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Abstract—Filling high aspect ratio trenches is an essential man- memory capacitors and for contact structures, where the man-
ufacturing step for state of the art memory cells. Understanding yfacturing processes have to be applicable to trenches of high
and simulating the transport and surface processes enables 10 5qh0.¢ ratio. Thus the aims were to model the chemical vapor
achieve voidless filling of deep trenches, to predict the resulting . . .
profiles, and thus to optimize the process parameters and the d€POSItion (CVD) and surface reaction processes, to predict the
resulting memory cells. resulting profiles from process parameters, to provide feedback

Experiments of arsenic doped polysilicon deposition show that for device design, and finally to optimize the manufacturing
under certain process conditions step coverages greater than unity process with respect to manufacturing throughput.

can be achieved. We developed a new model for the simulation In this paper. a new model for arsenic doped polvsilicon is
of arsenic doped polysilicon deposition, which takes into account IS paper, W I ped polysili |

surface coverage dependent sticking coefficients and surface cov-developed in order to trace the origin of the effect of bottom
erage dependent arsenic incorporation and desorption rates. The up filling and to facilitate its controlled application. The model
additional introduction of Langmuir—Hinshelwood type time de-  takes into account surface coverage dependent sticking coeffi-

pendent surface coverage enabled the reproduction of the bottom e o rface coverage dependent arsenic incorporation and
up filling of the trenches in simulations. Additionally, the rigorous

treatment of the time dependent surface coverage allows to trace d€SOrption rates, and Langmuir—Hinshelwood type time-de-
the in situ doping of the deposited film. pendent surface coverage. In addition ieitu doping of the
The model presented was implemented and simulations were deposited film is traced. The process considered is a high-pres-
carried out for different process parameters. Very good agreement g;ra thermal CVD process, where no electric field effects occur,
with experimental data was achieved with theoretically deduced d the Si fl te is about 1.2 sim. th i t
parameters. Simulation results are shown and discussed for f"m e SiH gas flow rate is about 1.2 slm, the Aglfow rate
polysilicon deposition into 0.1 pm wide and 7 pm deep, high IS between 0 and 5 sccm, the Row rate about 40 sIm, the total
aspect ratio trenches. pressure is about 50 torr, and the temperature of the substrate is
Index Terms—Chemical vapor deposition (CVD), in situ doping, 200Ut 70(_7)0 _ _
memory cells, topography. In Section Il, the time and flux dependent surface reaction
CVD model is presented. Furthermore, linking the reaction
model and profile evolution is described along with simulation
logic and the various other parts of the simulation program,
OIDLESS filling of deep trenches is a crucial process stapamely surface extraction, meshing, and topography sim-
in manufacturing state of the art memory cells. Our exilation. The arguments whether a diffusion or a radiosity
periments of arsenic doped polysilicon deposition have showpproach should be used are discussed as well. Due to the
that under certain process conditions step coverages greater tp@meral approach in the transport/reaction model description
unity can be achieved. This means that the deposition rate atthe implemented methodology has also been extended to other
bottom of the trench is higher than at the feature opening whiphocesses like the deposition of tungsten.
leads to highly desired bottom up filling of the trench. Simulation results from a 0.4m-wide and 7=m-deep trench
Understanding the mechanism of arsenic doped polysilicosflecting the experimental results are discussed in Section lIl,
deposition allows to optimize the filling of miniature trenchwhere the influence of different arsenic concentrations can be
structures. These features are, e.g., important for electrodeseén. Bottom up filling is reached in some cases. The arsenic
incorporation rate was simulated as well. Results indicate that
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that of the geometries resulting after each time step have to be
extracted into a triangular format that is suitable as input for the
meshing tool.

