
 
 

   

General Rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights. 

 • Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
 • You may not further distribute the material or use it for any profit-making activity or commercial gain  
• You may freely distribute the URL identifying the publication in the public portal 

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and 
investigate your claim. 
 
If the document is published under a Creative Commons license, this applies instead of the general rights. 

This coversheet template is made available by AU Library 
Version 1.0, December 2017 

 

Coversheet 
 
This is the publisher’s PDF (Version of Record) of the article. 
This is the final published version of the article.  
 
How to cite this publication: 
 
Journal of Applied Physics 126, 035702 (2019); https://doi.org/10.1063/1.5099415 

Publication metadata 
 
Title: Tin-based donors in SiSn alloys 
Author(s): L. Scheffler, S. Roesgaard, J. L. Hansen, A. Nylandsted Larsen, and B. 

Julsgaard 
Journal: Journal of Applied Physics 
DOI/Link: https://doi.org/10.1063/1.5099415 
Document version: 
 

Publisher’s PDF (Version of Record) 
 

 
 
This article may be downloaded for personal use only. Any other use requires prior permission of the 
author and AIP Publishing. This article appeared Journal of Applied Physics 126, 035702 (2019); 
https://doi.org/10.1063/1.5099415 and may be found at https://doi.org/10.1063/1.5099415 
 
 
 

https://doi.org/10.1063/1.5099415
https://aip.scitation.org/author/Scheffler%2C+L
https://aip.scitation.org/author/Roesgaard%2C+S
https://aip.scitation.org/author/L+Hansen%2C+J
https://aip.scitation.org/author/Nylandsted+Larsen%2C+A
https://aip.scitation.org/author/Julsgaard%2C+B
https://aip.scitation.org/author/Julsgaard%2C+B
https://aip.scitation.org/journal/jap
https://doi.org/10.1063/1.5099415
https://doi.org/10.1063/1.5099415
https://doi.org/10.1063/1.5099415


J. Appl. Phys. 126, 035702 (2019); https://doi.org/10.1063/1.5099415 126, 035702

© 2019 Author(s).

Tin-based donors in SiSn alloys
Cite as: J. Appl. Phys. 126, 035702 (2019); https://doi.org/10.1063/1.5099415
Submitted: 10 April 2019 . Accepted: 24 June 2019 . Published Online: 18 July 2019

L. Scheffler , S. Roesgaard , J. L. Hansen, A. Nylandsted Larsen, and B. Julsgaard

ARTICLES YOU MAY BE INTERESTED IN

Acoustic birefringence via non-Eulerian metamaterials
Journal of Applied Physics 126, 034902 (2019); https://doi.org/10.1063/1.5090839

Role of the absorption on the spin-orbit interactions of light with Si nano-particles
Journal of Applied Physics 126, 033104 (2019); https://doi.org/10.1063/1.5095467

Band gap bowing for high In content InAlN films
Journal of Applied Physics 126, 035703 (2019); https://doi.org/10.1063/1.5089671

https://images.scitation.org/redirect.spark?MID=176720&plid=1087013&setID=379065&channelID=0&CID=358625&banID=519893970&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=57e4c7c5d61d2e24fc5b8ebca62dd8558e24a82c&location=
https://doi.org/10.1063/1.5099415
https://doi.org/10.1063/1.5099415
https://aip.scitation.org/author/Scheffler%2C+L
http://orcid.org/0000-0002-8285-4960
https://aip.scitation.org/author/Roesgaard%2C+S
http://orcid.org/0000-0002-9813-8360
https://aip.scitation.org/author/L+Hansen%2C+J
https://aip.scitation.org/author/Nylandsted+Larsen%2C+A
https://aip.scitation.org/author/Julsgaard%2C+B
https://doi.org/10.1063/1.5099415
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5099415
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5099415&domain=aip.scitation.org&date_stamp=2019-07-18
https://aip.scitation.org/doi/10.1063/1.5090839
https://doi.org/10.1063/1.5090839
https://aip.scitation.org/doi/10.1063/1.5095467
https://doi.org/10.1063/1.5095467
https://aip.scitation.org/doi/10.1063/1.5089671
https://doi.org/10.1063/1.5089671


Tin-based donors in SiSn alloys

Cite as: J. Appl. Phys. 126, 035702 (2019); doi: 10.1063/1.5099415

View Online Export Citation CrossMark
Submitted: 10 April 2019 · Accepted: 24 June 2019 ·
Published Online: 18 July 2019

L. Scheffler,1,a) S. Roesgaard,1 J. L. Hansen,1,2 A. Nylandsted Larsen,1 and B. Julsgaard1,2

AFFILIATIONS

1Department of Physics and Astronomy, Aarhus University, Ny Munkegade 120, DK-8000 Aarhus C, Denmark
2Interdisciplinary Nanoscience Center (iNano), Aarhus University, Gustav Wieds Vej 14, DK-8000 Aarhus C, Denmark

a)Author to whom correspondence should be addressed: l.scheffler@phys.au.dk

ABSTRACT

Tin-containing Group IV alloys show great promise for a number of next-generation CMOS-compatible devices. Not least of those are
optoelectronic devices such as lasers and light-emitting diodes. To obtain reliable operation, a high control over the doping in such materials
is needed at all stages of device processing. In this paper, we report tin-based donors in silicon, which appear after heat treatment of a
silicon-tin alloy at temperatures between 650 �C and 900 �C. Two stages of the donor are observed, called SD I and SD II, which are formed
subsequently. A broad long-lifetime infrared photoluminescence is also observed during the first stages of donor formation. We discuss
evolving tin clusters as the origin of both the observed donors and the photoluminescence, in analogy to the oxygen-based thermal donors
in silicon and germanium.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5099415

