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Dynamics of Rough Ge(001) Surfaces at Low Temperatures
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(Received 22 November 1995)

Mass transport by surface diffusion on rough Ge(001) surfaces is characterized usingin situ scanning
tunneling microscopy. Rough starting surfaces with nearly constant step densities are prepared by low
energy ion etching at 270±C; the characteristic in-plane length scale of the roughness is varied from 37
to 118 nm. These surfaces are subsequently annealed at 245–325±C for times between 10 min and 6 h
and imaged at room temperature. The activation energy for surface smoothing is1.9 6 0.25 eV. The
dependence of the relaxation rate on the in-plane length scale is inconsistent with the continuum mode
of Mullins: the time constantt of the smoothing process increases with increasing lateral length scale
L ast ~ Ln, n  2.2 6 0.4. [S0031-9007(96)00204-9]

PACS numbers: 68.35.Bs, 81.10.Aj, 82.65.Dp
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The dynamics of crystalline surfaces has been a to
of continued interest for more than four decades [1
Recently, the shrinking scale of microelectronic devic
and the need to control the morphology of epitaxial
terfaces have provided a strong technological impe
for developing a deeper understanding of surface dyn
ics on nanometer length scales. Mass transport by
face diffusion also plays a critical role in the synthe
of semiconductor nanostructures by growth on nonpla
substrates [3], pattern formation during low temperat
epitaxy [4,5], and the self-assembly of monodisperse
lands in strained-layer epitaxy.

To study the dynamics of mass transport on a semic
ductor surface on nanometer length scales, we use scan
tunneling microscopy (STM) to quantify the relaxation
multilayer roughness on Ge(001) surfaces following th
mal annealing. The in-plane length scale of the roughn
is controllably varied from 37 to 118 nm, extending earl
work on semiconductor surfaces to a much smaller lat
length scale and therefore lower temperatures than h
been studied previously.

A complete theoretical description of the relaxation
rough surfaces at temperatures below the roughening
sition does not currently exist [6]. Understanding the d
namics of morphology evolution requires an understand
of the thermodynamic driving force and the mechanism
mass transport. The connection between surface morp
ogy and surface chemical potential was first described
Herring [1]. While the application of Herring’s work b
Mullins [2] is rigorously valid only for describing the re
laxation of surface roughness at temperatures above
roughening temperatureT . TR, Mullins’ description is
known to be in good agreement with experiments [7]
the smoothing of micron-sized features on Si produced
photolithography. Extensions of the Herring-Mullins a
proach toT , TR, as discussed by Rettori and Villain [8
and by Ozdemir and Zangwill [9], begin with the therm
dynamic free energy of a crystal facet. Other theoret
efforts have emphasized the importance of step curva
on the chemical potential of the steps, and the possib
0031-9007y96y76(21)y3995(4)$10.00
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that the smoothing kinetics are determined by the mobi
of steps rather than the mobility of point defects such
adatoms or vacancies [10,11]. Little consensus exists
garding which of these approaches best describes su
dynamics at low temperatures and on small length sca

The relaxation of rough surfaces at low temperatures
recently been reported for Cu(001) [12], TiO2s001d [13],
and Si(111) [14] using high-resolution electron diffractio
a real-time probe that is complementary to our “quen
and-look” studies. These diffraction studies yield the r
surface roughness and the average terrace size within
coherence width of the electron source; the decay of
surface roughness and the growth of the average ter
size typically follows a weak power law dependence
annealing timeta , with 0.2 , a , 0.33. We believe
that the interpretation of these power laws is grea
complicated by the fact that the variation of the step den
in the plane of the surface, i.e., the lateral characteri
length scale of the roughness, is essentially unkno
Using STM, we measure the height of the surface w
high spatial resolution over large lateral length sca
and therefore the STM data provide a nearly compl
description of the surface morphology. A unique aspec
our experiments is our ability to produce starting surfa
with different characteristic in-plane length scalesL but
nearly constant average step densities [15]. These sta
surfaces give us a way of quantifying the dependence
smoothing kinetics onL for L , 100 nm.

