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ARTICLE INFO ABSTRACT

Keywords: The growth of multi-layer germanium-tin (GeSn) quantum wells offers an intriguing pathway towards the

ST™M integration of lasers in a CMOS platform. An important step in growing high quality quantum well interfaces is

gF-Sr the formation of an initial wetting layer. However, key atomic-scale details of this process have not previously
esn

been discussed. We use scanning tunneling microscopy combined with density functional theory to study the
deposition of Sn on Ge(100) at room temperature over a coverage range of 0.01 to 1.24 monolayers. We
demonstrate the formation of a sub-2% Ge content GeSn wetting layer from three atomic-scale characteristic ad-
dimer structural components, and show that small quantities of Sn incorporate into the Ge surface forming two
atomic configurations. The ratio of the ad-dimer structures changes with increasing Sn coverage, indicating a
change in growth kinetics. At sub-monolayer coverage, the least densely packing ad-dimer structure is most
abundant. As the layer closes, forming a two-dimensional wetting layer, the more densely packing ad-dimer
structure become dominant. These results demonstrate the capability to form an atomically smooth wetting
layer at room temperature, and provide critical atomic-scale insights for the optimization of growth processes of
GeSn multi-quantum-wells to meet the quality requirements of optical GeSn-based devices.

Wetting layer

1. Introduction

Germanium-tin (GeSn) alloys are the only group-IV semiconductors
that demonstrate a direct band gap experimentally, expanding the reach
of group-IV materials in both electronics [1] and photonics [2,3]. The
first conclusive proof that the incorporation of Sn atoms into the Ge
matrix leads to an indirect-direct band gap transition was presented by
Wirths et al. who observed a change from an indirect to a direct gap in
GeSn above ~ 12 at.% Sn content [4]. Furthermore, recent advances in
chemical vapor deposition (CVD) and molecular beam epitaxy (MBE)
techniques enabled the epitaxial growth of high-quality GeSn on silicon
(Si) substrates by using optimized Ge based buffers [5,6]. Consequently,
GeSn alloys have generated increased research efforts towards their
application in novel optoelectronic devices compatible with Si-based
complementary metal-oxidesemiconductor (CMOS) technology.

* Corresponding authors.

A prominent example in the field of Si-photonics is the recent
demonstration of lasing in GeSn alloys with Sn contents between 15%
and 20% at temperatures up to 270 K [7,8]. A promising pathway to-
wards this end is a multi-quantum-well (MQW) fabrication approach
from the early 1990 s, applied to GeSn-based heterostructures [9], as
light emission is more efficient from lower dimensional structures [10].
Following this route P. Vogl et al. deposited a few monolayers (ML) of Sn
and subsequently overgrew with tens of ML of Ge in alternating steps to
form a super-lattice exhibiting a narrow direct bandgap [11]. The Sn
layers were observed to only remain atomically flat when a thickness of
2.2 ML is not exceeded and intermixing of Sn and Ge to occur during Ge
overgrowth. Overall, this presents a promising avenue for the fabrica-
tion of very thin, high Sn content GeSn quantum-wells in a Ge matrix
[9,12,13].

Beyond optoelectronic applications, GeSn/Ge MQW structures are of
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interest in the emerging Ge platform for quantum computing due to the
large spin-orbit coupling in Sn [14,15]. Furthermore, few-layer stanene
(graphene-like Sn) grown on PbTe shows superconductivity below 2 K
[16]. Grown on Ge(111), stanene is predicted to be a room temperature
quantum spin hall insulator [17], which is of interest for low loss, time-
reversal protected electron transport.

However, despite the multitude of GeSn alloy and Sn thin-film ac-
tivities, research in Sn/Ge and GeSn surface properties remains scarce.
In particular, the initial stages of physical vapor deposition Sn growth on
the Ge surface are not well understood at the atomic scale. Scanning
tunneling microscopy (STM) is uniquely suited to determining the
electronic and structural properties of the surface at this scale, as it
probes the local density of states at the surface. The study of initial Sn
growth on Ge(100) after sub-monolayer Sn deposition at room tem-
perature reveals small clusters forming [18,19]. In particular, Tomatsu
et al. observed three ad-dimer configurations (A to C) after Sn deposition
below 0.1 ML [19]. They found two types of ad-dimers that are located
between dimer rows and orient parallel to the substrate dimers. The A
features are symmetric and A feature chains align in the (31 0) direction
whereas the B features are tilted and chains align in the (11 0) direction.
They propose in analogy to the Ge on Si(1 00) system that the formation
of a (110) chain is energetically favored. However, a higher diffusion
barrier for a Sn atom to locate in the position for the next feature in a
(110) chain, as opposed to a (310) chain, may result in the (310)
chains being kinetically favored.

