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Fully strained single-crystal metastable Ge1−xSnx layers were grown on Ges001d in order to probe
the role of Sn dopant and alloy concentrationssCSn=131018 cm−3 to 6.1 at. %d on surface
roughening pathways leading to epitaxial breakdown during low-temperatures155 °Cd
molecular-beam epitaxy of compressively strained films. The addition of Sn was found to mediate
Ges001d surface morphological evolution through two competing pathways. At very low Sn
concentrationssx&0.02d, the dominant effect is a Sn-induced enhancement in both the Ge surface
diffusivity and the probability of interlayer mass transport. This, in turn, results in more efficient
filling of interisland trenches, and thus delays epitaxial breakdown. In fact, breakdown is not
observed at all for Sn concentrations in the doping regime, 131018øCSn,4.431020 cm−3 s2.3
310−5øx,0.010d! At higher concentrations, there is a change in Ge1−xSnxs001d growth kinetics
due to a rapid increase in the amount of compressive strain. This leads to a gradual reduction in the
film thickness h1sxd corresponding to the onset of breakdown as strain-induced roughening
overcomes the surface smoothening effects, and results in an increase in the overall roughening rate.
We show that by varying the Sn concentration through the dopant to dilute alloy concentration range
during low-temperature Ges001d growth, we can controllably manipulate the surface roughening
pathway, and hence the epitaxial thickness, over a very wide range. ©2005 American Institute of
Physics. fDOI: 10.1063/1.1848188g

I. INTRODUCTION

The development of a detailed atomic-level understand-
ing of the kinetic pathways by which dopant and alloying
species mediate surface morphological evolution during epi-
taxial growth is of interest for both scientific and technologi-
cal reasons. Thin-film applications require ever better control
of microstructure and surface morphology, while demanding
lower growth temperatures. Unfortunately, lower growth
temperatures typically result in increased defect concentra-
tions and more rapid surface roughening rates. However, it
has been well documented that the addition of selected im-
purities, termed surfactants, during semiconductor epitaxy
can decrease surface roughness. For example, predepositing
submonolayer coverages of As or Sb during Ge growth on
Sis001d by molecular-beam epitaxysMBEd has been used to
inhibit Ge islanding and reduce interdiffusion at the film/
substrate interface.1–4 Similarly, dosing the surface withø1
monolayer of Ga prior to Si/Sis111d5–9 growth by low-
temperature MBEsLT-MBEd has been shown to reduce ki-
netic roughening. Despite numerous investigations of
surfactant-mediated growth, however, a complete under-
standing of the atomic mechanisms by which a foreign ad-
sorbate modifies the growth mode has not yet emerged.

Here, we focus on the role of dopants and alloying ele-
ments in mediating the surface reaction pathway leading to
epitaxial breakdown during LT growth. We use Sn in
Ge/Ges001d as a model system to determine the effect of
dilute surfactant concentrations on surface roughening and,
hence, the critical film thicknessh1 corresponding to the on-
set of epitaxial breakdown. From a technological standpoint,
Ge1−xSnx and related alloys are themselves of interest due to
the potential they offer for developing totally group-IV-based
optoelectronic materials systems. Ge1−xSnx has been pre-
dicted to exhibit a direct band gap in unstrained alloys, tun-
able from .0.55 to 0 eV with x ranging from 0.20 to
0.65.10,11 The crossover from an indirect to direct band-gap
semiconductor with increasing Sn concentration has been ex-
perimentally verified by Heet al.12 and Raganet al.13

Sn, which has previously been reported to both
increase14 and decrease15,16 the epitaxial thickness of
Ges001d, has a strong tendency to segregate to the surface
during the growth of Ge1−xSnxs001d and thus requires LT
deposition in a highly kinetically limited regime. The pro-
pensity for surface segregation in the Ge1−xSnxs001d system
derives from both the larger covalent radius of Sn and its
lower sublimation enthalpy.17,18 While the incorporation of
Sn in Ge creates compressive strain, strain-induced roughen-
ing does not typically occur during LT epitaxy due to the
necessity for significant mass transport. However, Desjardins
et al.16 demonstrated that the thermal activation required for
strain-induced roughening can be partially overcome by the
fact that kinetic roughening during LT growth provides sur-
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face oscillations over lateral length scales, which are suffi-
cient to initiate strain-induced islanding even at temperatures
where it would not otherwise proceed.

Kinetic surface roughening19–28 occurs spontaneously
during LT epitaxial growth due to the combination of low
adatom mobilities and the presence of Ehrlich barriers,29

and/or deep traps, at descending step edges. The latter results
in a divergence in adatom currents, giving rise to increased
island nucleation on upper terraces, leading to nonlinear
growth through the formation of a regular array of mounds.
Both the surface widthw and the in-plane coherence lengthd
increase with increasing film thicknessh.22,25,28wshd contin-
ues to increase until the growth front abruptly breaks down
in an irreversible transition to amorphous layer growth.30–32

Critical epitaxial thicknessesh1sTsd for the onset of this tran-
sition, defined here as the film thickness at which bulk struc-
tural defects are first observed by reflection high-energy elec-
tron diffraction sRHEEDd and cross-sectional transmission
electron microscopysXTEMd, increase exponentially with
film growth temperatureTs. As h→h1, deep cusps form at
the base of interisland trenches and epitaxial breakdown is
initiated as the surface roughness reaches a critical,
Ts-independent, aspect ratio.14,16,28

In this article, we present results on the microstructural
and surface morphological evolution of fully strained meta-
stable heteroepitaxial Ge1−xSnx/Ges001d layers as a function
of x. Film growth temperatures in these experiments were
maintained atTs=155 °C due to the combination of limited
epitaxial thickness at lower temperatures and Sn surface seg-
regation at higher temperatures.15,16 High-resolution x-ray
diffraction sHR-XRDd and reciprocal-space lattice mapping
sRLMd measurements combined with XTEM show that for
høh1, all films appear structurally perfect and fully com-
mensurate with the substrate, whilein situ angle-resolved
x-ray photoelectron spectroscopysAR-XPSd measurements
reveal no measurable Sn segregation. Surface structural tran-
sitions during growth were monitored usingin situ RHEED
together with postdeposition atomic force microscopy
sAFMd and XTEM.

