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Low-temperature growth morphology of singular and vicinal Ge„001…
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Scanning tunneling microscopy is used to study the nonequilibrium surface morphology of singular and
vicinal Ge~001! grown by molecular-beam epitaxy. Growth on substrates with'0.1° miscut produces patterns
of nearly symmetrical growth mounds over a wide range of growth temperature, 60,T,230 °C and film
thickness, 0.5,h,1000 nm. The characteristic slope or aspect ratio of the growth mounds increases with film
thickness. Analysis of the onset of mound formation gives an estimate of the Ehrlich-Schwoebel length;l ES is
approximately equal to the surface lattice constant and independent of temperature. This small value forl ES

implies either a weak repulsive barrier (DEd;kBT) at descending steps or a step-adatom attraction (DEa

.kBT) at ascending steps. Buffer layers grown atT5365 °C on vicinal substrates~9° miscut towards@110#!
show ~115! facets. Low-temperature growth on vicinal surfaces~6° and 9° miscuts atT5155 and 230 °C!
produces highly anisotropic growth ridges oriented along the miscut direction with larger roughness amplitude
and smaller in-plane length scales than mounds produced by the same growth conditions on singular substrates.
At 230 °C, the slopes of the growth ridges are stabilized by the~105! surface.@S0163-1829~98!10419-8#
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I. INTRODUCTION

The equilibrium morphology of most low-index cryst
surfaces can be described as flat terraces separate
atomic-height steps; the average distance between ste
given by the deviation of the surface orientation from t
low-index orientation, the ‘‘substrate miscut.’’ During cry
tal growth and thin-film deposition, however, kinetic ph
nomena can drive the surface out of equilibrium and prod
high step densities and a rough surface morphology. Bec
of general interest in nonequilibrium statistical physics a
the great technological relevance of this subject for cont
ling film and interface morphology, the evolution of surfa
morphology during low-temperature crystal growth has be
the topic of a considerable research effort in condensed m
ter and materials physics.1

Most experiments and theory of low-temperature crys
growth are concerned with the relatively simple case
growth of elemental single crystals from so-called ‘‘molec
lar beams:’’2 a flux of atoms is deposited on a single crys
substrate; the adatoms diffuse on the surface and eithe
tach at existing steps or coalesce with other adatoms
nucleate new terraces and steps. In recent years, it has
recognized that asymmetries in the attachment of adatom
step edges3,4 can produce strong roughening durin
growth.2,5–7 This ‘‘diffusion bias’’ for adatoms8 destabilizes
growth on singular~low-miscut! surfaces and drives the for
mation of patterns of ‘‘growth mounds.’’ Pattern formatio
during low-temperature crystal growth has been studied
analytical theory,2,5,6,9,10computer simulation,9,11–13 and by
experiment for a large number of systems: Cu~001!,14

GaAs~001!,5,15 Ge~001!,7 Fe~001!,16 Rh~111!,17 Si~001!,18

Ag~111!,19 and TiN~001!.20

We have previously published our initial experiments
the growth of Ge~001! at low temperatures in a journa
article7 and conference proceedings.21,22 In this report, we
present our complete set of data for the morphology
Ge~001! using a wide range growth temperature, film thic
570163-1829/98/57~19!/12536~8!/$15.00
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ness, and substrate miscut. In addition, we analyze the
to extract an estimate of the so-called ‘‘Ehrlich-Schwoe
length’’ l ES ~Ref. 10! and find thatl ES is comparable to the
surface lattice constant. This small value forl ES implies a
small asymmetry in adatom attachment kinetics on Ge~001!
caused by either a weak repulsive barrier at descending s
or a step-adatom attraction12,23 at ascending steps.