Beyond A and B features, a third ad-dimer configuration, the C
feature, was also observed [19]. It is a tilted ad-dimer oriented
perpendicular to the substrate dimers and located on the reaction sites
for the growth of the next diamond-cubic layer. Additionally, a separate
STM study found Ge-Sn heterodimers formed in the Ge(100) surface
layer could exist in one of two buckling orientations [20]. However, the
influence of the STM tip may reverse the buckling orientation of the Sn
atom during imaging. In this work, we investigate the deposition of Sn
on Ge(100) at room temperature and up to the formation of an abrupt
and atomically flat Sn wetting layer using atomic-resolution STM and
density functional theory (DFT) simulations.

In the first segment we extend the work of Tomatsu et al. [19,20] on
low Sn coverage (0.01 monolayer), and based on DFT modelling, we are
able to confirm the four Sn-related surface features to be: surface
incorporated Sn in the form of Ge-Sn heterodimers, and the three
distinct Sn ad-dimer configurations suggested previously. Going beyond
previous work, we clarify the chemical composition of the ad-dimers by
detailed comparison between DFT simulations and experimental im-
ages. We conclusively show that the surface ad-dimers are not exclu-
sively Sn, but some contain ejected Ge atoms. Thus, there exists a
competition between stabilization mechanisms involving Sn surface
agglomeration versus incorporation of Sn ad-atoms into the top Ge
surface layer and consequent ejection of a Ge surface atoms on top of the
surface. As this necessarily produces Sn atoms on different lattice planes,
it introduces already at room temperature an inherent limitation on
suppressing the intermixing at Ge/Sn interfaces for Ge/Sn quantum well
structures or Sn quantum dots on Ge in future device applications.

In the second segment of this paper, we gradually increase the Sn
coverage and investigate surfaces with up to and slightly beyond full
monolayer coverage (1.24 ML). Using careful feature identification and
counting we determine how the relative densities of these features
evolve with increasing coverage, highlighting a change in formation
kinetics. Overall, our combined STM and DFT surface study presents a
key step towards a deeper understating of the underlying mechanisms
governing early stages of Sn-on-Ge growth.

2. Methods
All STM samples were prepared from antimony doped Ge(100)

wafers in ultra-high vacuum with a base pressure below 5x1071° mbar.
New Ge substrates were degassed for a total of 3 h at ~ 250 °C before
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being annealed up to 800 °C by direct current heating for 1 h. The
surface was then cleaned by repeated sputter-anneal cycles of argon
(Ar), sputtering at 1x10> mbar, 800 — 1200 V accelerating voltage, and
10 mA emission current, and then subsequent annealing to 800 °C. Care
was taken to cool samples at a rate no faster than 50 °C/min when above
500 °C. To improve surface quality, epitaxial Ge could be grown by
Knudsen cell evaporation for 1 h at 500 °C. Finally, it was possible to
remove Sn from the Ge surface by annealing up to 800 °C for 1 h and
then flashing to 800 °C.

Once a contamination-free Ge(100) surface with surface defect
density below 1% was achieved, as verified by STM, Sn was deposited
via e-beam evaporation onto the room temperature Ge(1 00) surface ata
rate of 0.002 ML/s. For this work, samples were prepared at four
different area coverages: 0.01 ML, 0.05 ML, 0.53 ML, and 1.24 ML, then
measured at room temperature in a SPECS SPM 150 Aarhus HT in STM
mode. All scans were obtained with an electrochemically DC etched
tungsten tip in constant current mode. STM images were recorded as the
STM tip traced and retraced each horizontal line before progressing to
the next vertical position, providing the possibility of obtaining dual-
bias scans where the bias for trace (-1.5 V) and retrace (+1.0 V) were
different. Sn surface coverages were determined from STM images by
height thresholding the ad-features against the substrate and deter-
mining the percentage of area above the threshold.