Our results demonstrate that the incorporation of Sn in
Ge mediates surface morphological evolution during film
growth through two competing effects. At very low concen-
trationssx&0.020d, the dominant result is a Sn-induced en-
hancement in both the Ge adatom mobility and the rate of
interlayer mass transport, thereby suppressing kinetic rough-
ening and resulting in significant increases in the critical
thicknessh1 for the onset of epitaxial breakdown. WithCSn

=4.431020 cm−3 sx=0.010d, for example, the surface width
w normalized to h1 decreases from 2.6310−3 for pure
Ges001d to 1.5310−3, while h1 increases from
.7700 Å to 1.40mm. Moreover, layers for whichh1→`

are obtained with Sn concentrations between.131018 and
4.431020 cm−3. However for CSn.8.831020 cm−3 sx
.0.020d, strain-induced roughening overcomes the Sn-
induced surface smoothening effects and gives rise to a rapid
decrease inh1, which ranges from.5700 Å with x
=0.029 to 2350 Å withx=0.061.

II. EXPERIMENTAL PROCEDURE

All Ge1−xSnx/Ges001d layers were grown in a load-
locked multichamber MBE system with a base pressure of
5310−11 Torr. Ges99.9999% pured and Sns99.999%d were
evaporated from separate BN effusion cells whose tempera-
tures were maintained constant to within ±1 °C using
proportional-band feedback control. The combination of a
quartz-crystal microbalance and an electron-impact emission
sensor, calibrated based upon film thicknesses measured by
microstylus profilometry, provides continuousin situ mea-
surements of film growth ratesR. Surface structural transi-
tions were monitoredin situ by RHEED utilizing a 20 kV
primary electron beam that intersects the sample at an inci-
dence angle of.2°. Images are acquired using an oscillo-
scope camera.

The substrates are polished 1.532.5 cm2 Ges001d plates
cleaved from 0.5-mm-thickn-type wafers with a miscut of
0.1° in thef110g direction and room-temperature resistivities
of 1–20V cm sn=131015–631013 cm−3d. Substrate clean-
ing consists of rinsing in deionized water to remove the na-
tive oxide followed by repeated cycles of oxidation, via a
UV-ozone process,33 and oxide dissolution, with the final
step being the formation of a clean protective UV-ozone ox-
ide cap layer. The wafers are then bonded to a Mo platen
with In and immediately inserted into the UHV system
where they are degassed at 250 °C for 45 min, following
which the oxide is desorbed atTsù450 °C. This procedure
provides clean Ge surfaces with sharp 231 RHEED patterns
and no impurities detectable byin situ Auger or x-ray pho-
toelectron spectroscopy measurements. Prior to
Ge1−xSnxs001d film growth, 600-Å-thick Ge buffer layers are
deposited at a rateRGe of 0.5 Å s−1 with Ts=400 °C. The
resulting Ges001d surfaces also exhibit 231 RHEED pat-
terns with sharp Kikuchi lines, indicating atomically smooth
surfaces. Average terrace lengths are*800 Å as measured
by scanning tunneling microscopysSTMd.22,25

Homoepitaxial Ges001d and heteroepitaxial
Ge1−xSnx/Ges001d overlayers were grown atTs=155 °C
with RGe maintained constant at 0.5 Å s−1, while the Sn
deposition rate was set to obtain the desiredx values
s&0.06d. Film growth temperatures, controlled via the sub-
strate heater power, were calibrated using thermocouples
bonded to dummy substrates. The system was recalibrated
periodically to correct for thermal drift. Sample temperatures
during growth were maintained constant to within ±5 °C and
absolute values are accurate to within ±10 °C.

The microstructure and crystalline quality of the layers
were investigated using HR-XRD, high-resolution RLM
sHR-RLMd, XTEM, and high-resolution XTEM sHR-
XTEMd. The HR-XRD measurements were performed using
a Philips X-Pert diffractometer with line-focused Cu Ka1 ra-
diation sl=1.540 597 Åd from a four-crystal Ges220d mono-
chromator, which provides an angular divergence of
,12 arc s with a wavelength spreadDl /l.7310−5. A lat-
erally graded parabolic x-ray mirror between the source and
the monochromator further enhanced beam collimation.v
-2u overview scans were obtained with a detector acceptance
angle of.2°, while an additional two-crystal Ges220d ana-
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lyzer was placed between the sample and the detector to
obtain high-resolutionsdetector acceptance angle.12 arc sd
scans and reciprocal lattice maps about both symmetric and
asymmetric reflections. The maps are generated by taking
repetitivev-2u rocking curve scans starting at different ini-
tial values forv.

XTEM and HR-XTEM examinations were carried out in
Philips CM12 and Hitachi H-9000 microscopes operated at
120 and 300 kV, respectively. Specimens were prepared by
gluing two samples film-to-film and then cutting a vertical
section which was thinned to.20 mm by mechanical grind-
ing. Final thinning to electron transparency was accom-
plished by Ar+ ion milling in a liquid-N2-cooled stage with
the incident beam angle and energy progressively reduced
from 10° to 8° and 5 to 1.5 kV in order to obtain samples
with relatively uniform thickness distributions.

