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Growth front roughening in silicon nitride films by plasma-enhanced chemical vapor deposition

T. Karabacak,* Y.-P. Zhao, G.-C. Wang, and T.-M. Lu
Department of Physics, Applied Physics and Astronomy, Rensselaer Polytechnic Institute, Troy, New York 12180-3590

~Received 18 October 2001; revised manuscript received 18 April 2002; published 22 August 2002!

The dynamic roughening of amorphous silicon nitride growth front prepared by a plasma-enhanced chemical
vapor deposition is presented. Morphology of the films grown at different substrate temperatures~from 50 to
350 °C! for various lengths of deposition time was measuredex situ using atomic force microscopy. The
dynamic scaling exponents are measured asa;0.77,b;0.40, and 1/z;0.28, and do not change significantly
under the investigated substrate temperature range. An attempt has been made to describe the plasma growth
process using a multiparticle reemission model where the incident flux distribution, sticking coefficient, shad-
owing, surface diffusion, and desorption mechanisms all contributed to the growing morphology.

DOI: 10.1103/PhysRevB.66.075329 PACS number~s!: 68.35.Ct, 68.55.Jk, 81.15.Aa, 68.35.Fx
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I. INTRODUCTION

Silicon nitride thin films deposited by plasma-enhanc
chemical vapor deposition~PECVD! have been studied fo
over 3 decades and are widely used in the semicondu
industry. Most of the studies focused on the solar cell ap
cations and thin-film transistors~TFT!, where silicon nitride
has been used as a passivation coating, a diffusion barri
gate dielectric, and an interlevel metal isolation. The com
sition and properties of PECVD silicon nitride films va
widely with deposition conditions and hundreds of stud
have been reported. Most studies concern the compositio
the physical properties, such as electrical properties, of th
films as a function of deposition conditions. Only a few stu
ies reported the reactions occurring in the plasma and on
deposition surface.1–7

In thermal CVD, gas-phase reactive species are gener
by heating the initial reactants. In plasma CVD, the plas
energy supplied by an external rf source takes the plac
heating to generate the species that subsequently reac
deposit on substrate surfaces. Excessive heating and d
dation of a substrate can be significantly avoided by us
plasma electron kinetic energy instead of thermal ene
When the plasma is initiated, energy from the rf electric fie
is coupled into the reactant gases via the kinetic energy
few free electrons. These electrons gain energy rap
through the electric field and lose this energy slowly throu
inelastic collisions. The high-energy electrons are capabl
making inelastic collisions that cause the reactant gas m
ecules to dissociate and ionize, producing secondary e
trons by various electron-impact reactions. The two imp
tant aspects of a plasma glow discharge are
nonequilibrium low-temperature gas-phase chemical re
tions that generate radical and ion reactive species in
plasma discharge, and the flux and energy of these rea
species as they reach and strike the surface of the film b
deposited. The bombardment of the ionic species on the
face of the film, which controls the surface mobility of th
precursor, is the predominant factor in determining film co
position, density, stress, and step coverage or conformali
relatively low temperatures used in plasma CVD.6

Reactions during plasma deposition are complex and
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not understood completely. Elementary reactions that oc
in a plasma have been discussed by various authors.8–11 In
general, the deposition mechanisms for a plasma CVD p
cess can be qualitatively divided into four major steps. Ste
includes the primary initial electron-impact reactions b
tween electron and reactant gases to form ions and rad
reactive species. In step 2, transport of these reactive spe
occurs from the plasma to the substrate surface concurre
with the occurrence of many elastic and inelastic collisio
in both the plasma and sheath regions, classified as ion
radical generation steps.12 Step 3 is the absorption and/o
reaction of reactive species~radical absorption and ion incor
poration! onto the substrate surface. Finally, in step 4, t
reactive species and/or reaction products incorporate into
deposited films or reemit from the surface back to the
phase. Due to their complexity, the latter two steps are
least known and least studied aspects of plasma CVD.
nificant roles are played by ion bombardment13,14 and vari-
ous heterogeneous reactions between ions and radicals
the depositing surface in the sheath region. The first t
steps critically affect film properties such a
conformality,15,16 density, stress,13 and ‘‘impurity’’ incorpo-
ration. However, the later two steps will greatly affect t
surface morphology and the chemical compositions of
film.

Thus far there has been no report on how these com
reactions affect the morphology of plasma-deposited t
films. A previous single-particle reemission growth mod
was proposed by Drotaret al. but the surface diffusion and
desorption were not included.17,18 In a recent study we pro
posed a similar growth model for amorphous silicon by ma
netron sputtering.19 The model was also single particle an
did not include desorption, which was not significant for t
sputtering growth conditions. In the present work, we rep
measurements of growth front roughness of silicon nitr
films grown by a PECVD method. We propose a more co
plex, multiparticle reemission growth model that includ
sticking coefficient, shadowing, surface diffusion, and d
sorption mechanisms to describe the morphology evolu
of PECVD growth of silicon nitride films. Using scaling
theories20–22 we attempt to describe possible surface grow
mechanisms during a PECVD deposition.
©2002 The American Physical Society29-1
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TABLE I. Growth rate, composition, and roughness parameters obtained from experiments and simulations at different subst
peratures. rf power is set to 32 W.

