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Strain relief by microroughness in surfactant-mediated growth of Ge on Si(001)
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The dehberate use of surfactants during the growth of Ge on Si(001) prevents the formation of three-
dimensional clusters and allows the deposition of continuous and smooth Ge films. This, however, is not
valid for the regime of strained film growth prior to the generation of misfit-relieving defects. Using Sb
as the surfactant, an 8-ML-thick pseudomorphic Ge film exhibits a pronounced microroughness on an

0
angstrom scale. The average terrace width is only —10 A. Up to 4-5 vertical layers are simultaneously
visible at the surface. This microroughness allows the Ge atoms (which are under compressive stress) to
relieve lattice-misfit-related strain by partial lateral relaxation towards their bulk lattice constant. This
would not be possible for a flat and continuous film. Now the microrough surface is energetically
favored and the influence of the growth kinetics is therefore observed in an increase of the roughness
with temperature. Strain-relieving defects are generated at a coverage of —12 ML and finally lead to
heavily defected films consisting of small-angle mosaics.

INTRODUCTION

The deliberate use of surfactants in heteroepitaxial
growths of Ge on Si seems to have solved some of the
main problems of this technology: the formation of
three-dimensional (3D) clusters is inhibited, and continu-
ous and smooth Ge films could be grown. ' Beyond a crit-
ical thickness the lattice mismatch between Ge and Si
causes the formation of strain-relieving defects. ' On the
(111) surface a periodic array of dislocations, which is
confined to the interface, exactly matches the lattice con-
stants of the Si substrate and the Ge film. The resulting
Ge film is relaxed and virtually free of defects. ' This kind
of perfect heteroepitaxial growth is not yet found on the
(001) surface: the strain-relieving defects are frequently
not confined to the interface but are threading through
the whole film up to the surface. ' Those films could not
be used as an active area for semiconductor devices.

During the fabrication of strained superlattices, '

which are composed as a thick sandwich of alternating
very thin Ge and Si layers, strain-relieving defects are not
generated since the single layers are thinner than the crit-
ical thickness. ' On average the whole sandwich is un-
strained because it is usually grown on a Si, „Ge buffer

layer. The use of a surfactant allows growth of the layer
sequence. . . A /B/A /B. . . of the elements A and B un-

der equilibrium conditions. Without a surfactant this is
usually not possible because the surface free energies of
the elements A and B may be quite di6'erent. If the sur-
face free energy of element A is smaller than that of B,
then A wets B, but B immediately forms islands on A.
Using the kinetic pathway (deposition at low tempera-
tures and high rate) allows inhibition of cluster formation
at the cost of low film quality. The use of a surfactant ad-
ditionally hinders the intermixing of Ge and Si at the in-
terface. '"

Although it is generally accepted that certain surfac-
tants allow for growth of a flat and smooth film this is

usually not valid for this pseudomorphic growth regime
prior to the generation of misfit-relieving defects. The
film usually roughens in order to relieve the misfit-related
strain by partial lateral relaxation towards its own lattice
constant. A flat and continuous film would not allow this
relaxation since all Ge atoms would be on Si-lattice posi-
tions. The microroughness as a strain-relief mechanism
has been observed on the (111)surface too: at a Ge cover-
age of 8 ML the surface is completely roughened and
forms very small micropyramids (diameter —100 A )

composed of [113]-type facets. The Ge in this micropy-
ramid relaxes partially towards its own bulk lattice pa-
rameter without formation of any defects up to that film

thickness. On Si(001) the use of As as the surfactant at
500 C results in a crisscross arrangement of small Ge di-

mer rows, most of them only one dimer wide. ' ' The
hut clusters found during the growth of Ge on Si(001)
without surfactants' form by the same mechanism of
strain relief in the pseudomorphic growth regime.

In this paper we will report on a spot profile analyzing
low-energy electron diffraction (SPA-LEED) study of the
growth of Ge films on Si(001) substrates using Sb as the
surfactant in a range of temperature from 420'C up to
640'C. The surfactant kinetically inhibits the formation
of 3D clusters and reduces the mobility of the Ge
adatoms. ' We will demonstrate that the surface mor-

phology of these 8-ML-thick pseudomorphic Ge films is

mostly dictated by the lattice mismatch. In order to re-

lieve strain the surface roughens which allows the partial
relaxation of the Cxe towards the bulk parameters. The
microroughness is described by its asperity height and its
average length of the terraces. It is mostly determined by
the balance of strain due to the lattice mismatch and the
change of surface free energy. The roughness depends
only weakly on the temperature. Only the generation of
misfit-relieving defects smoothens the surface and finally

allows a 2D layer growth. However, the Ge film shows a
high density of threading defects, ' which are observed
as small-angle mosaics in the film.
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INSTRUMENTATION AND EXPERIMENT

The experiments have been performed in a standard
UHV chamber with a base pressure below 1 X 10 ' mbar
which is equipped with SPA-LEED, ' cylindrical mirror
analyzer for Auger measurements, and a quadrupole
mass spectrometer. LEED as a diffraction technique al-
lows the out of co-nt-act, nondestructiue in situ study of the
growth, even at high temperature during deposition. Us-
ing a gracing electron gun' in a geometry similar to
reflection high-energy electron diffraction experiments,
the films could be grown while simultaneously taking
data. With SPA-LEED many parameters describing the
surface morphology could be determined. The evaluation
of the data is carried out within the scope of the kinemat-
ic approximation. We will prove that this is justified.

