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Abstract: We have studied the main physical mechanisms involved in the growth of Chemical Vapor Deposition
(CVD) systems. We have characterized W films by Scanning Tunneling Microscopy, and SiO; films by Atomic
Force Microscopy (AFM) and Infrared and Raman spectroscopies. Tungsten CVD films display an unstable growth
mode since the surface roughness increases continuously with deposition time. In order to assess the physical origin
of the instability we have grown silica films in a low-pressure CVD reactor from SiHy/O; mixtures at 0.3 nm/s at
low (611 K) and high (723 K) temperatures. Silica films deposited at high temperature are rougher than those grown
at low temperature. Moreover, they become asymptotically stable in contrast to those deposited at low temperature
which are unstable. These different behaviors are explained within the framework of the dynamic scaling theory by
the interplay for each growth condition between surface diffusion relaxation processes, shadowing effects, lateral
growth, short-range memory effects and the relative concentration of active sites, mainly SiH and strained siloxane
groups, and passive sites. A continuum growth equation taking into account these effects is proposed to explain the
observed growth behavior for both sets of films. Computer simulations of this equation reproduce the experimental
behavior,

1. INTRODUCTION

Many of the most important properties of thin films are related to the film surface morphology [1]. Thus,
the knowledge, at a fundamental level, of the processes involved in thin film growth that finally
determine the film structure could be important in order to achieve a better control of the final film
quality. The necessity to achieve such control, particularly in the submicrometer range, is driven by the
progressive miniafurization of solid-state devices. The development of scanning probe microscopies
makes possible the routine evaluation of the film surface morphology at the nanometer-micrometer
scales. These high-resolution data can then be contrasted with those predicted theoretically. These studies
are also needed in those deposition techniques with important technological applications. Chemical
Vapor Deposition (CVD) is one of the most widely used, partially because of its ability to grow, under
certain deposition conditions, uniform deposits on complicated substrate morphologies. This property,
known as conformal growth [2], indicates that, in some cases, CVD growth is govemned by some
stabilizing mechanism that promotes lateral rather than vertical (unstable) growth. However, as some
simulations of conformal growth show [3-5], surface roughness also develops at shorter length scales.
Once more, the reduction of device dimensions stresses the importance of the control of step coverage of
thin films deposited in ever-smaller structures. It is clear that in order to achieve this growth control one
needs to know the growth mechanisms that determine the film morphology at different length and time
scales. For this reason we have addressed the study of the growth evolution in two particular systems of
technological interest: tungsten and silica films grown by Low Pressure Chemical Vapor Deposition
(LPCVD).
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1.1 Theoretical concepts:

Usually models of CVD growth [6-11] predict that the CVD film interface becomes unstable for gas
diffusion controlled growth conditions. These models are purely theoretical approaches to CVD growth
dynamics. Our approach is different since we first characterize a specific experimental system in order to
model the CVD growth evolution. Specifically, we characterize experimentally the film surface
morphology by Scanning Probe Microscopies a wide range of length and temporal scales in order to
analyze the dynamic behavior of the growing interface.

1.1.1 Dynamic scaling theory

We analyze these data within the framework of the dynamic scaling theory (DST) [12-14], which allows us
to identify the main growth mechanisms operating during CVD growth. DST predicts that a characteristic
lateral correlation length of the system, & obeys: £(t) o t" where 1/z is known as the coarsening
exponent. The parameter most commonly employed to characterize statistically the surface morphology for
a given growing system with size L and observed at time t is the roughness, o(L,t), also known as the
interface width. This magnitude is defined as the mean square deviation of the local height with respect to
the mean height. DST also predicts [12]: o(L,t) o< t° for L > t** and o(L,t) e« L* for t"* > L where the
exponents o and B are known as the roughness and growth exponents, respectively. These three exponents
are related through the expression z = o/B. It is straightforward to obtain the value of the exponents 8 and
1/z from the AFM data since this merely requires measuring the change with deposition time of ¢ and &,
which are obtained directly from the AFM images. Regarding the estimation of the value of exponent ¢,
there are several approaches, namely it can be obtained either from the change of ¢ with the sampling
length [15] or from the Power Spectral Density (PSD) of the AFM images [16,17]. It can be shown that
the PSD curve of a rough surface, which is a function of wavevector (inverse length) k = 1/L, obeys the
following relationship: PSD(k) cc k™®*?_ This expression implies that the o value can be obtained from the
slope of the straight regions observed in a logarithmic plot of PSD versus k. Likewise, the values of § and
1/z correspond to the slopes of the straight regions of the logarithmic plots of ¢ and & versus time. The
values thus obtained for the exponents can then be compared to those predicted by the different models.