I. INTRODUCTION

Group IV alloys containing tin (Sn) have in recent years
become promising candidates for optoelectronic devices with the
possibility of direct integration into silicon-based integrated
circuits.1–15 This is due to the opening of a direct bandgap upon
sufficient Sn alloying.1,2 Especially for GeSn and SiGeSn alloys,
important milestones such as optically pumped lasers4–8 and electri-
cally pumped light sources8–10 have been reported. In parallel to the
work on Group IV light sources, SiGeSn and GeSn are also investi-
gated for use in other electronic devices, such as photodiodes or
tunneling field effect transistors.11–15

For any electrical device, the control of doping densities is
crucial for its reliable operation. Some studies have investigated
extrinsic doping of Sn-containing alloys.16–20 However, in general it
is tacitly assumed that Sn itself is electrically inactive, as it is an iso-
valent species to Si and Ge. Indeed, the only Sn-related electrically
active defect detected in early studies of Sn-doped Si was Sn-vacancy
(SnV) pairs after irradiation.21–24 For the use in devices, however,
large Sn concentrations well above the solubility limit are used.
Under such circumstances, even electrically inactive species might
form complexes, which act as donors. A well-known example of
such a case is oxygen in Si and Ge, which at sufficiently high concen-
trations forms so-called thermal donors (TDs) (chains of threefold
coordinated oxygen atoms) and new donors (NDs) (oxygen clusters
forming around both carbon-containing and carbon-free nucleation
centers) during annealing.25–35

In this paper, we present evidence for Sn-based donors in SiSn
alloys. Samples containing a thin layer of SiSn with �1:4% Sn show
donor concentrations in the order of 1017 cm�3 in this layer after
heat treatment. We propose evolving Sn clusters as the origin of
these donors, similar to the oxygen-based thermal and new donors.

As impurities in Si and Ge behave similarly, taking as an
example again the formation of thermal donors in both Si27–29 and
Ge,25,26 we argue that a similar donor behavior of high Sn concen-
trations should also be present in GeSn alloys.

II. TIN AS A DONOR IN SILICON

For our study, we used molecular beam epitaxy (MBE) to grow
SiSn layers on highly doped n-type Si substrates. The nominally
undoped SiSn layer contains �1:4% Sn and is 10 nm thick. It is
sandwiched between moderately n-type doped (�5� 1015 cm�3) Si
buffer and capping layers. For reference purposes, a sample with
identical geometries, doping, and growth temperatures, but without
the addition of Sn, was also grown.

A very simple and effective way to determine the effective
donor concentration in a semiconducting sample is capacitance-
voltage (CV) profiling. Therefore, we deposited gold Schottky
diodes on the samples and measured their depletion capacitance.
The results of these measurements are presented in Fig. 1, where
Fig. 1(a) shows the results with a SiSn layer and Fig. 1(b) those of
the reference sample. One can clearly see the layer structure of our
samples, with the highly doped substrate beginning at a depth of
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1.6 μm, followed by the lower doped Si buffer layer, and finally the
SiSn/low-T grown layer at 0.6 μm.

The SiSn layer in the as-grown samples has already been sub-
jected to an in situ thermal budget of 500 �C during the growth of
the capping layer. Further annealing steps for 20min in the argon
atmosphere critically impact the concentration of donors in the SiSn
layer, as one can see in Fig. 1(a). The sample annealed at 725 �C
contains �1017 cm�3 donors in the Sn layer, whereas the concentra-
tion at the other temperatures shown is below 4� 1016 cm�3, at
which point the space charge region of the diode without applied
bias extends beyond the SiSn layer. This detection limit depends on
the effective donor concentration in the capping layer and can be
different for other samples.

In contrast, the reference sample, shown in Fig. 1(b), shows
a significantly lower donor concentration of �1016 cm�3 in the
low-T grown layer, which remains roughly constant for all anneal-
ing temperatures. The differences observed between the reference
sample and the Sn-containing sample strongly indicate that the
high donor concentration observed in the SiSn layer after 725 �C
annealing is due to the presence of Sn.

To further confirm the different origins of the observed donors
and thus the involvement of Sn, we performed admittance spectro-
scopy on both samples. The results are summarized in Fig. 2. The
top images show the doping profiles from room-temperature CV
measurements for both the Sn-containing and the reference sample
annealed at 725 �C. The second row shows the admittance

spectroscopy spectra in the temperature regions where peaks were
observed. It is easily seen that peak A, which corresponds to the
freeze-out of the main donor in the SiSn sample, and peak B, which
corresponds to the donor in the reference sample, appear at very
different temperatures. In the bottom part of the figure, the
Arrhenius plots of the observed peaks are shown. One should note
that the geometry of the samples, with abrupt changes of the donor
concentration over several orders of magnitude, is not well suited for
admittance spectroscopic measurements. Therefore, activation
energy ranges are supplied instead of exact values. The peak labeled
C was only observed in some samples, and its concentration is about
100 times less than that of the peak labeled A. We, therefore, con-
clude that its role in defining the donor concentration in the SiSn
layer is minor and will focus our attention on the peak labeled A.

