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The problem of step-flow crystal growth is considered for the specific case of the$110% face ofa-HgI2. It
is shown that the step-flow growth is inhibited by adsorption and high coverage factor ranging from 0.2 to 0.3.
The time for full coverage of the adlayer is the same order of magnitude as the adsorption time, and influences
therefore the characteristic time of the step-flow problem, relevant diffusion length, and step-flow velocity.
Step-flow growth proceeds under kinetic/diffusion or diffusion control. The case of kinetic/diffusion control
should reveal itself in the rectangular form of screw dislocation growth spirals with rounded sides and corners
~the extent of corner rounding should correspond to characteristic diffusion length,>123 mm!, while the case
of diffusion control should reveal itself in the circular form of dislocation spirals. Suggested values of the
adsorption energyEa>(0.5520.6)DH>0.6320.69 eV ~with steric factor within the range ofS5120.3,
respectively! and activation energy of incorporation into steps>0.320.35 eV give a good agreement of the
growth rates obtained within the framework of the step-flow model considered with three different sets of
experimental data@T. Kobayashiet al., J. Electrochem. Soc.130, 1183 ~1983!; M. Isshiki et al., J. Cryst.
Growth102, 344 ~1990!; M. Zha et al., ibid. 115, 43 ~1991!#. @S0163-1829~96!05847-X#

I. INTRODUCTION

The physics of step-flow crystal growth are of fundamen-
tal interest for understanding the background phenomena of
microscale structures appearing in crystalline matter and as
well as for a number of modern techniques of production of
artificial crystals and films for different applications. Since
the seminal work by Burton, Cabrera, and Frank,1 a great
number of papers have concentrated on mechanisms and dif-
ferent modes of step-flow growth.2,3 The work by Bales and
Zangwill4 focused on the morphological instability of steps
due to the different incorporation rates of atoms diffusing to
the steps from upper and lower terraces.5 This initiated a
series of publications in this field which elucidates the role of
various effects occurring in different modes of step-flow in-
stability, leading to step meandering and the appearance of
dendritic structures on growth interface.6–10

Current work focuses on the step-flow growth phenomena
on the $110% face of a-HgI 2 occurring in physical vapor
transport growth technique. Bulk crystals ofa-HgI 2 grown
by this technique are of interest as an effective detecting
material of spectrometric quality with high yield,11 suitable
for a number of x- andg-ray applications. The physical
transport growth of this crystal has been extensively studied
both experimentally12–18and theoretically.19–23Nevertheless,
the growth kinetics of these crystals are not understood well.
The experimental research has shown a strong inhibition of
the growth rate with time.13–15,17This was later attributed to
the conductive heat resistance of the growing crystal,12 the
interplay of conductive and radiation heat transfer,19–22 also
coupled together with mass transfer limitations.23 The rel-
evant theoretical models19–23have so far focused on the dif-
ferent mass transport and heat transport phenomena. These
models consider the growth rate in the linear23 and
parabolic20,23 approximations using the kinetic coefficients
estimated from different growth experiments, and do not take
into account the microscale kinetics of growth which may

proceed via a screw dislocation with a flow of macrosteps.
The present paper focuses on a theoretical study of the

step-flow growth kinetics on the$110% face with an account
of relevant surface phenomena. It is shown that the step-flow
growth on the$110% face is strongly inhibited by the adsorp-
tion and high coverage factor in the adlayer. The growth
rates obtained in the framework of the step-flow model are
compared with three different sets of experimental data. The
paper is structured as follows. The step-flow model used in
this study is given in Sec. II. In Sec. III, the main results are
presented together with relevant discussion. The final con-
clusions are given in Sec. IV.

II. STEP-FLOW MODEL

Let us consider a simplified scheme of a crystal face in
the form of a sequence of macrosteps, with a given interstep
distancel and heightH. The crystal is supposed to grow
from the vapor under a partial pressureP0 corresponding to
the source of the material held at the temperatureT0, i.e.,
P05Pe(T0), where Pe(T) is the equilibrium pressure/
temperature equation.24 In this study, we will neglect the
gas-phase-diffusion limitation of the process assuming that
the growth is controlled by interface kinetics, so that the gas
pressure in front of the growth interface corresponds to the
pressure in the source zone,P0. We neglect also the contri-
bution from the direct collisions into steps, taking into ac-
count only surface diffusion.

