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Limits on Surface Vicinality and Growth Rate due to Hollow Dislocation Cores on KDP{101}
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Atomic-force microscopy measurements on KP®1} faces are presented which show that the
terrace widthW on vicinal dislocation growth hillocks is nearly independent of supersaturatiamd
Burgers vectob, in contradiction to simple Burton-Cabrera-Frank models. An analytical model taking
into account the effect of dislocation cores on step rotation is presented which predicts a dependence of
W on ¢ andb, in good agreement with the measurements. Using these results, we rescale macroscopic
growth rate data onto a single Arrhenius curve, which gives a value of 0.33 eV for the activation energy
of step motion. [S0031-9007(97)03298-5]

PACS numbers: 81.10.Aj, 61.16.Ch, 61.72.Lk, 68.35.Bs

Growth of smooth surfaces during epitaxy is a centrakates and to rescale data on growth rate as a function of
problem in materials science. Application of conditionstemperature and supersaturation onto a single curve. This
which favor layer-by-layer growth rather than multilayer curve has an Arrhenius form and gives a value of 0.33 eV
growth is generally recognized to produce smoothefor the activation energy of step motion.
surfaces and more abrupt interfaces [1,2]. In particular, Two types of experiments were performed: Samples
growth in a step-flow model ensures that incoming atomsvere measured botin situ [6—8] at low supersatura-
become attached at existing kink sites on a regular arraons (o < 0.01) under conditions of flowing solution and
of steps, producing well-defined vicinality. ex situ[5,8] on samples grown in the range 0103 <

Step-flow growth is most easily produced in a near-c = 0.25 and imaged in air. In both cases, atomic-
equilibrium regimes, where the morphology is likely to force microscopy was done in contact mode with stan-
be controlled more by equilibrium thermodynamic con-dard SiN cantilevers having a nominal force constant of
siderations [3] than by the kinetic factors often associate®.1 nN/nm. The supersaturatiom was calculated from
with nucleation of new islands [4]. During growth of in- o = Au/kT = In(C/C,), where Au is the change in
organic crystals from low temperature aqueous solutiongshemical potential upon crystallizatioh,is Boltzmann’s
the range of supersaturation which is typically accessibleonstantT is the absolute temperature, aficandC,, are
leads to critical island sizes consisting-e10° molecules. the actual and equilibrium molarities. Experimental de-
Thus, unless great care is taken to ensure that the intails are presented elsewhere [8].
tial seed crystal is dislocation free, growth occurs almost Figure 1(a) is a schematic of a KDP crystal along with
exclusively by step flow on vicinal hillocks formed by the hillock geometry on both thE00} and {101} faces.
dislocations. Consequently, investigations of surface morFigure 1(b) shows aim situ AFM image near the top of a
phological evolution in such systems can provide impor-
tant insights into the controls on surface roughness and
growth rate during epitaxial growth in a step-flow regime.

Previously [5-7], we showed that atomic-force mi-
croscopy (AFM) could be used to investigate the mor-
phology and dislocation structure of growth hillocks on
solution grown crystals botbx situ[5] andin situ [6,7].

In this Letter, we use AFM measurements on {1}
face of KH,PQO, (KDP) grown from aqueous solution to
investigate the dependence of surface vicinality on super-
saturation and dislocation structure. We find that, over the
range of supersaturatidh03 < o = 0.31, terrace width

is nearly independent of both supersaturation and dislo-
cation structure, in contradiction to the predictions of the
simple model of Burton, Cabrera, and Frank (BCF) [3].
We show that an analytical model that takes into account
the effect of hollow dislocation cores on the period of step G. 1. (a) Schematic showing geometry of growth hilocks
rotation predicts a dependence of terrace width on supeF—n KDP. " (b) 2.Lam in ity AFI\%I ?mage r?t/ear tgp of growth
saturation and Burgers vector which is in good agreeme illock on KDP {101} showing the presence of hollow core and

With the measured_slopes. These results are qsed to exep structure near the core. (c) én and (d) 4.0um images
plain the reproducible character of macroscopic growtlof typical hillocks withb, = 3k and4h, respectively.
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typical dislocation hillock on th¢101} face for which the tionships between the structure of a dislocation source and
component of the Burgers vector perpendicular to the suithe vicinality of the resultant growth hillock. In this simple
face,b, = mh, is two unit step heightk. Figures 1(c) model, the morphology of the crystal surface is determined
and 1(d) areex situimages of hillocks formed by disloca- solely by the two experimental parameters: the supersatu-
tion sources for whicltb, is 34 and4h, respectively. As ration and the temperature, and two materials parameters;
thein situimage shows, hillocks on KDPI01} consist of  the free energy of step edge and the height of an elementary
straight-line steps emerging from a hollow dislocation corestep, along with the net Burgers vector and lateral extent of
and oriented along the three step directions on{iiid}  the dislocation source. The BCF model predicts that the
face. (The rounded corners apparent ingResituimages hillock slopep for an isotropic spiral should be given by
result from postgrowth annealing [9].) The relative slopeq3,11]