II. EXPERIMENTAL DETAILS

Ge~001! films are grown on Ge~001! substrates by
molecular-beam epitaxy~MBE! using electron beam evapo
ration. The etch pit density specified by the substrate ma
facturer is 53103 cm22. The miscut of 9° vicinal substrate
was confirmed by x-ray diffraction. We clean the Ge~001!
substrates using repeated ozone-assisted oxidation an
moval of the oxide in water.24 Samples are 1.531.5 cm2 and
are In bonded to a 3-in-diam Mo sample block. The fin
oxide layer is removed in the MBE growth chamber by a
nealing for 30 min at 450 °C.24 Following oxide desorption,
the surface gives a well-defined 231 diffraction pattern in
reflection high-energy electron diffraction, but the surfa
morphologies have a relatively large step density and sign
cant roughness.7 We believe that this roughness is stabiliz
by residual carbon contamination since nanometer-s
roughness on a clean Ge~001! surface would decay rapidly a
T5450 °C.25,26

To produce a smooth starting surface for the lo
temperature growth experiments, we deposit a 100-nm-th
Ge buffer layer at 365 °C. During Ge deposition, the cha
ber pressure rises to 231029 Torr. The dominant compo-
nents of the background gas are typically 1.431029 Torr
H2, 1.4310210 Torr CO1N2, and 2.5310210 Torr H2O.
For singular surfaces, scanning tunneling microscopy~STM!
of the buffer layers reveals large terraces,;100 nm wide,
reflecting the small miscut of the wafers,;0.1°.7 STM im-
ages of 9° vicinal substrates show~115! facets, see discus
12 536 © 1998 The American Physical Society
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sion below. After turning off the substrate heater, t
samples cool at;2 °C sec21.

Growth temperatures atT.150 °C are measured using a
infrared pyrometer~4.8–5.2mm!, which has been calibrate
using thermocouples bonded to a Ge test sample. The e
sivity used in the calibratione'0.45 is in good agreemen
with the emissivity expected for Ge made opaque in the
frared by free carrier absorptione512(n21)2/(n11)2, n
54, multiplied by the transmission coefficient of the sa
phire viewport atl'5 mm, '0.70. We determined growth
temperatures ofT560 and 100 °C using a calibration of su
strate heater power.

A separately pumped, ultrahigh vacuum~UHV! transfer
tube connects the MBE chamber to a UHV scanning tunn
ing microscope. All STM images described below are o
tained at room temperature at negative sample bias of'2 V
and a tunneling current of;100 pA. Selected samples a
imaged by atomic force microscopy using commercially s
plied, ‘‘oxide-sharpened’’ probe tips.

III. RESULTS AND DISCUSSION

A. Low-temperature growth on singular substrates

Figure 1 shows examples of surface morphologies cre
by low-temperature growth on singular surfaces. In this ca
T5175 °C. For small film thicknessh, see Fig. 1~a!, we
observe ‘‘multilayer growth’’: approximately four layers o
the crystal are exposed as small area~001! terraces and is-
lands but large-scale structures are not readily apparent. W
increasingh, patterns of growth mounds appear, see F
1~b!, and the pattern of growth mounds become increasin
well organized, see Fig. 1~c!.

We characterize these morphologies by two length sca
~i! the in-plane length scaled measured by the first peak i
the height-height correlation function27 ^hihj&, and ~ii ! the
amplitude of the roughnessA measured by the height differ
ence correlation function evaluated atd/2; i.e., A
5G1/2(d/2) whereG(r)5^(hi2hj )

2&. ~In many studies of
surface roughness, the feature size is measured by the
tion r c of the first zero in the height-height correlation fun
tion ^hihj&, and the roughness is measured by the surf
width W5^hi

2&1/2. We prefer our measurements ofd andA
because we find thatd andA are less sensitive to experime
tal artifacts thanr c andW. In most cases, however, the di
ferent methods of analysis are essentially equivalentd
'2r c , andA'&W.!

Figure 2 summarizes the two length scales,d andA, as a
function of film thicknessh for five growth temperatures
Both d andA increase monotonically with increasingh—the
lateral length scales coarsen and the films roughen—bu
rates of coarsening and roughening are not equal. AT
.150 °C, the coarsening of the lateral length scaled is ini-
tially rapid and then becomes almost independent ofh for
largeh. The roughening rate, on the other hand, approac
a linear dependence onh; A}h for large h.28 Clearly, at
large h, A increases much more rapidly thand, indicating
that the slopes of the sides of the growth mounds are
stable.