1.1.2 Continuum growth models

Continuum growth models allow the simulation of the growth process by numerically integrating a
differential equation that describes the local surface evolution, that is, the change with time of the surface
height h(r,t). The most general form of this kind of growth equation is [13,14]:

oh/at = F[r, h(r,t), t] + 1 (1)

where the function F[r, h(r,t), t] accounts for the different growth mechanisms, either local or non-local,
which govern the morphological evolution of the system, and n is a noise term. From the simulation of
equation (1) one can compute the temporal evolution of the height profiles, the average height, interface
width; PSD and the average slope. Therefore, one can derive the values of the exponents a, $ and 1/z. Tt is
important to note that the specific values of these exponents are dependent on substrate dimension.
Although the degree of complexity of the growth equation can be rather high, it is useful to introduce
briefly the simplest fundamental equations involved in this work:

a) Random deposition: In real systems the incoming particles arrive randomly, both in space and time, to
the growing interface, implying the existence of local fluctuations on the surface. This fact is described by
the noise term ), which is one of the main contributions to the development of the film surface roughness.
Usually, these fluctuations are uncorrelated both in space and time. However, in some cases the
fluctuations can present a certain degree of correlation. The systems governed only by these fluctuations,
known as random deposition systems [12], are described by the following equation [18]:
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oh/ot = n(r,t) 2

and they are characterized by an exponent § = 0.5 independently of the system dimensionality [12,18].

b) Surface Diffusion: This is one of the main processes smoothening the surface. It can be shown that it
depends on the local surface curvature and is thermally driven [13,14,19,20]. The simplest growth
equation, usually known as the linear MBE equation, that takes into account surface diffusion and local
fluctuations effects reads

Ah/dt = - x V*h(r,t) + n(r,t) 3)

where « is a positive constant proportional to the surface diffusion coefficient. The exponents predicted by
this equation for 2+1 dimensions are omr = 1, Bumpe = ¥ and 1/zype= 0.25 [14].

¢) Kardar-Parisi-Zhang (lateral growth, KPZ): Many growth systems show a certain tendency to grow
locally at a constant velocity along the direction normal to the surface. This feature is known as lateral
growth. Kardar, Parisi and Zhang [21] proposed the following equation for this type of growth:

A/ét = v V2h(r,t) + (A2) (Vh(r,))* +n(r,t) )

The term proportional to v describes evaporation/condensation (Gibbs-Thompson) effects, and that
proportional to A describes growth along the normal direction. In 2+1 dimensions, eq. (4) predicts, in the
asymptotic limit, oxpz = 0.4, Bxez = 0.25 and zgxpz= 0.625 [21].

In real systems, growth proceeds usually under the simultaneous action of various growth mechanisms.
Hence, it is very common to observe different growth regimes, which are characterized by a different set of
exponents a, B and z, and are separated by crossovers.

2. EXPERIMENTAL

The first system consists in the deposition of W films on Si(100) substrates. These films were synthesized
in a SPECTRUM model 211, cold wall, single wafer, cassette-to-cassette, fully automated CVD reactor.
The precursor gases were WFg and H,. Two deposition temperatures were studied, 623 K (growth rate
0.35 nm/s) and 823 K (growth rate 3 nm/s). The deposition time spanned from 1 minute up to 8 hours.
The W films were polycrystalline with random orientation as confirmed by X-ray diffraction. The W film
topography was measured with a Nanoscope III STM operating in air by using different Pt-Ir tips.