of each of the three vicinal sectors on these hillocks are de- p= __mh__ , (1a)
termined by kinetic factors [10]. In accordance with their 19rc + 2L

relative slopes, we refer to the three sectors as the shallow, Qa

medium, and steep sectors, respectively. Te T e (1b)

Figure 2 shows the dependence of hillock slgp@en  wherem#h is the number of unit steps ih,, 2L is the
supersaturation for each of the three sectors at values téngth of the perimeter at the surface surrounding the group
o between 0.03 and 0.25. (Little data is shown for theof dislocations which create the hillock, is the critical
steepest sector because, over most of the experimentaldius,() is the inverse of the number density of molecules
range, the slope was too great to allow for accuratén the solid, andx is the free energy of the step edge per
measurements.) The data show that, regardless of thait step length per unit step height. In the case of an

value of b, the hillock slope rises abruptly untiF ~  anisotropic triangular hillock, Eq. (3) can be approximated
0.05, beyond which it rises slowly and appears to approaclipy [10]
a limiting value. __ 0547mh (2a)
In their classical paper on the growth of single crystals, pi = Bi(€.B + L*)’
Burton, Cabrera, and Frank [3] presented the basic rela- B 30 3.1,
€ =23r,, B=> — L= B (2b)
0.014 Shallow Medium Steep . . =1 ' i=1 ! .
m1 m O where{. is the critical length of a step segment, is the
0.0127 m2 4 A4 R length of theith side of a triangle enclosing the dislocation
00104 7 IR bunch, andg;/B; is.given b'y the inverse of th(_e ratio
g ’ e of the slopes of theth and jth sectors of the hillock.
o 0.0081 [' e The values of the parameters in Eq. (2) are known and
i; 00061 p Lot ° are given in Table I. Wherl. = 0, the dependence of
= %’ ’5 .- hillock slope on supersaturation predicted by the BCF
0.0041 / :/ P _- s model is linear inr and, form = 1, is given by the dashed
AR A . lines in Fig. 2. For larger values @, the slopes of the
0.0027 ,: z;f,f “. 8 . i ‘ predicted curves should scale linearly with In contrast
0.000-2—=— . . ' (a) to these predictions, the measured slope is highly nonlinear
0.014 in o and shows almost no dependence on the size of the

Burgers vector. We will now show that the reason for this
discrepancy is that the simple model ignores the effect of
the dislocation cores.

0.0121

0.0101
§ Frank [14] and Cabrera and Levine [11] showed that, in
o 0.008] general, the strain field associated with a dislocation should
§ 0.006- produce a hollow core provided that the ratio of the elastic
g energy to the free energy of the step edge is sufficiently
0.0041 large. Hollow dislocation cores have been observed in a
number of materials including epitaxially grown films of
0.0021 GaN [15]. Previously, we reported AFM observations of
0.000 ; , . . dislocation cores in KDP [5]. These cores are also seen in
0 5 0 15 20 25 Fig. 1. As shown by van der Hoeit al. [16], the radius
Supersaturation (x100) of the hollow corer,,. is < the Frank radiusy which, for
FIG. 2. Measured hillock slope (data points) versus superan isotropic solid, is given by [14]
saturation along with (a) curves predicted by BCF model for Gb?
m = 1 (dashed lines), and (b) those predicted by Eq. (7) (solid rF = 3)

2 b
lines) for I: ro =3 nm atm = 1, Il: 7o = 12 nm atm =2, 87lay
and 1ll: ro = 25 nm atm = 3, wherer, is the radius of the WhereG = (ci; — c¢12)/2 is the modulus of rigidity «x
hollow core. is the free energy per unit length per unit step height
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TABLE I. Experimental values of parameters used in evaluating Egs. (2), (3), (7), and (8).