The strongly different peak temperatures and activation
energies for peaks A and B confirm again the different origin of the

FIG. 1. Carrier concentration profiles obtained from CV measurements at room
temperature for (a) the sample containing Sn and (b) the reference sample. The
samples were annealed for 20 min at the indicated temperatures.

FIG. 2. Top: Carrier concentration profiles obtained from CV measurements for
the Sn-containing sample (left) and the reference sample (right) annealed at
725 �C. The color code is maintained throughout the figure. Middle: Admittance
spectroscopy data for 1 MHz and 0 V from the same samples. Left:
Low-temperature region, the data for the Sn-containing sample were multiplied
by a factor of 100 to enable a comparison of the peak position with the refer-
ence sample. Right: High-temperature region. The peaks are labeled as in the
top part. Bottom: Arrhenius plot from the admittance spectroscopy data shown
in the middle graph. The determined activation energies are given in the figure.
Peak B gives the same activation energy within experimental uncertainty for
both the reference sample and the one containing Sn.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 035702 (2019); doi: 10.1063/1.5099415 126, 035702-2

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


donors in the SiSn and the reference samples. The donor observed
in the SiSn layer clearly depends on the presence of Sn. On the
origin of the donor in the reference sample, we can only speculate.

We know from secondary ion mass spectrometry (SIMS) mea-
surements that the sample contains (1:0+ 0:3)� 1017 cm�3 of
oxygen and �2� 1017 cm�3 of carbon. When looking at these
impurities as potential origin of the observed donor B, these values
can be considered moderate in the case of oxygen and high in the
case of carbon.31 In our previous study, DLTS measurements
showed a high concentration of deep levels in the reference sample,
which most likely belong to metallic impurities.36 Furthermore, the
low growth temperature of the layer at 0.6 μm is expected to create
many vacancies and nucleation centers for cluster defects. Since
donor B is located exclusively in this layer, this appears to be a
crucial condition for the donor formation in the reference sample.

Donor creation by cluster formation is especially known from
oxygen in silicon, which forms thermal donors (TDs) at lower
temperatures27–29 and new donors (NDs) after long-time annealing at
temperatures above 600 �C.30–35,37 The observed admittance spectro-
scopy peak with an activation energy of 55–70meV is in agreement
with the known energy levels for both TDs (50–150meV)38,39 and
NDs (30–120 meV).35 TDs, however, are only stable for annealing
temperatures below 600 �C,37–40 and NDs need very long annealing
times in the order of 10 h or more.30,31,33,37 Furthermore, usually
much higher oxygen concentrations than those present here are
reported for both TD and ND formation.26,28–31,33,37 How strongly
these requirements could be diluted by the presence of growth-related
nucleation centers is at the moment a matter of speculation.

In the Sn-containing sample, only a small signal belonging to
the donor observed in the reference sample can be observed in the
admittance spectroscopy data (see Fig. 2) and not in all samples.
Instead, another type of donor is observed, which is clearly Sn
related. Previous studies of Sn-doped Si have not reported any

signs of this donor.21–24 The difference in the samples used in the
previous studies and in our investigation is (i) the higher Sn con-
centration used in our samples, above the solubility limit of Sn in
Si, and (ii) the growth via low-temperature MBE of the samples
used in the present study. These two conditions point toward a
complex microscopic structure as an origin of the donor state,
which involves multiple Sn atoms and may be dependent on the
presence of nucleation centers, as is also the case for the oxygen
clusters creating TDs and NDs.

That a high concentration of Sn is critical to the donor forma-
tion is further underlined by the data shown in Fig. 3. While a
sample with lower Sn content (0.3%) shows no measurable donor
concentration after 20 min annealing at 725 �C, a sample with a
high Sn content of 5.0% contains (1:40+ 0:05)� 1018 cm�3

donors. It should be noted that in the sample containing a large
amount of Sn a high donor concentration was already observed
after annealing at 600 �C.

For the sake of completeness, it should be noted that segrega-
tion of Sb in the SiSn layer can be excluded as the origin of the
increased donor concentration. It has been reported that Sb segre-
gates away from compressive-strained layers,41 and both the high
activation energy of 300–500 meV and the changes of the donor
concentration with annealing temperature do not match those of
the Sb shallow donor.

III. PROPERTIES AND FORMATION OF THE TIN DONOR

To gain further insight into the formation and the origin of
the observed donor, the impact of annealing on the donor forma-
tion was studied in more detail. Figure 4 shows the impact of the
annealing temperature. In Fig. 4(a), room-temperature CV profiles
after 20 min annealing at different temperatures are displayed,
shifted for clarity with a shift proportional to the annealing
temperature. The flat part of the CV curves at larger reverse biases
corresponds to the highly doped substrate. The CV curves annealed
at temperatures between 650 �C and 900 �C show a plateau with
varying extension. This plateau corresponds to the SiSn layer, with
its length correlated to the donor concentration. The beginning of
this plateau is marked as a guide to the eye.