The mean size of the single terraces, i.e., the lateral
roughness, could be determined from the shape of the
profile of any LEED spot, ' usually the (00) spot is
used. The spot is broadened due to differences in the
path length of the electrons scattered from neighboring
terraces or domains. The shorter the typical scattering
length at the surface the broader is the profile of the spot.
The distance between the integer order spots allows the
accurate determination of the lateral lattice constant and
may therefore be used as a probe for strain-relief process-
es.

The vertical roughness, i.e., the rms value of the width
of the growth front, could be determined from the
periodic variation of the shape of the spot profile with k,
or the electron energy, respectively. ' At the in-phase
conditions (which are comparable to the Bragg condi-
tions for diffraction at a bulk crystal) electrons interfere
constructively without any phase difference even if they
are scattered from terraces on different height levels, i.e.,
the electrons do not notice the rough surface which re-
sults in a very sharp LEED spot. At the out-of-phase
condition of scattering, electrons from terraces on
different levels interfere destructively and are therefore
most sensitive to the roughness. In order to determine
the exact value of the roughness and any change of the
layer distance, the spot profile has to be recorded for
many intermediate electron energies between two or
three in-phase conditions. Instead of the absolute value
of k, in A we use a normalized quantity: the scattering
phase S=k, d/2m. with the layer distance d. S describes
the difFerence in the path of electrons scattered from
neighboring terraces in magnitudes of the electron wave-
length; the in-phase conditions are then defined by in-
teger values of S. A shift of the Bragg or in-phase condi-
tions of scattering allows the estimation of a change of
the layer distance (which may be caused by a tetragonal
distortion due to strained-layer growth) with an accuracy
of 0.01 A.

The Ge is evaporated from an electron-beam heated
graphite crucible, the flux monitored by a quartz micro-
balance. The crucible is held in a water-cooled copper
shroud, mounted together with a shutter on a 2—,

' in.
flange. Only one Ge film has been grown on each Si(001}
sample with a rate of 0.5 ML/min (1 ML = 6.78 X 10'4
atoms/cm ). The Ge evaporator has been calibrated by

Si(001) /Ge/Sb 420'C

cn .8-
C
CD

.6-

0
CL
V) 4-

C)
CO

.2-

(00) spot
S = 1.25

0..0 I I I I I I I I I I I 1 I

150 5 10

Coverage e (ML)
FIG. 1. Intensity oscillations of the central spike of the (00)

spot during deposition. A double-layer period is observed. This
is due to the azimuthal orientation of the sample with respect to
the e beam and a small miscut of the (001) substrate.

measuring the LEED-intensity oscillations during Sb-
surfactant mediated growth of Ge on a Si(111) sample.
Intensity oscillations also have been observed for the sys-
tem described here as shown in Fig. 1 for growth at
420 C. However, they exhibit a double-layer periodicity
which is probably caused by a small miscut and the off-
normal incidence of the electrons.

The Sb is evaporated from a quartz crucible, also
equipped with shutter and microbalance. The Sb flux has
roughly been estimated and calibrated using a Si(111)
sample. The time of conversion from the (7X7} struc-
ture to the (+3Xv'3} reconstruction has been used to
estimate the flux to at least -6X10' crn s ' (-0.5
ML/min). To compensate for Sb desorption during Ge
growth Sb has always been coevaporated. Up to 650'C
this was sufficient, because the Sb desorption time is
longer than -500 s. ' ' At 700'C a stationary Sb cover-
age of 0.5-0.6 ML has been estimated using Auger spec-
troscopy. During Ge deposition the Sb floats up to the
surface. This happens even in the case that it is buried
under Ge at room temperature and the film annealed at
400'C. Above 150'C only the saturation coverage of
1-ML Sb sticks at the surface.

The Si substrate is cut from a (001) wafer, with an
orientation better than 0.2' in the ideal (001}plane. After
degassing the sample at 640'C for one night in the load-
lock chamber the native oxide is removed by a short flash
to 1150'C. No contamination is detected by the Auger
spectrometer (sensitivity for C relative to Si is better than
1:1000). The LEED pattern shows a brilliant (2X1)
reconstruction with a peak-to-background dynamic of
50000:1. No (1 X 8) spots are detected, which are usually
induced by contaminations.

The temperature has been measured by an infrared py-
rometer. Because the emissivity of the Si changes from
c-0.2 to c.-0.6 for temperatures between 500'C and
700'C we have calibrated the instrument via the tempera-
ture dependence of the intrinsic conductivity of Si.