The conversion is accomplished using a marching cube algo-
rithm [2]. Its advantage is that it ensures that all triangle points
are located in the center of the cell faces, which is necessary for
an isomorphism between triangle points and surface cells. The
only exception are points touching the horizontal bounding box.
In this case the points are located at the edges of the cubes still

Initial Geometry

Surface Extraction

Meshing of Volume above Surface

FEM Solver permitting a one to one correspondence. After the initial trian-

(Mass Transfer, gulation, coplanar triangles are merged using a very small point
Reaction Kinetics, to plane distance criterion according to [3]. Thus the following

Surface Coverage) meshing and finite-element method (FEM) steps are highly ef-

ficient without losing any topography information.

Surface Propagation, B. Meshing
Void Detection,

Time Step Control

The meshing tool described in detail in [4] uses a modified
advancing front algorithm to generate a three-dimensional un-
structed tetrahedral mesh. Its input are the initial surface, which
Final Geometry is given as a list of triangles and the size of the reactor region
above the feature. Extra points within the region must be added
in order to arrive at a suitable grid. The meshing tool can gen-
erate point clouds in surface normal style or as axis-aligned
tensor product meshes.

When the surface has propagated after each time step, it is
The simulator developed for CVD processes is a combinatipassible that some of the initially defined points of the ortho
of specialized tools which are iteratively called. It was first destyle point clouds are below the new surface. Since the ad-
scribed in detail in [1] and has been extended for the specific kgncing front algorithm propagates from the initial surface in
quirements for the simulation of time dependent processes lke&vell-defined direction, those points are never reached by the
the deposition of arsenic doped polysilicon. front and are implicitly discarded. Therefore it is possible to

In general, a typical simulation flow is as follows (cf. Fig. 1)use the same control file and the same initial point clouds for
In the first step the surface of the initial geometry is extractadleshing the structures in different time steps, which is neces-
and used for generating a three-dimensional (3-D) mesh of &y for automating the simulation sequence.
gas domain above the wafer surface. Secondly, a finite element
solver operates on this unstructured tetrahedral mesh and sofvediffusion, Reaction Kinetics, and Surface Cage
the differential equations corresponding to mass transfer andcor the simulation of the chemical part of the model a
reaction kinetics. The deposition rates obtained that way act@sgram called Analytical Model Interface and General
input to the topography simulator and are converted to a cellu@pject-oriented Solver (AMIGOS) [5] is used. It combines
representation. The topography simulator then propagates ¢ interpreter for translating mathematical expressions into
surface, which leads to a new cellular topography. one-, two-, or three-dimensional discretized numerical repre-

This procedure is repeated for every time-step until thgntations and an input language for the formulation of the
overall simulation time is completed. Certain parameters fgfscretization scheme and the considered partial differential
the meshing tool and the continuum transport model are @guations. The global equation system is assembled according
tracted from control files, which ensures automatic operatiogs the discretization scheme, and the global system matrix is
without further user interaction. passed on to a numerical solver. The model definition interface

The accuracy of the simulation can be adjusted by the cgil AMIGOS allows to flexibly choose the involved gas species
resolution. The drawback of higher resolutions are of courg@d chemical reactions.
longer simulation times. Finally it is noted that the differences |n order to solve the CVD model numerically, it was dis-
in molar mass, average molecular velocities, and diffusivities gfetized using a finite element scheme. The CVD model is
the different gas species are treated rigorously after being regged on [6] and was extended in a number of ways: it was made

Fig. 1. Overview of the simulation logic.

Il. SIMULATING ARSENICDOPEDPOLY-SILICON DEPOSITION

from control files. time-dependent, the concept of surface coverages was added,
) and arbitrary chemical reactions can be specified by declaring
A. Surface Extraction the reactant types involved and the reaction equations. The