Figure 4(b) shows the calculated donor concentration in the
SiSn layer vs annealing temperature. The donor concentration was
determined by fitting a simulated CV curve to the data, using the
method described in Ref. 42, assuming a 10 nm wide SiSn layer. A
detailed description of this process can be found in Sec. VI E. An
example of a measured CV curve together with the fitted simula-
tion is shown in the inset in Fig. 4(b). On each sample, several
diodes were measured, and the statistical spread between those
diodes is displayed as error bars.

The donor concentration in the SiSn layer shows a broad peak
centered around 725 �C, with a spike at 765 �C. This shape hints
toward a two-component process. To better resolve these compo-
nents, isothermal annealing series at both 725 �C and 765 �C were
performed. This shifts the thermal evolution times from the expo-
nential into the linear regime. The results are shown in Fig. 5. The
donor concentration shows two peaks, which we chose to label as
SD I and SD II. The data taken at 765 �C show a much faster
change in donor concentration than that taken at 725 �C. For a

FIG. 3. Donor concentration in the SiSn layer for different Sn concentrations
after 20 min annealing at 725 �C. The red dashed line marks the detection limit
of the CV measurements.
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better comparison with Fig. 4(b), the vertical dotted line highlights
the annealing time of 20 min used in the isochronal study. One can
see that the initial part of the peak in Fig. 4(b) is due to SD I,
whereas the sudden spike and the subsequent reduction in donor
concentration stem from SD II.

These findings agree with the model proposed above, namely,
the formation of Sn clusters which create donor levels in silicon.
Other known Sn-related defects, i.e., the SnV pair21–24 and Sn nano-
crystals,36,43,44 do not match the observed behavior. SnV pairs anneal
out at temperatures below 600 �C21–24 and cannot explain the two-
component evolution seen in the isothermal studies. The nanocrys-
tals appear after annealing at 600 �C, but undergo no significant
changes up to annealing temperatures of 900 �C,36,44 whereas a
strong dependence on the annealing temperature is observed for the
Sn donor.

The SiSn layer is under compressive strain due to the presence
of the large Sn atoms. At the same time, the layer can be assumed

to be rich in vacancies due to the low growth temperature. Since Sn
diffusion is enhanced by the presence of vacancies45, the annealing
steps will lead to significant movement of the Sn atoms in the SiSn
layer. As mentioned above, Sn aggregates into Sn nanocrystals at
temperatures above 600 �C to relieve the strain.

The exact mechanism of the formation and geometry of the
clusters proposed for the donor activity is at this point mostly spec-
ulation. Drawing inspiration from TDs and NDs,25–35 Sn atoms
could form chainlike structures, assisted by SnV pairs, or form
loose precipitates, which act as donors. Since the donor activity
cannot be directly correlated to the presence of the Sn nanocrystals
with �1000 atoms inside each nanocrystal, the former hypothesis
seems more likely.

The double-peak shape of the donor concentration vs anneal-
ing time indicates either the formation of two distinct donor com-
plexes or the evolution of one into another. The latter hypothesis
agrees well with the Sn cluster model, where evolving clusters first
form the first donor (or donor group) SD I and then SD II with
an electrically inactive intermediate stage. Similar effects are known
from oxygen-related thermal donors, where up to 17 different
types of donors are formed through the evolution of oxygen
clusters.26,28,29

IV. CORRELATION OF THE TIN DONOR TO
PHOTOLUMINESCENCE RESULTS

The dependence of the donor concentration on the annealing
temperature bears some similarity with that of the long-lifetime
infrared emission observed from Si containing Sn precipitates
reported previously.44 Therefore, we investigated time-resolved
emission spectra (TRES) vs annealing temperature and time to
compare the light emission to the donor concentration. For this
comparison, samples from the same wafer as for the electrical
characterization were used. The results are shown in Fig. 6.

FIG. 4. (a) CV curves at room temperature after 20 min annealing at different
temperatures between 500 �C and 900 �C. The curves are shifted for clarity,
with the shift proportional to the increase in annealing temperature. The kinks in
the CV curves, which correspond to the end of the SiSn layer, are also marked
by black dots. (b) Normalized donor concentration vs annealing temperature in
the SiSn layer, calculated after Ref. 42. The red dashed line marks the detection
limit of the CV measurements. The inset shows an example CV curve with the
fitted simulation.

FIG. 5. Donor concentration in the SiSn layer for samples annealed at 725 �C
and 765 �C vs annealing time.
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Figure 6(a) shows the long-lifetime part, from 4000 to 9000 ns,
of the spectra of the samples annealed at 765 �C for the indicated
times. The spectra are normalized to the intensity of the 1148 nm Si
peak at short lifetimes, to account for differences in intensity due
to slightly different collection adjustments. The lifetimes of the
1148 nm lines are nearly identical, confirming that different intensi-
ties do not stem from differences in crystalline quality created during
the annealing. The spectra show a broad IR luminescence signal,
similar to the one reported in Ref. 44. Comparing the different
spectra, it seems that the maximum of the peak shifts to higher
energies with increasing annealing time.

Figure 6(b) shows the integrated luminescence intensity from
0.775 eV to 1.0 eV as a function of the annealing time, compared
with the donor concentration for the same annealing temperature.
The maximum luminescence intensity is reached before SD I has
reached its maximum concentration and drops very fast. The same
effect can be seen when comparing luminescence intensity vs
annealing temperature [see Fig. 6(c)], where the maximum lumi-
nescence intensity is reached for an annealing temperature of
700 �C.