MICROROUGHNESS

At temperatures of 500'C and above, Ge growth on
Si(001) without a surfactant results in the formation of
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Ge clusters on top of a 3-ML-thick pseudomorphic and
strained Ge film. ' The so-called Stranski-Krastanov
film is flat and smooth and relieves strain by a (1X8)
missing-dimer structure. ' Two different types of Ge is-
lands form for coverages exceeding 3 ML: first, the
strained and pseudomorphic hut clusters' with a width
of typically 200—300 A and, second, 3D clusters with a
size larger than 1000 A, which are strain relieved by de-
fects. Hut clusters and the (1X8) structure are also
observed with LEED. Island formation becomes negli-
gible by reducing the mobility of the Ge adatoms by
growing at 200'C (Ref. 40) (the kinetic pathway), howev-
er, the film quality also decreases.

Deliberate use of Sb or As as the surfactant completely
changes the growth mode: the formation of 3D clusters is
kinetically inhibited' ' and continuous Ge films of arbi-
trary thickness could be grown. The bulk morphology
and defect structure of these films have been investigated
by means of ion-scattering, ' transmission electron mi-
croscopy, ' and x-ray diffraction. ' Up to now, to the
best of our knowledge, there is no investigation concern-
ing the surface morphology of the Sb surfactant-grown
Ge films thicker than the Stranski-Krastanov layer. This
will be the subject of the investigation presented here.

For an 8-ML-thick Ge film, which has been grown at
500'C, we will demonstrate in detail how the information
concerning surface morphology and strain relief is de-
rived from the LEED data. This may serve as an exam-
ple for other temperatures when the results mill be
presented more briefiy.

The LEED patterns of this 8-ML Ge film are shown in
Figs. 2(a) and 2(b) for difFerent scattering conditions, i.e.,
different electron energies. Visible are the (00) spot in the
center, the (10) and (11) spots, as well as a few (2X1)-
superstructure spots. Depending on the electron energy
the spots are more or less broadened. The structures
close below the upper border are artifacts caused by the
limits of the detection area of the SPA-LEED.

At an electron energy of 72 eV the (00) spot is very
sharp without any broadening as seen in Fig. 2(a). This
very pronounced in-phase condition of scattering reflects
the perfect epitaxial growth of the Ge film with all atoms
on lattice sites. Decreasing the electron energy to 41 eV,
only the broadening is observed; the sharp central spike
vanishes since neighboring terraces interfere destructively
due to the out-of-phase condition of scattering. The oth-
er integer-order spots behave in a similar manner, only
the energies for their in- and out-of-phase conditions are
different. The pronounced broadening already points to a
laterally and vertically very rough Ge film which, howev-
er, is perfectly epitaxial.

The broadening of the (00) spot at 41 eV is not isotro-
pic but shows a fourfold symmetry with increased intensi-
ty towards the [110]directions as shown in Fig. 3. This is
because on a (001) surface the islands or terraces prefer-
entially grow along the dimers, respectively, ' which
causes a larger extension of the islands in this direction.
The diffraction pattern of such a narrow island also
reflects this anisotropy. The fourfold symmetry of the
broadening in the LEED pattern is caused by superposi-
tion of two by 90-rotated LEED patterns due to the two

Si(001) /8 ML Ge / Sb 500'C
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FIG. 2. LEED patterns of 8-ML Ge grown at 500 C with Sb
as a surfactant. (a) Close to the in-phase condition for the (00)
spot at 72 eV. A very bright spot is observed. The (11) spots
are strongly broadened. (b) Out-of-phase condition for the (00)
spot at 41 eV which is therefore strongly broadened. Now the
(11)spots are bright and sharp. The (2X 1) spots show an aniso-

tropic broadening.

possible perpendicular dimer orientations. From the
shape of the broadening an aspect ratio of the terraces of
1 to 2 —3 is estimated.

In order to analyze the film morphology in a quantita-
tive way the behavior of the spot profile has to be deter-
mined for a larger range of energies (usually at least from
one in-phase condition to the next. ) This is done by
recording linear scans through the (00) spot which are
shown in Fig. 4 as a function of lateral scattering vector
k with a logarithmic intensity scale and the electron en-

ergy or scattering phase, S, respectively, as parameters.
At the in-phase condition with S= 1.00 the (00) spot is

very narrow (instrumental resolution) with a peak-to-
background ratio of 50000:1. This shows explicitly that
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all atoms are on lattice sites and that the kinematic ap-
proximation is perfectly valid for the evaluation.

With increasing electron energy or scattering phase S,
respectively, a broadening appears below the central
spike. The broadening becomes more intense at the ex-
pense of the intensity of the central spike which nearly
vanishes close to the out-of-phase condition at S=1.5.
The width of the broadening also increases when chang-
ing the electron energies from the in-phase towards the
out-of-phase condition. Increasing the electron energy
further, the width of the broadening decreases again and
also the central spike gains intensity with a maximum at
S=2.00.