The surface features were further characterized by means of DFT
simulations. DFT calculations were performed by exploiting PBE ex-
change correlation potentials [21] and projector augmented plane-wave
bias sets with a 60 Ry kinetic energy cut-off, as implemented in the
Quantum Espresso package [22]. From there, the Tersoff-Hamann
approximation was used to produce simulated STM images at 0 K.
Therein, the tunneling current is proportional to the local density of
states integrated from the Fermi-level of the sample to the applied bias.
The values of the isosurface for the STM-image in constant current mode
has been set to 0.5x107 e/ag and an applied bias of —1.5 V and + 0.8 V
simulated. These biases enable comparison of the simulations with
experimental dual-bias scans.

2.1. Surface features at sub-monolayer coverage

As a first step towards understanding the formation of the wetting
layer, we extend the interpretation of previously observed features at
sub-monolayer coverages. At room temperature the clean Ge(100)
surface (Fig. 1(a)) consists of dimers organized in rows. When buckled
they form a c(4x2) reconstruction whereas the dimers appearing
unbuckled organize in a p(2x1) reconstruction. The apparent lack of
buckling in the p(2x1) reconstruction is due the buckling orientation
changing faster than the STM can detect. The c(4x2) and p(2x2) re-
constructions are energetically similar, resulting in domains of both
reconstructions on the surface, with their presence often stabilized by
defects, adsorbates and step-edges [23].

The underlying structure of the substrate does not change when
depositing 0.05 ML Sn on the surface, as demonstrated in Fig. 1(b).
However, in agreement with previous literature [18-20], two categories
of additional surface features appear: (i) Slight protrusions among the
Ge substrate dimers (three examples are shown in the inset of Fig. 1(b))
and (ii) clusters of varying shapes and sizes, examples of which are
shown in more detail in Fig. 1(c-f). Close examination of the surface
clusters reveals that these comprise the three basic atomic-scale com-
ponents, which were first described by Tomatsu et al. [19]. As shown in
Fig. 1(c), the A feature is the darkest feature in filled STM images taken
at —1.5 V, appearing as a double protrusion between two surface dimer
rows. Note, directly attached neighboring A features align in the (310)
directions. In contrast, the B and C features are approximately equally
bright in filled STM (at —1.5 V), and are only distinguishable by how
they align to neighboring features of the same type and to the surface
dimers. Neighboring B features align in rows perpendicular to the Ge
(100) dimer rows ((110) direction), while C features align in a zig-zag
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Fig. 1. STM images of (a) clean Ge(1 00) scanned at —1.0 V and 300 pA and (b-f) 0.05 ML Sn deposited on the surface scanned at —1.5 V and 300 pA. An overview of
the surface is given in (b) with three protrusions shown in the inset, where the contrast has been enhanced to emphasise them. The solid, dashed and dotted
rectangles mark the location of the inset, (c¢) and (d), respectively. Sn ad-dimer clusters are made up of three different ad-dimer atomic-scale components A, B and C
as indicated in (c). Furthermore, C feature clusters have three possible different configurations as evidenced by the flip-flop motion indicated by the arrows in (d-f).

pattern oriented perpendicular to the surface dimers. Often, feature
clusters will contain long chains of A or B features. It has been proposed
[19] that the formation of these chains can be understood in analogy to
Qin and Lagally’s model of Ge on Si(100) [24].

Furthermore, in Fig. 1(d-f) we show the first observation of clusters
of C features changing buckling orientation over periods of tens of mi-
nutes during STM imaging. In the first panel (Fig. 1(d)) the bright pro-
trusions of the C features alternate position in the pattern left-right-left,
with the arrow highlighting the middle protrusion. When the feature
was next scanned 13 min later in Fig. 1(e) the orientation had flipped to
right-left-right whereas 61 min later (Fig. 1(f)) the protrusions had
smeared out indicating a symmetric dimer. Simultaneously, the buckling
of the substrate dimers changed indicating strong ad-dimer-surface
interactions.