The second system is the growth of amorphous SiO; films by Low Pressure CVD on Si(100)
substrates also at two different temperatures, 611 K and 723 K. The depositions took place in a hot wall,
horizontal, low pressure tubular CVD reactor. The precursor gases were silane (diluted at 2% in nitrogen,
99.999% purity) and oxygen (99.9992% purity), with an oxygen/silane rate of 20 and a chamber pressure
equal to 1.4 Torr. The total gas flow rate was equal to 50 and 250 sccm for the 611 K and 723 K samples,
respectively. In this case the growth rate was the same for both conditions and equal to 0.33 nm/s. We
have deposited films from 10 minutes up to extremely and unusually long times (i.e., 2 days). The film
morphology was characterized by a Nanoscope III Atomic Force Microscope (AFM) operating in the
tapping mode at ambient conditions with silicon cantilevers.

3. RESULTS
3.1. Tungsten CVD system

Figures 1 a,b show typical STM images of a W film deposited at 623 K for 10 minutes. Both the
roughening and the coarsening processes of the film surface can be clearly appreciated. The surface
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Figure 1: Three dimensional (a) 4 x 4 un® STM image of W films deposited at 623 K for 10 min.; (b) 4 x 4 pm® STM image
of W films deposited at 623 K for 400 min.; (¢} 8 x 8 pum® STM image of W films deposited at 823 K for 1.2 min.; (d) 8x 8
um?®STM image of W films deposited at 823 K for 30 min.. The bars indicate 1.14 pm (a,b) and 3.4 um (c,d), respectively.
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Figure 2: Logarithmic plot of the film surface roughness evolution for the 623 K (W} and 823 K (®) W films and for the 611 K
([1) and 723 K (O) silicon dioxide films. The corresponding B values are indicated.
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Figure 3: Three dimensional 14 x 14 um® AFM images of silicon dioxide films deposited: (a) at 611 K for 35 min.; (b) at 611
K for 2 days; (c) at 723 X for 35 min.; (d) at 723 K for 2 days. The bars indicate 680 nm.
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Figure 4. PSD functions of (a) the 611 K silicon dioxide films deposited for 48 hours; (b) the 723 K silicon dioxide films
deposited for 48 hours. The different growth regimes are indicated for each growth temperature together with the most
relevant correlation lengths.
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consists of granular structures with sharp profiles. A similar behavior, even more evident, is observed for
the W films grown at 823K (figures 1 c,d).

We plot the change of the surface roughness with deposition time for both films in figure 2. The
reported values of the exponent 3 were B = 0.37 % 0.09 for the films deposited at 623 K and f = 0.54 +
0.09 for the films grown at 823 K [15]. At this point it should be mentioned that no known stable growth
model predicts B values larger than 0.25 in 2+1 dimensions [14]. Therefore, these values suggest that the
growth is unstable. However, the origin of the instability remains unclear. Two main causes can be
considered. The first one is the shadowing effect that takes place during the CVD growth. It is well known
that in CVD the reactant molecules diffuse trough the stagnant layer following random walks. Therefore,
the incoming particles will impinge preferentially protruding surface regions rather than depressed surface
zones. The formers shadow the latter. This process leads to competitive growth, in which the growth rate
is smaller for the shadowed regions leading to an instability. This explanation would be, in principle, more
suitable for the W films grown at 823 K since at this temperature the system is in the mass transport-
limited regime. In this regime the slower process is the supply of reactants to the growing film interface.
However, this is not the case for the W films deposited at 623 K, for which the growth is in the surface
kinetic-limited regime. This fact supports the consideration of the second possibility, which is related to the
existence of energetic barriers at step edges on the growing W films. This effect, which could explain
values close to 0.5, is well established for homoepitaxial singlecrystalline metal films [13]. However, its
possible role in polycrystalline systems such as CVD W films has not been elucidated thus far.