Sn concentrations in doped Ges001d layers sCSnø6
31019 cm−3d were determined using a Cameca IMS-5F
secondary-ion mass spectrometersSIMSd operated with a
12.5 keV Cs+ primary ion beam. Quantification, with an ex-
perimental uncertainty of ±10%, was accomplished by com-
parison to Sn-ion-implanted bulk Ges001d standards.
Ge1−xSnxs001d alloy layer thicknesses and compositions
were measured by HR-XRDsfor films with x*0.001d and
Rutherford backscattering spectrometrysRBSd sx*0.01d.
The relative positions of substrate and film peaks obtained
from HR-XRD v-2u scans and reciprocal lattice maps were
used to calculate film compositions assuming Vegard’s rule.
Film thicknesses were determined from the angular spacing
between finite-thickness interference fringes inv-2u scans.
The RBS probe beam consisted of 2-MeV He+ ions incident
at an angle of 15° relative to the sample surface normal with
the detector set at a 150° scattering angle. Backscattered
spectra were analyzed using theRUMP simulation program.34

Film compositions deduced from HR-XRD and RBS analy-
ses were in excellent agreement with reported values being
accurate to within ±0.3%.

AR-XPS measurements of as-deposited Ge1−xSnxs001d
layers were carried outin situ using a dual-anode source
Perkin-Elmer PHI 5300 instrument with Mg Ka radiation
shn=1253.6 eVd. Core-level spectra were obtained as a func-
tion of take-off anglew, which was varied between 15° and
80° from the sample surface, using a pass energy of 17.9 eV
with 0.05 eV steps. These conditions result in a spectral reso-
lution of .0.7 eV. After background subtraction following
the procedure due to Shirley,35 the peaks were fit using the
CASA-XPS nonlinear least-squares software.36

AFM, operated in tapping mode, was used to follow the
surface morphological evolution of as-deposited Ges001d
and Ge1−xSnxs001d layers. The measurements were carried
out in air using oxide-sharpened Si tips having average radii
of 50–100 Å. Images were linearly planarized to remove
sample tilting effects. The surface roughness was quantified
using the height-heightHsrd=khihjl and height-difference
correlation functionsGsrd=kuhi −hju2l, whereh is the height
at positionsi and j separated by a distancer and the brackets
correspond to averages over the measured surface. The mean
interisland separationd is extracted from the position of the
first local maximum inHsrd. The correlation functions are

related to the surface widthw, which is equivalent to the rms
roughness, through the relationship 2w2=Gsrd+2Hsrd.
fGsr→`dg1/2 is directly proportional tow in these experi-
ments sinceHsr→`d→0, consistent with STM results
showing that the high-temperature Ge buffer layers are ex-
tremely flat.22,25Values ofw andd were obtained by averag-
ing over at least three different 131 mm2 regions of each
sample. At all film compositions except those for whichh1

→`, the average roughening ratew/h is determined ath
=h1. Over the composition range in whichh1→`, w/h is
determined usingw and h values measured for layers with
the highest film thickness. Two-dimensionals2Dd slope his-
tograms were constructed from the vector normals to the
surface at all points in the AFM images and are plotted with
increasing surface angle from the center of the image.

III. EXPERIMENTAL RESULTS

Ge1−xSnx layers were grown on Ges001d substrates at
Ts=155 °C as a function of Sn concentrations0øx
ø0.061d and layer thicknesss1650 Åøhø1.91mmd. Typi-
cal HR-XRD v-2u scans through substrate and film 004
Bragg peaks are presented in Fig. 1 for Ge1−xSnxs001d alloys
with x=0.001, 0.020, and 0.061. Fig. 1sad is from a 3000-
Å-thick, x=0.001 sCSn=631019 cm−3d layer. The negative
angular separation between substrate and layer peaks dem-
onstrates that the film is in a state of in-plane compression.
The layer peak position corresponds to an out-of-plane lat-
tice parametera'=5.6599 Åscompared toao=5.6576 Å for
pure Ged and a misfit strain«=1.4310−4. Increasing the Sn
concentration raises the degree of in-plane compression as
shown by the continuous increase in the angular separation
between substrate and layer peaks in Figs. 1sad–1scd. As x is
raised to 2.0 and 6.1 at. %,a' increases to 5.6868 Ås«
=0.0029d and 5.7569 Ås«=0.0090d, respectively.

Finite-thickness fringes, which arise due to interference
of diffracted waves scattered from a finite number of lattice
planes, are observed in the regions surrounding the substrate
and layer diffraction peaks in Figs. 1sad–1scd. The fringes are

FIG. 1. HR-XRD v-2u scans about the Ges004d Bragg reflection of
Ge1−xSnx/Ges001d alloys with thicknessesh and Sn concentrationsx of: sad
h=3000 Å andx=0.001, sbd h=2300 Å andx=0.020, andscd h=1650 Å
and x=0.061. sdd Fully dynamical simulation of the HR-XRDv-2u scan
shown inscd. The curves have been shifted vertically for clarity.
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a measure of the very high structural quality of the doped
and alloyed layers, while indicating that lattice planes and
interfaces are uniform and flat.37 From the fringe spacings,
we obtain layer thicknesses that are in very good agreement
with growth rate calibrations. Simulated HR-XRD scans,
based upon the fully dynamic formalism of Tagaki38 and
Taupin,39 exhibit excellent agreement with experimental re-
sults for all samples, including those shown in Fig. 1. The
simulations were carried out assuming perfectly abrupt and
coherent film/buffer layer interfaces and linearly interpolated
elastic constants. An example is presented in Fig. 1sdd corre-
sponding to the sample in Fig. 1scd. The positions and inten-
sities of the Bragg peaks as well as the finite-thickness
fringes in the measured and simulated patterns agree ex-
tremely well. From the simulated results, we obtain, assum-
ing Vegard’s rule, Sn concentrations of 0.14, 1.99, and
6.15 at. % for the layers corresponding to Figs. 1sad–1scd,
respectively. This is consistent with SIMS and RBS values of
0.12 s631019 cm−3d, 1.9, and 6.2 at. %, respectively.