The absence of a stable slope to the sides of the gro
mounds is emphasized in Fig. 3. Histograms of local surf
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orientations, see Fig. 3~a!, show that the most probable slop
increases and that the distribution of slopes becomes
rower as growth proceeds. Since we have found that the m
probable surface orientation is approximately equal
(A/d)(360°), we summarize this simple measure of the
pect ratio of the mounds in Fig. 3~b!.

The evolution ofd and A described by Figs. 2 and 3 i
more complex than what is typically observed in low
temperature growth experiments and computational mod
or derived by analytical theory. In most studies of grow
mound evolution, bothd andA increase at the same rate:d
}hn and A}hb, with a constantn'b in the range 1/6,n
,1/3. The microscopic origin of this slope selection
somewhat controversial and is probably specific to the s
tem under study: the formation of high index surface fac
appears to be the dominate mechanism for Cu~001!;6,14 en-
hanced downward diffusion near descending steps, so-ca
‘‘downward funneling,’’ is thought to stabilize slopes o
Fe~001!;13,16 and thermal smoothing driven by step energ
ics or capillarity25,26 can also provide the downward diffu
sion currents needed to create slope selection.

B. The Ehrlich-Schwoebel length

We now analyze the growth mound evolution describ
by the data in Figs. 1–3 to extract a rough estimate of
strength of the asymmetries in adatom attachment at
edges, and therefore gain a more microscopic perspectiv
the growth instability. Politi and Villain10 propose the fol-
lowing equation to describe the surface diffusion current:

j 5
Fl ESl cm

2~11umu l ES!~11umu l c!
1K

]2m

]x2 . ~1!

The first term in Eq.~1! describes an interpolation of th
expected diffusion bias current for small and large values
the step densitym; F is the growth flux, andl c is a critical
length for the formation of new terraces.~In the limit of
weak Ehrlich-Schwoebel barriers,l c is approximately equa
to the island separation during submonolayer deposition
large terraces29.! Futhermore, for a 111 dimensional model
including repulsive barriers at descending steps,10 the
Ehrlich-Schwoebel lengthl ES is given by

l ES5bS D

D8
21D , ~2!

whereD is the diffusion constant for adatoms,D8/b2 is the
hopping rate for an adatom crossing a descending step, ab
is the surface lattice constant.

The second term in Eq.~1! stabilizes the surface again
height fluctuations of short wavelength.10 While the origin of
K is usually attributed to thermal smoothing,30,26 Politi and
Villain propose thatK can also originate with the stochast
formation of new terraces. In this case, dimensional anal
givesK'Fl c

4.10

We evaluate the importance of thermal smoothing
comparing the increase in roughness amplitude during l
temperature growth and the decay of roughness during t
mal annealing. In Fig. 4, data for the roughening ratedA/dh
are plotted with the thermal smoothing rate previously m
sured for nanometer-scale morphologies on Ge~001!:25,26 the
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FIG. 1. Surface morphology of Ge~001! growth at 175 °C by molecular-beam epitaxy~MBE!; STM images of~a! multilayer growth at
film thicknessh510 nm; ~b! growth mound formation ath5200 nm. The scan area of both images is 70370 nm2, and the images have
been high-pass filtered to increase contrast to step edges. In~a!, '4 ML of the crystal are exposed; in~b!, the peak-to-peak change in height
is '16 ML. ~c! Atomic force microscopy image~AFM! of growth mounds ath51000 nm. The area of the image is 7003700 nm2 and the
black-to-white range corresponds to a height changeDz515 nm.
,
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decay of roughness amplitude is described by a power law
the formA(t)5A0(11t/t)1/2, wheret is the annealing time
A0 is the roughness amplitude att50, andt is a thermally
activated time constant; t5t0 exp(1.7 eV/kBT), t0
5C(d/2p)4/(A0 /a)2, and C52310216 sec nm24. The
dashed line in Fig. 4 shows the fractional smoothing@1
2A(t)/A0)] for a 10-sec anneal of patterns of etch pits~d
565 nm, A050.5 nm! produced by low-energy ion sputte
ing; i.e., the dashed line shows an estimate of the smoot
rate for morphologies with values ofd andA similar to the
of

ng

growth mounds. While thermal smoothing may influen
mound evolution for growth atT5230 °C, we conclude tha
thermal smoothing is negligible over most of the temperat
range of our experiments.