Temperature~°C! 50 150 250 350
Growth rate~nm/min! 6.0860.08 5.7260.09 4.7060.07 4.3960.11
Hydrogen concentration~%! 2861 2761 2361 1861
b Experimental 0.4160.02 0.4160.01 0.3860.02 0.4260.02

Simulation 0.4060.01 0.3760.01 0.3960.01 0.4360.02
a Experimental 0.8160.02 0.7860.02 0.7660.04 0.8060.03

Simulation 0.4860.02 0.4660.02 0.4760.02 0.5160.02
1/z Experimental 0.2960.03 0.2860.02 0.2860.03 0.1660.02

Simulation 0.5760.02 0.5960.02 0.6060.01 0.6160.02
Si/N ratio Experimental 1.25060.050 1.25060.050 1.12560.045 1.20060.048

Simulation 1.22760.010 1.20860.010 1.20060.010 1.19260.010
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II. EXPERIMENTAL RESULTS

The silicon nitride films were deposited in a Plasm
Therm© Model 70 using a flow of SiH4 /N2 /He mixtures to
generate the plasma. Process conditions during the de
tion were as follows. The total deposition pressure was 0
Torr, the rf power was 32 W~which corresponds to 0.03
W/cm for our system!, and the rf was 13.56 MHz. Flow rate
for SiH4 , N2 , and He were 10, 478, and 1572 cubic cen
meter per min at STP, respectively. We used the front sid
Si~100! wafers, which were RCA cleaned prior to depositio
as the substrate surface. Depositions were made at sub
temperatures of 50, 150, 250, and 350 °C. For each subs
temperature, films were grown at deposition durations ra
ing from 10 min up to 3 h. After each growth, film thickne
was measured using a Nanoscope©. The growth rates
listed in Table I. Figure 1 plots the growth rateR as a func-
tion of the substrate temperatureTs . In Fig. 1, we show the
measured growth rates for different rf powers at 50 °C a
0.89 Torr. Growth rate increases with rf power up to;120
W, after that it does not change significantly. We will see
the following section that the rate-power relation can g
some clues about the species forming in the plasma.

Since the SiN film is a multicomponent film involvin
three different gases in the deposition, it is very important
us to know the relative concentration of different chemi
components in the film in order to better understand the fi
deposition mechanisms. In order to obtain hydrogen conc
trations, we performed nuclear reaction analysis~NRA! mea-
surements on the as-deposited films. The average H con
trations for different substrate temperatures are summar
in Table I. The average silicon to nitrogen ratios were o
tained from Rutherford backscattering~RBS! analysis, as
shown in Table I. Clearly, as the substrate temperature
creases, both the H concentration and the Si/N ratio decre

The surface morphology was measured using cont
mode atomic force microscopy~AFM!. The radius of the
Si3N4 tip is about 10 nm, and the side angle is about 1
Representative surface morphologies are shown in Fig. 2
the growth times oft525, 75, 120, and 180 min at substra
temperature Ts5250 °C and growth rate R54.70
60.07 nm/min. As can be seen from Fig. 2, the overall s
face features enlarge with the increase in growth time.
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The quantitative information of the surface morpholo
can be extracted from the equal-time height-height corre
tion function H(r ,t), defined asH(r )5^@h(r )2h(0)#2&.
The function h(r ) is the surface height at positionr @
5(x,y)# on the surface. The notation^¯& means a statistica
average. The scaling hypothesis requires thatH(r );r 2a for
r !j, andH(r )52w2 for r @j.1–7 Herej is the lateral cor-
relation length,w is the interface width or rms roughnes
anda is the roughness exponent, which is directly related
the surface fractality. Under the dynamic scaling hypothe
the interface widthw increases as a power law of film thick
nessd, w;db, where b is the growth exponent, and th
lateral correlation lengthj grows asj;d1/z, where 1/z is the
dynamic exponent. Dynamic scaling also requires thaz
5a/b. Therefore, from the slopes of linear fits to the log-lo
plots ofH(r ) versusr ~for r !j!, w versusd, andj versusd,

FIG. 1. ~a! Growth rateR at different deposition temperatures.
power is set to 32 W.~b! Growth rateR at different rf powers.
Deposition temperature is set to 50 °C.
9-2
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GROWTH FRONT ROUGHENING IN SILICON NITRIDE . . . PHYSICAL REVIEW B 66, 075329 ~2002!
we can extract the roughness exponentsa, b, and 1/z, re-
spectively.

