiH2DMA: [R’=R”=CHj3,

bis(dimethylamino)silane], SiH2HFMA:? [R'=R”=CF3,
bis(hexafluorodimethylamino)silane], = SiH2EMAz [R’=CHj3,
R”=CH2CHs, bis(ethylmethylamino)silane], BDEAS

[R'=R”=CH2CHs  bis(diethylamino)silane], and BTBAS
[R'=C(CHs)s3, R”=H, bis(tert-butylamino)silane] as well as
SiH2(NHz)2 [diamino-silane] and DIPAS [diisopropylamino-
silane] with only one amide functional group with
R’=R”=CH(CH3): attached to the silyl SiH3 group. Some re-
sults for other silanes including SiH:Clz [dichlorosilane],
SiH2(CHs)2 [dimethylsilane] and SiH4 [silane] will also be giv-
en. The molecular structures of these precursors are shown in
Figure 5.

The molecular structures for a selection of silicon precur-
sors and the molecules (SiHz(NHz)2z and SiH2(OH)2 respective-
ly) employed to model the silicon nitride and oxide surfaces
were optimized using BP86/TZVPP. The resulting geometries
are depicted in Figure 5. The functional groups are coordinat-
ed to the silicon atom in a quasi-tetrahedral fashion, exempli-
fied by the SiHs4 parent molecule. Some distortion from this
idealized coordination is seen for SiH2HFMA:, SiH:EMA:,
BDEAS and BTBAS molecules due to the relatively large size of
the functional group and for SiH2(OH)2 due to intra-molecular
interactions between the two OH groups. Optimization of the
same molecules using the SV(P) basis set resulted in similar
geometries.

ACS Paragon Plus Environment
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Figure 6: AE for the hydrolysis (YH = H,0) and amination (YH =
NH3;) of various silicon precursors calculated using equations la
and 1b from BP86/TZVPP total energies.

The A E'values for both the hydrolysis and amination of a se-
lection of silicon precursors were determined from Equations
1la and 1b using DFT calculated energies (BP86/TZVPP) and
are presented in Figure 6. AZEhyd was significantly more nega-
tive than AZamin by 47.14 k]/mol (this value is actually |AZ] of
SiH2(NHz)2 + 2H20 < SiH2(OH)2 + 2NH3). This result predicts
that functional group elimination from di-functionalized
silane precursors is thermodynamically more favorable on
OH-covered SiOz surfaces than on NHz/NH-covered Si3N4 sur-
faces. This appears to correlate with the much slower ALD
growth rates for silicon nitride compared with silicon dioxide.

Unfortunately, the limitations of this thermodynamic model
become apparent when the trends between the different pre-
cursors are considered. SiH2(CH3)2 and SiHs are predicted
here to be the most reactive and SiH:Cl; the least reactive.
These theoretical predictions are contradicted experimentally
where SiH2(CHs)2 and SiH4 are not precursors for the ALD of
either SiOz or SisN4 due to slow or negligible growth rates.
SiH2Cl: is one of the more promising precursors, in particular
for the deposition of SisN4, and has demonstrated significant
ALD growth rates in experiment. Even for the alkyl amides
(SiH2DMA., SiH2EMAz, BDEAS and BTBAS), greater variation
in deposition rates is seen in experiments than compared to
the theoretical results presented in Figure 6. A kinetic model,
considering energy barriers and surface geometries, is there-
fore needed to explain the differences between silicon amide
precursors in the deposition of silicon nitride and dioxide.

Simple surface models consisting of one functional group of
interest were investigated. The silyl group SiH3 was selected
to represent both the SiO2 and Si3sNs bulk material. To model
hydroxyl groups on SiOz, an OH group was added to the SiHs
fragment resulting in a SiHs—OH (silanol) surface model. For
the nitride models, either NH2 was added to SiHs to represent
a primary amine, resulting in a SiHs—NH2 (silylamine) surface
model or NH-SiHs to model secondary amides, a
SiH3—NH-SiHs (disilylamine) surface model. Two precursors
were initially considered, SiH2(NHz)2 and SiH2DMA:, due to
their small size, reducing the computation resources required
and allowing easy analysis of the resulting structures. All
SiHs—YH results presented here were calculated using the
BP86 GGA density functional and SV(P) basis set.