If K'Fl c
4 in the absence of thermal smoothing, th

mounds appear after a timet* :10

t* 5
1

Fb2 S l c

l ES
D 2

. ~3!
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Our ‘‘quench-and-look’’ microscopy experiments do n
contain sufficiently small intervals in film thickness to d
rectly identify the onset of mound formation. But we ca
accurately characterize initial values ofdA/dh, and since
1/(dA/dh) gives the number of deposited monolaye
needed to create the first additional monolayer of roughn
amplitude, we estimatet* using (dA/dh)Fb2t* 51.

To find l ES, we must first determinel c : island densitiesn
at a coverage of;0.3 ML were measured atT5100, 155,
and 230 °C. Data forl c5n1/2 are summarized in Fig. 5. W
estimate l c at T560 °C by extrapolating the 100,T
,155 °C data to lower temperatures usingl c
5(20b2D/F)1/6 ~Ref. 31! with a single free parameter, th
activation energy for adatom diffusion,Em50.65 eV. A
comparison to scaled data for Si~001!,32 see Fig. 5, shows
that this extrapolation is reasonable.

Figure 5 also includes data forl ES calculated using Eq.~3!
and our estimate oft* : l ES5(dA/dh)1/2l c . The Ehrlich-
Schwoebel lengthl ES derived in this way is essentially inde
pendent of temperature and comparable to the surface la
constantb50.4 nm. If the origin ofl ES is attributed to a
repulsive barrier at descending steps, see Eq.~2!, then the
size of the barrier must be comparable to the thermal ene
at the growth temperature. A fit to Eq.~2! givesDEd50.024
eV, see Fig. 5.

Politi and Villain10 suggest that the distance betwe
growth mounds should scale asd; l c

2/ l ES. This proposal is
tested in Fig. 6, where we plotd scaled by (1/b)(dA/dh).
Since (dA/dh)'( l ES/ l c)

2, and l ES'b, our scaling is
equivalent todlES/ l c

2 . Furthermore, since the number

FIG. 2. ~a! The characteristic in-plane length scaled of the
surface morphology plotted as a function of film thickness a
growth temperature;d is measured by the position of the first pe
of the height-height correlation function^hihj&. Solid lines connect
data points for the same growth temperature.~b! Roughness ampli-
tude, A5G1/2(r), r5d/2, as a function of film thickness an
growth temperature.
ss

ice

gy

monolayers needed to form growth mounds scales asdA/dh,
we scale the film thickness by (dA/dh)(1/a); a is the mono-
layer step heighta50.14 nm. Data for additional growth

d

FIG. 3. ~a! Histogram of local surface orientationsu for Ge~001!
films grown at 175 °C on singular substrates. The local surf
orientation is measured in 434 nm2 areas centered on each pixel
the STM data forh510 and h5200 nm and AFM data forh
51000 nm.~b! Aspect ratio of the roughness (A/d) multiplied by
360°; this quantity is approximately equal to the peak of the surf
orientation histograms shown in~a!.

FIG. 4. Roughening ratedA/dh as a function of MBE growth
temperature;dA/dh is calculated by taking finite difference
dA/dh5DA/Dh for films with A;0.3 nm but derivatives of ana
lytical fits produce essentially the same results. The dashed
shows the fractional smoothing of nanometer-scale surface ro
ness~A050.5 nm,d565 nm, annealing time 10 sec! as a function
of annealing temperature, see Ref. 25.
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12 540 57VAN NOSTRAND, CHEY, AND CAHILL
temperatures would clearly be desirable, but we believe
‘‘data collapse’’ shown in Fig. 6 supports theoretic
models10 built on Eq.~1!: at long times, the in-plane lengt
scale of the growth mounds isd' l c

2/ l ES.

