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Dynamic transition in deposition with a poisoning species

F. D. A. Aar Reis
Instituto de Fsica, Universidade Federal Fluminense, Avenida Litera s/n, 24210-340 NiteioRio de Janeiro, Brazil
(Received 12 March 2002; published 6 August 2002

In deposition with a poisoning species, we show that the transition to a blocked or pinned phase may be
viewed as an absorbing transition in the directed percoldd® class. We consider a ballisticlike deposition
model with an active and an inactive species that represents the basic features of the process and exhibits a
transition from a growing phase to a blocked phase, with the deposition rate as the order parameter. In the
growing phase, the interface width shows a crossover from the ciitieat behavior to Kardar-Parisi-Zhang
(KPZ) scaling, which involves DP and KPZ exponents in the saturation regime. In the pinned phase, the
maximum heights and widths scale lds~Ws~(p—p.) ~"I. The robustness of the DP class suggests inves-
tigations in real systems.
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During some deposition processes, the presence of differ- In the following we describe our model, show the results
ent chemical species improves film properties but may alsén one-dimensional substrates while discussing the relation to
lead to undesired features, such as the decrease of growlf show some results in two dimensions, and present a final
rates due to erosion processes or the saturation of danglirf§Scussion. _
bonds at the surface. One important example is the deposi- N OUr model, particleg\ andB are released from random
tion of Si films doped with P by chemical vapor deposition POSitions above al-dimensional surface of length with
(CVD) or molecular beam epitaxy in atmospheres with phosprobabllltles p and_p, resp_ectlvely. The incident particle
phine[1-3], in which a decrease of growth rates is observed®llOWs a straight vertical trajectory toward the surface. Ag-
when phosphine flux increases. This feature seems to be rg_regatlon is allowed only if the mmdent partlcle encounters a
lated to the saturation of dangling bonds at the surfa@¢eA parnclgA at th? top o.f the column of mc@ence or at the top
similar poisoning effect appears in diamond CVD in atmo-Of a hlgher ngghbormg column. Otherwise the aggregatlon
spheres with boron and nitrogé4]. High fluxes of the poi- attempt Is rejec_ted. I_:|gure(d) |IIu_stra_tes the_ aggregation
soning species may cancel out the growth of the main Speryle_s. A column in which aggregation Is possible is called an
cies, thus showing a transition from a growing phase to d@}cnve column. The deposition time is the number of.d.eposr
blocked or pinned phase. Here we argue that, in the absen ign attempts per _substratg column; thus t.he deposition rate
of erosion processes of these two species, it may be viewedumper of deposited particles per unit time equal to the

as a transition to an absorbing state in the directed percoldraction of active columns.

tion (DP) class[5-8], and we will present a deposition (a) = = = = =

model that represents the main features of this process. ' ' ' ' '
We consider a statistical model that represents the essen- X e

tial aspects of film growth and may be used to calculate 0 u u u

growth rates, analyze surface roughness scaling, and predict E.ﬂ E;ﬂ EEF E.H E.a

a dynamic transition. It is a ballisticlike deposition model

with two species, an active ori8) and an inactive oneg), ) () 3) @ )

with a continuous transition from a growth phase to a )

blocked phase. The mapping of this transition onto the DP

class shows that the growth velocity is the order parameter of AL OTO O,_ ‘?‘ - OTO

the problem and that the growth phase corresponds to the INCIDENTA: OO0 OO O __ 00

active phase of DP. Thus the physical properties of the model INCIDENTB: OO O __ __ 0O

are completely different from previous models of surface
b Y P FIG. 1. (a) Examples of deposition attempts d+ 1, in which

growth with pinning or _roughenl_ng tranS|t|orﬁ9—1i_3]. The anly the configurations of the incident column and of neighboring
observed fall of deposition rates in the growth regime agrees

ualitatively with deposition experiments showing poisonin columns are shown. Open squares represent partkjesiied
q y - P - P P gp gsquares represent particlBsand crossed squares represent incident
effects. Thus, the interpretation of the pinning process as

I, : articles @ or B). In processes 1, 2, and 3, aggregation occurs at
transition to an absorbing state and the robustness of the he positions marked with a filled circle. In processes 4 and 5 the

class strongly suggest that other transitions to blocked phasgggregation attempt is rejected. Notice that, in processes 3 and 4,
due to poisoning of film growth are also in the DP class.|ateral aggregation to the right is not possible because the neighbor-
Furthermore, we show that the scaling of quantities such 3fg A is not at the top of the columnb) The equivalent one-
growth rates, surface roughness, and thicknesses of blockeghmensional contact process, in which a t&pcorresponds to a
deposits involves the exponents of the Kardar-Parisi-Zhangarticle (empty circles and a topB corresponds to a hol@inder-
(KPZ) theory[14] and DP exponents, and may eventually belined empty site The initial configuration and the possible final
used to compare our theory with experimental data. configurationgfor the cases of incidemt or incidentB) are shown.
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FIG. 2. (a) Deposition rate versus probability of incidence of 0 5x104 105
particlesB, in d=1. (b) Scaling ofr nearp.=0.207 15. t