The problem is considered within the framework of the
Burton, Cabrera, and Frank~BCF! model, taking into ac-
count the following sequence of events:~i! physical
adsorption/desorption,~ii ! diffusion transport of adsorbed
molecules over the terraces to the steps, and~iii ! thermally
activated incorporation of molecules arriving at steps from
corresponding upper and lower terraces. Let us consider one
isolated terrace in the reference frame of the moving step.
The surface distribution of molecules adsorbed on the ter-
race,n, is governed by
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Here n(x) is the surface density of adsorbed molecules,
Ti is the temperature on the terrace,kB is the Boltzmann
constant,n'1013 Hz is the thermal vibration frequency,
Ea is the adsorption energy,ne(T) is the equilibrium
density of adsorbed molecules,D(Ti)5na

21n exp(2Ed/
kBTi) is the surface diffusion coefficient,na is the den-
sity of the adsorption sites,m is the molecular mass,Ed is
the energy of activation of surface diffusion. The factor
(12n/na)S exp(2dEa /kBTi) in the adsorption term of Eq.
~1! represents the probability of adsorption, taking into ac-
count the fraction of free adsorption sites on the terrace
(12n/na) and condensation coefficient equated to a steric
factorS,25 times the probability of overcoming an activation
energy of adsorptiondEa .

In addition, the so-called radiation boundary condition9 is
used at the step:

x50, D~Ti !
dn

dx
5b~Ti !$n2ne~Ti !%. ~2!

The symmetry of the problem gives

x5l/2,
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The kinetic coefficient~or attachment rate constant!, b(Ti),
is the Arrhenius-type constant given by

b~Ti !>
a0
2

lk
n exp~2dEinc /kBTi !, ~4!

wherelk is the mean distance between the kinks on the step,
a0 is the intermolecular distance on the step, anddEinc is the
activation energy of the molecule incorporation into the step.
It should be noted here that this energy barrier may differ for
the two terraces adjacent to the step with the preferential
attachment from the lower one.5 However, this effect is ne-
glected here.

The velocity of the step-flow growth is given by

V5
2h

H
s0b~Ti !$n~0!2ne~Ti !%, ~5!

whereh is the height of monolayer,s0 is the characteristic
area per one molecule, andH is the height of the step~which
may include several layers!.

The solution to Eqs.~1!–~5! gives the following expres-
sion for the step-flow velocity:
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wherelD5(Dt* )1/2 is the diffusion length,
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is the characteristic time with
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as the adsorption time and the time of full coverage of the
adlayer, respectively.

III. RESULTS AND DISCUSSION

The calculations have been performed for the specific
case of the kinetically controlled physical vapor transport
growth ofa-HgI 2 crystals, which takes place during the ini-
tial stage of the process. The consideration is focused only
on the $110% facet with the sequence of steps growing in
directions^001& and^11̄0&. The energy of adsorption on the
$110% face is considered to be withinEa5DH/222DH/3
~whereDH51.833310219 J51.15 eV is the energy of sub-
limation per one molecule!.24 The activation energy of the
surface diffusion is taken asEd50.2Ea (Ed50.220.5Ea).

9

The activation energy of the molecule incorporation into the
steps has been varied withindEinc50.220.5 eV. The density
of adsorption sites on the$110% face is estimated as
na52/A2ac'2.631018 m22, wherea54.35310210 m and
c512.34310210 m are the unit cell dimensions. The inter-
molecular distance at the step isa05a54.35310210 m and
a05a56.16310210 m, respectively, for the$001% and
$11̄0% faces. The height of the monolayer in the^110& direc-
tion ish5a/A2>3.1310210 m. The mean distance between
the kinks at the steps has been varied withinlk5124a0.
The characteristic area per molecule in the~110! layer is
s05A2ac/2>3.7310219 m2. To be more specific, opera-
tional parameters corresponding to an actual growth
experiment14 with the interstep width withinl530250
mm and step height withinH525250h are used. The tem-
peratures at the crystal holder and at the source are taken as
Tsub5378 K andT05383 K, respectively. We neglect here
the heat resistance of the crystal, assumingTi5Tsub corre-
sponding to the initial stage of growth. The corresponding
growth rate observed wasR>731028 m/s.