Surface‘ Models

Page 4 of 9

(
SiH,-NH-SiH,

SiH,-NH,

SiH,(NH,),

SiHDMA,  © % C i
?}g I

Figure 7: DFT optimized structures of the transition states for the
reactions of SiH,(NH,), and SiH,DMA, silicon precursors with
SiH;—NH-SiH;, SiH;—NH, and SiH;—OH surface models. The
silicon atoms are represented by yellow spheres, hydrogen by
white, nitrogen by blue, oxygen by red and carbon by grey. The
bonds of the 4-membered ring transition state are highlighted in
yellow.

The optimized geometries and energies for the proton
transfer steps (outlined in Figure 4) from SiH3—NH-SiH3,
SiH3—NH2z and SiH3—OH to one of the functional groups of
SiH2(NHz)2 and SiHzDMA: were calculated. The transition
state (TS) geometries from these calculations are shown in
Figure 7. For these transition states a planar, “kite” shaped 4-
membered ring is found between the O/N and H of the surface
model molecule and the N and Si of the incoming precursors.
The orientation of the precursors towards the surface models
is different for each group. While the precursors may ap-
proach SiH3—OH vertically to form a transition state, a side-on
approach of the precursors is necessary for the SiH3—NHz due
to the orientation of the amine hydrogen atoms. This seems to
reflect the direction of the lone pair on O and N respectively.

a. SiH,(NH,), b. SiH,DMA,

g5 | = SiHy-OH —— SiH,-OH

70 | & SiH,NH, % SiH,NH,

55 | = SiH,-NH-SiH, —+ SiH,-NH-SiH,

_ AE (kJ/mol

UR BR TS BP UP UR BR TS BP UP

Figure 8: Energetics for the Bound Reactants (BR), Transition
State (TS), Bound Products (BP) and Unbound Products (UP)
relative to the Unbound Reactants (UR) for the reaction of a.
SiH,(NH,),, and b. SiH,DMA, precursor with the surface group
models SiH;—OH (red diamonds), SiH;—NH, (green squares) and
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SiH;—NH-SiH; (blue triangles). AE values are given in kJ/mol
and were determined using BP86/SV(P) DFT calculations.

The energetics calculated for SiHz(NHz):z and SiH2DMA:
precursors are very similar (Figure 8). The reactions leading
to BR, BP and UP (optimized to local minima) on the SiH3—OH
model surface were calculated to be more exothermic than
those on the SiH3—NH:2 and SiH3—NH-SiHs systems, con-
sistent with the results of the thermodynamic model (c.f. Sec-
tion 4.1). The A£ values for the SiH3—NH2 and SiH3—NH—SiHs
models were almost identical, indicating the similar chemistry
of primary (NHz) and secondary (NH) amine groups. The
transition state energy barriers or activation energies, Fac,
(i.e. Fact = E(TS) - E£(BR)) are presented in Table 1. Again the
SiH2(NH2)2 and SiH2DMA: results are quite similar with Fact
for both precursors with the SiH3—OH substrate lower than
with SiH3—NHz/SiH3—NH—SiHs substrates. Although Fuct val-
ues (as well as energies of the local minima BR, BP and UP)
are lower for SiHz2(NHz)2 and SiH2DMA: with SiH3—OH than
on either SiH3—NH:2 or SiH3—NH-—SiH3, it must be remem-
bered that these calculations ignored temperature effects that
may reduce the significance of these energy differences.