In Fig. 3, we plot the height-height correlation functio
of SiN films in log-log scale forTs550, 150, 250, and
350 °C. Clearly the overall behaviors ofH(r ,t) are similar.
For small lateral length the height-height correlation fun

FIG. 2. Four representative surface morphologies (232 mm2)
measured by AFM for growth times oft525, 75, 120, and 180 min
at the substrate temperatureTs5250 °C, rf power 32 W, and
growth rateR54.7060.07 nm/min.

FIG. 3. The equal-time height-height correlation functi
H(r ,t) as a function of the distancer is plotted in log-log scale for
Ts550, 150, 250, and 350 °C in~a!, ~b!, ~c!, and~d!, respectively.
In each graph, theH(r ,t) curves corresponding to 10, 25, 45, 7
90, 120, and 180 min deposition times start from the lowest le
then move up. EachH(r ,t) within the short-range spatial scalin
regime gives the samea value indicated as the dashed line.
07532
-

tions do not overlap, which implies that the growth is n
stationary, i.e., the local slope is a function of the grow
time.23 As can be seen from Table I the roughness expone
have almost equal values within experimental errors. T
average roughness exponenta from all four deposition tem-
peratures is 0.7760.03. The measureda values can be
higher than the true values because of the tip effect, wh
will be discussed later.24

The interface widthw and the lateral correlation lengthj
versus film thicknessd for various deposition temperature
are plotted in Figs. 4 and 5, respectively. For different de
sition temperatures, the log-log plots ofw versusd are al-
most parallel to each other, and for the same thicknessd, the
higher the substrate temperatureTs , the lower thew value.
Similar to the observation ina values, the growth exponen
b is also almost a constant value for differentTs . The b
values obtained from Fig. 4 are listed in Table I. The avera
growth exponent from differentTs is calculated to be 0.40
60.02.

l

FIG. 4. The interface widthw versus film thicknessd at different
deposition temperatures is plotted in log-log scale. At differe
deposition temperatures, the log-log plots are almost parallel, i
cating similarb values.

FIG. 5. The lateral correlation lengthj versus film thicknessd
for different deposition temperatures is plotted in log-log scale.
deposition temperatures ofTs550, 150, and 250 °C the slopes a
almost parallel and give similar 1/z values. ForTs5350 °C the
slope gives a much lower 1/z value.
9-3
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In order to determinej accurately, we calculated the two
dimensional autocorrelationC(r )5^h(r )h(0)& function for
each AFM image, and used the quadrant circularly avera
autocorrelation functionCc(r ) to determinej by using the
relationCc(j)5Cc(0)/e. The log-log plots ofj versusd for
different deposition temperatures are also almost paralle
each other except forTs5350 °C, suggesting a similar dy
namic exponent 1/z. The 1/z obtained from the fits to the
plots in Fig. 5 are listed in Table I. The average dynam
exponent obtained~excluding Ts5350 °C! is 0.2860.03.
For Ts5350 °C we have a 1/z value of 0.1660.02. Using
a;0.65 that takes into account the tip effect and the aver
b;0.40, we obtain a dynamic exponent from the scal
relationz5a/b to be 1/z.0.62, which is not consistent with
the measured value of 1/z. This may indicate that the system
does not scale based on the conventional scaling law
requires a stationary growth mechanism.

III. GROWTH MODEL

In this section we analyze our experimental data to id
tify possible growth mechanisms in our deposition syste
and compare it with the literature.

A. Growth regime

There are two possible growth regimes in a typic
~PE!CVD system:~a! diffusion-limited growth and~b! sur-
face kinetics-limited growth.25 Using the approximate ion
electron and neutral particle densities from the literature,26–29

we estimated the approximate mean free path of the part
for our plasma conditions to bel;1022 cm, consistent with
the reported values under similar plasma conditions.6,30,31

Assuming a feature size on the surface of the growing fi
l;1025 cm, we estimate the Knudsen number to be¸
5l/ l .1022/1025.103@1. Therefore, our deposition con
dition is believed to belong to the surface kinetics-limit
growth regime.