In contrast to the in-phase condition at S=1.00 a nar-
row broadening is still visible for the second in-phase
condition at S=2.00. This deviation from the perfect
behavior is caused by the relaxation mechanism of the
strained Ge film: parallel to the surface the Ge atoms in
the lowest levels of the pseudomorphic Ge film have ex-
actly the Si-lattice periodicity and react via tetragonal
distortion which results in an increased layer distance
(larger than the Ge bulk value}. On the other hand, the
Ge in the upper levels is able to partially relax laterally,
since the surface is very rough {this relaxation mecha-
nism would not be possible for a flat and continuous film).
Without the need of tetragonal distortion the vertical lay-
er distance also relaxes towards the Ge-bulk value.
Therefore the vertical layer distance d varies depending

Si(001) /8 ML Ge/Sb 500'C
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FIG. 3. The anisotropic broadening of the (00) spot and the
(2X1) spots is highlighted by lines of constant intensity. The
fourfold symmetry of the (00)-spot broadening originates in the
superposition of two by 90 rotated elliptical broadenings which
reflect the anisotropic island shape on a (001) surface.
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ly. The scans are plotted in a
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distance to the next integer or-
der spot (i.e., the width of the
Brillouin zone). At the in-phase
condition with 5=1.00 the spot
shows only the instrumental
broadening. With increasing en-

ergy the electrons which are
scattered from terraces at
different levels interfere more
and more destructively. This is
observed in the broadening
below the central spike which
gains more intensity and gets
broader towards the out-of-
phase condition at S= 1.5.
Raising the energy further, the
central spike becomes again
more intense with a maximum at
the second in-phase condition.
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on the level in the Ge film. Therefore the vertical scatter-
ing condition 5=k,d/2~ is no longer well defined: if for
a particular electron wavelength the in-phase condition in
the upper levels is fulfilled, it does not exactly match the
increased layer distance in the lower levels and causes the
observed broadening. The shorter the electron wave-
length, i.e., the higher the energies, the more sensitive the
diffraction is on this variation of the layer distance. A
detailed analysis of this behavior will be thoroughly ad-
dressed in a forthcoming publication.

The vertical roughness determines the intensity of the
central spike as a function of the scattering phase S. Be-
cause the intensity of the LEED spots is additionally
influenced by the dynamic form factor of scattering, the
central spike intensity has to be normalized. This is done
by using the ratio of the integral intensity in the central
spike to the total intensity of the spot (the sum of the cen-
tral spike and broadening}. This procedure eliminates the
dynamic form factor from the evaluation which is as-
sumed to be only slightly varying with k~~. The back-
ground intensity is of course excluded from the evalua-
tion, since it is caused by thermal diffuse scattering
(Debye-Wailer). Only the normalized central spike inten-
sity remains.

This normalized central spike intensity, which is de-
rived from the spot profiles shown in Fig. 4, is plotted in
Fig. 5(a) as a function of the scattering phase S. The in-
phase conditions at 5=1.00 and 2.00 are seen as pro-
nounced maxima of the curve. Deviating from the in-

phase conditions the values decrease very fast to nearly
zero at the out-of-phase conditions which points to a
large vertical roughness. At the second in-phase condi-
tion the values for the normalized central spike intensity
are much lower than one. As explained above, this
behavior is caused by the remaining broadening due to
the variation of the layer distance.

In Fig. 5(b) the corrected data of the normalized cen-
tral spike intensity are shown, the G(S) curve. This
curve now is determined only by the vertical roughness of
the Ge film. The rougher the surface, the faster the G(S)
curve decreases for deviations from the in-phase condi-
tion. For a perfect flat surface a constant value of one is
expected for the G (S) curve, since there is no broaden-
ing. For a roughness of only two layers (a two-level mod-
el as described by Lent and Cohen ) a G(S) curve with a
I/2[1 —cos (2mS)] dependence is expected. Increasing
roughness adds terms with higher frequencies to the
shape of the G (S) curve, i.e., (4n.S), (6mS), (8m.S) terms
as arguments for the cosine function. Following
%'ollschlager the rms value of the roughness 6 could be
determined by the slope of the G (S) curve at the in-phase
condition. Assuming a Gaussian shape [solid curve in
Fig. 5(b)] of the G (S) curve as an approximation close to
the in-phase condition

G (S) e
—4 (2mss)

with 6S as deviation of the scattering phase S from the
next integer value, allows the easy estimation of the
roughness to b, = l. 1 (in values of the layer distances d)
via the full width at half maximum of the Gaussian. As-

suming for the occupation of the levels a standard distri-
bution around the mean level the roughness extends over
4—5 levels as shown in the small inset in Fig. 5(b).

At this point we want to emphasize that the value of
the vertical roughness stays the same after the correction
of the data: the full width at half maximum (FWHM) of
the Gaussians at the in-phase conditions is the same for
the curve in Fig. 5(a).

The G (S) curve provides other important information:
the vertical layer distance d could be derived from the
distance AS between the in-phase conditions:

d =2~AS/k, .

This information could only be obtained for a rough sur-

face, since it is necessary to accurately determine the in-

phase or out-of-phase conditions of scattering. Here we

indeed observe a slight shift of the in-phase conditions to
lower electron energies compared with the bulk Bragg
conditions (dashed lines). The extension of the layer con-
stant (Ge bulk: 1.414 A) is caused by the tetragonal dis-
tortion of the strained Ge film and is in the order of
0.048+0.02 A for this 8-ML Ge film which is a little bit
smaller than the expected extension of 0.060 A for a
Poisson ratio of v», =0.249. This is reasonable because
the lattice strain is already relieved by the partial relaxa-
tion of the Ge towards its own bulk lattice parameter.