C. Buffer layer growth on vicinal substrates

The production of flat buffer layers on vicinal substrat
is not as straightforward as for singular surfaces: on 9° m
cut substrates, buffer layers show faceting and the area o
facets increases with film thicknessh, see Fig. 7. To measur
the orientation of the facets, we calculate two-dimensio
histograms of local surface orientations~data not shown!;

FIG. 5. Diffusion lengthl c and Ehrlich-Schwoebel lengthl ES

plotted as a function of MBE growth temperature. Filled circle
l c5n1/2 wheren is the island density for submonolayer depositi
on large terraces. The dashed line shows an extrapolation to lo
temperatures using l c5(20b2D/F)1/6, where D
5(b2n/2)exp(2Em /kBT), Em50.65 eV, b50.4 nm, andn is the
Debye freqency of Ge,hn5kB(375 K). Open circles: l ES

5(dA/dh)1/2l c ; data for (dA/dh) are plotted in Fig. 4. The
dashed-dot line showsl ES calculated using Eq.~2! with D/D8
5exp(DEd /kBT) and DEd50.024 eV. Filled triangles: l c

5n1/2 for Si~001! from Ref. 32; to facilitate this comparison,l c data
for Si~001! have been scaled by a factor of 42021/6 to adjust for
different growth fluxes used in the Ge and Si experiments; and
temperature of the Si~001! measurements has been scaled by
ratio of the cohesive energies of Ge and Si, 0.83.

FIG. 6. Scaling of the data for the in-plane length scaled; raw
data ford are plotted in Fig. 2~a!; b is the surface lattice constan
b50.40 nm, anda is the monolayer step height,a50.14 nm. Data
for the roughening ratedA/dh are plotted in Fig. 4.
e

-
he

l

these histograms show a peak at 7.5° away from the ave
surface normal in the direction of the miscut. Thus, the
solute orientation of the facets is 9°17.5°516.5°, and
within experimental uncertainties of the expected orientat
of a ~115! surface, 15.8°. Small area STM images of t
facets show a surface reconstruction that is consistent
the 1.2 nm periodicity and orientation of the geometry p
posed by Ranke33 for Si~115!.34 In the growth experiments
described below,h5100 nm buffer layers were used t

:

er

e
e

FIG. 7. STM images of buffer layers grown on Ge~001! miscut
by 9° toward @011#. The growth temperature is 365 °C.~a! h
5100 nm; ~b! h5300 nm. The area of both images is 27
3270 nm2 and the images have been high-pass filtered to incre
contrast to step edges and facets. The orientations of the fac
regions correspond to~115! surfaces.
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minimize the influences of the~115! facets on the low-
temperature growth morphology.

D. Low-temperature growth on vicinal substrates

Four combinations of growth parameters were inve
gated using vicinal substrates:h5100 nm films grown atT
5155 °C andh51 mm films grown atT5230 °C on 6° and
9° miscuts.@The values of the miscuts were chosen to
large compared to the mound slopes on singular surface
these temperatures, see Fig. 3~b!.# In all cases, the surfac
morphology shows ‘‘growth ridges’’ oriented along the mi
cut direction; an example of this morphology is given in F
8~a!. At T5230 °C, the sidewalls of the ridges are facete
As before, we use histograms of local surface orientation
determine the orientation of the sidewall facets; the his
gram for the surface shown in Fig. 8~a! peaks at 7°. Since the
sidewall facets are oriented perpendicular to the miscut
rection, the absolute orientation of the sidewalls is (2

162)1/259.2° away from~001! and within'2° of the ex-
pected orientation of the~105! surface. Small area STM im
ages of the sidewalls reveal reconstructed terraces and s
see Fig. 8~b!.