All Ge1−xSnxs001d alloy layers with høh1 are com-
pletely coherent with their substrates, as determined by HR-
RLM and XTEM analyses. Figures 2sad and 2sbd show typi-
cal HR-RLMs around asymmetric 224 reflections from
Ge0.980Sn0.020 and Ge0.936Sn0.064 films grown toh=4600 and
1650 Å, respectively. Diffracted intensity distributions are
plotted as isointensity contours as a function of the reciprocal
lattice vectorski parallel andk' perpendicular to the surface.
The transverse diffraction intensity distributions across the
substrate and layer peaks in Fig. 2sad and the substrate peak
in Fig. 2sbd are due to residual scattering from the analyzer
crystal and monochromator, respectively.40,41 The substrate
and film peaks from all samples in this study, irrespective of

x, are perfectly aligned along theki direction with an in-
plane strain relaxation below the instrument detection limit
of .1310−5. The diffraction contours in Fig. 2 are nearly
symmetric, with the exception of the elongation in the sub-
strate peak along the growth direction due to the presence of
the interface, which breaks the crystal periodicity.

The layers in Figs. 2sad and 2sbd are under compressive
strain with out-of-plane lattice constants ofa'=5.6855 Å
and a'=5.7502 Å for x=0.020 and 0.064, respectively,
which concurs with the HR-XRD resultss5.6868 Å and
5.7569 Åd. Finite-thickness interference fringes are clearly
visible as periodic intensity contours alongk'. Assuming
Vegard’s rule and linearly interpolated elastic constants, the
position of the alloy 224 peak corresponds to Sn fractions in
the films of 0.0192 and 0.0645, in excellent agreement with
values obtained from HR-XRD and RBS analyses.

In situ AR-XPS analyses demonstrate that there is no
measurable Sn surface segregation in Ge1−xSnxs001d layers
with thicknesseshøh1sxd. The take-off anglew, referenced
to the sample surface, was varied between 15° and 80° cor-
responding to probe depths ranging from 16 to 59 Å, assum-
ing an average photoelectron inelastic mean free pathl of
20 Å sRef. 38d and an escape length of 3l.

Figure 3sad is a typical Ge 3d photoelectron spectrum,
acquired atw=15°, from a 1860-Å-thick Ge0.944Sn0.056s001d
layer. The spectrum, fit with a single curve, is a convolution
of the Ge 3d5/2 and Ge 3d3/2 peaks arising from Ge atoms
bonded only to other Ge atoms and the corresponding peaks

FIG. 2. HR-XRD reciprocal lattice maps around the 224 Bragg peak of
Ge1−xSnx/Ges001d alloys grown atTs=155 °C with layer thicknessesh and
Sn concentrationsx of sad h=4600 Å andx=0.020 andsbd h=1650 Å and
x=0.064.

FIG. 3. sad Ge 3d and sbd Sn 3d5/2 photoelectron spectra obtainedin situ
from a 1860-Å-thick Ge0.944Sn0.056s001d layer grown atTs=155 °C.scd Nor-
malized Sn intensity peak ratiojSn= ISn/ sISn+ IGed vs take-off anglew.
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from Ge bonded to Sn atoms since the peak separations
s&0.3 eVd42 are below the instrument resolution. The full
width at half-maximum intensityGGe and the Gaussian-
Lorentzian factor G/ sG+Ld for the Ge peak areGGe

=1.34 eV andG/ sG+Ld=85%, respectively. The peak maxi-
mum occurs at 30.12±0.07 eV. A corresponding Sn 3d5/2

spectrum from the same sample is shown in Fig. 3sbd. The
data are well fit using a single peak centered near 485.8 eV.
We obtain a binding energy of 485.82 eV for Sn 3d5/2 with
GSn=1.07 eV andG/ sG+Ld=65%.

The relative integrated intensities of the Ge and Sn XPS
signals as a function ofw, accounting for the Ge 3d and
Sn 3d5/2 sensitivity factors, are 0.226 and 3.496,
respectively.43 The Ge 3d and Sn 3d5/2 peak areas are then
normalized and the ratio of their intensities,jSn= ISn/ sISn

+ IGed, is plotted as a function ofw for Ge0.944Sn0.056s001d as
shown in Fig. 3scd. jSn remains essentially constant to within
experimental uncertainty, independent of the take-off angle,
at a value of.0.085±0.004. This indicates the absence of
measurable Sn surface segregation.

We use a combination of RHEED, XTEM, and AFM to
follow the surface morphological evolution of Ge1−xSnxs001d
alloys and to measureh1, the film thickness corresponding to
the onset of epitaxial breakdown, as a function ofx. RHEED
observations show that surface roughness increases with film
thickness at rates that depend on the Sn concentration. Typi-
cal RHEED results, obtained along thef110g azimuth, as a
function of film thicknessh are shown in Fig. 4 for
Ge0.983Sn0.017s001d layers. Patterns from buffer layersfe.g.,
Fig. 4sadg consist of sharp 231 spots, with nearly equi-
intense fundamental and half-order features, characteristic of
a very flat surface. During LT-MBE growth, the diffraction
features become streaky, the half-order intensities gradually
decrease, diffuse scattering increases, and the fundamental
diffraction rods broaden. An example is shown in Fig. 4sbd,
corresponding to a Ge0.983Sn0.017s001d layer with h=130 Å.
The observed changes as a function ofh are indicative of a
continuous decrease in the average size of 231 recon-
structed terraces, increasing step densities, and atomic-scale
surface roughening.44,45 With further deposition, vertical in-
tensity modulations become visible along the length of the
fundamental diffraction rods, the signature of island forma-

tion in a multilayer 2D growth mode46 fsee, for example,
Fig. 4scd corresponding toh=2620 Åg. The modulations
continue to increase in intensity with increasing layer thick-
ness. 1

3-order satellite reflections appear ath=h1=8280 Å
fFig. 4sddg, signifying the formation, as confirmed by HR-
XTEM ssee later discussiond, of 111 stacking faults and mi-
crotwins. h1sxd is determined from RHEED images as the
film thickness at which twin reflections are first observed.