From these results, we argue that the broad IR luminescence
originates from early stages of Sn clusters, which will transform
into the donors observed by capacitive measurements. The shift of
the luminescence peak maximum also indicates an evolution of the
underlying energy levels, in agreement with the model of evolving
Sn clusters proposed above for the Sn donors.

V. TIN AS A DONOR: THE RELEVANCE TO THE FIELD
OF GROUP IV ALLOYS

The results presented here show the formation of Sn-related
donors in Si. Most of the work currently reported on the application
of Sn-containing Group IV alloys though focuses on GeSn.1,3–15

However, Ge and Si respond similarly to impurities and defects. As
an example, oxygen clusters form TDs both in Si27–29 and in Ge.25,26

Therefore, it seems reasonable to assume that similar Sn donors can
also be found in GeSn.

The reported temperatures of above 600 �C for the donor
formation are quite high, considering that due to Sn precipitation, the
thermal budget for Sn-containing devices is relatively low. However,
with increasing Sn content, even heat treatments at lower tempera-
tures could create significant amounts of Sn donors. It is known that
Sn diffusion happens via vacancy-assisted diffusion45 and that com-
pressive strain enhances vacancy-assisted diffusion of dopants.46

From this, an enhanced Sn diffusion and, therefore, enhanced forma-
tion of Sn cluster donors can be assumed in alloys with higher Sn
content. Indeed, the test sample containing 5:0% Sn showed high
donor concentration already at lower annealing temperatures.

The effects of unintentional donor creation in device structures
can be detrimental. For instance, the donors may arise in nominally
intrinsic layers during processing. Such layers are typically used in
the active region of lasers, light-emitting diodes (LEDs),9,10,47 and
photodiodes.11,12 These devices employ p-i-n diodes to enhance
carrier collection in/from the active region. A transformation of
these layers into moderately to highly doped n-type would drastically
change the band alignments across the diode, reducing the efficiency
of light emission and detection.

Likewise, the donors could cause (over-)compensation of p-type
doping. Basically all devices are based on variations of pn junctions.
The worst case scenario here would be the transformation of the
p-type region into n-type, removing the diode structure and render-
ing the device useless.

In conclusion, the unexpected role of Sn as a donor in Si is
not only a fascinating insight into complex defect physics in semi-
conductors, but the transformation of an isovalent alloy component
into a donor species through clustering also has wide-ranging
consequences for device design and processing.

VI. METHODS

A. Materials

Wafers were grown using molecular beam epitaxy (MBE) on
highly doped n-type Si substrates. A thin undoped SiSn layer
(10 nm) with a Sn concentration of �1:4% was grown at low tem-
perature (200 �C) to enable Sn incorporation into the Si lattice. It is
separated from the substrate by an Sb-doped buffer layer of
1000 nm thickness and overgrown with an Sb-doped capping layer

FIG. 6. (a) TRES of SiSn samples annealed at 765 �C for the indicated times
in minutes. Shown is the long-lifetime part of the spectrum, integrated from
4000 ns to 9000 ns after the excitation pulse. (b) and (c) Normalized integrated
PL intensity from 4000 ns to 9000 ns between 0.775 eV and 1 eV (b) vs annealing
time and (c) vs annealing temperature. For comparison, the normalized donor
concentration is also shown.
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of either 600 nm or 1200 nm thickness, with a nominal doping
density of 5� 1015 cm�3. Both buffer and capping layer were
grown at 500 �C. The reference sample was prepared with the same
dimensions and growth temperatures, but without the addition of
Sn into the low-temperature grown layer.

Samples cut from the same wafer were heat treated in an
argon atmosphere either for 20min at temperatures between 500 °C
and 900 �C or for times varying from 45 s to 2 h at 725 �C and
765 �C. After the heat treatment, the native oxide layer was removed
by an HF dip and Au Schottky contacts were thermally evaporated.
The ohmic contact was formed by eutectic InGa on the backside of
the samples. The diode quality was tested by room-temperature
current-voltage measurements.

B. Compositional determination by SIMS

To determine the concentrations of C, O, and Sn in the MBE
grown layers, secondary ion mass spectrometry (SIMS) was per-
formed in an ION-TOF SIMS 5 instrument. To calibrate the system
for carbon and oxygen measurements, reference samples were
measured where the respective concentrations were beforehand
determined by low-temperature FTIR. The Sn concentration was
calibrated on reference samples with a Sn concentration known
from Rutherford back-scattering spectrometry.

C. Capacitance-voltage measurements

The doping profiles were recorded by capacitance-voltage (CV)
measurements. For the CV measurements shown in this study, the
samples were measured at room temperature in one session to avoid
temperature fluctuations. The CV measurements were performed on
an Agilent 4284 A LCR meter at 100 kHz sampling frequency and
with 100mV test signal.