Table 1: Activation energies, E,,, determined from E(TS) —
E(BR) in the reaction pathway for SiH,(NH,), and SiH,DMA,
precursors with SiH;—OH, SiH;—NH, and SiH;—NH-SiH; sub-
strate models. Energies are in kJ/mol and were determined from
BP86/SV(P) DFT calculations.

Eact (kJ/mol) SiH,(NH,), SiH,DMA,
SiH;—OH 61.3 46.7
SiH;—NH, 98.8 87.1
SiH;—NH-SiH; 104.1 89.8

(SigNg)s = Siy;Nyg

+12 X NH,™
+12xH' J

(SisNy)a(NH5)12 = Sis;NigH15(NH,)y

Figure 9: (Si3N,), cluster model (upper center) with NH,/H termi-
nated (Si3Ny)4(NH;)i, cluster (lower left) and OH/H terminated
(Si3Ny)4(H,0),;, cluster (lower right).

A cylindrical silicon nitride cluster consisting of 4 Si3Na
stoichiometric units (Si12N16 with 28 atoms) was constructed,

(SisNy)a(H,0)12 = SisoN1sH12(OH)y,

Chemistry of Materials

based on the chemically stable, 3-phase crystal structure with
hexagonal symmetry!6. To this bare cluster, 12 NHz~ anions
and 12 H+ cations were added, terminating the uncoordinated
Si and N atoms respectively on the outside of the cluster. This
had the effect of adding 12 NHs molecules to the cluster, re-
taining the neutral charge of the cluster. This (Si3N4)4(NH3)12
cluster (Si12N16H12(NHz)12 with 76 atoms) was used to model
ALD reactions of silicon precursors at a SisNs surface. The
model used for reactions at a silicon oxide surface was con-
structed in a similar fashion to the silicon nitride, where 12
OH- and 12 H+ fragments (i.e. 12 H20 molecules) were added
to the Si12Nie¢ cluster resulting in a (SisN4)4(H20)12 cluster
(Si12N16H12(OH)12 with 64 atoms). Although SiO: has a differ-
ent crystal structure than SisNs4, the use of the same (SizNa4)4
core for both silicon dioxide and nitride models allowed direct
comparison of many calculated properties e.g. changes in ge-
ometry between reaction steps.

The geometries of both (SisN4)4(H20)12 and (SizsN4)2(NH3)12
clusters were optimized using the BP86 DFT functional and
SV(P) basis set. The resulting structures are shown in Figure 9
with only minor changes to the underlying (SisNs)4 cluster
seen during the optimizing process. Optimization of the vari-
ous structures corresponding to the reaction steps outlined in
Figure 4, was attempted for the SiH2(NH:)2 and SiH2DMA:
precursors with both the (SisN4)4(H20)12 and (SisN4)4(NH3)12
surface models, using the same method as for the smaller
SiH3—XH models (BP86/SV(P)). Only reactions of precursors
with NHz and OH groups were considered due to the relative
inaccessibility of the secondary, NH amine groups on the clus-
ter.

Transition State (TS) Bound Products (BP)

(a) Bound Reactants (BR)
£

(b) Bound Reactants (BR) Transition State (TS) Bound Products (BP)

Figure 10: BP86/SV(P) optimized geometries of Bound Reac-
tants, Transition State and Bound Products structures for
SiH,DMA, with a. (Si3N4)4(NH3);» as a model for silicon nitride
growth and b. (Si3Ny)4(H,O);, as a model for silicon oxide
growth.

The structures determined for both SiH2DMA: and
SiH2(NHz)2 amide precursors were quite similar. Figure 10
depicts the geometries determined for the BR, TS and BP steps
of the SiH2DMA: reaction with cluster model surfaces. The
structures calculated for the reaction steps are qualitatively
similar to those determined using the SiH3—YH models with a
few notable differences. In the BR and TS steps of SiH2DMA:
on (SisN4)4(NHs)12, there is an increased steric interaction
between one of the CHs groups on the reacting DMA fragment
and the cluster surface. A side-on orientation of the reacting
precursor alkyl amide group with respect to the surface

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

Chemistry of Materials

means that only one CHs group of DMA interacts strongly with
the surface while the other points away. For reactions involv-
ing SiH2(NHz2)2, these steric interactions are reduced due to
the smaller NHz precursor groups. The favorable orientation
of hydroxyl groups on the (SizN4)4(H20)12 cluster also reduces
the steric interactions.