B. Plasma and deposition chemistry

The role ofN21He dilution. The use of N2 as a reactan
gas instead of NH3 helps to increase the plasma density a
reduces the amount of hydrogen in PECVD silic
nitride.32,33 The hydrogen content of nitride films deposite
at 250–350 °C is three times lower than that deposited w
ammonia under similar conditions. Increased ion bomba
ment, obtained by using diluted inert gas, can also help
reduce hydrogen incorporation and to control fi
stress.32,34–36

There are speculations in the literature about the role
He in plasma chemistry.28 Some authors suggested that H
dilution may ~a! prevent deexitation of active nitrogen sp
cies, and~b! act as a catalyst in Penning-type processes
influences possible reaction paths.37–39The resulting low re-
actant concentration in the plasma after He dilution tend
minimize the role of gas-phase reactions and leads to
growth conditions dominated by surface reactions. Heli
may reduce the frequency of gas-phase collisions betw
SiHn species and hence reduces the formation of polym
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silane species in the gas phase.37 Helium is also believed to
shield the reactive gases from fragmentation. These are
lieved to reduce the incorporation of impurities and produ
a high-quality film structure.5,40 The low mass of He also
helps to minimize momentum transfer to the surface.40 The
film-substrate interfaces have been shown to exhibit no s
of plasma-induced damage.41–43

Reactive species. The concentration of reactive neutr
species obtained by density calculations and optical emis
and absorption techniques is about 104– 105 larger than that
of the ionic species.28,44 Therefore the film deposition is
dominated by neutral species, although ion bombardm
can certainly modify the film structure.44,45

SiH41N2 plasmas has been observed by means of m
spectroscopy to form no Si-N precursors,2,3 Klein et al.stud-
ied PECVD hydrogenated silicon nitride films deposit
from SiH4 , N2 , and He gas mixtures, and their mass sp
troscopy measurements do not show any Si-N or N-H g
phase species.32 They suggested that N incorporation precu
sors are N atoms or excited N2 molecules. Active N atoms
must be produced by electron-impact dissociation in
plasma: N2→N. Mass spectroscopy shows that the amo
of the N radical produced increases with plasma power
He dilution.28,46

Almost all the SiH4 in a typical discharge dissociates in
SiHn (n,4) even at extremely low power densities.28 If the
power is enough to dissociate all the SiH4 to SiHn but not
enough to dissociate all N2 to N, then some SiHn may react
with itself to form Si2Hn by-products. This results in low
deposition rates and Si-rich films.28 The inactivated N2 mol-
ecules do not react with the SiHn , and instead act as iner
diluents. As the power is raised, N2→N dissociation in-
creases, therefore both the deposition rate and N/Si rati
the bulk of the film are expected to increase. As can be s
from Fig. 1, we have a similar change of deposition rate w
rf power as stated above. Therefore at rf power of 32 W
which we performed our experiments, we should expect
formation of Si2Hn by-products in the plasma.

The most likely SiHn products after electron-impact dis
sociation of SiH4 are SiH2 and SiH3 . Since we assume tha
approximately all SiH4 is dissociated into SiHn in our experi-
ments, we do not expect SiH21SiH4→Si2H6 or SiH2

1SinH2n12→Sin11H2n14 type of reactions to take place
Also, powder formation is not believed to be significant u
der our plasma conditions.37,47,48 But, SiH3 may react with
itself to form Si2H6 @or through SiH31SiH3→SiH21SiH4
→Si2H6 ~Refs. 49 and 50!#.

SiH2 is expected to have a lower mean free path co
pared with SiH3 and Si2H6 .47 The relative concentration o
SiH2 is also expected to be pretty low@;100 times less than
that of SiH3 ~Refs. 44, 45 and 49!#. In addition, He dilution
is believed to enhance the SiH3 formation.46 SiH3 concentra-
tion is expected to be five to ten times larger than that
Si2H6 .45,49 Therefore, we suggest that the dominant spec
that impinge on the deposition surface in our experiments
SiH3 , Si2H6 , and N. This is consistent with the general
accepted notion~emerging from reaction kinetics calcula
9-4
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GROWTH FRONT ROUGHENING IN SILICON NITRIDE . . . PHYSICAL REVIEW B 66, 075329 ~2002!
tions, mass and optical spectroscopy measurements! that in a
typical silane discharge SiH3 is the dominant depositing
species.44,45,49,51–54

C. Deposition and sticking coefficients

When the reactive species reach the surface, it will s
to the surface with a sticking probability. The average pro
ability of sticking, which is called the sticking coefficien
(sc), is a result of the complicated interactions between
incident atom and the surface.sc can range between 0 and
We now discuss thesc value of the species that are believ
to be dominant in our experiments.

At the initial growth time, all the SiH3 , Si2H6 , and N
species incident on hydrogen-free Si substrate surface
expected to have sticking coefficients approximately equa
unity.2,3,55 Hydrogen forms a strong bond with the surfa
atom and passivate it against any adsorption, and there
results in lower sticking coefficients for other species t
arrive subsequently.47

SiH3 specie is a monoradical with only one danglin
bond, and therefore cannot be added to fully hydrogena
sites. Instead, it can only react with an unterminated silic
or nitrogen dangling bond~e.g., wSiu 1SiH3→wSi
2SiH3!.56 Perrin and Broekhuizen measured the sticking
efficient of SiH3 on ana-Si:H surface at various substra
temperatures~they used a grid system to calculate the stic
ing coefficients!.49,50We adopt their results and set the stic
ing coefficient of SiH3 incident on a hydrogenated silico
site to 0.025, 0.028, 0.038, and 0.052 for substrate temp
turesTs550, 150, 250, and 350 °C, respectively.