In order to assess the source of the instability the most natural procedure was to rule out one of these
two mechanisms by choosing an adequate system. Because of the very nature of CVD processes, it is not
possible, in principle, to avoid completely shadowing effects but, on the contrary, possible step-edge
barrier effects can indeed be avoided intentionally by choosing an amorphous material to be grown [16].
Thus, amorphous silica films were deposited at 611 K and 723 K, and studied by AFM.

3.2. Silicon oxide CVD system

Figures 3 a-d display typical three dimensional AFM images of both sets of films for two deposition times,
35 minutes (a,b) and 2 days (c,d). It is evident that the film surface roughens as growth time proceeds, an
effect that seems to be more pronounced for those films grown at higher temperature. In the case of the
low temperature films a “cauliflower-like” morphology develops, which can be 2-3 microns wide for the
longest deposition times, and that determines the surface roughness at large length scales. However, for
the high temperature films this structure does not appear although structures some microns wide are also
observed. For both sets of films a smaller granular structure is observed. For the 611 K films this granular
structure has a size which increases from 40 nm (after 20 minutes of deposition) to reach a constant value
close to 80 nm for 3 hours of deposition. In the case of films grown at 723 K this structure increases in
size from 35 nm (20 min.) to a constant value close to 50 nm (50 minutes).

Figure 2 shows, in a log-log plot, the film surface roughness evolution, obtained directly by the AFM
software, for the 611 K and 723 K films. In this figure it can be observed that, for the same deposition
time, the high temperature films are always rougher than the 611 K films. Also, it is clear that the surface
film roughness finally saturates for the 723 K films while for the 611 K films it keeps increasing
continuously. Note that the surface roughness of the silica films is considerably smaller than that of the W
films (compare, for instance, the vertical bars of the three-dimensional AFM images in figures 1 and 3). In
particular, it is important to stress the difference with the W films grown at 623 K on the same substrate
and at a growth rate similar to those employed for the silica films. The analysis of the temporal dependence
of the surface roughness for the silica films grown at 611 K suggests the existence of two growth regimes.
The first one, for 10 min. <t < 150 min., with B*;;, = 0.37 = 0.03 and the second one, for 150 min. <t <2
days, with B, = 0.51 + 0.03. For the silica films grown at 723 K figure 2 suggests the existence of two
regimes. The first one, for 10 min. <t <75 - 100 min., with 3,5 = 0.45 + 0.04 and the second one, for 75 -
100 min. <t < 15 hours, with 834 = 0.26 + 0.03. Finally, an additional saturation regime ( ~ 0) for 15
hours <t <2 days is observed.
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These data imply that for the 611 K samples the film growth evolution is unstable (i.e. § ~ 0.5)
whereas for the 723 K films it reaches a saturation regime after an intermediate stable growth regime
characterized by a relatively low value 835 = 0.26.

In order to perform a detailed analysis of the different growth regimes present for both deposition
temperatures, it is necessary to analyze in detail both the PSD curves and the temporal change of the
different correlation lengths of the systems. Since this analysis has been described in detail recently [16]
we will give here the final results together with the most relevant PSD data.

3.2.1 Growth regimes for the silica films deposited at 611 K

We obtain for the 611 K films two different growth regimes:

a) Regime I It is characterized by oy = 1.0 £ 0.1, §;, = 0.25 £ 0.03 and 1/z;;, = 0.28 + 0.03. It
corresponds to roughness correlations up to length scales smaller than the small granular structure, which
becomes frozen for deposition times larger than 150 minutes. The corresponding lateral correlation length,
&1 = 1/ kyp, close to the small grain size, is indicated in figure 4a for the PSD curve of the film deposited
for 2 days. Note that the initial B*,_ value of 0.37, obtained directly by the AFM sofiware, has two
important contributions coming from both regions, I and 11 (this is the reason to label it with *). In order to
evaluate properly the By value it is necessary to analyze the PSD curves [22].