D. Admittance spectroscopy measurements

Admittance spectroscopy was performed on selected samples
in a closed-cycle He cryostat at temperatures between 300 and
25 K. The capacitance and conductance of the samples were mea-
sured with an Agilent 4284 A LCR meter, and the frequency was
varied between 10 kHz and 1MHz. In admittance spectroscopy, the
real part (the conductance G) of the complex admittance is mea-
sured as a function of temperature and frequency f . Deep defects
contribute to the conductance if the test frequency is slower than
their emission rate at this temperature. This leads to a peak of G=f
when the frequency matches the emission rate.

E. Doping profile simulations

As the investigated samples contain a very small region of
interest, which is thinner than the Debye length, and sharp changes
in doping concentrations over several orders of magnitude, the
doping profiles obtained by the standard method of analyzing the
slope of 1=C2 will show broadened features with peak/valley values
different from the actual doping densities. To obtain correct doping
densities in the SiSn layer, a CV curve was simulated using the
process outlined in Ref. 42, which will be briefly explained here.

The simulation algorithm analyses the propagation of the
potential ψ and the electric field E ¼ �dψ=dx from the interface

of the Schottky diode into the bulk of the sample. The starting
value for ψ at the interface is given by the applied voltage plus the
built-in potential (set to 0.8 V) of the diode. The starting value of
the electric field E(0) at the interface is guessed.

The electric field is then numerically calculated stepwise into
the bulk according to

dE
dx

¼ q
ε

N(x)� N(1)e�qψ=kT
h i

, (1)

with q being the elementary charge, ε being the semiconductor
permittivity, k being the Boltzmann constant, T being temperature,
and N(x) being the net density of ionized donor ions. N(x) is given
as a series of rectangular doping distributions with the position of
the steps known from the growth process and the initial concentra-
tions estimated as 1� 1015 cm�3 (capping layer), 2� 1017 cm�3

(SiSn layer), and 1� 1014 cm�3 (buffer layer) and the substrate
concentration fixed at 2� 1018 cm�3. From E the potential is calcu-
lated, and E(0) varied so as to fulfill the boundary condition that ψ
has to converge to 0 deep in the bulk. This process is repeated for a
number of voltages so that an array of V , E pairs is generated. The
capacitance C for each voltage point can then be calculated using
the approximate differential

C ¼ ε
ΔE(0)
ΔV

: (2)

The generated CV curve is then compared to the measured
data, and the concentrations in the capping, SiSn, and buffer layers
are varied until the best fit is obtained.

F. Photoluminescence measurements

The optical investigations were performed in a setup identical to
the one used in Ref. 44. The samples were cooled down to 16 K and
were excited by a short laser pulse with a wavelength of 400 nm and a
pulse duration of �35 fs. The light emitted from the sample was
investigated using a monochromator and a photo-multiplier tube.

ACKNOWLEDGMENTS

This work was supported by the Villum Foundation. Leopold
Scheffler acknowledges funding by the Alexander von Humboldt
Foundation via a Feodor Lynen Postdoctoral Fellowship. The
authors would like to thank Pia Bomholt for technical assistance in
the sample preparation and Jeppe Christiansen and Søren Møller for
help with the PL measurements. We would like to thank E. Lavrov
for supplying reference samples to calibrate the oxygen and carbon
concentration of the SIMS measurements.

REFERENCES
1J. Kouvetakis, J. Menendez, and A. Chizmeshya, Annu. Rev. Mater. Res. 36, 497
(2006).
2W. Du, S. A. Ghetmiri, B. R. Conley, A. Mosleh, A. Nazzal, R. A. Soref, G. Sun,
J. Tolle, J. Margetis, H. A. Naseem, and S.-Q. Yu, Appl. Phys. Lett. 105, 051104
(2014).
3S. Wirths, D. Buca, and S. Mantl, Prog. Cryst. Growth Charact. Mater. 62, 1 (2016).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 035702 (2019); doi: 10.1063/1.5099415 126, 035702-6

Published under license by AIP Publishing.

https://doi.org/10.1146/annurev.matsci.36.090804.095159
https://doi.org/10.1063/1.4892302
https://doi.org/10.1016/j.pcrysgrow.2015.11.001
https://aip.scitation.org/journal/jap