Si2H6 sticking coefficient on a hydrogenated silicon su
face was reported in the literature to be;1023 ~using
molecular-beam scattering techniques! at substrate tempera
tures close to ours.57,58

A nitrogen atom incident on a dangling-bond site is e
pected to have a sticking coefficient of approximately unit2

On the other hand, since hydrogen passivates the grow
surface, it may be expected that incident nitrogen atom
simply be reflected if it falls on a hydrogen occupied surfa
site. Therefore, we can approximate thesc of an incident
nitrogen atom to be 12U,49,59,60whereU is hydrogen cov-
erage. H bulk concentration was almost constant with thi
ness~see Table I for H bulk concentration obtained fro
NRA measurements!. So, settingU approximately equal to
hydrogen concentration, we estimate the nitrogen stick
coefficients to be 0.72, 0.73, 0.77, and 0.82 at substr
temperatures 50, 150, 250, and 350 °C, respectively.

Similarly, if SiH3 or Si2H6 molecule is incident on a ni
trogen site, we may use the same approximation that we u
to determinesc of nitrogen. Therefore, the sticking coeffi
cients of SiH3 and Si2H6 incident on a nitrogen site, which
may or may not have a hydrogen atom, are expected to
0.72, 0.73, 0.77, and 0.82 at substrates temperatures 50,
250, and 350 °C, respectively.

D. Surface diffusion

At substrate temperatures below 400 °C, the surface
terminated by hydrogen atoms. SiH3 adsorbs onto this sur
face and can diffuses over it, before being incorporated
the film.3,51,54,56,61
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Okada and Matsumura measured the diffusion length
the deposition species on a Si surface, from the film thi
ness measurements on a mask structure, atTs of 300 °C dur-
ing a silicon nitride growth to be;40 mm. They also ob-
served that the surface diffusion has an activation-ty
dependence on the substrate temperature with the activa
energy of;0.1 eV.62 Surface diffusion may also be activate
by the ion bombardment ~10–100 V! from the
plasma.19,55,63–66

Therefore, surface diffusion will be one of the mech
nisms that should be included in our growth model.

E. Desorption

Desorption, by either thermal means or ion bomba
ments, is a possible mechanism in our experiment.47

Infrared absorption ~IR! measurements showed th
SiNxHy films by PECVD from the SiH4-, N2-, and He-gas
mixtures do not contain NH or NH2 groups.31,67On the other
hand, a weak SiH group has been observed in these fi
Therefore, desorption of NH3 is not expected to occur durin
our experiment.

Recombination of SH group and its successive desorp
from the surface is quite possible. It has been suggeste
some authors that SiH3 may recombine with another SiH3 to
be desorbed as Si2H6 .44,50,53,59It has also been suggeste
that SiH3 radical may combine with a hydrogen atom from
terminated site, and releases a silane molecule into the
phase, which creates a dangling bond on the surface.56,68

Buss and co-workers suggested that an adsorbed Si2H6 mol-
ecule may decompose and desorbs as SiH4 and H2.57

From the Fourier transform infrared spectroscopy~FTIR!
measurements, thermal desorption of H below 400 °C is
believed to occur, but the hydrogen or hydrogen contain
molecules within the bulk of the film may diffuse to th
surface to be recombined as H2 or SiH4 , and then
desorb.43,54,69–71

Therefore, desorption is also expected to have
activation-type dependence on the substrate temperature
covsky et al. reported that desorption from PECVDa-Si:H
surfaces increases as the substrate temperature is increa46

F. Film composition, structure, and deposition rate

The resulting film is hydrogenated silicon nitrid
(SiNxHy). H bonding shifts from Si to N as the N/Si rati
increases. H is attached to the dangling bonds in
network.28 Hydrogen concentration obtained from NRA
PECVD nitride films deposited from SiH4-N2 has been
shown to decrease with increasing substrate tempera
~150–380 °C!,72 IR measurements suggest that in a typic
silane discharge, H is incorporated into the film mostly
SiHn species.38 This is consistent with the observation th
hydrogen content in the nitride films from N2-SiH4 process
is much lower than that of NH3-SiH4 process.37 Since SiH3
is the dominant specie in our deposition, its sticking coe
cient and desorption rate of Si-H molecules at various te
peratures should be the relevant parameters that deter
the hydrogen concentration of our films. The lower H co
9-5
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T. KARABACAK, Y.-P. ZHAO, G.-C. WANG, AND T.-M. LU PHYSICAL REVIEW B 66, 075329 ~2002!
centration and Si/N ratios at higher substrate temperat
~see Table I! are believed to be due to the enhanced deso
tion of Si-H molecules.