b) Regime II: It is characterized by oz = 0.58 + 0.03, B = 0.51 £ 0.03 and l/zy;, = 0.71 £ 0.05. It
corresponds to roughness correlations at large length scales, which are related to the cauliflower structure
found on the film surface. It appears after 50 minutes of deposition, with an extent continuously increasing
during the whole temporal range studied, spanning for two decades in the k wavevector afier 2 days of
growth. The corresponding lateral correlation length, £ = 1/ kar, close to the size of the “cauliflower-
like” large structure, is indicated in figure 4a for the PSD curve of the film deposited for 2 days. It can be
noted that, in this case, the value of 1/zy does not correspond, within the experimental uncertainties, to the
Bau/ca ratio although it is close to it. This discrepancy is due to the fact that for an unstable growth regime
the scaling exponents are not well defined and they are effective values rather than true exponents [13,14].

3.2.2 Growth regimes for the silica films deposited at 723 K

In this case three regions can be distinguished in the PSD curves:

a) Region I with oy = 1.0 + 0.04, By = 0.28 £ 0.09 and 1/z;y = 0.3 £ 0.1. It is observed in the whole
temporal range, although after 50 minutes of deposition it becomes frozen. It corresponds to roughness
correlations up to length scales smaller than the small granular structure. The corresponding lateral
correlation length, {in= 1/ky, which is close to the average small grain size observed in the AFM images,
is indicated in figure 4b.

b) Region II with ooy = 0.75 £ 0.03 and B, = 0.45 + 0.04. It is observed during the whole temporal range,
although it also becomes frozen after 50 minutes of growth.

c) Region III with o3y = 0.42 + 0.02, Bay = 0.26 + 0.03 and 1/ zzg = 0.67 + 0.09. It is observed for t > 50
minutes. The corresponding correlation length, Csu = 1/ksn, which is indicated in figure 4b, is clearly
related to the large structures, some microns wide for the longest deposition times, observed on the film
surface and determining the saturated film roughness.

4. DISCUSSION

The next step consists in physically interpreting the observed growth regimes by comparing their exponent
values with those predicted by the different growth models:

a) Region I: It is characterized for both growth temperatures by oo ~ 1 and B ~ 0.25. Tt is restricted to
scales smaller than the typical small grain size (some nanometers wide). These exponent values correspond
to those of the linear MBE equation, in which the roughness is stabilized by surface diffusion processes.
The value of the z exponent is consistent, within the experimental errors, with the corresponding o/ ratio.
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The relationship between the granular morphology and surface diffusion processes has been reported for
different systems [23,24]. This regime is denoted thereafter as the MBE regime.

b) Region II is characterized by o values in the 0.6-0.8 range and by P values close to 0.5. The latter is an
evidence that this region is related to an unstable growth mechanism. The existence of this region for both
sets of films allows us to unambiguously identify region II as an unstable growth regime, which will be
referred to as the unstable regime.

¢) Region III is observed only for the high temperature set of films. The values of the exponents are
consistent with those expected for the 2+1 KPZ growth equation. Therefore, it will be referred to as the
KPZ region. _

These growth regimes are shown in figure 4 a-b, in which the PSD curves corresponding to the silica
films grown for 2 days at 611 K and 723 K are displayed. The different growth regimes together with the
most relevant lateral correlation lengths are indicated.

Thus, the high temperature films show an asymptotic stable, KPZ, growth regime, and both the
correlation length and the surface roughness saturate after 15 hours of deposition. In contrast, the
asymptotic behavior of the low temperature set of films is characterized by an unstable regime leading to a
continuous increase of the film roughness. Moreover, for the same deposition time and for the whole
temporal range covered in this study, the 723 K films are rougher than the 611 K films.