For such a rough surface a variation of the width of
the broadening is expected as a function of the phase S.
This has been observed in the experiment (Fig. 4) too.
The FWHM's of the broadening of the (00) spot are plot-
ted in Fig. 5(c) as a function of S. Close to the in-phase
conditions the width has its minimum value and increases
towards the out-of-phase condition. The solid curve
displays the expected behavior assuming a multilevel
model. From the width of the broadening at the out-of-

phase condition the average terrace width is estimated to
be I',„=2.6 u.c. (unit cell, 1 u.c. = ao s;/&2= 3.84 A).
Thus the Ge film is not only very rough vertical to the
surface but also shows a strong lateral roughness, i.e., the

terraces have a width of only a few atoms. The Lorentzi-
an profile of the broadening rejects a geometric distribu-

tion of the terrace widths.
Deposition of 4 ML of Ge also results in a microrough

Ge film. The lateral and vertical parameters of the
roughness are the same as for the 8-ML-thick Ge fi1m.

The G (S) curve is shown in Fig. 6.
The width of the broadening has additionally been

measured during deposition as a function of the coverage
(Fig. 7). With the first deposited monolayer of Ge the
surface immediately roughens on a lateral length scale of
typically —10 A. With increasing coverage the width of
the terraces stays roughly constant until defects are gen-

erated above —12 ML of coverage. This implies that
even very thin strained Ge films exhibit a rough surface.
The immediate roughening of the growth front also has
been observed using As as the surfactant. ' This14, 15

behavior is in contrast to results for Ge growth without
surfactant where the Ge forms a smooth surface consist-
ing of a (2 X 8 } missing-dimer structure. '4 Ge growth on
the (111) surface without surfactants also results in a
smooth (5 X 5) structure of the first 3—4 ML. '
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DEFECT FORMATION

In this section we want to investigate the film morphol-
ogy of a 40-ML-thick Ge film. A lattice mismatch of
4.2% makes it impossible (even with the strain-relief
mechanism presented above) to grow such thick films still
pseudomorphic without the generation of defects. '

Strain-relieving defects are generated at a coverage
around 11 ML for a growth temperature of 520'C. ' Us-

ing As instead of Sb as the surfactant the lattice strain is
relieved at a coverage of —16—18 ML (Ref. 2) by the gen-
eration of V-shaped defects.

The LEED pattern of a 40-ML-thick Ge film gro~n at
500 C with Sb as surfactant is shown in Fig. 8. All su-
perstructure and integer order spots are strongly
broadened for all observed electron energies. This is in
contrast to the LEED patterns of the 8-ML Ge films

where the in-phase conditions of scattering have been ob-
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served in very narrow spots, as seen in Fig. 2(b), which
has been recorded at the same scattering condition as in
Fig. 8. Those pronounced in-phase conditions have
rejected the perfect epitaxial growth for the 8-ML films.

For the 40-ML-thick Ge film the spots are always
strongly broadened, even at the in-phase conditions, as
shown in Fig. 9 in a series of scans through the (00) spot
for scattering conditions from S=1.0 to 3.5. For the
lowest value of S a central spike is still visible. The
FWHM of the broadening of the (00) spot is plotted in

Fig. 10 as a function of the scattering phase S. The width
at the in-phase conditions (integer values for S) increases
linearly with S. Besides this, the width additionally in-
creases periodically towards the out-of-phase conditions
due to surface roughness.

40%

Si(001) / Ge / Sb 500'C

30%-

~O0
20%-

~ 0

r

10o/

0/'

Coverage (ML)

FIG. 7. The width of the broadening is measured during
deposition as a function of coverage. Already a 1-ML-thick Ge
film immediately forms a rough surface. The generation of
misfit-relieving defects is observed for Ge films thicker than
—12 ML.

FIG. 8. LEED pattern at 72 eV of a 40-ML-thick Ge film

grown at 500'C using Sb as surfactant. All spots are strongly
broadening independent of the scattering condition.

The linear increase of the width (at the in-phase condi-
tions) points to a broadening caused by mosaics in the Ge
film. The Ge film is no longer one single crystal but con-
sists of small single-crystal areas, which are tilted ran-
domly by small angles against the (111)surface. Each of
the small mosaics cause its own diffraction pattern, which
are all tilted by the same small angles as the mosaics. In-
coherent addition of the intensities causes the broad
LEED spots. The width of the spots increases linearly
with the vertical scattering vector k, or the scattering
phase S, respectively. This behavior in reciprocal space
is shown in Fig. 11 for the (00), ( —,'0), (10), and (11) spots.
The k, axis is compressed by a factor of 2. The widths of
the spots are plotted as broad bars. The thin solid lines
envelope the FWHM of the spots caused by the mosaics.
We estimated from this envelope a standard deviation of
the tilt angle of o, -0.9' of the mosaics. The dotted lines
show the modified Ewald spheres. Especially for the
(00) spot the additional variation due to the surface
roughness could be observed. Due to the special scatter-
ing condition on the (001) surface this additional varia-
tion is not seen very well for the (10) and ( —,'0) spots.