4S. Wirths, R. Geiger, N. von den Driesch, G. Mussler, T. Stoica, S. Mantl,
Z. Ikonic, M. Luysberg, S. Chiussi, J. M. Hartmann, H. Sigg, J. Faist, D. Buca,
and D. Gruetzmacher, Nat. Photonics 9, 88 (2015).
5D. Stange, S. Wirths, R. Geiger, C. Schulte-Braucks, B. Marzban, N. von den
Driesch, G. Mussler, T. Zabel, T. Stoica, J.-M. Hartmann, S. Mantl, Z. Ikonic,
D. Grtzmacher, H. Sigg, J. Witzens, and D. Buca, ACS Photonics 3, 1279 (2016).
6S. Al-Kabi, S. A. Ghetmiri, J. Margetis, T. Pham, Y. Zhou, W. Dou, B. Collier,
R. Quinde, W. Du, A. Mosleh, J. Liu, G. Sun, R. A. Soref, J. Tolle, B. Li,
M. Mortazavi, H. A. Naseem, and S.-Q. Yu, Appl. Phys. Lett. 109, 171105
(2016).
7V. Reboud, A. Gassenq, N. Pauc, J. Aubin, L. Milord, Q. M. Thai, M. Bertrand,
K. Guilloy, D. Rouchon, J. Rothman, T. Zabel, F. Armand Pilon, H. Sigg,
A. Chelnokov, J. M. Hartmann, and V. Calvo, Appl. Phys. Lett. 111, 092101
(2017).
8N. von den Driesch, D. Stange, D. Rainko, U. Breuer, G. Capellini,
J.-M. Hartmann, H. Sigg, S. Mantl, D. Grtzmacher, and D. Buca, Solid State
Electron. 155, 139 (2019).
9M. Oehme, K. Kostecki, T. Arguirov, G. Mussler, K. Ye, M. Gollhofer,
M. Schmid, M. Kaschel, R. A. Krner, M. Kittler, D. Buca, E. Kasper, and
J. Schulze, IEEE Photonics Technol. Lett. 26, 187 (2014).
10H. Cong, F. Yang, C. Xue, K. Yu, L. Zhou, N. Wang, B. Cheng, and Q. Wang,
Small 14, 1704414 (2018).
11J. Werner, M. Oehme, M. Schmid, M. Kaschel, A. Schirmer, E. Kasper, and
J. Schulze, Appl. Phys. Lett. 98, 061108 (2011).
12M. Bertrand, Q. M. Thai, J. Chrtien, N. Pauc, R. Khazaka, J. Aubin,
O. Lemonnier, A. Chelnokov, J. M. Hartmann, V. Calvo, and V. Reboud, in 2018
IEEE 15th International Conference on Group IV Photonics (GFP) (IEEE, 2018),
pp. 1–2.
13P. Pareek, M. Das, and S. Kumar, Opto-Electron. Rev. 26, 149 (2018).
14X. Liu, H. Hu, M. Wang, Y. Miao, G. Han, and B. Wang, Superlattices
Microstruct. 118, 266 (2018).
15S. Takeuchi, Y. Shimura, T. Nishimura, B. Vincent, G. Eneman, T. Clarysse,
J. Demeulemeester, K. Temst, A. Vantomme, J. Dekoster, M. Caymax, R. Loo,
O. Nakatsuka, A. Sakai, and S. Zaima, ECS Trans. 33, 529 (2010).
16Y.-Y. Fang, J. Tolle, A. V. G. Chizmeshya, J. Kouvetakis, V. R. DCosta, and
J. Menendez, Appl. Phys. Lett. 95, 081113 (2009).
17G. Grzybowski, L. Jiang, J. Mathews, R. Roucka, C. Xu, R. T. Beeler,
J. Kouvetakis, and J. Menndez, Appl. Phys. Lett. 99, 171910 (2011).
18V. D’Costa, Y.-Y. Fang, J. Tolle, J. Kouvetakis, and J. Menndez, Thin Solid
Films 518, 2531 (2010).
19B. Vincent, F. Gencarelli, H. Bender, C. Merckling, B. Douhard,
D. H. Petersen, O. Hansen, H. H. Henrichsen, J. Meersschaut, W. Vandervorst,
M. Heyns, R. Loo, and M. Caymax, Appl. Phys. Lett. 99, 152103 (2011).
20S. Prucnal, Y. Berencén, M. Wang, L. Rebohle, R. Bttger, I. A. Fischer,
L. Augel, M. Oehme, J. Schulze, M. Voelskow, M. Helm, W. Skorupa, and
S. Zhou, Semicond. Sci. Technol. 33, 065008 (2018).