In order to start the simulation flow, appropriate input for thgoverning principle of CVD determined by continuum transport
meshing tool has to be prepared. The initial geometry is buidt mass conservation which has to be respected in the time-
with a solid modeling tool and the representation is based dependent diffusion of gas species in the gas phase including
the same cellular material representation used in the deposittmmogeneous (volume) reactions and heterogeneous (surface)
simulator. Hence, the surface of the initial geometry as well asactions with multiple species. In the high pressure regime
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considered, diffusion is the predominant transport mechanism. AsHj SiHy _
At the top of the simulation domain constant concentration of o . Intlzre;ité;’;tes
the gas species is assumed and no flux across the side walls (SiHy)

2

of the domain. The conditions at the top and at the side walls
are handled as Dirichlet and Neumann boundary conditions,
respectively. The diffusion and reaction equations contain the
concentrations of all involved gas species, which are coupled
by the stoichiometry of the chemical reactions. Consequently, ©000000000000000000800
transport of gas molecules from the plasma above the wafer
into the trench competes with surface reactions which trans-
form the reactants to a solid material forming the depositeg) 2. surface reaction and coverages.
layer.

_ In contrast to the reactive gas species, wh.ich are distributedrp,o deposition velocity is governed by the adsorbed arsenic
in the whole reactor chamber and are treated in a volume modghinition layer (cf. Fig. 2). The kinetics of the layer formation

Wafer Surface with Single Surface Sites

the surface coverage is defined at the boundary of the simulgz given by

tion domain, which represents the surface of the feature. In the

overall formulation of the model the surface coverage process 9Cs _ L — kO — kot @)
is specified as a separate boundary model. gt MAsHsTAsHg T s T R

The assumptions for a steady-state surface coveraggereC, is the arsenic density, angh.y, andl's.q, denote
were valid and sufficient in prior work for different processgysenic sticking coefficient and flux, respectively.is the rate
chemistries [1], but do not hold for the chemical reactioponstant of arsenic desorption from the protective layeriand
system observed in the arsenic/silicon chemistry for polysilicqRe incorporation rate of arsenic from the layer into the de-

deposition. Due to the surface chemistry of this process, thgsited polysilicon film. The sticking coefficients for Agtand
assumptions leading to reaching a steady-state surface covekgg are defined as

fast are not valid and thus a rigorous time-dependent calculation
of the surface coverage is required [7]. MasH, =1 (1 _ %) 3)
. . . sh3 AsHj3
The transport of the reactants in the high-pressure regime (ap- Co
proximately 10 torr) is characterized by the diffusion equatio@nd

801‘
ot
wherei stands for the three types of reactants, namely AsHvheren ;. andnd;y;, are the clean surface sticking probabili-
SiH4, and SiH, ¢; for their concentration, and; for their ties andCy is the number of available surface sites per unit area
diffusivity. for arsenic adsorption. In order to determine the sticking coef-
The relevant gas species for the polysilicon depositidigient of SiH,, the shape of polysilicon films on deep trench
process are Ask] SiH,, and SiH, where SiH and SiH Structures were examined in simulation results and scanning
react to form the polysilicon layer and Aslis responsible for €lectron microscope (SEM) images. Values between 0.9 and 1
doping only and hence its concentration is lower than that elded the best match and thus a value of unity is used in the fol-
SiH, and Sik by a factor of10® or 10%. AsHs, SiH,, andN, lowing. The final deposition rate has three contributions, namely

are introduced into the reactor. The principal reaction scheméRlysilicon deposition from surface reactions of Sig¢hd SiH,
at the unprotected surface and the incorporation of arsenic from

SiHy,, — Sigs) +2Hz,, the adsorption layer. Thus, the resulting deposition rate DR is
SiHy,, — Si() + Hz,, given by
2AsH3 | — 2As() + 3Hy

Cs
NSiH, = NSin, (1 - a) (4)

=V-(DiVe;) (1)

DR = nsin, 'sin, + nsim, lsin, + ksCs. 5)

where only the main contributing reactions are considered An

order to arrive at a reaction scheme without an abundance o . denote the st|ck'|ng propablhtles anq th_e corre-
unknown parameters. Furthermore, $ild not generated by sponding fluxes. Since SiHand S.'HZ are predominant, th_g