The use of the normalized central spike intensity for
the evaluation of the vertical roughness is no longer pos-
sible because most of the intensity of the central spike is
also broadened by the mosaic spread. However, from the
additional increase of the FWHM at the out-of-phase
condition at S= 1.5 an average terrace width of 4.0 u.c. is
derived. This value is larger than for the 8-ML-thick Ge
films because the generation of defects has relieved most
of the strain which has been the driving force for the mi-

croroughness of the pseudomorphic films.
The generation of these defects has also been observed
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Si(001}/40 ML Ge l Sb 500'C
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FIG. 9. Spot profile of the
(00) spot for a 40-ML-thick Ge
film for different scattering con-
ditions. Even at the in-phase
conditions for scattering the spot
is strongly broadened. The
width of the broadening in-

creases with scattering phase S.

during growth. The intensity of the central spike has al-
ready been shown in Fig. 1 as a function of the Ge cover-
age at 420'C. The strong decrease of the intensity at
—10-12-ML Ge coverage reflects the generation of de-
fects and the mosaic spread of the spot. This value for
the critical coverage agrees well with observations by x-
ray measurements. ' Those measurements also show that
the Ge film is not at all relaxed to the Ge-bulk lattice
constant. In addition to this, the (20)-Ge Bragg peak (ob-
served during the x-ray study) was also strongly
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FIG. 10. Mosaic spread and vertical roughness of the 40-
ML-thick Ge film grown at 500 C. The width of the (00) spot at
the in-phase conditions increases linearly with the scattering
phase S. The variation of the width due to vertical roughness of
the surface is superpositioned which is observed as the
(1—cos2mS) curve.

FIG. 11. Mosaic spread of the 40-ML-thick Ge film grown at
500'C. The FWHM of the (00), ( —'0), (10), and (11) spots is

plotted as thick bars in reciprocal space. The width increases
linearly with the vertical scattering vector k, or the scattering
phase S, respectively. Surface roughness produces the addition-
al increase of the width at the out-of-phase conditions. The k,
axis is compressed by a factor of 2.
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broadened which reflects the occurrence of a variety of
different lattice spacings, i.e., defects in the film. Using
As as the surfactant for the Ge-film growth so-called V-

shaped defects have been found to relieve strain. ' ' '
This kind of well-defined defect has not been observed for
the growth under the same conditions by using Sb as the
surfactant. ' Here the defect structure is much more ir-
regular which is reflected by the small-angle mosaics.

-100'/o -50'/o

a, i

&SN

0/o 50% 100%

Si(001) l 8 ML Ge l Sb 41 eV

100'/o

50%

DEPENDENCE ON TEMPERATURE

We have proposed that the microroughness is caused
by the lattice mismatch in order to relieve strain. To
prove this statement the influence of the temperature of
growth is of strong interest. The temperature has been
changed from 420'C up to more than 700'C. Above
700'C the LEED patterns completely change their
behavior in a qualitative way: all spots show a ringlike
shape which is caused by equilibrium formation of small
pseudomorphic Ge cones at the surface. ' Again, the
Ge cones are pseudomorphic and form as a well-ordered
microrough surface in order to relieve strain. In this pa-
per we want to focus on the range of temperature when
the growth is not under equilibrium conditions. The
main difference between both growth regimes is that
above 700'C the Ge is still mobile (the surface is only
partially covered by Sb). Below 700'C the Ge in a sub
surfactant site is immobile and trapped in that position
because the activation energy for detachment is increased
by the surfactant.

The main features of the LEED patterns after deposi-
tion of 8 ML of Ge at temperatures between 420'C and
640'C which are shown in Figs. 12(a)—12(c) are very
similar to the one shown in Fig. 2(c) which has been
grown at 500'C. The (00) spot is strongly broadened for
all the temperatures. The width of the broadening stays
approximately constant and nearly does not depend on
the temperature. Only the shape of the broadening
changes with temperature such that it resembles a Mal-
tese cross for the Ge film grown at 640'C. At the lowest
temperature of 420'C the (00) spot lacks any features and
is isotropically broadened [Fig. 12(a)]. For all tempera-
tures the sharp (11) spots refiect the epitaxial growth of
the Ge films.

At all growth temperatures the spot profile of the (00)
spot varies strongly with electron energy. This happens
in the same manner as already observed at 500'C and
refiects a very rough surface. The G(S) curves for
420'C, 570'C, and 640'C are shown in Figs. 13(a)—13(c)
and are quite similar to the G (S) curve for 500'C which
is already presented in Fig. 5(b). Surprisingly the Ge film
gets rougher with increasing temperature as observed in
the decreasing width of the G(S) curve at the in-phase
conditions. At 420'C a rms value for the roughness of
6=0.9 is observed. At 640 C the value has risen to
5=1.3.