In Figs. 1~a!–1~c! we present the value of the maximal
coverage factor on the terracen/na ~at a distance from the
step much larger than the diffusion length!, growth rate

R>
VH

l
, ~10!

and characteristic timet* , correspondingly. Graphs are
given for different values of energy of adsorption varied
within Ea5DH/222DH/3 in dependence on the value of
the steric factor. The calculations are performed for the case
of l530 mm and for surface diffusion controlled mode of
step-flow growth (dEinc50 andD/blD!1).

Let us consider the value of the maximal coverage factor
shown in Fig. 1~a!. It is worth noting that its value does not
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depend on the activation energy of adsorption.26 The value of
Ea52DH/3 gives very high coverage factor~0.5–0.95! for
the range ofS50.0521. Step-flow growth may not be stable
with these coverage factors due to the nucleation and growth
of two-dimensional islands on the terraces. Lower steric fac-
tors,S,0.05, giving reasonable values of the coverage fac-
tors (,0.3) for Ea52DH/3 lead to growth ratesR,1028

m/s which disagree by an order of magnitude with the ex-
perimentally observed value ofR5731028 m/s. This shows
that the value ofEa52DH/3 may not be acceptable for the
energy of adsorption on the$110% face. Another limit of
Ea5DH/2 yields reasonably low coverage factor, even for
S51 @Fig. 1~a!#. The relevant growth rateR>731028 m/s
@Fig. 1~b!# matches well with the experimentally observed
value. However, it should be noted that this is a maximal
estimate obtained for the minimal value of terrace width
l530mm. Estimate with a larger value ofl550mm gives
R>4.231028 m/s which does not match its experimental
value.

A reasonable range for the activation energy is given by
Ea5(0.5520.6)DH50.6320.69 eV giving, first, the rea-

sonable values of the coverage factors and, second, growth
rates which match well with the experimental values in all
ranges of terrace widths and operational conditions. For the
case ofEa50.6DH50.69 eV values of the steric factor
within the rangeS50.220.4 @Fig. 1~a!# give a reasonably
low maximal coverage factor, within the range of 0.2–0.4,
giving good agreement between the relevant growth rates
R5(529)31028 m/s and those of experiments. For the
case ofEa50.55DH50.63 eV the value of the steric factor
S51 @Fig. 1~a!# gives reasonably low maximal coverage fac-
tors of >0.2, providing growth rates up toR51231028

m/s. Both these cases exhibit marked inhibition of step-flow
velocity ~and growth rate! by adsorption and coverage factor
n/na which inhibits the number of free adsorption sites. That
is, for the first case (Ea50.6DH50.69 eV and
S50.220.4) the value of the adsorption time@Eq. ~8!#
t1>1024 s while the value of full coverage
t2>(223)31024 s @see Fig. 1~c!# so that the characteristic
time is in the range oft*>(0.6520.75)31024 s. For the
second case (Ea50.55DH50.63 eV andS51) the value of
the adsorption time@Eq. ~8!# t1>231025 s while the value
of full coveraget2>731025 s @see Fig. 1~c!# so that the
characteristic time ist*>1.531025 s. The value of the dif-
fusion lengthlD5(Dt* )1/2 is lD>2.0 and 1.0mm, respec-
tively, for the two casesEa50.6DH, S50.220.4 and
Ea50.55DH, S51.

In the above calculations the activation energy of adsorb-
tion was neglected by assumingdEa50. To explore the pos-
sible contribution of its effect in Figs. 2~a!–2~c! the depen-
dences of the characteristic timet* ~a!, diffusion length
lD ~b!, and growth rateR ~c! are given versus the value of
dEa within the range of 0–0.2 eV. Figure 1~a! shows that the
value of dEa50.1 eV increasest* by an order of magni-
tude,lD by a factor of>A10, and decreases the growth rate
to valuesR>(1.523)31028 m/s, which do not agree with
experimental data. It is reasonable to assume that for relevant
coverage factor~with maximal value in the range of 0.2–0.3!
molecules impinging into the free adsorbtion sites on the
terraces do not overcome any marked energy barrier. In ad-
dition, it is worth noting that the coverage factor within one
diffusion length~see Fig. 3! from the steps~where the ad-
molecule concentration may be influenced by the value of
dEa) is considerably smaller than that in the middle part of
terraces~where the admolecule concentration is not influ-
enced by the value ofdEa).