To further understand the behavior of Sn atoms upon adsorption on
Ge(100) we studied the above described Sn related surface features in
more detail. We begin with the slight protrusions among the Ge surface
atoms as in the inset of Fig. 1(b), which have been previously assigned to
Ge-Sn heterodimers [19,20]. In Fig. 2(a-c) we show dual-bias scans (-1.5
V and + 1.0 V) of three similar, but subtly different, features taken from
a surface with 0.05 ML area Sn coverage. Alongside each of the exper-
imental STM images we show one of three different DFT simulated im-
ages as follows: a Ge-Sn heterodimer with an up-tilted Sn atom (Fig. 2
(a)), a Ge-Sn heterodimer with a down-tilted Sn atom (Fig. 2(b)), and a
Ge-Ge-H hemihydride dimer (Fig. 2(c)). Note, that at temperatures
approaching 0 K — the temperature of the DFT simulations — the Ge(100)
surface is completely c(4x2) reconstructed, limiting the direct compar-
ison to this surface reconstruction. Nonetheless, comparisons to analo-
gous features on the high temperature p(2x1) reconstruction can be
extrapolated. We assign each of the experimentally observed features to
the corresponding DFT simulated feature based on the closeness of
appearance of the experimental and simulated image, and by consid-
eration of their surface density as discussed below.

The most common feature, shown in Fig. 2(a), constitutes 93% of
these three features, obtained from a total of 384 slight protrusions
counted on an area of 22,500 nm? covered in 0.05 ML Sn. In our STM
images it appears as a slight protrusion at the location of a single atom
(the brightest atom in Fig. 2(a)) in both filled electronic states (negative
bias) and, located on the other side of the dimer row, in empty electronic
states (positive bias). In agreement with DFT simulations, we may assign
this feature to a Ge-Sn heterodimer in the up-tilted position, as indicated
in the schematic. In contrast, the down-tilted Ge-Sn heterodimer is the
least common of these features with <1% contribution to the slight
protrusions in the surface. As can be seen in Fig. 2(b), it is

indistinguishable from the Ge substrate in filled states while appearing
similar to the up-tilted Ge-Sn heterodimer in empty states.

The observation of a much greater abundance of up-tilted Ge-Sn
heterodimers is supported by DFT calculations showing that these fea-
tures are 60 meV more favorable than the down-tilted Ge-Sn hetero-
dimers. This energy difference is small enough that the presence of down
tilted Ge-Sn heterodimers may be induced by tip to sample energy
transfer during scanning. This is consistent with the previous observa-
tion of a STM induced buckling orientation flip of a Ge dimer row
containing the up-tilted Ge-Sn heterodimer [20].

Finally, we highlight that the remaining 7% of slight protrusions on
the surface are not actually Sn related but instead appear to be Ge-Ge-H
hemihydrides [25], where hydrogen ad-atoms are attached to the
dangling bond of the lower Ge atom (see Fig. 2(c)). In filled states the
hemihydride appears as a protruding atom similar to the up-tilted Ge-Sn
heterodimer (compare Fig. 2(a) with Fig. 2(c)) but it is clearly distinct
from the other two features in empty states, where it appears as a three-
dimer wide depression with a slight protrusion at the same location as in
filled states. We note that, the presence of hemihydrides on the surface
cannot be avoided, as they are a consequence of residual water and
hydrogen in the UHV system.

Overall, we identified two types of Ge-Sn heterodimers, which in-
dicates intermixing of Sn and Ge at the surface. The up-tilted and down-
tilted Ge-Sn heterodimer are distinguishable from each other in filled
state STM. However, the unambiguous assignment of Ge-Sn hetero-
dimers always requires both filled and empty state STM. In filled state
STM alone, the down-tilted Ge-Sn heterodimers appear nearly identical
to Ge-Ge surface dimers and the up-tilted Ge-Sn heterodimer similar to
H-induced surface features.

As a direct consequence of Sn ad-atoms partially incorporating into
the top surface layer and forming the heterodimers, Ge must be ejected
to sites on top of the surface. These ejected Ge atoms may either attach to
step edges or incorporate into the ad-dimer clusters. Hence, to investi-
gate the chemical composition of the ad-dimer clusters, which may
contain both adsorbed Sn as well as ejected Ge ad-atoms, we compare in
Fig. 3 the experimental dual-bias images of the basic atomic-scale
components “A”, “B”, and “C” to DFT simulations of clusters contain-
ing only Sn-Sn or Ge-Ge ad-dimers.