-y A - AsHj flux can be safely neglected in the sum for the deposition
thermal decomposition of SiH since a high excitation energy ie The coupling between gas concentratignsithin the re-
would be needed. The reaction can be split into three stages,

namely adsorption, the chemical reaction by itself and tﬁaé:for space and the fluxés toward the surface is given by the

desorption. The stages for silane are rélation
. . i Ci . 8kT
SiH,,, — SiH, r= 25 with v = . 6)
. . m™my;
SIH4(ad) — SI(S) + 2H2(ad) . . o
H H Here,v; is the average molecular velocity of gas speciegth
2a) T T2

a molar massn;.
and analogously for SiHand AsH;, where (ad) denotes the The modeling equations described above resultin a set of par-
adsorpted state in an arsenic inhibition layer [8]. tial differential equations for the concentrations of the reactants
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Fig. 3. The setup of the reactor used for the experiments.

and the surface coverage which is iteratively solved for the pr
file evolving with time. Most importantly, by tracing the actua
surface coverage the model allows to monitor the arsenic inc
poration into the polysilicon film and thus the situ doping of
the deposited layer.

The boundary condition for the model are the concentratio
of the reactants on top of the simulation domain. Since the prt
ence of arsenic determines the protective film formation a1
thus the behavior of the deposition rate, the most important |
fluence is given by the AsHpartial pressure.

D. Diffusion Versus Radiosity

For the simulation of the transport of the particles above tl
wafer surface two main approaches are known, namely diffusi
and radiosity. In the following, the arguments that contributed
the decision for using Knudsen diffusion instead of the radiosi
approach are discussed.

The low sticking coefficients found for the particles moving
above the wafer surface suggest a rather diffuse transport
the particles within the trench as opposed to the directed flux
given in ballistic transport determined processes with sticking
coefficients closer to unity. Fig. 4. sEM (scanning electron microscope) images @fm-deep trenches.

Judging from SEM pictures of the trench (cf. Fig. 4) it can
be concluded that the profile at the trench mouth is uniform, Finally, since time dependence and spatial transport can be
i.e., the thickness on top of the wafer, where no reflections caalculated simultaneously, the performance of the model dras-
occur, is the same as on the sidewall at the trench mouth. Thisigally improves. Furthermore, conversions from cell to triangle
contradictory to ballistic transport models which show a strorfgrmat and orientation inaccuracies inevitable in an approach
dependence of the film profile on the orientation of the exposedupling radiosity and surface reactions are avoided.
surface. ) )

Knudsen diffusion has been applied successfully to tungsten ToPography Simulation
and TiN deposition processes in the same pressure and tenHaving calculated the deposition rates as described above, the
perature regime, where the diffusion approach together witfafer surface has to propagated. To that end a cell based topog-
a different set of reaction equations has shown an excelleaphy simulator is used, which was first presented in [9] and
agreement between the simulated and experimentally obseriied been extended and improved as described in [1] and [10]
overhang structures. since. The geometry is represented by an array of cubic cells,

Even without calibration or fitting parameters the simulatiowhich have unique material indices. Zero indicates that the cell
results clearly represent the experimentally observed bottomigmutside the wafer, whereas positive integer numbers indicate
filling and the step coverage greater unity occurring at AsHhe material of the cell, if it lies within the wafer. When prop-
flow rates of about 0.3 sccm. agating the surface, a structuring element whose size depends
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flowas, = 0.0scem flowasg, = 0.6scem flowpgn, = 3.0scem flowpgy, = 5.0scem

Fig. 5. Profile evolution of arsenic doped polysilicon deposition with Adldw increasing from left to right. Note the distorted width/height ratio of the figures,
originally it is 0.3-7.35:m.