26

The typical distributions of the coverage factorn/na near
the steps for the case withEa50.55DH andS51 are shown
in Fig. 3 (dEa50) for the two growth directionŝ001& and
^11̄0& and for various values of the activation energy of
incorporationdEinc . These plots show that the region of
nonuniform molecular coverage is located in the vicinity of
the steps at a distance of>3 mm, so that the neighboring
steps do not have any diffusion interference with each other.
The cases ofdEinc50.4 and 0.35 eV~curve sets 1 and 2!
show a marked difference inn/na for the two growth direc-
tions, while for the case ofdEinc50.3 eV ~curve set 3! this
difference becomes negligibly small. The behavior of the
difference of molecular density distributions in front of the
step with an increase ofdEinc may be easily explained in

FIG. 1. The dependence of the maximal coverage factor on the
terrace~a!, growth rate of$110% face~b!, and characteristic time of
the step-flow model~c! versus the value of steric factor plotted for
various values of energy of adsorption.
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terms of the kinetic and diffusion resistance of the step-flow
growth. For case 1 (dEinc50.4 eV!, the ratio of the kinetic
resistance, 1/b, to the diffusion resistance,lD /D, is
@D/blD#^001&>4.5 and@D/blD#^11̄0&>3.1. This results in
step-flow velocities in both directions that depend strongly
on the corresponding kinetic coefficientsb^001& and b^11̄0&
differing by a factor 1.4 due to the different mean intermo-
lecular distances on the faces. For case 2 (dEinc50.35 eV!,
the values of the ratio @D/blD#^001&>1 and
@D/blD#^11̄0&>0.6. The different step-flow velocities also
give different diffusion fluxes at the differently oriented
steps, leading to the differences inn/na distributions. There-
fore, for these two cases, kinetic control is equal to diffusion
control by an order of magnitude leading to the marked dif-
ference in n/na . For case 3, the value of the ratio
@D/blD#^001&>0.2 and @D/blD#^11̄0&>0.15, both being
!1. This leads to diffusion control of step-flow growth,
where the velocity does not depend on the kinetic coefficient
and the difference inn/na in front of differently oriented
steps tends to zero.

To illustrate this Fig. 4~a! presents the dependencies of

the step-flow velocities in the two growth directions. Figure
4~b! shows their ratio. In Fig. 4~c!, the ratio of kinetic and
diffusion resistances,D/blD , is plotted versus the activa-
tion energy of incorporation in the rangedEinc50.220.5 eV.
The value ofdEinc50.5 eV corresponds to kinetic control of
step-flow growth, the relevant values ofD/blD@1 and the
step-flow velocities differ asV^11̄0& /V^001&>1.4, in accor-
dance with the difference of the corresponding kinetic coef-
ficients: b^11̄0& /b^001&>1.4. The values ofdEinc,0.3 eV
correspond to diffusion control of step-flow growth, with the
relevant values ofD/blD!1, causing the step-flow veloci-
ties to be the same in both directionsV^11̄0& /V^001&>1, since
they do not depend on the kinetic coefficients.

Let us discuss how kinetic, diffusion, and kinetic/
diffusion growth modes may reveal themselves experimen-
tally. First, under the kinetic regime of step-flow growth, the
difference of kinetic coefficients in two perpendicular crys-
tallographic directions on the face should lead to a rectangu-
lar form of dislocation spirals with the ratio of lengths of the
rectangular sides corresponding to the ratio of the kinetic
coefficients in the respective directions. In addition the dif-
ference of the kinetic coefficients lead to the difference of the
molecular density concentrations near the steps~see Fig. 1!.
These distributions should overlap near the corners of rect-
angular spirals leading to a continuous molecular distribution
near the corners~since the molecular density distribution is
governed by the second-order equation ensuring the distribu-
tion continuity!. This leads to the corner rounding on the
length scale of the diffusion lengthlD>3 mm. Second, un-
der diffusion control, the step-flow velocity does not depend
on the kinetic coefficient and, hence, on the crystallographic
direction. Growth of a dislocation spiral with the same ve-
locity in all directions over the face should lead to the round-
ing and, ideally, to a circular form of dislocation spirals. In
addition, under diffusion control, the steps are prone to mor-
phological instabilities leading to their meandering. Finally,
the kinetic/diffusion mode of dislocation growth should keep

FIG. 2. The dependence of the characteristic time of the step-
flow model~a!, corresponding diffusion length~b!, and growth rate
of $110% face ~c! versus the value of activation energy of adsorp-
tion.