The Ge(001) samples are typically1.5 3 1.5 cm2 and
are In bonded to a Mo plate that is subsequently attac
to a 3.5 in. diameter Mo sample block using alumi
spacers for thermal isolation. After sample introductio
the entire sample block is outgassed at 600±C for 3 h.
During ion etching and annealing, the sample is hea
by electron beam bombardment of the Mo backing pla
Temperatures are measured using infrared pyrometry
wavelength band near5 mm with a precision of65 ±C.
The pressure in the chamber is,8 3 10210 torr during
annealing; the dominant components of the residual ga
are H2 and CO1 N2.
© 1996 The American Physical Society 3995
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To prepare the starting surfaces, we first ion etch
Ge crystal for 1 h at 430±C. The relatively high tempera
ture of this preparation method creates a nearly ideal s
ing surface with large terraces separated by atomic-he
steps. The average terrace width is,100 nm and reflects
the miscut of the Ge crystal,,0.1± in the k100l direction.
The surface is then etched by 240 eV Xe ions at a s
ple temperature of 270±C to produce multilayer surfac
roughness. Etching times of 10, 42, or 180 min are use
produce surface morphologies with characteristic in-pl
length scaleL of 37, 65, and 118 nm, respectively. Th
roughening of Ge(001) by low-energy ion etching has b
studied by x-ray reflectivity [16] and STM [15].

After ion etching, the surface is annealed at vario
temperatures and times;.40 sec is needed to heat
sample from 270 to 295±C, and .70 sec from 270 to
325±C with 5±C overshoot. Cooling rates of the samp
are .1 ±C sec21 at 325±C and .0.3 ±C sec21 at 245±C.
Samples are then moved to the STM and imaged at r
temperature.

To quantify the roughness, we evaluate the hei
difference correlation function [6],Gsrd  kshj 2 hid2l,
and the height-height correlation functionHsrd  khjhil
where hj and hi are the heights of the surface at tw
locations labeled byi and j separated by a distancer.
The brackets signify an average over pairs of pointsi, j
separated byr. Gsrd is related toHsrd by Gsrd 
2kW 2l 2 2Hsrd wherekW2l  kkkshi 2 khild2lll. STM im-
ages with scan areas of720 3 720 nm2 are used to calcu
lateGsrd andHsrd.

G1y2srd for our three rough starting surfaces are sho
in Fig. 1(a). A measure of the average step densit
given by G1y2srdyra in the limit of small r wherea is
the step height. The data shown in Fig. 1(a) show that
average step density of the three rough surfaces is ne
identical. We define a characteristic in-plane length sc
L by the position r of the first local maximum in
Hsrd [see Fig. 1(b)];L corresponds to the separation
repeat distance between dominant features in the su
morphology. Consistent with our observation that
average step density is nearly constant, the amplitud
the surface roughness as measured byG1y2sLy2d increases
nearly linearly with L. G1y2sLy2d is 0.32, 0.50, and
0.80 nm for L  37, 65, and118 nm, respectively, giving
a power law ofG1y2sLy2d ~ L0.8. The reproducibility of
both the vertical roughness and in-plane length scal
better than 10%. For example, three separate sam
of the L  37 nm surface gaveL  37 6 3 nm and
G1y2sLy2d  0.32 6 0.03 nm.

Example STM images of an annealing experiment
displayed as Fig. 2. The starting surface withL  65 nm
is shown in Fig. 2(a)—Figs. 2(b)–2(d) are for surfac
annealed at 270±C for 20 min, 1 h, and 6 h. Highe
magnification images show that all of the surfaces
made up of narrow (001) terraces separated by ato
height steps. Individual terraces are clearly observe
Figs. 2(b)–2(d).
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FIG. 1. (a) Square root of the height difference correlati
function for the three rough starting surfaces, etching tim
of 10 min, 42 min, and 3 h corresponding toL  37, 65, and
118 nm, respectively. Data for the initial flat surface are show
for comparison. (b) The height-height correlation function f
the three rough starting surfaces shown in (a).