As previously mentioned, feature A is a symmetric ad-dimer oriented
parallel to the substrate dimers, feature B is an out-of-plane tilted ad-
dimer oriented parallel to the substrate dimers, and feature C is an
out-of-plane tilted ad-dimer oriented perpendicular to the substrate di-
mers. Qualitatively the agreement between simulation and experimental
image is excellent for all three ad-dimers independent of the chemical
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Experimental Simulation

Heterodimer with
Sn up-tilted

L
Heterodimer with
Sn down-tilted

Fig. 2. The Ge-Sn heterodimer with Sn in the upper (a) and lower position (b)
as well as the hemihydride (c). In the side view schematic of each feature, gray
indicates Ge atoms, Sn is marked in orange, and hydrogen in green. STM data
taken at 300 pA and —1.5 V or + 1.0 V is compared to DFT simulations for —1.5
V and + 0.8 V. For all three features there is good agreement between the
experimental data and the simulations. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

species used in the simulation. Feature A (Fig. 3(a)) shows a slight
double protrusion in filled states in experiment, and in both Ge-Ge and
Sn-Sn dimer simulations. The corresponding empty states image for all
three cases shows a single protrusion per dimer, brighter than the filled
states double protrusion. In Fig. 3(b) the experimental panels show three
B features at the center of the cluster (highlighted by the arrows in filled
states), each exhibiting a single bright protrusion both in filled and
empty states. The simulations of this feature as Ge-Ge and Sn-Sn dimers
both reproduce that characteristic with no qualitative difference.
Finally, the cluster of three C features in the experimental panels of
Fig. 3(c) shows three distinct protrusions alternating from right to left to
right in filled states imaging. In empty states the individual protrusions
are less distinct and alternate from left to right to left. This appearance is
reproduced in the corresponding DFT simulations of both the Ge-Ge
dimer and Sn-Sn ad-dimers. In both cases there are three distinct pro-
trusions alternating position in filled states and less distinct protrusions
on the other side of the feature in empty states. Therefore, from this
qualitative comparison of experimental and simulated STM images the
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structure of the ad-dimers can be confirmed but not the chemical
configuration.

As a next step we attempt to quantify the difference between Ge-Ge
dimers and Sn-Sn dimers by extracting the height difference between the
maximum of a Ge substrate dimer and the maximum of an ad-dimer
from the DFT simulations of the surface under negative bias (Table 1).
For all three atomic-scale component simulations the Sn-Sn ad-dimer is
found to be higher than the Ge-Ge ad-dimer by several tenths of an
Angstrom. While this is within the height resolution of STM measure-
ments, the varying tilt angle of the Ge surface dimers at room temper-
ature and the small size of the features under investigation do not allow
quantitative experimental confirmation of the presence of both types of
dimers, as any observed height differences in the STM images lie within
the measurement uncertainty.

Nonetheless, in empty states STM images for all three atomic-scale
components, A, B, and C surface clusters can be found where there is a
clear brightness contrast between neighboring features of the same
atomic configuration. One such example for a cluster of C features, ar-
ranged similar to the Ge substrate c(4x2) reconstruction, is shown in
Fig. 4. The experimental panels show that there is no contrast difference
in filled states, but in empty states the three C features on the left appear
less bright than the three C features on the right. When simulating the
features as either pure Ge-Ge dimers (second row) or pure Sn-Sn dimers
(third row) no contrast difference arises between the different locations
of the C features. However, when replacing the lower atoms of the left
dimers with Ge atoms with the remainder being Sn (bottom row) a
contrast is produced in empty states but not in filled states. Therefore,
this is a possible atomic configuration for the experimentally observed
structure shown here. The comparison of the three simulations dem-
onstrates that a single atomic species cannot produce a brightness
contrast in features of the same type while mixed features containing
both Ge and Sn can.

Overall we may conclude, that based on contrast differences within
basic atomic-scale components A, B, and C we are able to demonstrate
the presence of ad-dimers containing both Ge and Sn atoms, due to the
surface incorporation of Sn ad-atoms and concomitant ejection of Ge
surface atoms - even at room temperature.