Because of the strong anisotropy of these surface m
phologies, we calculate height difference correlation fu
tions for directions parallel and perpendicular to the grow
ridges. The results for all four films are given in Fig. 9. A
expected based on qualitative inspections of the image
small length scalesr, the roughness is much smaller paral
to the growth ridges than perpendicular. Values ofA andd
for the growth ridges are extracted from the correlation fu
tions for the direction perpendicular to the growth ridges a
are summarized as data points in anA versusd ‘‘phase-
space,’’ see Fig. 10, with comparison to results for singu
substrates. Increasing the miscut from 0° to 9° reducesd by
a factor of;3 and increasesA. The aspect ratio for growth
at T5230 °C appears to limited by the formation of~105!
sidewall facets; growth atT5155 °C does not show thi
limiting behavior and we conclude that~105! facets cannot
stabilize the ridge morphology atT5155 °C.

Our results for vicinal Ge~001! are in agreement with pre
vious work on Si~001!,18 but not GaAs~001!: for GaAs~001!
growth at 600 °C, a miscut of 2° completely suppressed
formation of large-scale surface roughness.5 Recent theory
and computer simulation9 have shown that ridge formatio
on vicinal surfaces is initiated by the step fingering instab
ity studied by Bales and Zangwill,35 and that the growth
ridges eventually evolve into symmetrical growth moun
Since we have not studied growth on vicinal substrates
function of film thickness, we do not yet know if the pre
dicted transition from ridges to mounds can be observed
perimentally on Ge~001!.

IV. CONCLUSIONS

Growth mounds produced by low-temperature growth
singular Ge~001! do not show a stable slope, implying th
Ge~001! lacks a mechanism for the downward diffusion cu
rents that are thought to produce the slope selection that
been oberved in many theoretical models and other exp
mental systems. Growth on highly vicinal surfaces produ
i-
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a ridge morphology with greater surface roughness a
smaller in-plane length scales. At a growth temperature
230 °C, ~105! facets stabilize the slopes of the sidewalls o
the growth ridges.

Measurements of the diffusion distance for adatomsl c ,
combined with data for the onset of mound formation o
singular surfaces, allow us to estimate the Ehrlic
Schwoebel lengthl ES; and therefore estimate the strength o
asymmetries in the kinetics for adatom attachment at s
edges. Sincel ES is comparable to the surface lattice consta
b, these asymmetries are weak. If the asymmetry is int

FIG. 8. STM images of faceted growth ridges grown at 230 °
on Ge~001! miscut by 6° toward@011#. The film thickness is 1000
nm: ~a! scan area 5403540 nm2; ~b! image of a sidewall showing a
stepped~105! surface. The scan area of~b! is 45345 nm2.
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12 542 57VAN NOSTRAND, CHEY, AND CAHILL
preted in terms of a repulsive barrier at descending ste
then diffusion across a descending step is suppressed by
a factor of;2 relative to diffusion on a terrace.

While we cannot rule out the presence of a weak bar
DEd;kBT at descending steps, we believe that step-ada
attraction12,23at ascending steps provides a more satisfact
explanation for our fundamental observationl ES'b. Based
on the discussion of Refs. 10 and 4, we propose that for

FIG. 9. Height difference correlation functions measured p
pendicular ~open symbols! and parallel ~filled symbols! to the
growth ridges produced by low-temperature MBE on vicin
Ge~001!. Data for growth on 6° and 9° miscut substrates are sho
as circles and triangles, respectively.~a! Growth temperatureT
5230 °C; ~b! T5155 °C.
ps,
only

ier
om
ry

an

attractive interaction at ascending steps,l ES is equal to the
range over which the distortion in the potential energy lan
scapeDEa is greater thankBT; for a short-range interaction
l ES'b independent of temperature. Simulations by Am
and Family12 support this proposal: in their model, th
roughening behavior is independent of the strength of
attraction for DEa.kBT. Therefore, while only a narrow
range of repulsive barriers withDEd;kBT are consistent
with our experimental results, the data can be more ea
explained by a wide range of attractive interactionsDEa
.kBT.
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