SiH,L, + Surface |—YH

0 ;
Eqet —i SiHy(NH,), NH,
NH, OH —=— SiH,DMA, Surface

Surface Surface
~&~ SiHy(NHy),
~&= SiH,DMA,

70 | Precursors

SiHy(NH,), | 9829  79.13 OH

50 Surface
SiH,DMA, | 79.97 51.74
30
3 10
E
3-10
-30
-50
-70
-90 UR BR TS BP upP

Figure 11: Energetics for the Bound Reactants (BR), Transition
State (TS), Bound Products (BP) and Unbound Products (UP)
relative to the Unbound Reactants (UR) for the reaction of
SiH,(NH,), (triangles, dashed lines), SiH,DMA, (squares, solid
lines) with the cluster models (SizNy)4(NH3);, (red) and
(Si3Ny)4(H,0),, (green). The table inset presents the E,. values
for the precursors with the NH, and OH covered surfaces. AE
values are given in kJ/mol and were determined from BP86/SV(P)
DEFT calculations.

The relative energies of the mechanism steps for the three
model precursors with the NHz and OH covered clusters are
plotted in Figure 11. The Ei barriers are comparable to those
determined using the smaller SiH3—NH2 and SiH3—OH models.
The reduction in energy from BP to UP steps for SiH2(NH2)2
reactions with both surfaces and SiH2DMA; with
(SisN4)4(H20)12 is due to the removal of the hydrogen bonded
NHs and H-DMA molecules. This allows the newly formed
surface SiH2NH:/SiH2DMA groups to relax to more stable
structures that were prohibited by the presence of the H
bonded amine molecules in the Bound Products structures.

One of the most striking differences between these larger
cluster calculations and those of the SiHz—YH models, is the
wide spread now apparent in the BR energies relative to UR
(Figure 11). This energy difference is the adsorption energy.
The larger steric interactions experienced by SiH2DMA2 with
the amine-covered surface compared with the hydroxyl-
covered surface destabilize BR. The same steric interactions
explain the weaker adsorption by SiH:DMA: relative to
SiH2(NHz)2 on both substrates. The higher energy of BR re-
flects a reduced bond strength of the precursor to the surface.
This may increase the probability of the precursor returning
unreacted to the gas phase at ALD temperatures and may pre-
vent the remaining reaction steps occurring. This initial BR
step is therefore crucial in determining the deposition rate of
a precursor and was chosen as a metric for ALD reactivity of
other potential precursors.

Table 2: Energy difference calculated between Unbound Reac-
tants (UR) and Bound Reactants (BR) structures, AE[BR] =

E(UR) — E(BR), for SiH,(NH,),, SiH,DMA,, BTBAS, BDEAS
and DIPAS precursors and (Si3N4)4(NH3), and (SizNy)4(H,0) 0
cluster models. Energy values (in kJ/mol) were determined using
BP86/SV(P) calculations.