_Itis clear from Fig. 1a) that particlesB represent impu- FIG. 3. Time evolution of the interface widW at the critical
rities that prevent growth occuring in their neighborhoods.point p =0.20715 in d=1, for a very large substrateL (

This model resembles the AC model proposed by other au=gss 36).
thors[15,16], but their results are very different from oues
morphological transition was suggesteddr 2 [16], but it [8,20]. This so calledobustnes®f the DP class is the reason

was not quantitatively studigdOur findings are also com- for us to expect universality in real system transitions with
pletely different from the two-species restricted solid-on-the same blocking mechanisms as in our model.

solid model of Ref[17], although the pure cas@{0) also At the critical point ind=1 andL<8192, we estimated
obeyed KPZ scaling. the deposition rate at very long times(L) and obtained
Now we present results id=1.
For small values of, the growth process continues in- ro(L,t=o0)~L"7, (2

definitely, as in the pure modep&0). However, whem ) _ _ _ )
increases, the growth ratedecreases due to the increase inWith y=0.26+0.02. This result is consistent with the ex-
the density o3 at the surface, as shown in Figa® In Fig.  pected DP valuey=p/v, (the best known estimate,
Z(b) we show lr versus |npc—p) for Pc= 0.207 15, which =1.096 854~ 0.000 004[19] giVeS a%0252) We also esti-

gives the best linear fit of the data for 049<0.206. Thus Matedr for relatively short times in very large substrates
we obtain (L=65536), and obtained

= ~t 7
[~ e, e=pep, ® b= ©
_ with 7=0.160+0.005. This estimate also supports the DP
with p.=0.207 15-0.000 10 ang3=0.282+0.012. equivalence, which gives= B/v, wherey; is the parallel

The instantaneous growth rate decays as the density @prrelation length exponentbest known estimatey
particlesA at the surface. Focusing on the surface configu-— 1 733 847 0.000 006[19]).

ration, we notice that the growth rules of Figalmay be The interface width, defined as
mapped onto a-dimensional contact procef$8,7] (CP) in

which a topA represents a particle and a tBprepresents a 1 —,
hole (or empty sitg¢, as shown in Fig. (b). When the depo- W(L,t)= Ld Z (hi—=h)
sition of aB occurs in a column with a top, it corresponds

to the annihilation of a particle in a CP. On the other handgpeys dynamic scaling involving the exponents of DP and
the deposition of ar in a column with a toB and a neigh-  Kpz theory[overbars and angular brackets in E8). denote
boring column with a topA corresponds to offspring produc- spatial and configurational averages, respectivety order
tion in the CP. Notice that the stability of the absorbing statgq nderstand its behavior below the critical point, we first

is represented by process 4 in Figbjl The probabilities of  ghow the results gt, and very large substrates in Fig. 3. The
annihilation and offspring production in the CP are not trivi- jnterface widthW increases as

ally related top, since they also depend on the neighboring
height distribution. W~t, p=pe, (5

The equivalence to a CP indicates that the transition is in
the DP class, with the density of tédpor the growth rate as  as a consequence of the finite fraction of growing columns in
the order parameter. The above value of the expofieamid  isolated branches and the increasing fraction of blocked col-
results below support this statemétfite best known estimate umns, which give rise to increasingly large height differ-
for DP is 8=0.276 486- 0.000 008[19]) . ences.

Here it is relevant to recall that all known statistical mod- The evolution of the interface width fop=<p, is pre-
els showing continuous transitions to absorbing states, witlsented in Fig. 4, where we plotted\Wias a function of the
positive one-component order parameters, short-range intescaling variablex=te”l, with »=1.733847[19], in sub-
actions, and no additional symmetries, are in the DP classtrates with L=4096. There is a transient region for

1/2
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FIG. 4. InW) versus InK), with the scaling variablex=te"l.
From below to abovep=0.15, p=0.17, andp=0.18 (L=4096). FIG. 5. Saturation height Ifly) (squaresand saturation width
The regions of critical DP and KPZ behaviors are indicated. In(W,) (crossep versus Inf-¢) in d=1, with p.=0.207 15. The

solid line is a least squares fit &fs data, giving a slopey~1.75.
t<t.os~€ I, in which W shows the rapid increase typical

of the critical point[Eqg. (5)]. Notice thatt.,. is the charac- Analogous results were obtained in two-dimensional sub-
teristic time of correlations in the DP process. At strates. In Fig. @ we show Ir versus Ine, with p,
~teross W crosses over to a KPZ scaling, =0.4902, which gives8=0.573+0.020[Eq. (3)]. In Fig.
6(b) we show InW versus Irx, x=te"l, for several values of
W~ thx, (6) p, consideringy=1.295 [22]. Again it shows exponents