An important issue concerning the growth mode of CVD films is the existence of both active and
passive sites for the growth. Recently, it has been reported that the morphology of CVD silica films
deposited by using TEOS as a precursor is largely determined by the existence of these two types of sites
and by the presence of memory effects during the growth process [25,26]. Under these conditions the
relative concentration of active and passive sites becomes determinant for the film growth. Thus, it may be
useful to perform different structural and chemical analyses of both sets of films. In this regard it is
important to note that it is well-established [27-31] that among the active sites for silicon dioxide growth
(i.e. SiH bonds, SiOH groups and two- and three-membered siloxane rings) SiH groups and two-
membered siloxane rings are the most active ones within our temperature range. Thus, IR and Raman
spectroscopies analysis [16] were focused on the determination of their respective concentration in both
sets of films. These analysis showed that the most active sites are solely observed for those films grown at
low temperature. Moreover, although SiOH groups and three-membered siloxane rings are observed for
both sets of films, their concentration is higher for those films grown at 611 K. This result implies that the
sticking probability, s, will be higher for the 611 K films than for the 723 K films. This result is in
agreement with other studies [3] in which, for our experimental conditions, s is reported to decrease with
temperature from s = 0.5 at 573 K down to s = 0.08 at 723 K. Thus, the growth mode is directly related to
the sticking probability, s. This fact is specially important for the observed relationship between the
predominance of lateral growth (i.e., KPZ behavior) and a low sticking probability since lateral growth is
the fingerprint of both conformal and KPZ growth modes. In fact, it is also known [32] that conformal
growth for SiO, films is enhanced under low sticking probability conditions (i.e., under high deposition
temperature conditions) because of the reemission of species [33].

As observed above, the difference in the relative concentration of both active and passive sites is very
important when memory effects are present during film growth. This could be indeed the case for our silica
films deposited at 611 K and 723 K since they do present both different active/passive site concentrations
and different surface morphologies. In the case of silica films grown from TEOS, in which long range
memory effects were present, when the surface concentration of active sites was not too high the film
morphology resuited finger-like and full of voids. However, this is not our case since such morphology is
observed in none of our sets of films. Thus, it would be interesting to study the influence on the film
growth mode of short-range memory effects combined with the presence of active and passive sites. Under
this scenario the film growth would take place on a growing interface with active and passive sites. Both
types of sites would keep their current status, either active (sticking coefficient, s,) or passive (sticking
coefficient, s, with s, > s,), for a characteristic time, 1, and T, respectively. We have performed Monte
Carlo simulations of a random deposition process with the above characteristics for two different interface
configurations, with high and low surface concentration of active sites. Figure 5 shows the corresponding
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results for the dynamics of the interface roughness. From figure 5 we conclude that when short range
memory effects are present and the surface concentration of active sites is lower the surface roughness
increases but, and this is important, keeping the same scaling behavior (B = 0.5). We know that in our
system the silica films grown at 723 K have a lower concentration of active sites and are rougher than
those grown at 611 K. Thus, it seems reasonable to include short-range memory effects as one of the
growth mechanisms. We have taken into account this mechanism in both discrete and continuous, Monte
Carlo simulations of random deposition processes on growing interfaces. These interfaces were built with
concentrations of active and passive sites similar to those observed experimentally [34]. These simulations
allowed us to obtain an expression for the short-range correlated noise term for both the high and low
temperature silica films. It can be shown that the temporal range characteristics of the memory effects i1s
given by Ty = TaT, /(Ta +Tp) [34]. The detailed description of this analysis will be reported elsewhere [34]. At
this point it is worth mentioning that our goal in the simulations presented in this work has been to
reproduce qualitatively rather than quantitatively the observed growth behavior. Thus, the parameters in
the simulations have been chosen with this purpose in mind. This procedure is justified because the
different scaling exponents account for the rate of change of various parameters (i.e. roughness, lateral
correlation length) with time or length scales. Besides, the simulations are performed on a one-dimensional
substrate while the actual growth process takes place on a two-dimensional substrate.
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Figure 5: Logarithmic plot of the temporal evolution of the surface roughness obtained after performing a Monte Carlo
simulation of the random deposition growth model for a system with high (o) and low (s) concentration of active sites. Note
that the § = 0.5 behavior expected for the random deposition model, which is indicated by the solid line, holds in both cases.

