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Emergence of Supersteps on KH,PO, Crystal Surfaces
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In situ AFM investigation of growth on the {100} face of KH,PO, in the presence of Al(III) and other
trivalent metals reveals the emergence of a new type of morphological feature—the superstep.
Supersteps, or step bunches consisting of 50-1500 elementary steps, are responsible for growth at
all supersaturations and exhibit behavior not predicted by accepted models. The step velocity of the
superstep is greater than that of single atomic steps and increases with step height. The steepness of the

step riser reaches a limiting value of only 11.8°.
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Introduction.—Since the advent of the modern theory
of crystal growth, the elementary step has been viewed as
the central feature of a growing crystal surface [1].
Likewise, growth inhibition by impurities has been ana-
lyzed in terms of the pinning of elementary steps due to
their interaction with the adsorbates [2]. The realization
that these interactions can produce step pileup led to the
inclusion of the term ‘““macrostep” into the lexicon of
crystal-growth science [3-5]. This step-bunching behav-
ior has also been observed in interferometric investiga-
tions of crystal growth from solution [6—9]. However,
unlike atomic force microscopy (AFM), interferometric
length scales are too large to show the details of step
bunching such as step height and terrace width.
Traditionally, macrostep formation has been viewed as
detrimental to growth, leading to trapping of impurities
and slowing growth of the crystal face. Thus, in a wide
range of scientific disciplines, impurities—either natu-
rally occurring or intentionally introduced—have been
the focus of intense research [3-5,10,11]. Recently, Land
et al. [12] showed that, during regeneration of growth
following impurity poisoning, macrosteps can play the
central role once attributed to elementary steps. Here we
report the discovery of yet a new family of steps that
consist of hundreds or thousands of elementary steps.
These “supersteps’—also induced by impurity adsorp-
tion—travel at speeds far in excess of either elementary
steps or macrosteps and exhibit behavior starkly different
from that predicted by standard models.

The inhibition of growth by impurities is convention-
ally described by the Cabrera-Vermilyea (C-V) model [2]
in which the normal flow of a train of elementary steps
across the growing crystal face is disrupted as the steps
are pinned by a field of adsorbed “impurity stoppers.”
These stoppers create a so-called “dead zone” in which
the step is prevented from advancing because the critical
radius of step curvature (r, = aw/kTo) is (approxi-
mately) greater than the impurity spacing (where « is
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the step-edge free energy, w is the molecular volume, £ is
Boltzmann’s constant, T is temperature, and o is super-
saturation). If the supersaturation is increased, a critical
value, o*, is reached at which the critical radius falls
below the average impurity spacing and the elementary
steps begin to move again. According to the C-V model,
the surface then once again consists of a moving train of
elementary steps.

Previously, Land et al. demonstrated that this classic
picture does not account for the observed behavior caused
by Fe(Ill) poisoning of the solution-grown crystal
KH,PO, (KDP) [12]. Instead, the recovery of the KDP
surface occurred through the movement of macrosteps,
which were mobile even when elementary steps remain
pinned. This led to a slow increase in growth rate below
o, even for supersaturations in the region o; < o < o™.
From the width of the slow-growth region, a character-
istic adsorption time for Fe impurities onto the surface
of KDP was derived by considering a model for macro-
step propagation through a field of immobile elementary
steps [12]. Surprisingly, the addition of AI(III) to KDP
produces entirely different behavior, not predicted by
either model.

Methods.—The details of the experimental procedure
are discussed in depth elsewhere [12,13]. Typical Al(III)
and Fe(IIT) concentrations were 7.5 and 15 pmol AI(III)
or Fe(Ill) per mole KDP. Solutions were allowed to
equilibrate at 80 °C for several hours before experimen-
tation. Dopant concentrations were confirmed via elemen-
tal analysis.

Results and discussion.—Figure 1 shows a plot of step
speed, v, vs o for the growth of KDP in the presence of
AI(IIT) at a concentration of 15 umol per mole of KDP
(3.0 ppm by weight), along with the observed surface
morphology at four separate points along the curve.
Also shown in Fig. 1 is a typical curve for the Fe(III)-
KDP system at the same dopant concentration. For the
Al-bearing system, because of step pinning, the step
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FIG. 1. Step velocity vs percent supersaturation (%o) for
pure solution (grey line) and solution containing 15 pumol
AI(III) per mole KDP. The solid black line is a calculated
line fit to the velocity curve for an equivalently doped Fe(III)
system [14]. (a) For all supersaturations below o* (circled
in black), the elementary and macrosteps are pinned.
(b) Macrosteps begin to move at ¢*, leaving the elementary
steps immobile on the surface. (c) Before the macrosteps can
fully recover growth, supersteps appear and quickly overcome
the slow moving macrosteps. (d) For o > o™, supersteps domi-
nate the growth surface. The boxed region on the Fe(III) line
marks the slow growth region where o; < o < o™.