FIG. 3. The distributions of the dimensionless molecular density
~coverage factor! in front of the step for two growth directions,
^001& and ^11̄0&, and different values of activation energy of in-
corporation:~1! dEinc50.4 eV, ~2! dEinc50.35 eV,~3! dEinc50.3
eV.
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the features of both previously discussed modes. That is, the
dislocation spiral should have a rectangular form with
rounded sides and corners. Thus, the set of parameters cor-
responding to the kinetic/diffusion mode with
@D/blD#^001&>1, @D/blD#^11̄0&>0.6, and V^11̄0& /V^001&
>1.2 should reveal themselves in dislocation spirals of rect-
angular form with rounded sides and corners, while the set of
parameters corresponding to diffusion control (D/blD!1)
should reveal themselves in a circular form of dislocation
spirals.

In Figs. 5~a! and 5~b! the values of the step-flow velocity
and growth rate are given versus the operational temperature
difference between the source and the growth zone for dif-
ferent growth directions and various values ofdEinc
(Ea50.55DH, S51). The step-flow velocity calculated in
the framework of the present model fordEinc50.35 eV and
DT55 K yields a growth rateR>72831028 m/s, which
agrees well with the growth rates ofR5731028 m/s ob-
served experimentally at the initial stage of growth,16 when

the effects of heat and mass transfer inhibition may be ne-
glected. An estimate of the step-flow velocity for the opera-
tional conditionsTs5388 K andTsub5387.4 K (DT50.6)
gives a growth rate ofR51.2521.431028 m/s, which
matches quite well with the experimental growth rate
R>1.021.231028 m/s observed on the initial step in the
lateral direction corresponding to the$110% face in two sets
of growth experiment.19,20 Moreover, the step-flow velocity
V @Fig. 5~a!#, and growth rateR @Fig. 5~b!# calculated versus
the operational temperature difference between the source
and growth pedestal,DT5Ts2Tsub, exhibit quasilinear de-
pendence over the entire range ofDT5025 K. This ex-
plains why linear approximation of the growth rate,23 R
}b@P02Peq(Ti)#, with b estimated from one experiment,14

matches well with experimental data over the entire range of
the temperature difference,14,19 while parabolic approx-
imation23 of the growth rate estimated from one set of ex-
periments~with DT50.6 K!19 does not agree with the data
of a different experiment~with DT55 K!.14

IV. CONCLUSIONS

The analysis performed for the step-flow model suggests
the following conclusions:~i! Step-flow growth is strongly
inhibited by adsorption and high coverage factor ranging
from 0.2 to 0.3 and proceeds under kinetic/diffusion or dif-
fusion control,~ii ! the time for full coverage of an adlayer is
the same order of magnitude as the adsorption time,~iii ! the
case of kinetic/diffusion control should reveal itself in the
rectangular form of dislocation spirals with rounded sides

FIG. 4. The dependencies of the step-flow velocity in directions
^001& and ^11̄0& ~a!, their ratio ~b! exhibit the equalization of
growth velocities in different crystallographic directions along with
the decrease of the activation energy of incorporationdEinc . The
ratio of kinetic resistance to diffusion resistance,D/blD , for
growth in directions^001& and ^11̄0& ~c! exhibits the transition
from kinetic to diffusion control along with a decrease in the acti-
vation energy of incorporation,dEinc .

FIG. 5. Step-flow velocityV ~a! and corresponding growth rate
R ~b! plotted for different growth directions and various values of
activation energy of incorporation exhibit quasilinear dependence
on the operational temperature difference between source and
cooled pedestalDT5Ts2Tsub.
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and corners~the extent of corner rounding should correspond
to characteristic diffusion length,>3 mm!, ~iv! the case of
diffusion control should reveal itself in the circular form of
dislocation spirals,~v! the step-flow velocity and growth rate
of $110% face exhibit quasilinear dependence on the opera-
tional temperature difference between the source and growth
interface in the range ofDT5025 K.
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