The activation energy for surface smoothing is fou
by analyzing the relaxation of theL  65 nm starting
surface as a function of annealing temperature. E
pirically, we have found that the evolution ofGsr, td
can be described to a good approximation asGsr, td 
f2stytdGsr, 0d 1 Gfsrd, whereGf describes the rough
ness of a surface following a relatively high temperatu
long time anneal, 325±C for t  6 h. Since the largest ra
tio of Gsr, 0dyGfsrd occurs at a lateral length scale ne
r  Ly2, we use the time dependence ofGsLy2, td to ex-
tractfstytd. Quantifying the activation energy for the de
cay time constantt does not require an exact function
form for fstytd, but we have found that a power law o
the formfstd  s1 1 tytd21y2 describes the decay of th
roughness quite well (see Fig. 3).

Figure 3(a) shows the relaxation of the surface roug
ness, as measured byG1y2sLy2, td, for the L  65 nm
starting surfaces as a function of both time and tempe
ture. Each data point in Fig. 3 constitutes a complete
cle of experiments: preparation of a flat surface at eleva
temperature, roughening the surface by etching at 270±C,
annealing, and imaging by STM at room temperature. A
suming thatt is thermally activated,t  t0 expsEaykBT d,
Ea and t0 are adjusted to simultaneously obtain the b
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FIG. 2. STM images of Ge(001) following (a) etching
270±C for 42 min corresponding to 32 monolayers etched fr
the surface; (b) subsequent annealing at 270±C for 20 min;
(c) 1 h; and (d) 6 h. All scan areas are360 3 360 nm2. Black-
to-white grey scales in (a)–(d) are 2.11, 1.6, 1.32, and 0.84

fit at T  245, 270, and 325±C. We obtainEa  1.9 6

0.25 eV andt0  3 3 1021562 s.
Our value ofEa can be directly compared to data b

Blakely and co-workers [7] on the decay of micron-siz
1D sinusoidal profiles on Si(001),Ea  2.3 6 0.2 eV.
The ratio of the activation for surface smoothing
Ge(001) (this study) to that of Si(001) (Ref. [7])
1.9y2.3  0.83; we note that the ratio of the activatio
energy for sublimation of Ge and Si has a similar va
[17]. Ea is usually interpreted as the sum of the format
energyEf of the surface point defect that dominates m
transport on the surface and the energy barrier for sur
migration Em of the defectEa  Ef 1 Em. While the
activation energy for diffusion of single adatoms [18]
Eadatom

m . 0.67 eV and for dimers [19]Edimer
m . 1.0 eV,

we are unaware of any measurement of the forma
energies of these surface species.

To determine the dependence oft on the in-plane length
scale of the surface roughnessL, we study the relaxation
of the three rough starting surfaces withL  37, 65, and
118 nm at a fixed annealing temperatureT  270 ±C [see
Fig. 3(b)]. Here, we assume that the time constant of
smoothing processt ~ Ln and adjustn to obtain the bes
fit to all of the data. We findn  2.2 6 0.4.

If the continuum model of Mullins applied to our ex
perimentsn  4 is expected, an exponent that we belie
lies outside our experimental uncertainties. Therefore,
must consider other models to describe our experime
Theoretical descriptions of the relaxation of surface rou
ness atT , TR can be classified as either “diffusion lim
t
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FIG. 3. (a) Decay of the surface roughness as measure
G1y2sLy2d as a function of temperature for theL  65 nm
starting surface. Dashed lines show scaling by an activa
energy of 1.9 eV. (b) Decay of the surface roughness a
function of lateral length scaleL for an annealing temperatur
T  270 ±C; L  37 nm (open triangles),L  65 nm (filled
circles), L  118 nm (open circles). Assumingt ~ Ln, the
solid line shows the calculated decay usingn  2.2; the
dashed line is calculated usingn  4.0. The filled triangles
are additional data for a surface withL  118 nm and
z0  0.65 nm annealed atT  295 ±C; the dotted line is the
predicted relaxation curve for this surface based on the sca
t ~ L2sLyz0d2, and an activation energy of 1.9 eV.

ited” or “step-mobility limited.” In a diffusion-limited
model, the rate-limiting step for mass transport is the
fusion of surface defects across each terrace; in a s
mobility-limited model, the creation or annihilation o
surface defects at step edges is the rate-limiting step.