velocity of the [100] face is approximately zero up to o™
and, unlike the case of Fe(Ill), no slow-growth region is
observed [Fig. 1(a)] below ¢*. Both the elementary and
macrosteps characteristic of KDP growth are present, but
are immobile. Moreover, as the supersaturation is in-
creased, growth does not recover on elementary steps at
any AI(III) concentration. Instead, elementary steps
bunch together to form macrosteps consisting of 2 to 12
elementary steps [15]. As in the case of Fe(IIl), these
macrosteps are the first class of steps to begin advancing
[Fig. 1(b)] as the surface recovers from the dead zone. At
o, they begin to move while the elementary steps remain
pinned. More significantly, precisely at o™, just as the
macrosteps become mobile and while the elementary
steps are still pinned, a new class of step bunches we
call supersteps appears [Fig. 1(c)]. They move across the
surface through the field of macrosteps and elementary
steps, apparently unimpeded by the adsorbed impurities.

The supersteps consist of hundreds to thousands of
elementary steps that are tightly spaced and move as a
single advancing step. They can form anywhere on the
{100} face of KDP, including near the top of dislocation
growth hillocks that provide the sources of steps on this
surface (Fig. 2). The supersteps can be up to 500 nm tall
and quickly replace all other morphological features as
they move across the surface. Close to ¢*, the motion of
supersteps across the face is erratic: They appear at ir-
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FIG. 2. Formation of supersteps at the apex of a dislocation
growth hillock. (a)—(c) The motion of a superstep about the
dislocation over three subsequent scans. These images were
taken in a system highly doped with Fe(III) (45 wmol per mole
KDP or 15 ppm by weight).

regular intervals and are inconsistent in height. The
supersteps rapidly increase in velocity over a small range
of o (see graph in Fig. 1). Above the dead zone, the
supersteps achieve the velocities of elementary and
macrosteps measured in pure solutions at the same super-
saturation. We have observed this behavior for all concen-
trations of AI(III) investigated, as well as for high
concentrations of Fe(IIT) [ > 45 umol Fe(III) per mole
KDP]. As supersaturation is varied about ¢, the super-
steps form and disintegrate (Fig. 3).

A brief transition region occurs during the initial re-
covery from the dead zone in which elementary, macro-
steps, and supersteps are expressed simultaneously on the
surface. During this transition period, although the super-
steps advance quickly, elementary steps remain pinned

FIG. 3. Formation and disintegration of supersteps. As super-
saturation varies about o, supersteps form and disintegrate
across the entire {100} face (20 wm scan). (a) The formation of
a superstep (highlighted in dotted line) captured in a down-
ward scan. (b) The subsequent upward scan shows the same
superstep, disintegrating into macrosteps that remain motion-
less on the surface. The macrosteps and elementary steps (out-
lined in solid lines) are not passed over by a superstep during
the collection of the two images and thus remain unchanged.
(c)—(e) Motion of three separate supersteps across the surface
during the resurrection from the dead zone. Note: The macro-
steps in (d) are immobile.
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and small macrostep bunches become slightly mobile. All
macrosteps and elementary steps visible on the surface
are quickly incorporated into the advancing superstep,
which, in essence, creates a “fresh’ surface as it advances
[see Figs. 1(c) and 3]. This new surface then begins to
grow again via the creation and movement of macrosteps,
which are quickly incorporated into an advancing super-
step. This process continues during the brief transition
region that spans only o = +0.01. Beyond the transition
region, supersteps alone dominate the growth surface
for the remainder of the supersaturation range investi-
gated here.

The recovery of the growth surface from the dead zone
on such large step bunches is surprising enough. In addi-
tion, we find that the supersteps exhibit behavior unex-
pected for step bunches of any size. First and most
significantly, the step velocity is directly proportional to
the number of elementary steps in a superstep [Fig. 4(a)].
This behavior contrasts directly with classic theories of
macrostep propagation in which taller bunches of steps
are predicted to move more slowly due to mass-transport
limitations. However, this height dependence of velocity
is apparently true only for the narrow supersaturation
range in which recovery from the dead zone takes place
[oc = 6%—7% for the 15 pmol per mole AI(IIT) concen-
tration]. At supersaturations where the step velocities are
similar to those in an undoped system, all superstep and
macrostep velocities are equal to within the error of our
measurements, regardless of height.