2.2. Evolution from low coverages to full monolayer coverages

Driven by the technological applications associated with GeSn
MQWs in the field of group-IV photonics, a detailed understanding of the
wetting layer formation upon Sn deposition on Ge is of particular in-
terest to ensure sharp interfaces [10]. Hence, to detail the gradual in-
crease from sub- to full monolayer coverages we here leverage the
atomic-scale imaging capabilities of high resolution STM and present
the structural composition of the Ge surface after the RT deposition of
0.01 ML, 0.05 ML, 0.53 ML, and 1.24 ML of Sn (see Fig. 5).

At sub-monolayer coverages up to 0.53 ML, Fig. 5(a—c), the features
discussed previously (i.e., A, B, C and heterodimer) are discernible on
the surface, forming clusters of ad-dimers. As the Sn coverage increases
these clusters gradually begin to cover the surface by elongating
perpendicular to the dimer rows, with minimal growth along the dimer
row direction. It has been proposed that the formation kinetics of such
isolated 2D-chains of Sn ad-dimers is influenced by the surface strain
induced by Sn adsorbates, with the strain playing a crucial role in the
diffusion barrier height of Sn ad-atoms [19].

Moving to the monolayer regime, a filled state STM image of the
surface after the RT deposition of 1.24 ML is shown in Fig. 5(d). High-
resolution STM reveals the formation of a closed and atomically flat
monolayer (Layer 1), even at RT. Although no long-range ordering is
observed, the previously described features A, B, and C, appear to
exclusively make up this wetting layer and smaller patches consisting of
only one feature type can be observed, and are highlighted in Fig. 5(d).
Note that regions of A features appears less bright than the geometrically
similar B and C features, consistent with equivalent low coverage filled
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(a) 122227 (b) (c)

Afeature | 1 B feature

Ge-Ge dimer Experimental

Sn-Sn dimer

Table 1
The difference in height from substrate dimer maximum to ad-dimer maximum,
as predicted by DFT simulations of the surface under negative bias, for all three
atomic-scale components modelled as either Ge-Ge ad-dimers or Sn-Sn ad-
dimers.

A B C
Ge-Ge 0.06 nm 0.12 nm 0.13 nm
Sn-Sn 0.09 nm 0.16 nm 0.17 nm

state STM data of Fig. 3. Consequently, the patches of A features in Fig. 5
(d) appear as holes in the wetting layer despite the surface being in fact
completely covered. However, as shown in the magnified STM image in
Fig. 5(e) taken in dual bias mode, the Ge substrate is occasionally visible
in the vicinity of the A features, due to their low packing density
allowing for large gaps that cannot be filled by further ad-dimers, which
becomes particularly evident in the empty states image.

Furthermore, the STM images in Fig. 5(d) and (e) reveal the onset of
formation of a second and a third layer consisting of new Sn-related
surface features, whose study goes beyond the scope of this work.
Despite the presence of individual features belonging to the third layer,
no overall clustering was observed. In summary, at these coverages the
first layer is complete and forms a wetting layer with patches of A, B and
C features displaying short range order, but no long range order across
the entire surface.

Next, the formation of the wetting layer was further studied by
considering the evolution of features as coverage increases (Fig. 5(f)).
For STM images obtained at each surface coverage, the number of atoms
of each feature type were counted, and then normalized to a 2500 nm?
area of reactive sites. The uncertainties specified arise from averaging
several STM measurements at different locations of the same sample. At
an area coverage of 0.01 ML, feature A is most abundant followed by the
heterodimer and then features B and C. However, while all four indi-
vidual feature counts increase with coverage, the heterodimer quickly
becomes the least abundant feature and the A feature count drops below
first the B feature, and then the C feature as coverage increases above
0.5 ML. Therefore, in the completed wetting layer the B feature is most
abundant at 44%, closely followed by the C feature at 37%, whereas the