AE[BR] . .
(kl/mol) SiH,(NH,), SiH,DMA, BTBAS BDEAS DIPAS
(SI3N4)4(NH3)12 _288 =7.5 _214 _58 _106
(SisNy)4(H20),, |-64.8 -51.8 474 419 -324

The AE[BR] values calculated for a series of precursors
bound to either (SisN4)4(NHs)12 or (SisNa)s(H20)12 surface
models are tabulated in Table 2. In all cases AZ[BR] for ad-
sorption onto the oxide model surface (SisN4)s(H20)12 is sig-
nificantly lower than that onto the nitride model
(Si3N4)4(NH3)12. The most exothermic AZ[BR] value deter-
mined for (SisN4)4(H20)12 was for the SiH2(NHz)2 precursor,
gradually increasing to the least reactive, BDEAS. A greater
variation in relative reactivity was determined for the same
amino-silane precursor with (SisN4)s(NH3)12 than seen for
(SisN4)4(H20)12. As described above in Section 4.2, the differ-
ence in AE[BR] between SiH2(NH2)2 and SiH2DMA:z was pri-
marily due to the difference in size between the functional
groups, the smaller hydrogen atom in SiH2(NH2)2 reduced
steric interactions compared with the larger methyl groups of
SiH2(DMA)2. The substantially different AZ[BR] values of
—21.4 and —5.8 kJ/mol determined for BTBAS and BDEAS on
the nitride substrate are, at first glance, surprising considering
that they have the same number of constituent atoms. Exam-
ining the molecular structure of these precursors (see Figure
5), the presence of NH in the BTBAS allows the alkyl amide
functional group to approach surface NHz groups with rela-
tively low steric hindrance, comparable to the much smaller
SiH2(NHz)2. It is therefore possible to combine large R groups
for volatility with accessible NH groups for adsorption in pre-
cursors of the type SiH2(NHR)2. BDEAS, unlike BTBAS, has two
ethyl groups on each of its alkyl amide functional groups, re-
sulting in steric interactions similar to SiH2DMA:, decreasing
the stability of this BR complex. Although DIPAS has only one
alkyl amide attached to its central silicon atom, the large iso-
propyl groups interact in a similar manner to the alkyl groups
of SiH2DMA:z and BDEAS creating steric hindrance around the
reacting site.

ACS Paragon Plus Environment

Page 6 of 9




Page 7 of 9

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

(a)

(b)

Figure 12: Structures of chemisorbed SiH,DMA, product (UP) on
(a) (Si3N4)4(H20),2 and (b) (SizNy)y(NHs),; clusters.

The presence of intense absorption bands, assigned to NH
stretching and bending modes, in FTIR spectra of SisN4 com-
pared to the absence of OH bands in SiOz is one of the notable
differences observed between ALD-grown silicon nitride and
silicon dioxide. This retention of hydrogen in silicon nitride
films may be explained by looking at the final unbound prod-
ucts (UP) calculated using the proton transfer mechanism
described in this work. The molecular structure shown in Fig-
ure 12a depicts a SiH2DMA group chemisorbed to a
(SisN4)4(H20)12 surface after the elimination of an H-DMA
molecule. The new silicon atom from the precursor is bonded
to the surface via an oxygen atom which in turn is bonded to a
Si atom of the bulk substrate (Si—0-Si), leaving no H atoms
coordinated to the oxygen. Elimination of the other DMA
group as H-DMA may further deplete the surface of hydrogen,
forming a second Si—0—Si bridge.

Considering the product from the same precursor onto the
(SisN4)4(NH3)12 cluster in Figure 12b, the incoming silicon
atom is bonded to the surface via a nitrogen and then to a
substrate silicon atom. However, unlike the SiO2 model, the
nitrogen atom bridging the new silicon atom with the underly-
ing surface has a remaining hydrogen atom (Si—NH-Si)
where elimination of the other DMA group would form anoth-
er Si—NH—Si bridge. Further adsorption of a second precursor
to bridging NH group and removal of second hydrogen during
the silicon precursor ALD pulse is prevented by steric hin-
drance from the first precursor fragment, particularly in at-
tempting to form the four-membered ring TS (Figure 10). In
this way, despite removal of DMA by the nitrogenation pulse
(e.g. by treatment with NHs plasma), this NH group will be
buried within the film and will remain even after annealing.