on the local deposition rate is moved along the surface, anddilinensions in Fig. 5 demonstrate the effect of increasingsAsH
vacuum cells hit by the element are switched to the index of thartial pressure (from left to right) which is controlled by
deposited material. the AsH; flow given in sccm (standard cubic centimeter per
The deposition rates for the high-pressure model are reméhute). Note the distorted width/height ratio of the figures,
from the AMIGOS result file. This file contains the triangleswvhich originally is 0.3um to 7.35um. When no or little AsH
generated by the surface extraction algorithm from Section |148 present (left) no inhibition of the surface reaction is given
and additional rate values for each triangle point. These triangled the usual step coverage smaller than unity and severe void
points positioned in the center of the cell faces are assignedaomation are observed. With addition of Agtn inhibiting
the corresponding surface cells. In order to ensure a smooth &r is formed at the trench opening, lowering the deposition
continuous surface evolution, itis necessary to apply structurirage but shifting the effect of void formation to a lower region in
elements at all surface cells, which is accomplished by linear itite trench. With an even higher addition of Astiie deposition
terpolation of the deposition rates within the triangles. is retarded in the complete trench, but in the upper part with
Time step control plays animportant role, especially when tltiee higher arsenic concentration more than in the lower part. In
process conditions lead to the formation of voids. Dependitigis case bottom-up filling is reached.
on the interaction between diffusion velocity and reaction Still increasing the Askl partial pressure amplifies this ef-
rates, depletion of gas species at the bottom of the feattfieet, but the possibility of the formation of a small overhang
is observed, which consequently leads to strong variatioasthe trench opening is given by Sildontributions, which be-
of the local deposition rates, to the characteristic overhangme the predominant fraction of the deposition rate under these
structures, and finally to the formation of voids. Within therocess conditions. Note that increasing the Agldrtial pres-
cellular material representation, a region of vacuum cells naire, and thus the formation of the resulting inhibition layer,
connected with the gas domain above the surface can easilgluces the deposition rate. Therefore, longer deposition times
be detected and used for controlling void closure. To avoate necessary to obtain a film thickness of 100 nm, to which the
underestimating the size of such a void by choosing a too largjienulations are scaled. The deposition times range from 15 to
time step when the void is closed, the topography simulatb80 s.
checks for voids and reduces the time step until it observedn Figs. 6 — 9, the arsenic incorporation rates corresponding
that the void is closed. In general, a constant time step is ustalthe profiles from Fig. 5 are shown. It is proportional to the
surface coverage prevailing in the different trench regions and
represents a measure for thesitudoping of the deposited film.
The figures also suggest that for low Agllows the surface
Experiments were carried out for Oulm-wide and coverage is concentration limited, whereas it is time limited for
7-um-deep trenches in a custom-built single-wafer type reactoigher flows. Concentration limited (the two figures on the left
as shown in Fig. 3semimages of the experiments are depictetland side) means that the available arsenic is completely con-
in Fig. 4. The simulation results for a trench of the sam&med by the layer formation in the upper region of the trench.

I1l. SIMULATION RESULTS FORHIGH ASPECTRATIO TRENCHES
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Fig. 8. Arsenic incorporation rates corresponding to the profile for
flowasn, = 3.0 sccm from Fig. 5. The rates are shown for 2.78, 5.78, 8.81,
Fig. 6. Arsenic incorporation rates corresponding to the profile fok1.58, 13.63, 16.37, 54.25, 92.01, and 99.66 s after the start of the simulation.
flowasn; = 0.0 sccm from Fig. 5. The rates are shown for 1.93, 3.85, 5.78,
7.69, and 9.60 s after the start of the simulation.
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Fig. 9. Arsenic incorporation rates corresponding to the profile for
Fig. 7. Arsenic incorporation rates corresponding to the profile fdtowa.z, = 5.0 sccm from Fig. 5. The rates are shown for 2.86, 5.85, 8.48,
flowa.u; = 0.6 sccm from Fig. 5. The rates are shown for 2.53, 5.26, 8.3@3.92, 71.92, 112.14, 149.84, and 186.75 s after the start of the simulation.
11.55, 15.04, 30.58, 52.49, and 74.75 s after the start of the simulation. Some of the lines at the end of the simulation overlap.
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Fig. 10. The thickness (nm) of the deposited layer at the middle of the trench bottom depending on time (s). The four curves correspond to therfour differ
AsHj; flow rates (cf. Fig. 5) of 0.0, 0.6, 3.0, and 5.0 sccm.