Higher growth temperature results in an increase in
rate of diffusion of reactive species to the substrate, proba
resulting in more dense films and hence a decrease in
deposition rate with increasing temperature.43,73 Enhanced
desorption at higher temperatures may also be the reaso
lower deposition rates in our films as the substrate temp
ture is increased.

G. Analytical model

Obviously, the system is quite complex and no analyti
model reported in the literature can be used directly to
scribe the results. Here we shall attempt to describe
plasma growth process by extending the reemission m
developed by Drotar and co-workers.17–19 The model as-
sumes a two-dimensional surface described by a height f
tion h(r ,t). Overhangs are not allowed. The ratio of t
mean free path of the incoming particles to the character
length of the surface features is assumed to be large~Knud-
sen number@1!, which was the case in our experimen
Hence, collisions between particles within the surface f
tures are neglected. It is also assumed that the sur
evolves slowly compared to the redistribution of flux due
the surface features~e.g., within the time it typically takes
for a reemitted particle to go from one point on the surface
another, the surface does not change much!. The probability
of an incoming particle sticking to the surface iss0 (0<s0
<1), wheres0 is called the zeroth-order sticking coefficien
Incoming particles are called zeroth-order particles, while
nth-order particle that has been reemitted is called ann
11)th-order particle. The probability of annth-order par-
ticle sticking issn (0<sn<1), and if the particle does no
stick ~this has a probability 12sn!, then it will be reemitted
~in other words, the flux is redistributed!. The overall flux of
nth-order particles at the in-plane positionr at time t is de-
noted byFn(r ,t). A detailed description of the characteristi
of Fn and the concept of the reemission mode is given
Ref. 17. The growth model for a single type of material fi
has the form

]h

tt
5n¹2h2k¹4h1A11~“h!2@s0F0~r ,t !1s1F1~r ,t !

1¯#1h, ~1!

where the first, second, and last terms are the condensa
evaporation, surface diffusion, and noise terms, respectiv
The first term will play the role of desorption in our grow
model. The inherent noise in the growth process satisfie

^h~r ,t !&50, and ~2!

^h~r ,t !h~r 8,t8!&52Ad~r2r 8!d~ t2t8!, ~3!

whereA is proportional to the root-mean square value of
noise term. The factorA11(“h)2 in Eq. ~1! implies that the
growth takes place normal to the surface. The main difficu
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lies in finding eachFn . An analytical form ofFn has been
proposed that takes into account reemission modes and s
owing effects.17,18

For a growth including various types of particles one c
extend Eq.~1! to give

]h

]t
5G11G21G31¯1h, ~4!

where

Gk5nk¹
2h2kk¹

4h

1A11~¹h!2@s0kF0i~r ,t !1s1k~r ,t !1¯# ~5!

for the k specie during growth. Another complication aris
from the fact that eachnk , kk or snk of type k specie may
depend on what site that the speciek is in contact with.

H. Monte Carlo simulation

Numerical computation times of Eq.~4! are quite long for
a reasonable scaling to take place. Instead, we used M
Carlo method to simulate the growth corresponding to
mechanism given by Eq.~4!. A summary of basic growth
processes is sketched in Fig. 6. Briefly, the simulation p
ceeds according to a simple set of rules. A single particle
type k with an emission probabilityPk and with a position
described byx, y, andz is introduced. In this work we will
include only three types of species withk51,2,3 corre-
sponding to SiH3 , Si2H6 and N, respectively. Although eac
of these species has a different molecular size, for simpli
we will represent them with particles all having the unit si
1. Since, our model is not an atomic-size-scale model,
approximation should not affect the analysis in our leng
scales of interest. The position of the particlek is assigned to
be random~uniformly distributed! variablesx andy, while z
is set to the maximum height of the surface, plus 1. T
direction of the particle follows the distribution

FIG. 6. Some basic processes in the Monte Carlo simulation~a!
A particle of typek, which has an emission probabilityPk , is sent
towards a surface with anglesu and f. This particle sticks to the
surface with probabilitys0k . ~b! If the particle does not stick, then
it is reemitted. If it finds another surface feature on its way it m
stick there with probabilitys1k . The reemission process goes o
like this for higher-order particles, too.~c! An adatom can diffuse
on the surface.~d! A surface atom can desorb.~e! Some surface
points are shadowed from the incident and reemission fluxes
particles due to the nearby higher surface features.
9-6
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dP(u,f)/dV5cosu/p, wheref is the angle of the projec
tion of the particle’s trajectory in thexy plane,u is the angle
between the particle’s trajectory and the negativez axis, and
dV is equal tod(cosu)df. This type of flux distribution can
represent a typical flux of~PE! CVD process.74 We used a
square lattice surface model that is much faster than
lattice models and can equivalently simulate amorph
structures.21,22 The particle moves in a straight line until
hits the surface then it is either deposited (h→h11) with
probability snk or is reemitted according to the thermal r
emission mode. The particle then travels in a straight l
until it hits the surface again or heads away from the surf
~in other words,z equals the maximum of the surface pl
one!. Thenth-order sticking coefficient of particlek depends
on what surface site it heads on. The particle is allowed
continue bouncing off the surface until it is deposited on
surface or heads away from the surface.