CONCLUSIONS

Silicon nitride films deposited using ALD with silicon pre-
cursors and NH3 plasma require a precursor exposure more
than 100 times greater than that for silicon oxide films depos-
ited with oxygen plasma. Experiments also show significantly
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different deposition rates between the precursors employed
in the deposition of silicon nitride. In order to explain these
differences, various theoretical models employing DFT calcu-
lations have been applied. Thermodynamic models using DFT
calculated energies correctly predict the lower reactivity of
silicon precursors with amine-terminated surfaces compared
to hydroxylated surfaces, but failed to predict the trends in
reactivity between precursors. A mechanistic pathway for
growth involving the elimination of a precursor functional
group via proton transfer mechanism was applied first to
small molecules representing surface groups and then to larg-
er cluster models of silicon nitride and silicon oxide surfaces.
A significant difference in reactivity is observed due to the
orientation of the hydrogen atoms attached to the hydroxyl
and anime groups, where in-coming precursors approach the
OH group vertically and approach the NHz group side-on. The
nitride surface is therefore considerably more sensitive to
precursor bulk.

The significance of this difference in approach of the pre-
cursors towards the surface groups becomes apparent when
reactivity with the larger cluster models is considered. For the
OH covered surface little interaction is observed between the
precursor and surrounding surface, but for the NHz covered
surface, the side-on approach of the precursor causes the pre-
cursor groups to be oriented towards the surface. This has a
substantial effect on the strength of the H-bonding between
precursor and surface (“Bound Reactants”) and thus on the
lifetime of the adsorbed state and the probability of further
reaction before desorption. Their relative adsorption energet-
ics are therefore used to estimate the ALD kinetics and expo-
sure required. With regard to the silicon dioxide surface mod-
el, all the amino-silane precursors considered in this work
were determined to have reasonably strongly bound reactants
(adsorption energies between —32 and —65 KkJ/mol) and
therefore a reasonable ALD growth rate is predicted. The ste-
ric bulk of the amine functional groups attached to the precur-
sors was found to have a greater effect on ALD growth of sili-
con nitride.

For the precursors where one or more smaller R groups
were attached to the amine functional groups (e.g. SiH2(NHz)2,
AE[BR] = —28.2 k]/mol), more stable bound reactants struc-
tures were found than those with larger R groups (e.g. BDEAS,
AE[BR] = —5.9 kJ/mol). DFT calculations for the bound reac-
tants of the larger SiH2DMAz and BDEAS precursors yielded
the lowest adsorption energies —7.5 and —5.8 k] /mol. Despite
the same number of atoms as BDEAS and a large t-butyl group
attached to one position of the amine functional groups, ad-
sorption of BTBAS (—21.4 k]J/mol) was determined to be sig-
nificantly more exothermic than that of BDEAS (—5.8 kJ/mol).
In facts BTBAS adsorbs as easily as the model precursor
SiH2(NHz)2 (—28.8 kJ/mol) where the presence of the small
hydrogen on the amine functional group allows the precur-
sors to form bound reactant structures with reduced steric
interactions with the surrounding surface compared to larger
alkyl groups.

The mechanism presented in this work for the adsorption of sili-
con precursors via functional group elimination predicts hydrogen
atoms to be present both on the surface and embedded within the
growing silicon nitride film. By contrast, the same mechanism
predicts that hydrogen is only present on the surface of silicon
oxide film. In the experimental FTIR absorption spectra, vibra-
tional bands associated with NH bonds in silicon nitride are in-
deed detected, in contrast with a lack of OH vibrational bands in
silicon oxide. This helps validate the proposed growth mechanism
and theoretical approach. Due the relative unreactivity of NH
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groups towards functional group elimination, the plasma assisted
ALD silicon nitride is much slower compared to that of silicon
oxide systems and requires longer precursor exposure. Targeted
reduction in precursor bulk may improve the situation, but the
main reason is the inflexible orientation of amine groups at the
surface, which is an intrinsic property of the silicon nitride mate-
rial being deposited.
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