Not only the vertical roughness stays nearly constant
but also the lateral roughness, i.e., the terrace length
which is observed at the out-of-phase conditions at 40 eV.
In Fig. 14 the spot profiles of the (00) spot are compared
for all different growth temperatures. At the lowest tem-
peratures the profile could be described by a Lorentzian

Oo/o

-50'/o

—100%

100o/o

50%

00/

-5P/o

-100%

10N('o 100'/o

50'/

0%

-50o/o

100o/

-100% -58% P/o 50%

kg ('/oBZ)

100'/o

FIG. 12. LEED patterns after growth of 8-ML Ge at

different temperatures for the out-of-phase condition for the (00)

spot at 41 eV. With increasing growth temperature the

broadening exhibits more features: (a) Growth at 420'C results

in a nearly isotropic featureless broadening. (b) Growth at
570 C shows a pronounced anisotropic broadening. (c) Growth

at 640 C results in a Maltese-cross-shaped broadening which is

caused by a disordered (8 X 8) structure of missing dimers.
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which reflects a geometric terrace width distribution.
At higher temperatures the profile shows more features
as already seen in Fig. 12, however, the width of the
broadening is approximately the same for all tempera-
tures.
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DISCUSSION

The use of surfactants during heteroepitaxial growth of
Ge on Si inhibits the formation of 3D clusters. The
mechanism is the selective change of some of the activa-
tion energies for diffusion and is discussed in detail else-

where. ' The other obvious result for the growth of thin
pseudomorphic Ge films with Sb as an adsorbed mono-

layer is the pronounced microroughness which is ob-
served for all growth temperatures. Even more impor-
tant is that the vertical roughness increases slightly with

temperature. This result seems to contradict all expecta-
tions of the influence of the kinetics on growth. Howev-

er, we will show that the observed phenomena could be
consistently explained in terms of thermodynamics and
kinetics.

As already mentioned earlier, the formation of the mi-

croroughness of the pseudomorphic Ge film allows the
partial elastic relaxation towards the bulk lattice con-
stant. A flat and continuous film would not allow for this
kind of strain relaxation mechanism (without surfactant

1.0-
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10 20 30 40 50 60 80 100 120 140

Si(001)/8 ML Ge/ Sb 640'C

104-
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FIG. 13. G(S) curves for 8-ML-thick Ge films grown at
different temperatures. The rms value 5 of the roughness in-
creases slightly with temperature. (a) Growth at 420'C results
in the smoothest surface with a roughness of 5=0.9 layer dis-
tances. (b) Growth at 570'C results in a roughness of 6=1.1

layer distances. (c) Growth at 640'C shows the roughest surface
with 6= 1.3 layer distances.

—40/ —20'/o 0'/o 20%

Kii('/ Bzsi)
400/o

FIG. 14. Spot profiles of the (00) spot at the out-of-phase
condition for 8-ML Ge films grown at different temperatures.
The broadening has nearly the same width independent of
growth. The (8 X 8}spots due to the missing-dimer structure at
640 C are clearly seen.
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the Ge adatoms are that mobile and thus they are all col-
lected in the clusters). Therefore a rough surface allows a
lower strain energy of the system. Exactly this kind of
rough surface was observed at temperatures above 700 C:
the equilibrium formation of the so-called 12' cones al-
lows the most e5'ective strain relaxation.

This is the explanation as to why the surface gets
rougher with increasing temperature. The Ge atoms are
more mobile and occupy the most favorable lattice sites.
The resulting morphology is closer to equilibrium than
for growth at lower temperatures when the kinetics
hinders the formation of the best surface morphology.
Now also unfavorable lattice sites are occupied, for exam-
ple, those which actually smoothen the surface.

The result only seems to be strange: the increase of mo-
bility with higher temperatures (smaller influence of the
kinetics) forces the formation of the surface with the
lowest energy which (no longer surprisingly) is a rough
surface. As a consequence the surface morphology of the
Ge film is essentially governed —over the whole tempera-
ture range —by the lattice misfit and not by the kinetics.

At higher temperatures the rough film surface is more
ordered which could be observed in the extra features of
the broadening. At the lowest temperatures the surface
could be described with a geometric terrace width distri-
bution. At 640'C the broadening shows pronounced ex-
tra spots at positions of —,', —'„or—', of the width of the Bril-
louin zone. Scanning tunnel microscopy (STM) investiga-
tions of that system reveal the formation of patches of
terraces with a width of roughly 8 X 8 Ge atoms. If
these patches are on the same level than they are separat-
ed by rows of missing dimers acting as a strain-relief
mechanism. ' Due to the still not very regular arrange-
ment, the —,

' spot is much broader than the —,
' spot. This

process of strain relief by missing dimers is not observed
for growth at 570'C. Terraces on one level —even if they
are quite large —have a single-domain (2X 1) structure. '
The film as observed by STM is again very rough with a
variety of terrace sizes but an average size of -10—20 A
which is consistent with the LEED results. The terraces
have an anisotropic shape as already mentioned earlier.