C feature [
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Fig. 3. The three ad-dimer features. Feature
A (a) is a symmetric ad-dimer parallel to the
substrate dimers as indicated in the sche-
matic by the orange ad-dimers. Substrate
dimers are marked in gray. In contrast B (b)
and C (c) are tilted dimers (the lower ad-
dimer atom is indicated by being drawn
smaller) with the B features orienting paral-
lel and the C features perpendicular to the
substrate dimers. STM scans (second row)
taken at 300 pA and —1.5 V and + 1.0 V are
compared to DFT simulations of a Ge-Ge ad-
dimer (third row) and a Sn-Sn ad-dimer
(bottom row). In the STM image of (b) and
(c) only the middle three features are B or C
features, respectively, as highlighted by the
arrows. In the simulations, four dimers are
simulated for the A and B features, and three
dimers for the C feature. (For interpretation
of the references to colour in this figure
legend, the reader is referred to the web
version of this article.)
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Fig. 4. A cluster of six C features. The top row shows a dual-bias scan taken at
300pA tunnelling current. The simulations below are for the configurations
shown on the left. Ge-Ge ad-dimers only (black atoms) in the second row, Sn-Sn
ad-dimers only (orange atoms) in the third row and predominantly Sn atoms,
but Ge atoms in the lower position of the dimer for the left three ad-dimers in
the bottom row. The mixed feature shows the closest resemblance to the
experimental data. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

A feature only makes up 19% of the surface.
Next, from the structural schematics in Fig. 3 and the STM data in
Fig. 5(e) it is discernible that the A feature packs least densely on the
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(a) 0.01 ML, -1.5V

(b) 0.05 ML, -1.5V

(c) 0.53 ML, -2.0V
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Fig. 5. Four different area coverages
of Sn deposited on Ge(100). At sub-
monolayer coverages (a-c) the surface
reveals predominately the features
discussed in Section 3.1 (i.e. A, B, C
and heterodimer). At 1.24 ML
coverage (d) the A, B and C features
form a closed layer (Layer 1). A second
layer (Layer 2) has started to form
with occasional adsorbents on a third
layer (Layer 3). Clear distinction be-
tween the A, B, and C is shown in the
close up STM image (10x15 nm?) (€3]
taken in dual bias mode. Gaps in the
small patches of ordered A features
reveal the underlying Ge surface. The
evolution of the heterodimer and A to

180 C features as a function of coverage is
. plotted in (e). For the 1.24 ML sample
2000 8 & only the features in Layer 1 are
‘g / % S considered for the statistical analysis.
c “-% g All values are normalized to the
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surface, followed by feature B, with feature C packing in the highest
epitaxial density possible, corresponding to an additional atomic layer
of the diamond-cubic configuration of the substrate below. As coverage
increases, the number of atoms condensing in the C structure grows
disproportionately faster than the lowest packing density A features, and
to a lesser extent, the moderately dense B structure. For example, at
0.53 ML coverage there are approximately twice as many B features on
the surfaces as C features, while at 1 ML coverage their numbers are
almost equal. This observation suggests a greater rate of capture and/or
retention of atoms nucleating in the C structure compared to the lower
density A and B structures, which appears counter-intuitive in terms of
surface strain in the wetting layer as more ad-atoms become densely
packed in layer 1.

Overall, high resolution STM indicates that the RT deposition of Sn
on Ge(001) results in the formation of a closed and atomically flat Sn
wetting layer, with only minimal Ge intermixing (estimated < 2% of
surface atoms) and no long-range ordering. We recall that at low sub-
monolayer coverages the growth of ad-dimer chains aligned along the
(310) direction appears slightly favored, due to an additional diffusion
barrier for ad-atoms to form (110) dimer chains, and the A and B fea-
tures are nearly equally present [19]. However, above 0.5 ML the
amount of the energetically favored B and C features increases faster and
the ratio between the A, B and C features at 1.24 ML coverages deviates
strongly from the low-coverage case studied by Tomatsu et al. [19]. The

0.5 1.0
coverage (ML)

greater increase in the amount of B and C features compared to the A
feature with increasing Sn coverage may be explained in terms of
coverage dependent diffusion barriers. At higher coverages, an addi-
tional pathway of Sn diffusing on top of ad-dimer chains becomes
available. The ad-atom can then adsorb on the surface at the end of the
chain, elongating it. We propose that there is a lower barrier to diffusion
along the top of the B features than on the A features, promoting B
feature formation. As coverage increases, diffusion along Sn ad-dimers
becomes more prevalent leading to a higher B feature contribution to
the ad-dimers.