As the surface continues to roughen during deposition
with h.h1, the half-order streaks disappear, diffuse scatter-
ing increases, and the RHEED pattern gradually transforms
to being three-dimensional, as shown in Fig. 4sed, corre-
sponding toh=1.24mm. The bulk diffraction spots are broad
and elongated along thef001g growth direction. The broad-
ening is inversely related to the mean interisland separation,
while the elongation alongf001g indicates that the average
island height is less than the lateral size. Continued deposi-
tion gives rise to a decrease in the aspect ratio of the bulk
diffraction spots as the islands grow faster in the vertical than
the lateral direction. The diffracted beams are also increas-
ingly triangular shaped. With further deposition, the bulk
RHEED diffraction spots gradually decrease in intensity, sig-
naling the formation of the amorphous phasefsee, for ex-
ample, Fig. 1sfd corresponding toh=1.49mmg.

The surface roughening process follows a similar path-
way in films with higher Sn concentrations, but occurs more
rapidly. However, compared to pure Ges001d, the addition of
Sn in concentrations,2.0 at. % leads to a reduction in the
overall roughening rate. Furthermore, RHEED patterns from
Ge1−xSnxs001d layers with Sn concentrations of 131018

–4.431020 cm−3 sx=2.3310−5–0.010d show no indication
of twinning or transforming to the amorphous phase for
samples up to the highest thickness measureds1.9 mmd; i.e.,
h1→` for these samples.

HR-XTEM images from all samples reveal that 111 lat-
tice fringes are continuous through the coherent film/
substrate interface. Typical bright-fieldf110g zone-axis
XTEM and HR-XTEM micrographs illustrating the sequence
of structural changes observed as a function of layer thick-
ness and Sn concentration, are shown in Fig. 5. The addition
of Sn concentrations,1.0 at. % results in infinitely thick
epitaxial layerssh1→`d, in agreement with RHEED results,
with no indication of extended defects, as demonstrated, for
example, in Fig. 5sad with h=1.8 mm andx=0.001. The se-
lected area electron diffractionsSAEDd pattern in the inset
was obtained near thef110g zone axis and consists of single-
crystal reflections with symmetric intensities.

In contrast to Ge1−xSnxs001d layers with Sn concentra-
tions x between 131018 and 4.431020 cm−3, deposition of
both pure Ges001d and Ge1−xSnxs001d layers withxù0.010
results in the formation of three distinct regions leading
eventually to epitaxial breakdown. The first region is a
defect-free sublayer, as judged by both XTEM and HR-
XTEM, extending toh1, which we define as the layer thick-
ness at which bulk structural defects are first observed.h1

values were obtained from examination of several micro-
graphs, corresponding to.2 mm of interface, for each
sample investigated. An example is shown in Fig. 5sbd for a
6300-Å-thick Ge0.945Sn0.055s001d sample withh1=2350 Å.

FIG. 4. RHEED patterns obtained along thef110g azimuth: sad following
MBE growth of a 600-Å-thick Ge buffer layer on Ges001d at 400 °C and
during growth of Ge0.983Sn0.017s001d at Ts=155 °C with RGe=0.5 Å s−1 to
thicknessessbd h=130, scd 2620,sdd 8280,sed 12 400, andsfd 14 900 Å.
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Continuing deposition toh.h1 leads to the formation of
a defective, but still epitaxial, region containing 111 stacking
faults, which are initiated by double-positioning defects on
h111j facet planes and microtwins.28 This is shown by the
inset of Fig. 5sbd, which consists of af110g zone-axis SAED
pattern with characteristic13-order satellite reflections arising
from twinning along 111 directions. Further evidence of
twinning is shown in Fig. 5scd, which is a HR-XTEM image
of the region outlined by the small white square near the
surface of the film in Fig. 5sbd. With further deposition, the
growth mode transforms to an amorphous overlayer with a
columnar microstructuresnot shownd. The interface between
the defective epitaxial region and amorphous phase is, al-

though locally atomically abrupt, globally rough and triangu-
lar shapedsin a 2D projectiond, with h111j facets.

Figure 6 is a plot ofh1 versusx for Ge1−xSnxs001d LT-
MBE layers grown atTs=155 °C. Results obtained from
RHEED and XTEM are in excellent agreement over the en-
tire Sn concentration range. The critical epitaxial thickness
h1, which is.7700 Å for pure Ge, becomes infinite with the
addition of Sn in dopant quantitiess131018øx,4.4
31020 cm−3d. As the Sn concentration is increased further,h1

again becomes finite and decreases from 1.40mm with x
=0.010, to 5700 Å with x=0.029, and 2350 Å withx
=0.061. Thus, theh1sxd data for Ge1−xSnxs001d layers indi-
cates the presence of at least two competing effects. Withx
&0.02 sdopant/dilute-Sn regimed, the addition of Sn results
in an increase inh1 compared to that for pure Ges001d LT-
MBE, while Sn concentrations greater than 0.02salloying
regimed lead to a reduction in the epitaxial thickness.