Once the particlek is deposited, a prescribed number
surface atoms, being set toD/F, are randomly picked to
become candidates for diffusion. Here,D denotes the numbe
of surface atoms that are available to diffuse within the u
time interval, in whichF atoms are deposited to the surfac
Therefore, at a time step of a deposited single particleF
51), the surface can, at most, haveD/F diffusing atoms. In
this way, the ratio of diffusion to deposition strength is a
justed~see the discussion given on p. 176 of Ref. 21!. The
diffusing surface atom can jump to a nearby site with a pr
ability proportional to exp@2(ED1nnEN)/kBTs#. Here ED is
the activation energy for diffusion,EN is the bonding energy
with a nearest neighbor, andnn is the number of neares
neighbors.kB stands for the Boltzmann constant. The parti
goes on jumping until it finds an island of atoms, a kink si
a valley, or any lattice point, where (ED1nnEN) becomes
large and the diffusion probability becomes small. The d
fusing particle is prohibited from making a single jump up
a site where the height change is more than one lattice a
But it can diffuse all the way down to surface valleys at a
time ~i.e., we should haveDh<1!.

After D/F atoms have been checked for diffusion, no
we come to the desorption step. Similar to the diffusi
mechanism,DDes/F number of atoms are given a chance
desorb from the surface. The desorption probability is a
proportional to exp@2(EDes1nnEN)/kBTs#, but this time
EDes is the activation energy for desorption.

Finally, after the desorption step is done, another part
is allowed to fall on the surface and the whole process
repeated again.

All the snk of particle typek ~SiH3 , Si2H6 , and N! for
n>0 will be set to the given sticking coefficients in Se
III C above. All these three types of particles can diffuse
the surface withED50.05 eV. On the other hand, due to th
reasoning discussed in Sec. III E, only the surface atom
type k51 and 2 ~corresponding SiH3 and Si2H6 , respec-
tively! are allowed to desorb withEDes50.05 eV. Therefore,
at higher temperatures, where the desorption of these
ticles increase, we should expect to get lower Si/N ratios

We first need the emission probabilitiesPk , which is a
measure of relative fluxes of each particle typek from
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plasma to the surface. At low temperatures, almost none
the chosen surface atoms can neither diffuse nor des
Therefore,Pk becomes the free simulation parameter to co
trol the relative ratios of deposited particle types. Sett
Ts550 °C, we obtainedPk as P150.60 (SiH3), P250.10
(Si2H6), andP350.30 ~N!, which gave a Si/N ratio;1.227
consistent with the experimental results. Since our flow ra
are high enough, the plasma chemistry are not expecte
change at elevated substrate temperatures. Therefore
relative flux ratios of depositing species are believed to s
constant as the substrate temperature is raised. This allow
to use the samePk in our simulations at higher substra
temperatures.

After we found the emission probabilities, substrate te
perature becomes the critical simulation parameter, jus
the case in our experiments. We performed our simulation
substrate temperaturesTs550, 150, 250, and 350 °C. As th
temperature is raised more surface atoms become avai
for diffusion and desorption. We setD/F510 andDDes/F
55 at all temperatures, which gives Si/N ratios consist
with the ones obtained from experiments. It can be seen f
Table I that, as the temperature is raised, the enhanced
sorption of Si-type particles lowers the Si/N ratio in sim
lated films.

Figure 7 shows four simulated surface images obtaine
Ts5250 °C. We see that these images are quite similar to
AFM images shown in Fig. 2.

Height-height correlation function evolution obtaine
from the morphologies at various deposition times and te
peratures are plotted in Figs. 8~a!–8~d!.

The interface width obtained from different substrate te
peratures after long simulation times are shown in Fig. 9.
can be seen from Fig. 9, the log-log plot of interface wid
has a linear part between arrows, from this intermedi
times we extractb. Figure 9 also shows that at longer time
after the linear part the interface width reaches a satura
point after which it starts fluctuating or does not increa
anymore. The dynamic exponent 1/z values are obtained

FIG. 7. Four simulated surfaces obtained atTs5250 °C. The
surface features become bigger with the increasing simulation t
9-7
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from the log-log plot ofj versus simulation timet ~interme-
diate times! as shown in Fig. 10.