Diffusion-limited models [8,9] predict that the lifetim
t of a 1D surface morphology should scale ast ~ L5yz0,
whereL is the lateral length scale of the morphology a
z0 is the initial amplitude of the surface roughness. Fo
2D morphology,t ~ L3z0. Since our three rough startin
surfaces havez0 ~ L0.8, these diffusion-limited model
also predictn . 4.

Step-mobility-limited models can be further brok
down into two classifications: “conserved” or “nonco
served” [20]. This terminology refers to thelocal con-
servation of mass—transport is said to be conserved
surface defect generated at a step edge eventually an
lates at the same step or at one of the two adjacent s
Thus, the motion of adjacent steps is coupled. Based
3997
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these assumptions, the 1D model of Nozières [10] pred
t ~ L4, independent ofz0 [21]. In a “nonconserved”
model, the motion of adjacent steps is uncorrelated;
surface defects generated at a step edge can annihila
anystep edge on the surface. Uwaha [11] has conside
this case and foundt ~ L2sLyz0d2; i.e., for our experi-
ments Uwaha predictst ~ L2.4 (sincez0 ~ L0.8), in good
agreement with our observations.

Since Uwaha’s presentation [11] is more general th
we require, we rederive his result (in a slightly alter
form) and summarize the assumptions of this model. T
step chemical potential is defined byz  dEydn, where
E is the surface free energy per unit area andn is the
step density. For a 1D morphology, and to second or
in n, z  b 1 gn2 whereb is the free energy per uni
length of a single step andg describes the strength o
step-step interactions. The step velocityy is given by
y  2hdz ydx, whereh is the step mobility [22].

To obtain an expression for the surface velocity≠zy≠t,
we replace the step densityn by the spatial derivative o
the surface heightzx  ≠zy≠x and the height of a single
stepa: jzxj  an. Since≠zy≠t  2yan,

≠zy≠t  s2hgya2dz2
x≠jzxjy≠x . (1)

We can then examine the time evolution of the sha
preserving solution by separating variables,zsx, td 
usxdvstd, whereusxd is the profile of the shape-preservin
solution, andvstd describes the time evolution. The ord
nary differential equation forv, dvydt  2av3, yields
a power law solution,vstd  s1 1 tytd21y2, which is
the functional form we use to fit the relaxation da
Furthermore, using dimensional analysis,zt , z0yt, and
zx , z0yL, we findt ~ L2sLyz0d2 as discussed above.

As an additional test of the model, we prepared a st
ing surface (by etching at a higher temperature, 295±C)
with the same in-plane length scaleL  118 nm as one
of the previous surfaces, but a smaller roughness am
tudeG1y2sLy2d  0.65 nm. This surface was annealed
295±C; the data are plotted in Fig. 3(b) as filled triangle
The dotted line shows the predicted relaxation behav
(with no adjustable parameters) using the scaling relat
ship t ~ L2sLyz0d2 and an activation energy of 1.9 eV
The good agreement gives us further confidence that
proposed dependence oft on z0 correctly describes the
experiments.

The agreement of Uwaha’s model with the data m
be fortuitous, particularly considering the complex st
structures we observe. For example, highly anisotro
elongated terraces are formed when adjacent regions o
2 3 1 reconstruction are shifted relative to one anoth
and the resulting antiphase boundary restricts the mo
of steps. Antiphase boundaries are also formed du
low temperature epitaxial growth of Si(001) [23] an
are therefore a common feature on Si(001) and Ge(0
prepared by low temperature processes. The presen
3998
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antiphase boundaries, however, apparently has a relati
weak effect on the activation energy for surface smoothi
Activation energies determined in previous studies
step relaxation on Si(001) [24] (Ea  2.2 6 0.3 eV) and
the decay of micron-sized 1D profiles on Si(001) [
(Ea  2.3 6 0.2 eV) are similar to our results for Ge(001
despite the absence of antiphase boundaries in the Si(
experiments [7,24].

Finally, we emphasize what we believe is the most im
portant conclusion of this work. While the continuum
model of Mullins [2] adequately describes the relaxation
surface roughness on micron length scales, the Mullins
proach does not describe our low temperature, nanome
scale annealing experiments [see, in particular, Fig. 3(
The nonconserved, step-mobility-limited model of Uwah
[11] may provide a first approximation to a more comple
theory for the surface dynamics of nanostructured se
conductor surfaces.
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