As AS SURFACTANT

Of course the question arises of whether or not the ob-
served e6'ects are unique to Sb. Using As as surfactant
the formation of a rough surface has already been report-
ed by Kohler et a/. ' The surface was composed of long
elongated Ge terraces, each only one to a few dimers
wide. These findings are also confirmed by our investiga-
tions: Fig. 15 shows the LEED pattern of 8 ML of Ge
grown at 570'C using As as surfactant. The pattern
shows the same area as Fig. 3. The intensity distribution,
however, has strongly changed: a very large, but sharp
cross is observed. This refiects very long terraces, which
are only a few dirners broad. The width of the spot
profile in the broad direction is comparable to the results
shown in Fig. 13. Such needlelike terraces have also been
found by STM (Ref. 14) and the mechanism is discussed
j.n the literature.

The vertical roughness has again been determined by

Si(001}/8 ML Ge / As 570'C

—50% 0% 50%

50'/o 50%

0o/o 0'/o

—50% -50%

—50%

kii (%BZ)
50'/

FIG. 15. LEED patterns after growth of 8-ML Ge at 570'C
using As as a surfactant. The broadening of the (00) spot is a
very large sharp cross. This rejects needlelike terraces which

are very long but only a few dimers wide. An aspect ratio of at
least 1:10is found for the terraces.
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FIG. 16. G(S) curve for an 8-ML-thick Ge film grown at
570 C using the surfactant As. A roughness of only 4=0.55

layer distances is observed. The layer distance of the Ge film
0

has increased to 1.50 A due to tetragonal distortion.

varying the electron energy. The results are shown in

Fig. 16. Surprisingly a relatively Bat surface with a rms
value of only 5=0.55 for the roughness is found. The
layer distance, however, has increased to 1.50 A (the
Ge-bulk value is 1.414 A). This films are still pseu-
domorphic since strain-relieving defects are generated at
—18 ML. ' This is also observed in a decrease of the
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central spike intensity —similiar to the results in Fig. 1.
One reason for the relatively Hat surface may be the

smaller size of As compared with Sb. Adsorption of As
on a Si(001) surface results always in a tensile stress
which is opposite to the compressive stress of the
evaporated Ge film. 1his balances the total energy
without relieving the strain in the pseudomorphic Ge
film. In contrast to this adsorption of Sb results for cov-
erages below 0.7 ML in a tensile stress and for higher
coverages in a compressive stress because the Sb is
larger than the As. Using Sb the compressive stress of
the Ge film could not be compensated.

Because the lattice strain of the 8-ML-thick film is not
relieved by microroughness the Ge-layer distance is in-
creased due to a larger tetragonal distortion. From our
results a Poisson coefBcient of v-0. 35-0.40 could be es-
timated.

SUMMARY

The morphology of thin Ge films on Si(001) grown
with Sb and As as a surfactant has been investigated by
high-resolution low-energy electron diffraction. The
main effect of using a surfactant is to kinetically prevent
the formation of 3D clusters. This allows growth of con-
tinuous and smooth Ge films of arbitrary thickness. The
mechanism, however, is not only a reduction of the mo-
bility of the Ge atoms: Sb prevents island formation over
the whole temperature range from 400'C to 800'C.
The surfactant selectively changes the diffusion energet-
ics: desorption of Ge atoms from subsurfactant sites is no
longer possible. The activation energy for this desorption
process has increased greatly, because the Ge atom is
now covered by the surfactant and bonded with all four
valence electrons. Without surfactant the desorption
from a step or kink site is the key process for the forma-
tion of 3D clusters: the Ge atoms are mobile until they
find a binding site on a relaxed cluster.

Therefore growth with the surfactant Sb allows the
study of the behavior of a high mismatched, nonislanding
heterofilm. Prior to the generation of misfit-relieving
defects —in the pseudomorphic regime of growth —the

Ge film exhibits a pronounced microroughness which
covers uniformly the whole surface. This allows the Ge
film to relieve strain by partial lateral relaxation of the
atoms towards the bulk lattice constant. This mechanism
would not be possible for a Bat and continuous Ge film.
For growth without surfactant no microroughness is ob-
served because only a 3-ML-thick pseudomorphic Ge
film forms; the remaining Ge is accumulated in the 3D
clusters.

Ge films of 4—8 ML thickness show a vertical rough-
ness extending over typically 4—5 surface levels. The
average terrace width is of the order of only 10 A. This
value for the vertical and lateral roughness stays nearly
constant for growth temperatures from 420'C up to
640'C. The infiuence of the growth kinetics is observed
in a slight increase of the vertical roughness towards
higher temperatures allowing a more effective strain re-
lief. This is not surprising, because the surface with the
lowest energy is a rough surface allowing the most
eScient relaxation of strain. With increasing mobility of
the Ge atoms the formation of this rough surface is
forced —and not a smooth and Aat surface.

The formation of a microrough surface seems to be a
general process of strain relief for highly mismatched sys-
teins. It is also found on the (111) face. The exact pro-
cess depends on the balance of energy decrease by strain
relief and the increase of surface free energy due to the
roughness. The strain-relief process by microroughness
is of great importance for the growth of strained superlat-
tices or embedded 5 layers. The interface roughness
could be affected by this strain-relief process.

Strain-relieving defects are generated at a coverage of
—12 ML finally resulting in the formation of a heavily
defected film consisting of small-angle mosaics.
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