AFM results were used to provide a quantitative measure
of Ge1−xSnxs001d surface morphological evolution as a func-
tion of x. Figures 7sad–7sfd are typical AFM images and cor-
responding 2D slope histograms obtained from
Ge1−xSnxs001d layers grown atTs=155 °C with Sn concen-
trations ranging from 0 to 6.1 at. %. Black-to-white gray
scale valuesDz were chosen to be four times the standard
deviation of the height distribution around the average value,
and are therefore proportional to the surface widthw.
Ges001d and Ge1−xSnxs001d layers with x* 0.010 s4.4
31020 cm−3d were grown to thicknessesh.h1sxd as shown
in Figs. 7sad and 7sdd–7sfd, while Figs. 7sbd and 7scd are
AFM images of Ge0.999Sn0.001and Ge0.993Sn0.007s001d layers,
for whichh1→`, grown to thicknesses of 1.80 and 1.71mm,
respectively.

From Fig. 7, it is clear that the pathway for
Ge1−xSnxs001d surface roughening is strongly dependent on
the Sn concentration. The surface morphology of layers with
x&0.020 consists of regular arrangements of pyramidal is-
lands with square basesfsee Figs. 7sad–7sdd with h
=7500 Å to 1.8mmg which tend to self-align along elasti-
cally soft47 k100l directions. Asx is continuously increased
from 0 to 1.0 at. %, the pyramidal structures decrease in
size, become more well-defined, and exhibit enhanced self-
organization. Compare, for example, Fig. 7sad corresponding
to pure Gesh=7500 Åd with Fig. 7scd, for which x=0.007
sh=1.71mmd. Thus, the surface roughness and mean inter-

FIG. 5. f110g bright-field zone-axis XTEM micrographs of Ge1−xSnx layers
grown on Ges001d by LT-MBE at Ts=155 °C withRGe=0.5 Å s−1 to thick-
nessesh. sad Ge0.999Sn0.001, h=1.8 mm andsbd Ge0.945Sn0.055, h=6300 Å.scd
is a HR-XTEM image of the region outlined by the small open white square
in sbd.

FIG. 6. Critical epitaxial thicknessh1 as a function of the Sn fractionx in
Ge1−xSnx layers grown on Ges001d at Ts=155 °C. The range inx over which
h1→` is 131018øx,4.431020 cm−3.
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island separation decrease in the presence of dilute Sn con-
centrations. Atx.0.020, the surface features are trans-
formed from pyramidal islands to round moundsfFigs. 7sdd
and 7sedg. Deposition toh.h1 at still higher Sn concentra-
tions leads to smaller, more compact, and better-defined
mounds as shown in Fig. 7sfd corresponding tox=0.061 with
h=1650 Å. Despite the smaller mound size, the average
roughening ratew/h1 increases withx.0.020 due to strain-
induced effects as discussed subsequently.

Slope histograms for pure Ges001d layers with h
=7500 Å fsee inset in Fig. 7sadg are characterized by inten-
sity distributions that are primarily contained within lobes
which range out along the fourk100l in-plane directions at
angles up to 7.5°. This indicates a tendency for faceting,
consistent with the corresponding AFM images revealing
pyramid-shaped structures. As the Sn concentration is in-
creased to 0.001s6.131019 cm−3d and subsequently to 0.007
s3.131020 cm−3d, there is a marked decrease in intensity
near thef001g pole and most of the intensity in the slope
histograms in Figs. 7sbd sx=0.001,h=1.8 mmd and 7scd sx
=0.007,h=1.71mmd is contained within lobes extending out
to .9.2° and 11.5°, respectively, alongk100l and k010l di-
rections. This demonstrates that the propensity toward face-
ting is greatly enhanced with increasingx, and the amount of
flat surface area between trenches decreases significantly.
The increase in island sidewall angle with increasing Sn con-
centration suggests a tendency toward the development of
h105j facetsspolar anglef=11.3°d. Further increases inx to
0.017sh=8250 Åd results in the 2D slope histogram becom-

ing increasingly diffusefinset in Fig. 7sddg, indicating a
wider distribution of surface slopes. Asx exceeds 0.020, the
slope histograms evolve towards a Gaussian intensity distri-
bution fsee, for example, the insets in Fig. 7sed and 7sfdg as
the pyramid-shaped structures transform to rounded growth
mounds. Ge0.939Sn0.061s001d slope histogramsfFig. 7sfd, h
=1650 Åg are characterized by intensity distributions cen-
tered within&5.3° of the center pole, indicating that local
surface slopes are relatively shallow.

The surface widthw at h1 initially increases with the
addition of Sn in dopant quantities, ranging from 20.1 Å for
pure Ges001d to 25.1 Å for Ge0.993Sn0.007s001d due to a cor-
responding increase inh1sxd that allows for additional island
coalescence. However, as demonstrated in Fig. 8, there is an
initial, marked decrease in the average roughening ratew/h
with increasing Sn doping.w/h decreases from 2.6310−3

for pure Ge to 1.5310−3 with x=0.010 sCSn=6
31019 cm−3d. As the Sn concentration is further increased
abovex=0.010, there is a continuous decrease in the surface
width at h1. wsh1d decreases from 21.4 Å for a
1.40-mm-thick Ge0.990Sn0.010 layer to 15.4 Å for a
2080-Å-thick Ge0.939Sn0.061s001d alloy. While wsh1d de-
creases with increasingx over the Sn concentration range
0.010øxø0.061 due to a continuous reduction inh1, the
normalized valuew/h rapidly increases from 1.5310−3 with
x=0.010, to 7.4310−3 with x=0.061. Figure 8 shows that,
compared to pure Ges001d, Sn concentrations&2.0 at. %
lead to a reduction inw/h while CSn.2.0 at. % results in an
increase inw/h. The observed decreasesincreased in the av-
erage roughening rate corresponds with the enhancementsre-
ductiond of h1sxd, as indicated in Fig. 6. The mean interisland
separationd at h1 decreases continuously with increasingx
over the entire Sn concentration range.dsh1d decreases from
1155 to 405 Å asx is increased from 0 to 6.1 at. %.