Finally, we wish to highlight the striking differences between the Ge/
Si and Sn/Ge systems at full monolayer coverage. Typically grown at
slightly elevated temperatures (e.g., 300 °C), Ge forms an epitaxial
wetting layer on Si(100) where the diamond-cubic structure of the
substrate remains and strain is released through the presence of dimer
vacancy lines perpendicular to the dimer rows and Ge/Si intermixing
[26,27]. In the Sn/Ge wetting layer the only morphologically similar
features are the patches of C features, which make up only 37% of the
surface. No dimer vacancy lines form, suggesting that the presence of
multiple ad-dimer features reduces the strain in the wetting layer.
Therefore, this strain relief mechanism prevents the formation of long
range order. Moreover, in analogy to the Ge/Si system the observed Sn/
Ge intermixing at the surface may also contribute as a strain relief
mechanism. The difference in surface morphology between the Ge/Si
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and Sn/Ge system can possibly be traced to the difference in chemical
species involved. However, the reduced growth temperature utilized in
this work, which leaves the system out of equilibrium, may also play a
role. Yamazaki et al. [18] find that when growing 0.035 ML thick Sn
layers on Ge at 250 °C, the ad-dimer clusters characteristic of room
temperature growth disappear. Instead the surface has a “comb-like”
structure of long and thin terraces with the long direction being
perpendicular to the dimer rows. This suggests, that if a Sn/Ge wetting
layer was grown at elevated temperatures a surface more similar to the
Si/Ge system might be observed resulting in a surface with long range
order. However, elevated growth temperatures may come at the cost of
increased Sn/Ge intermixing as the barrier to Sn incorporation becomes
easier to overcome. Determining temperature best suited to minimize
incorporation while maximizing long range order may be the subject of
future studies.

3. Conclusions

In summary, we investigated the room temperature deposition of Sn
on Ge(100) at low Sn coverage and the formation of a wetting layer at
higher Sn coverages up to 1.24 ML. Upon adsorption of Sn on the Ge
(100) surface, we reveal the two competing surface processes: (i) Sn
incorporation into the top surface layer and (ii) the formation of ad-
dimer clusters. We investigate the chemical composition of the three
types of ad-dimers that act as atomic-scale components that tile the
surface as Sn coverage increases. By contrasting STM data with DFT, we
show that Ge atoms ejected from the surface by Sn incorporation can
also be present in the ad-dimer features.

When increasing the amount of Sn deposited, the ad-dimer clusters
principally elongate perpendicular to the dimer rows, resulting in the
growth of an atomically flat wetting layer. We observe is no long range
order, and all three ad-dimer features (A, B and C) are still present. The
completed wetting layer is dominated by the more densely packed B and
C features, whereas the lower density A features are at least equally
represented at lower coverages. We propose that an increased Sn
coverage changes the formation kinetics of these features, now favoring
the B and C features. Furthermore, increasing the growth temperature
slightly may allow for long range order to appear.

Due to Sn incorporation in the top Ge surface layer and resulting Ge
ejection, the wetting layer presents a Sn dominated GeSn layer (esti-
mated < 2% Ge), even at room temperature deposition. The Ge/Sn
intermixing during the early stages of Sn-on-Ge growth, limits the ulti-
mate achievable sharpness of Ge/Sn interfaces at the atomic level.
Nonetheless, the two dimensionality of the layer formation at low
growth temperatures makes this process well suited for fabrication of
Ge/Sn MQWs in future high performance Sn-based optical devices.

Overall, our results provide a first understanding of the complex
growth mechanisms governing the transition from sub-monolayer to
monolayer coverages in the Sn/Ge and GeSn system. A next step could
be the full chemical and electronic characterization of the wetting layer
with techniques such as X-ray photoelectron spectroscopy (XPS) and
angular resolved photoemission spectroscopy (ARPES). Interesting
future STM studies may include the investigation of the growth mode of
the second layer, subsequent higher coverages, and whether tempera-
ture variations can be used to further optimize the growth kinetics, e.g.,
in limiting the spread of Sn atoms in the out-of-plane direction.
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