From these analysis we can draw a possible scenario for the silica film growth by CVD at 611 K and
723 K, in which the main growth mechanisms are:
a) Surface diffusion regime: It determines the film growth morphology for short deposition times and short
length scales. This regime appeared for both sets of films. This result suggests that the silicon oxide CVD
growth equation should include a term of the type - k V*h(r,t).
b) Unstable regime: As explained above, the regime for which large values of § (close to or higher than
0.5) are found corresponds to unstable growth. For the low temperature films this growth mode dominates
the dynamics, remaining as the asymptotic growth behavior, whereas for the high temperature set this
growth mode is finally stabilized by the KPZ term. Among the various possibilities that have been
considered [16] that of shadowing effects is the most likely to occur. The available models of shadowing
[35,36] do predict a coarsening process and large 3 values, as observed in our system. In these models for
a growing interface the growth velocity at a given point on the interface is roughly proportional to the
local exposure angle to the gas phase (6), and is usually expressed by the term: € 6/<6>, where <6>
represents the spatial average of 0 and ¢ is a constant [35,36].
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¢) KPZ (lateral growth) regime: It is observed only for the high temperature films and dominates the film
growth for long deposition times. It is enhanced by the large slopes of the surface structures and originates
in the relatively low surface concentration of active sites and, therefore, in the low sticking probability. The
KPZ growth mode is represented in the growth equation by the term (A/2) (Vh)
d) Noise term including short-range memory effects: It has been shown that short-range memory effects
together with different active/passive sites relative concentrations can explain certain morphological
differences between the 611 K and 723 K films, particularly the increased roughness observed for the 723
K films. As explained elsewhere [34] Monte Carlo simulations of these effects allow obtaining the
expression of the short-range correlated noise term, 1, for both deposition conditions.
e) It should be noted that for our system we expect the first term in eq. (4) to be negligible, since the SiO;
vapor pressure is extremely low (v is very small) in the experimental temperature range [16].

From the previous discussion we arrive at the simplest phenomenological equation for the silicon
oxide CVD growth process, compatible with all the relevant physical mechanisms:

/ot = - x V*h(r,t)+ € 0/<6> + (A/2) (Vh(r,1))* + nee(r, ) )
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Figure 6: (a) Two logarithmic plots of the temporal evolution of the surface roughness corresponding to the height profiles
generated by the proposed CVD growth equation (5) in 1+1 dimensions for a system size of L = 512 and K = 1, £ = 1 and At
= 0.01. The dashed line corresponds to the low temperature memory noise with A = 0.01, and the solid line to the high
temperature noise with A = 0.04. The different growth regimes are indicated. (b) Two PSD functions corresponding to height
profiles generated by the proposed CVD growth equation (5) in 1+1 dimensions for a system size of L=512and K=1,e=1
and At = 0.01. The dashed line corresponds to the low temperature memory noise with A = 0.01, and the solid line to the high
temperature noise with A = 0.04. The different growth regimes are indicated.