Our results also show that, although the step-riser
angle increases with step height, this increase persists
only to step-bunch heights of roughly 300 nm (800 ele-
mentary steps). Supersteps above 300 nm tall consistently
have a step-riser angle of approximately 11.8° [Fig. 4(b)].
This limiting angle apparently lends stability to the
superstep. We consider three possible explanations for
its appearance. (1) The angle is that of a thermodynami-
cally stable microfacet, so that growth no longer occurs at
step edges of the {100} face but rather on step edges of
this new face. If growth on this microfacet were unaf-
fected by AI(III) impurities—as on the {101} face—then
the step speed should be considerably larger. A quantita-
tive analysis of this scenario, however, quickly shows that
it is impossible. The step speeds required along a facet
that lies at 11.8° off of {100} to result in the observed
superstep velocity are many orders of magnitude too large
to be realistic.

(2) Entropic repulsion between steps results in the
observed riser angle. Even at equilibrium, step edges
are not static but wander forward and backward to max-
imize entropy, but are limited by the step stiffness (the
variation in step-edge free energy with step orientation).
Consequently, two steps cannot come arbitrarily close to
one another without interfering with each other’s ability
to wander. The result is an effective force referred to
as entropic repulsion. A superstep riser angle of 11.8°
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FIG. 4. (a) During the resurrection from the dead zone, the

velocity of a step bunch is directly proportional to the number
of elementary steps [15 umol AI(III) per mole KDP, ¢* =
0.063]. (b) The riser angle of a step bunch rises linearly with
step height until the height is approximately 300 nm. Beyond
this height the riser angle reaches a limiting value of 11.8°
(taken from ex situ analysis of crystals).

corresponds to an 18 A terrace width between elementary
steps, or about five lattice spacings. On the {100} face
of KDP, the amplitude of step wandering averages
about *10 lattice sites, which argues for consideration
of entropic repulsion as the source of the limiting riser
angle [14].

(3) The observed riser angle results from a considera-
tion of terrace lifetimes and impurity adsorption rates. As
steps bunch together, the terrace lifetime decreases, even-
tually falling below the characteristic adsorption time for
impurities. Although there are a number of theories for
impurity induced step bunching, it is impurity adsorption
that drives the instability leading to the formation of
macrosteps. If impurity adsorption is prevented, the driv-
ing force for bunching is removed. Hence, once the terrace
lifetime becomes less than the impurity adsorption time,
the driving force for bunching should begin to decline.
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The terrace width would reach a limiting value and the
superstep speed could approach that of steps in the un-
doped system. In contrast, the elementary and macrosteps
should still be susceptible to pinning due to their larger
terrace widths, which allow impurities to accumulate. For
an 18 A terrace width between elementary steps in a
superstep moving at 9 um/s, the terrace lifetime is of
order 200 us. Thus, one would conclude that the adsorp-
tion time for Al is = 200 us. In comparison, Land
et al. concluded that Fe(IIT) had an adsorption time on
the order of 1-10 s [12], leading to the slow rise from the
dead zone (0; < o) discussed earlier and illustrated in
Fig. 1. In the AI(III) doped system, there is no slow rise
out of the dead zone (o = o,), which implies a short
adsorption time for AI(IIT) [12] and is consistent with this
model for the limiting riser angle. We note, however, that
the inferred relative adsorption times of Fe(III) and
AI(IIT) are opposite from what is expected from ligand
exchange around simple Fe(IIT) and AI(III) complexes.
This may reflect differences in surface speciation or
surface diffusion.

The results presented here further demonstrate the rich
behavior of the KDP system. In contrast to classic models
of growth, the surface of this crystal expresses three
families of steps, each with unique characteristics and
acting independently of the others. In particular, in the
presence of AI(IIT) and high concentrations of Fe(Ill), a
previously undiscovered family of steps emerges, which
we have called supersteps. This discovery calls for a
reevaluation of traditional growth models to account for
the presence of these morphological features in order to
fully understand the regeneration of a crystal surface from
impurity poisoning. While this and the previous paper by
Land et al [12] presented rudimentary models, a detailed
physical understanding still remains to be established.
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