IV. DISCUSSION

We have grown epitaxial metastable Ge1−xSnxs001d lay-
ers with Sn concentrations ranging from 0 to 6.1 at. % at
Ts=155 °C by solid-source MBE. All films with thicknesses
høh1sxd, whereh1 is the film thickness corresponding to the
onset of epitaxial breakdown, are structurally perfect, exhibit
uniform Sn compositions with no indication of segregation,
and are fully commensurate with their substrates, as deter-

FIG. 7. AFM images of the surface of Ge1−xSnx/Ges001d layers grown by
LT-MBE at Ts=155 °C with RGe=0.5 Å s−1. Film compositionsx, thick-
nessesh, and black-to-white grayDz scales are:sad x=0, h=7500 Å, and
Dz=250 Å, sbd x=0.001, h=1.80mm, and Dz=300 Å, scd x=0.007, h
=1.71mm, andDz=400 Å, sdd x=0.017,h=8250 Å, andDz=350 Å, sed
x=0.043, h=2740 Å, andDz=200 Å, and sfd x=0.061, h=1650 Å, and
Dz=120 Å. Insets are 2D slope histograms, ranging over ±25° in thex and
y directions, showing the directions of surface vector normals.

FIG. 8. Average roughening ratew/h vs the compositionx of epitaxial
Ge1−xSnx layers grown on Ges001d at Ts=155 °C.
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mined byin situ RHEED and AR-XPS combined with post-
deposition HR-XRD, HR-RLM, and XTEM measurements.
For a given alloy concentration, the surface roughness in-
creases continuously with film thicknessh at a rate that de-
pends onx. At Sn concentrations for which epitaxial break-
down occurs, continuing film growth to thicknessesh
.h1sxd leads to the formation of a defective, but still epitax-
ial, sublayer containing 111 stacking faults and microtwins
which, with increasing thickness, eventually transforms to an
amorphous overlayer.

RHEED, AFM, and XTEM results show that the low
growth temperature required to inhibit Sn segregation results
in surface roughening that ultimately leads, for pure Ge and
Ge1−xSnxs001d films with x*0.01, to epitaxial breakdown.
h1sxd data for these layers can be categorized into one of two
regimes indicating the presence of at least two competing
effects. Withx&0.02sdopant/dilute-Sn regimed, the addition
of Sn results in a decrease in the roughening ratew/h, and a
corresponding increase in the critical epitaxial thickness,
compared to pure Ges001d LT-MBE. In fact, h1→` for lay-
ers with 2.3310−5øx,0.010 s131018øCSn,4.4
31020 cm−3d. Sn concentrations greater than 0.02salloying
regimed give rise to an increased rate of surface roughening
and, hence, lower epitaxial thicknesses than that obtained for
Ges001d. AFM micrographs reveal that surface morphology
during Ge1−xSnxs001d LT-MBE evolves via the formation of
a periodic array of growth mounds that tend to self-organize
along k100l directions. Alloys with 0,x&0.02 form well-
defined pyramidal islands bounded byh105j facets, while
increasingx above 0.02 leads to a transformation in the
mound shape from pyramidal structures to rounded mounds.

The two primary mechanisms that control surface mor-
phological evolution during epitaxial growth are kinetic and
strain-induced roughening. The former is associated with LT
growth, while the latter typically takes place during higher
temperature strained-layer heteroepitaxy. Kinetic roughening
occurs when a significant fraction of adatoms condensing on
the tops of islands cannot cross step edges to lower terraces
before nucleating a new higher-level island. Thus, growth
proceeds on multiple levels simultaneously. As deposition
continues and the islands coalesce, trenches are formed be-
tween adjacent mounds. These trenches become deeper and
wider si.e., the amplitude of the roughness increasesd. As h
→h1, deep cusps bounded byh111j facets form at the base of
interisland trenches and epitaxial breakdown is initiated on
these facets as the surface roughness reaches a critical
Ts-independent aspect ratio.28 Thus, continual filling of inter-
island trenches is the critical step for ensuring continuous
epitaxial growth.

We have recently demonstrated that the incorporation of
dilute quantities of Snse.g.,CSn=631019 cm−3d during LT
Ges001d deposition increasesh1sTsd by up to an order of
magnitude over the temperature rangeTs=95–125 °C.14 The
dramatic increase inh1sTsd was attributed to enhancements
in Ge step crossing probabilities and terrace migration mo-
bilities. The resulting Sn-induced increase in interlayer mass
transport gives rise to enhanced filling of interisland trenches
which, in turn, decreases the rate ofh111j facet formation.
Bratlandet al.14 proposed that 2D segregation of Sn atoms

sthe Sn covalent radiusrSn=1.405 Å, compared torGe

=1.225 Å for Ged in surface islands leads to preferential at-
tachment at step edges, thereby increasing the probability of
itinerant Ge atoms crossing to lower terraces through a push-
out/exchange mechanism similar to what has been observed
by field-ion microscopy studies of adatom diffusion on
metals.48,49

In the present experiments, carried out atTs=155 °C,
we observe that the average sidewall angle of mounds
formed on Ges001d layers increases with increasing film
thicknessh until at h=h1.7500 Å, the surface morphology
is defined by pyramid-shaped structures with sidewall angles
of 7.5° as viewed alongk100l directions. This approximately
corresponds to ah107j facet spolar anglef=8.1°d and is
tending towardh105j facetssf=11.3°d that we observe for
dilute Ge1−xSnxs001d alloys with x&0.02. As discussed ear-
lier the addition of Sn during Ges001d LT-MBE enhances Ge
interlayer mass transport which, in turn, leads to surface
smoothening and enables sustained development of the sur-
face morphology through increases inh1. This is particularly
evident in Ge1−xSnxs001d alloys with 131018øCSn,4.4
31020 cm−3 where h1→`. For these samples, the surface
never reaches a criticalw/d value and, hence, epitaxial
breakdown does not occur. Rather, fully formedh105j-
faceted pyramids are obtained and, whilew continues to in-
crease with further growth, the surfaces remain self-similar.
That is, the pyramidal islands continuously increase in size
and coalesce, but exhibit no further change in sidewall angle.
The stability ofh105j facets, also observed to be the bound-
ing planes of pyramidal islands formed on compressively
strained Si1−xGex/Sis001d surfaces,50,51has been attributed to
repulsive step-step interactions.52,53