With Bc=1/3 ind=1. Finite-size effects are responsible for consistent with DP and the crossover from DP to KPZ scal-
K™ =1. - i = i i ~ -
the reduced declivities in Fig. 4 when compared to themg'Atp P, we obtained Eq(5) with a=0.46, to be com

. . S pared with the DP valuer~0.451[22]. The results ind
asymptotic forms of Eqsi5) and (6) (strong finite-size ef-  _5 ;o |oss accurate due to the limitations in lattice lengths

feclt:s ?{entyp:ilrcl:qal ofﬁl;z?tlllst:g deFfOS‘I:tIOIH rg(?[deﬁilﬁl]). turation ¢L<256), but are essential to justify any comparison of our
or long times, e-size effects lead to the saturation o heory with experiments.

the interface width. The extrapolation of data for sevgral The applicability of our model to real growth processes is

andL, also considering finite-size effedf21], leads to limited due to the ballistic aggregation conditions, the ab-

W~ e ALK, <1 L>1, 7 sence of diffusion mgqhanisms, etc. However, if pqisoning

sat™ € ¢ @ effects lead to a transition to a blocked phase and if it can be
with the KPZ exponent = 1/2 and the DP exponent. #is  interpreted as a transition to an absorbing phase, then the
the typical lateral distance between active columns, but aprobustness of the DP cla20,8] suggests this type of tran-
pears in Eq(4) as a vertical scaling length, accounting for Sition. A pos§|ble reallzat|pn is Si deposition in atmospheres
lateral correlations in the roughness saturation regime. Thwith phosphine (PH), which shows a decrease of growth
divergence of\V,, at p, indicates the failure of KPZ scaling rate with increasing phosphine flux. The saturation of phos-
at criticality. phorus dangling bonds by hydrogen at the surface was sug-
For p>p., the growth process stops when the whole surdested as the main blocking mechani¢8], but to our

face is covered wittB, for any lengthL. The heights of the ~Kknowledge no pinning transition has been found yet. Another
blocked deposits attain limiting or saturation values with av-Possible application is diamond CVD in atmospheres with
erageH,, and the interface widths attain saturation valuesP0ron, in which the formation of an amorphous BCN matrix
W, (W5 should not be confused wittVg,; for p<p., since

the former is a property of infinitely large static deposits and In(r) In(W)
the latter is related to finite-size effects in growing depgsits -05 - 4 prrrrg
The time for surface blocking is the characteristic time of E sE Wi 3
survival of particles in the corresponding CP; consequently . 3 2 f E
H, andW; should behave like the parallel correlation length -1.5 = @ E & 3
in the absorbing phase: 3 | 3 15 . E
L U N 0 il by b o
HS""WS"’(_E)_VH. (8) -4 -2 -4-20 2 4
In(e) In(x)

Equation(8) is confirmed in Fig. 5, where we show linear fits (a) (b)
of InHg and InW; versus In(-¢€), with p,=0.207 15 (the
same estimate as in the growing phag&om fits with dif- FIG. 6. (a) Scaling of the deposition ratenearp.=0.4902 in
ferent values op. we obtainy=1.75+0.05, which is also  d=2, giving 8=0.573.(b) In(W) versus Ing), with x=te"!, for p
consistent with DP within error baf49]. =0.44, p=0.46, andp=0.47 from below to abovel(=256).
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blocks the growth of the diamond phase for boron to carborbehavior of geometric quantities such as growth rate and
ratios above 0.14]. This seems to be an absorbing transitioninterface width are completely different; for instance, B&j.
similar to our model and, consequently, is a candidate for thés obeyed with8= v —v, [23]. A very different correspon-
DP class. dence with DP is also found in models with competition
Finally, it is important to recall the differences betweenbetween aggregation and desorption that show roughening
the transition found in our model and the pinning transitionstransitions[11], in which the film growth regime also paral-
obtained by directed percolation of growing interfaces in disdels the absorbing DP phase.
ordered media[9,10,23,3. In that case the interface is
blocked if the impurity concentration exceeds the DP thresh- The author thanks Dr. Dante Franceschini for useful sug-
old, and then infinite surface growth is found in the absorb-gestions and helpful discussions. This work was partially
ing phase of the impurities system. Consequently, the criticasupported by CNPq and FAPERBrazilian agencies
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