Even for longer times no significant surface coverage can bpproach to the transport phenomena and for an easier calibra-
observed at the bottom of the trench. Time limitation for higheion of the parameters.
flows (the two figures on the right hand side) means that enoughThe simulations shown are intended to demonstrate the fun-
arsenic is present for covering the complete trench, but it tak#@mental effects of surface layer formation on profile evolution,
some time until the arsenic has diffused into the lower regioasd therefore, assume only a very thin boundary layer. Thus
of the trench. the ideal AsH flow obtained from the simulations slightly
Finally, in Fig. 10, the time evolution of the thicknesses dfiffers from the experimentally observed one. This difference
the deposited layers at the middle of the trench bottom are cocan be further reduced by an accurate calibration of the trans-
pared for the four different AsHflow rates. The four curves port parameters from the reactor scale (AsHlet gas flow)
correspond to the four different AgHlow rates (cf. Fig. 5). to the feature scale concentrations in the boundary layer and
The thicknesses for flow rates of 0.0 and 0.6 sccm remain catese to the trench surface.
stant after voids have formed. The thickness for a flow rate of Finally, it is noted that the CPU time consumed for these sim-
3.0 sccm raises abruptly when the sidewalls meet. The thicknesstions is in the range of 10 to 30 min using a Pentium-IlI-based
for 5.0 sccm raises only slowly because of the strong inhibitiamorkstation.
caused by the high AsHflow.
The key to arriving at advantageous process conditions is
leaving behind the concentration limited case and to just reach
the time limited case. But going beyond a certain limit and too We have shown that by introducing Langmuir—Hinshelwood
far into the second regime, the deposition rate decreases sigtyipe time-dependent surface coverages into CVD modeling it
icantly, when the arsenic concentration is too high. is possible to simulate the bottom-up filling behavior of ar-
The simulation results from above clearly show that the fosenic doped polysilicon trench filling. Furthermore, the rigorous
mation of a surface coverage layer has the strongest influetiatment of the time-dependent surface coverage allows for the
on the profile evolution. The surface layer formation is detemonitoring of thein situ doping of the deposited film, which is
mined by the amount of arsenic reaching the surface, whichimportant for the characterization of the electrical properties of
the presented model is determined by three parameters, nantieéydeposited polysilicon film.
the concentration of AsHon top of the simulation domain  Bottom-up filling can be achieved by increasing the AsH
(corresponding to a Dirichlet boundary condition), the heigliitaction in the process gas. On the other hand an increase in the
of the simulation domain and the transport velocity, given b&sHs fraction also reduces the overall deposition velocity of the
the diffusivity. Determining these parameters is crucial for therocess. In order to obtain a satisfactory profile evolution, the
simulation. right balance between decreasing the probability of void forma-
In addition, the simulation domain can optionally be split inttion and reducing the deposition velocity with respect to manu-
two regions. The two regions are the inner part of the trenéhcturing throughput has to be found.
and a boundary layer toward the reaction chamber outside th€€oncerning the industrial practicability, the deposition time
trench. The Knudsen diffusivity is different within the trenchis increased from about 15 s to about 1 min in order to suppress
where the characteristic diffusion length is determined by tlweid-formation. But the cost of the whole industrial process is
trench diameter, and outside the trench, where the diffusivitidetermined by many factors, not only by the deposition time
are higher. This two regions approach allows for a more realisti€a single step. The benefit of voidless filling of deep trenches,

IV. CONCLUSION
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