IV. DISCUSSIONS

Table I summarizes the roughness parameters and
ratios obtained from the simulated surfaces. We see f
Table I that theb values obtained from both experiments a
simulations agree well. Theb values at different substrat
temperatures did not change significantly and;0.40 for both
experiments and simulations. At higher temperatures
may expect to get smallerb values due to the smoothenin
effects of diffusion and desorption. On the other hand, in
case, enhanced desorption of Si-H type of particles redu
the hydrogen coverage, increases the sticking coefficie

FIG. 8. Simulated equal-time height-height correlation funct
H(r ,t) as a function of the distancer is plotted in log-log scale for
Ts550, 150, 250, and 350 °C in~a!, ~b!, ~c!, and~d!, respectively.

FIG. 9. The interface widthw versus growth timet is plotted in
log-log scale for various deposition temperatures.b is extracted
from the linear part of the plots approximately indicated by arro
after whichw reaches the saturation level.
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and therefore incorporates a roughening effect due to
reduced reemission of particles@for the limiting case at
which sticking coefficients approach to 1, one getsb→1
~Refs. 17–19!#. We believe that these two competing mech
nisms, a smoothening effect and a roughening effect, re
in similar b values even at higher temperatures. Figure
briefly summarizes the proposed surface roughening me
nism.

The idea of enhanced desorption and diffusion at eleva
temperatures is consistent with the observed inverse
strate temperature dependence of the growth rate in our
periments. Also, the lower values of Si/N ratio at high
substrate temperatures from the simulations agree well w
the ones obtained from the experiments. Therefore, the
hanced desorption of Si-H type of particles at higher te
peratures may explain the lower growth rates, and low
Si/N and hydrogen concentration values at higher subst
temperatures.

The roughness exponenta and dynamic exponent 1/z
from the experiments and simulations also did not cha
sharply with the substrate temperature.a;0.77 and;0.48
from experiments and simulations, respectively. The exp
mental a is higher than that predicted from simulation
However, the truea value after the corrections due to th
finite tip effect is expected to be lower than the experimen
a. Aue and De Hosson,24 showed that the surface fracta

s

FIG. 10. The lateral correlation lengthj versus growth timet is
plotted in log-log scale for various deposition temperatures. T
best linear fit gives the dynamic exponent 1/z.

FIG. 11. Possible surface roughening mechanism as the
strate temperature increases. Two pathways that lead to either
ering or raising the growth exponentb.
9-8
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dimension determined using a scanning probe technique
always lead to an underestimate of the actual scaling dim
sion or overestimate of the actual roughness exponent, du
the convolution of tip and surface~fractal dimensiondf for a
111 interface is related toa by df522a!. The analysis of
Aue and De Hosson included tips with different shapes a
aspect ratios. Their analysis for a tip similar to what we us
suggests that the truea ranges from 0.6–0.7 for a measure
value of 0.7760.03. 1/z from the experiments;0.28 is
lower than;0.59 obtained from the simulations. If we us
the correcteda value, the scaling relationz5a/b still does
not seem to be able to describe our experimentally obse
exponents, suggesting a nonstationary growth mechanis23

V. CONCLUSIONS

In conclusion, the dynamic growth front roughening
amorphous silicon nitride films prepared by a PECVD s
tem using a SiH4 /N2 /He gas mixture was presented. Th
morphology of the films at different deposition times a
substrate temperatures was measured using AFM. A sca
hypothesis has been used to describe the measured expo
a;0.77,b;0.40, and 1/z;0.28, which did not change sig
nificantly with the substrate temperature. None of the w
known growth models describes the scaling exponents
obtained.

We used an extended reemission model having a nonl
nature to describe our results. The model includes the
emission of particles, surface diffusion, desorption, and
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correlated noise effects. For faster computation times,
used Monte Carlo code to simulate the growth process.
estimated that the dominant depositing species in our exp
ments were SiH3 , Si2H6 , and N. Each specie had its ow
substrate-temperature-dependent sticking coefficients. S
lations with a cosine distribution type of incident flux, su
face diffusion, and desorption, in which only Si-H type
particle are allowed to desorb, gavea;0.48, b;0.40, and
1/z;0.59. The growth exponentb agrees very well with the
experimental result. The higher and the lower values of
experimentally obtaineda and 1/z, respectively, compared
with that of simulations can be partially attributed to t
AFM tip artifact. If the tip effect is considered, thea value is
estimated to be;0.65, closer to the simulated value. Eve
after this enhancement, simulateda and 1/z values are not
close enough to the experimental results. This suggests
the simulation work still needs to be improved. Especia
there is a need for more accurate experimental sticking
efficients to be used in the simulations.

In spite of the complicated nature of plasma depositi
our model is shown to reasonably describe the experime
results.
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