In order to check the validity of eq. (5) to describe the observed growth behavior we have performed
numerical simulations in 1+1 dimensions. It should be reminded that 2+1 simulations are limited to very
small system sizes due to the large amount of calculations involved by the shadowing term [36]. Figure 6a
shows two simulations of the roughness evolution for a system size of L =512, and K= 1, =1 and At =
0.01, one including the low temperature memory noise (with A = 0.01, dashed line) and the other one
including the high temperature noise (with A = 0.04, solid line). We recall that the numerical values of o
and 8 depend on dimensionality, and thus differ in the experiments (2+1) and in our numerical simulations
(1+1). An unstable region with B > 0.5 is observed for very short times, which corresponds to the
instability originated within the temporal range characteristic of the memory effects (i.e. t < 51). For
longer times, we find for the low temperature system a regime with § = 0.39. This value is close to that
expected in 1+1 dimensions for a growth process dominated by surface diffusion relaxation effects (MBE).
Finally, the asymptotic regime observed displays > 0.5 indicating unstable growth due to the shadowing
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term included in eq. (5). For the high temperature system we observe that after the initial unstable region,
growth is dominated by the shadowing term, which eventually yields to the KPZ (B = 0.33) growth term.
Note that all these scaling behaviors, except for that found for t < 51, for both systems, are similar to those
found experimentally (see figure 2) and previously reported [16]. Moreover, the roughness is larger for the
high temperature set with respect to the low temperature set, again as observed experimentally (figure 2).
However, the growth equation initially proposed in [16] failed to predict this effect because the noise term
intensity was the same for both sets of films given that the deposition rate was the same in both cases.
Finally, it is worth mentioning that the first unstable region is not observed experimentally because our
shortest deposition time (a few minutes) is indeed too long compared to the extent of the short-range
memory effects. Thus, whereas our former equation was essentially valid to explain the scaling behavior,
eq. (5) does also explain it together with the observed roughness difference between both sets of films.

Figure 6b shows the PSD curves obtained from the simulation of eq. (5) for the same three sets of
conditions as figure 6a. For the low temperature condition, a first region displaying o = 1.5 is found for
large k values, which corresponds to a regime dominated by surface diffusion relaxation processes (MBE).
Also a second region with oo ~ 1 (unstable) is observed for smaller k values, which corresponds to the
unstable region observed in figure 6a. For the high temperature set the first region (MBE) with oo = 1.5 is
also observed for large k values. As k decreases a short second region with a ~ 1 (unstable) is also
observed, but for small enough k values a region showing o =~ 0.5, that is KPZ behavior, appears. Thus,
the same behavior found in figure 6a is also observed, but in this case the initial MBE region is more
clearly observed. Again a larger roughness is found for the high temperature set.

5. CONCLUSIONS

In order to study the main physical growth mechanisms involved in the growth of CVD films we have
studied by STM and AFM the film morphology evolution and we have interpreted it within the framework
of the dynamic scaling theory. First, we have studied the growth dynamics of W films. Our data indicate
that the W films grown at 623 K or 823 K both show an unstable morphology (that is § > 0.5). However,
the polycrystallinity of the W films does not allow us to identify the source of this instability. Thus, we
have studied an amorphous system in which such ambiguity is not present. Therefore, we have
characterized the growth evolution of silicon oxide films grown by low pressure CVD at two temperatures,
611 K and 723 K, at a deposition rate of 0.33 nm/s. Deposition times as long as 2 days together with a
range of AFM analysis as wide as several dozens of microns were employed in order to study the
asymptotic behavior. The films were analyzed also by Raman and IR spectroscopies. From these studies,
we found that the silica film is characterized first by a surface diffusion regime, which operates at short
length and time scales. As time proceeds, an unstable regime appears due to the shadowing effects
operating during CVD growth,; these originate in the random trajectories of the precursor species towards
the growing film surface. For the low temperature set of films this regime dominates the growth behavior
up to 2 days of deposition. However, for the high temperature set, this unstable behavior is finally
dominated by the KPZ regime that causes lateral growth of the surface structures. This regime turns out to
be strongly linked to the conformal nature of CVD, which is of great importance in certain industrial
applications [17]. The morphological difference between the high and low T films, specifically the
difference in the value of the surface roughness, is directly related to the different surface concentration of
active sites (mainly Si-H and strained siloxane groups) and the different short-range memory effects for
both growth conditions. For the 611 K films this concentration is high, implying a high sticking probability,
whereas for the 723 K set, the concentration of reactive sites drops leading to a low sticking probability.
Finally, a continuum growth equation is proposed phenomenologically to describe the silicon oxide CVD
growth for a wide range of temporal and spatial scales, as well as for different experimental conditions.
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