Increasingx in Ge1−xSnx/Ges001d alloys corresponds to
an increase in the total strain energy. Relaxation through
strain-induced roughening becomes thermodynamically fa-
vorable when the energy cost associated with the increased
surface area is overcome by the decrease in film strain en-
ergy due to dilatation in interplanar spacings near island
peaks. Tersoff and LeGoues54 showed that the activation en-
ergy for strain-induced roughening decreases rapidly with
increasing misfit strain«, varying as«−4. Thus, strain en-
hances the overall roughening rate by making it increasingly
favorable for the film to elastically relax.

At small « values, strain-induced roughening is highly
constrained since the energy gain due to elastic relaxation is
small compared with the energy cost associated with in-
creased surface area. In the dopant regimesCSn,4.4
31020 cm−3d, where the surface morphology is controlled by
kinetic roughening, the dominant effect is a Sn-induced
smoothening of the surface and epitaxial breakdown no
longer occurs. ForCSn*4.431020 cm−3 sx*1.0 at. %d, the
strain due to Sn incorporation begins to play a role, although
kinetic roughening still dominates.w/h increases with in-
creasingx andh1 again becomes finite. AsCSn is increased
from 1.0 to 2.0 at. %si.e., « is increased from 1.5310−3 to
2.9310−3d, there is a continuous reduction inh1. However,
w/h is still less than that for pure Ges001d and, consequently,
h1 values for these alloys are higher than for Ges001d.

The low growth temperature used in these experiments
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would normally be expected to kinetically inhibit strain-
induced roughening, even in the presence of relatively large
compressive strains, due to the necessity for massive uphill
diffusion. However, as pointed out by Desjardinset al.,16

kinetic roughening during the initial stages of LT heteroepi-
taxial growth provides gradients in the surface chemical po-
tential which, although at small length scales, can be suffi-
cient to initiate strain-induced roughening even at low
temperatures. Thus, for Sn concentrations.2.0 at. %, strain-
induced roughening overcomes the Sn-induced surface
smoothening effects and results in an increase in the overall
roughening rate and, hence, a reduction inh1 compared to
that of pure Ges001d. The onset of strain-induced roughening
is manifested not only through an increase in the overall
roughening rate, but also through a change in mound shape
as the h105j-faceted pyramidal islands gradually become
rounded mounds with increasingx. This shape transforma-
tion is initiated atx.0.01 and is complete forx.0.02.

The fact that both the increase and the decrease we ob-
serve inh1sxd over different ranges in Sn concentrations are
directly proportional to changes in the average roughening
rate provides further evidence for the direct correlation be-
tween epitaxial breakdown and surface roughening, and in-
dicates that breakdown itself is a growth mode transition that
is driven by surface roughening.14,28 Furthermore, the
changes in Ges001d growth kinetics due to Sn incorporation
make it possible to controllably manipulate the surface
roughening pathway, and hence the epitaxial thickness, over
a very wide range by varying the Sn concentration through
the dopant to dilute alloy concentration regime.

V. CONCLUSIONS

Microstructural and surface morphological evolution
during LT-MBE growth sTs=155 °Cd of Ge1−xSnx/Ges001d
layers were followed as a function of the Sn concentrationx,
which was varied from 0 through the doping and dilute alloy
ranges up to 6.1 at. %. All layers withhøh1sxd are structur-
ally perfect, exhibit no indication of Sn surface segregation,
and are fully commensurate with their substrates. The addi-
tion of Sn during LT Ges001d growth was found to mediate
surface morphological evolution through two competing
mechanisms. At very low Sn concentrationssx&0.02d, the
dominant effect is a Sn-induced enhancement in both the Ge
surface diffusivity and the probability of interlayer mass
transport. This, in turn, results in more efficient filling of
interisland trenches, and thus delays epitaxial breakdown.
For Ge1−xSnxs001d layers with 131018øx,4.4
31020 cm−3, the surface roughness never reaches the critical
aspect ratio for the onset of breakdown and henceh1→`.
The surfaces of these samples consist of periodic arrays of
faceted pyramidal islands that increase in size with further
growth, but remain self-similar. At higher Sn concentrations,
there is a change in growth kinetics due to a continuous
increase in the amount of compressive strain. This leads, for
Ge1−xSnxs001d layers withx*4.431020 cm−3 s1.0 at. %d, to
h1 decreasing with increasingx. However, the overall rough-
ening rate is still less than that for pure Ges001d and, conse-
quently,h1 values are higher. This behavior is accompanied

by a gradual transformation in the mound shape from faceted
pyramids to rounded mounds. When the Sn concentration in
Ge1−xSnxs001d exceeds 2.0 at. %,h1sxd falls below that of
pure Ges001d as strain-induced roughening overcomes the
Sn-induced surface smoothening effects and results in an in-
crease in the overall roughening rate. The thermal activation
required for strain-induced roughening is partially overcome
by the fact that kinetic roughening provides local surface
chemical potential gradients which are sufficient to catalyze
strain-induced roughening even at low growth temperatures.

Overall, we have shown that by varying the Sn concen-
tration through the dopant to dilute alloy concentration range
during LT Ges001d growth, we can controllably manipulate
the surface roughening pathway, and hence the epitaxial
thickness, over a very wide range.
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