Q h a [12] G [13]
(cm®/molecule) (1077 cm) (ergcm?) (ergcm?) B3/ B> B2/ Bi b1 &> b3
9.68 X 102 0.5086 20 3.844 X 101! 25 1.8 159 119 82°

inside the core, and is the magnitude of the Burgers whereC andC, are the actual and equilibrium concentra-
vector. As discussed elsewhere [5], for the growth conditions. This has been shown to hold for a number of systems
tions in this studyy;. is about one-half ofr. Figure 3 [10,12,18], including KDP [12], and has a theoretical basis
shows that both the magnitude and the dependence §f9,20]. From the geometry of the hillock we see that
the measured core radii om are consistent with Eq. (3). L; = 2rysin(¢;/2), wherery is the radius of the channel
When a dislocation source generates a hollow core of reand ¢; is defined in Fig. 4. Combining Egs. (4)—(6) gives
dius ry., the step must spiral around this core in order for

the surface to advance. Thus, as a result of core formation, pi = mhw , (7a)
even when the dislocation source is simple (that is, all steps 'Cji(z\/g reB + r0<I>)3 )

emerge from a single source), we should expect2fias B = Z 1 b — Z 2sin(¢;+1/2) (7b)
nonzero and of orde2wr,.. To quantitatively analyze ] B;’ = B '

the experimental results, we now calculate the slope of an

anisotropic, triangular hillock with a dislocation core fol- The values of3;/B; and ¢; are given in Table | for our

lowing the scheme of Vekiloet al. [10] and based on the measurements on KDRO1}.

geometry shown in Fig. 4. A triangular spiral makes on The solid curves in Fig. 2 give the predicted curves for

full rotation about a core of radius, in time = givenby ~ ro =3 nm atm =1, ro = 12 nm atm = 2, andro =

Li+€ Ly+4€ L;+¢ 25 nm atm = 3 which are consistent with the measured

T= + + ) (4)  core radii in Fig. 3. The predicted curves are in good

) ] ] agreement with the measured dependengemfo. From

whereL,; is the length of the chord of the dislocation core hege results we conclude that, due to the presence of the

along the step direction in théh sector, and; is the step  pqj10w cores above approximateby = 0.05, the hillock

éi}gﬁitgyin theith sector. The slope of thih sector is  gjgpes are weakly dependent erand nearly independent

125} V3 (]

of b,.
_mh _ mho (5) The normal growth rat® of a crystal face growing on
pi v; T v; 23_1 Ljt€ > a dislocation hillock is given bR = pv. Using Eq. (6),
G we have

wherev, = v; andw, which approximates the influence
of the Gibbs-Thomson effect, equals 0.547 for a triangular R = piQBi(C - C,). (8)

step [17]. We now assume that step speed is lineagecause the growth of macroscopic KDP crystals begins

in concentration such that the step speed far from th@ith the nondeterministic process of seed regeneration
dislocation source; is given by [12,21], the dislocation structure of the leading hillocks
v, = QB;(C - C,), (6)  will vary greatly from one growth run to another. If the

hillock slope was strongly dependent on the structure of

10 r the dislocation source as predicted by the simple BCF
> fmin Y, model, then the growth rate would also vary greatly from

ok & fmax | MFeel run to run. Zaitsevaet al. [21] reported the dependence
) of o on T at a constant growth rate along tK@01}
£ sl
S
S
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FIG. 3. Dependence of core radii on Burgers vectagi, and /

rmax are the measured core radii at half depth and at the surface,

respectively. Dashed lines for- and rr/2 were calculated FIG. 4. Model hillock and core geometry used in deriving
from Eq. (5) assuming = 1 andar = «. Eq. (7).
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direction (Ryo1y = \/ER{I(H}). The authors found that o at which 2D nucleation begins will be reduced, simply
these growth rates were reproducible from run-to-runbecause diffusing adatoms are farther from a step edge [1].
From the experimental results and analysis presented ifhe conclusion of this study is that, on K1} surfaces,
this paper, we now understand that, becausea function the consequences of this effect are (1) 005 < o =
only of T andC — C,, and p is weakly dependent on 0.25, the terrace widths on vicinal growth hillocks formed
dislocation structure, we should exp&cto be well defined by dislocations are controlled by the size of the hollow
only by T and 0. We have taken the growth rate datacores associated with the dislocation source, and (2) the
of Zaitsevaet al. [21] (shown in the inset of Fig. 5) and growth rate is determined solely by the value§g'adindo,
calculated the slope at each supersaturation from a féand is nearly independent of dislocation structure.
to our data onp(o) in Fig. 3. As Fig. 5 shows, when  This work was performed under the auspices of the U.S.
R is normalized byp(C — C,) all of the growth rate Department of Energy by Lawrence Livermore National
data fall onto a single curve which follows an Arrhenius Laboratory under Contract No. W-7405-ENG-48.
relationship. The slope of this curve gives an activation
energy for step motion of 0.33 eV. Because the ratio of
the slopes of the shallow and medium sectors is a constant
over the range of experimental range, the same result is )
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