21G. D. Watkins, Phys. Rev. B 12, 4383 (1975).
22A. Nylandsted Larsen, J. J. Goubet, P. Mejlholm, J. Sherman Christensen,
M. Fanciulli, H. P. Gunnlaugsson, G. Weyer, J. Wulff Petersen, A. Resende,
M. Kaukonen, R. Jones, S. Öberg, P. R. Briddon, B. G. Svensson, J. L. Lindström,
and S. Dannefaer, Phys. Rev. B 62, 4535 (2000).
23E. Simoen, C. Claeys, V. Privitera, S. Coffa, A. N. Larsen, and P. Clauws,
Physica B 308, 477 (2001), International Conference on Defects in
Semiconductors.
24E. Simoen, C. Claeys, V. Privitera, S. Coffa, M. Kokkoris, E. Kossionides,
G. Fanourakis, A. N. Larsen, and P. Clauws, Nucl. Instrum. Methods Phys. Res. B
186, 19 (2002).
25J. Bloem, C. Haas, and P. Penning, J. Phys. Chem. Solids 12, 22 (1959).
26C. Fuller, W. Kaiser, and C. Thurmond, J. Phys. Chem. Solids 17, 301 (1961).
27C. S. Fuller and R. A. Logan, J. Appl. Phys. 28, 1427 (1957).
28W. Götz, G. Pensl, and W. Zulehner, Phys. Rev. B 46, 4312 (1992).
29Y. Joo Lee, J. von Boehm, and R. M. Nieminen, Phys. Rev. B 66, 165221
(2002).
30A. Ohsawa, R. Takizawa, and K. Honda, Microelectron. Eng. 1, 235
(1983).
31Y. Kamiura, F. Hashimoto, and M. Yoneta, Phys. Status Solidi (a) 123, 357
(1991).
32P. Gaworzewski and K. Schmalz, Phys. Status Solidi (a) 77, 571 (1983).
33V. Dubey and S. Singh, J. Phys. Chem. Solids 65, 1265 (2004).
34G. Pensl, M. Schulz, K. Hölzlein, W. Bergholz, and J. L. Hutchison,
Appl. Phys. A 48, 49 (1989).
35K. Schmalz and P. Gaworzewski, Phys. Status Solidi (a) 64, 151 (1981).
36L. Scheffler, M. J. Haastrup, S. Roesgaard, J. L. Hansen, A. N. Larsen, and
B. Julsgaard, Nanotechnology 29, 055702 (2018).
37A. Kanamori and M. Kanamori, J. Appl. Phys. 50, 8095 (1979).
38T. Gregorkiewicz and H. Bekman, Mater. Sci. Eng. B 4, 291 (1989).
39L. C. Kimerling and J. L. Benton, Appl. Phys. Lett. 39, 410 (1981).
40T. Angeletos, E. N. Sgourou, A. Andrianakis, A. Diamantopoulou,
A. Chroneos, and C. A. Londos, J. Appl. Phys. 118, 015704 (2015).
41S. M. Hu, D. C. Ahlgren, P. A. Ronsheim, and J. O. Chu, Phys. Rev. Lett.
67, 1450 (1991).
42W. C. Johnson and P. T. Panousis, IEEE Trans. Electron Devices 18, 965
(1971).
43M. F. Fyhn, J. Chevallier, A. N. Larsen, R. Feidenhans’l, and M. Seibt,
Phys. Rev. B 60, 5770 (1999).
44S. Roesgaard, J. Chevallier, P. I. Gaiduk, J. L. Hansen, P. B. Jensen,
A. N. Larsen, A. Svane, P. Balling, and B. Julsgaard, AIP Adv. 5, 077114 (2015).
45P. Kringhøj and A. N. Larsen, Phys. Rev. B 56, 6396 (1997).
46A. N. Larsen, N. Zangenberg, and J. Fage-Pedersen, Mater. Sci. Eng. B
124–125, 241 (2005).
47Z. Lifeng, S. Bin, H. Huiyong, W. Liming, G. Yvlong, W. Zehua, and Z. Litao,
Microw. Opt. Technol. Lett. 61, 1788 (2019).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 126, 035702 (2019); doi: 10.1063/1.5099415 126, 035702-7

Published under license by AIP Publishing.

https://doi.org/10.1038/nphoton.2014.321
https://doi.org/10.1021/acsphotonics.6b00258
https://doi.org/10.1063/1.4966141
https://doi.org/10.1063/1.5000353
https://doi.org/10.1016/j.sse.2019.03.013
https://doi.org/10.1016/j.sse.2019.03.013
https://doi.org/10.1109/LPT.2013.2291571
https://doi.org/10.1002/smll.v14.17
https://doi.org/10.1063/1.3555439
https://doi.org/10.1016/j.opelre.2018.03.002
https://doi.org/10.1016/j.opelre.2018.03.002
https://doi.org/10.1016/j.spmi.2018.04.028
https://doi.org/10.1016/j.spmi.2018.04.028
https://doi.org/10.1149/1.3487583
https://doi.org/10.1063/1.3204456
https://doi.org/10.1063/1.3655679
https://doi.org/10.1016/j.tsf.2009.09.149
https://doi.org/10.1016/j.tsf.2009.09.149
https://doi.org/10.1063/1.3645620
https://doi.org/10.1088/1361-6641/aabe05
https://doi.org/10.1103/PhysRevB.12.4383
https://doi.org/10.1103/PhysRevB.62.4535
https://doi.org/10.1016/S0921-4526(01)00746-3
https://doi.org/10.1016/S0168-583X(01)00911-9
https://doi.org/10.1016/0022-3697(59)90248-3
https://doi.org/10.1016/0022-3697(61)90196-2
https://doi.org/10.1063/1.1722672
https://doi.org/10.1103/PhysRevB.46.4312
https://doi.org/10.1103/PhysRevB.66.165221
https://doi.org/10.1016/0167-9317(83)90006-0
https://doi.org/10.1002/(ISSN)1521-396X
https://doi.org/10.1002/(ISSN)1521-396X
https://doi.org/10.1016/j.jpcs.2004.02.013
https://doi.org/10.1007/BF00617763
https://doi.org/10.1002/(ISSN)1521-396X
https://doi.org/10.1088/1361-6528/aaa066
https://doi.org/10.1063/1.325936
https://doi.org/10.1016/0921-5107(89)90260-2
https://doi.org/10.1063/1.92755
https://doi.org/10.1063/1.4923388
https://doi.org/10.1103/PhysRevLett.67.1450
https://doi.org/10.1109/T-ED.1971.17311
https://doi.org/10.1103/PhysRevB.60.5770
https://doi.org/10.1063/1.4926596
https://doi.org/10.1103/PhysRevB.56.6396
https://doi.org/10.1016/j.mseb.2005.08.078
https://doi.org/10.1002/mop.v61.7
https://aip.scitation.org/journal/jap

	PDF Coversheet Skabelon 2018
	1.5099415
	Tin-based donors in SiSn alloys
	I. INTRODUCTION
	II. TIN AS A DONOR IN SILICON
	III. PROPERTIES AND FORMATION OF THE TIN DONOR
	IV. CORRELATION OF THE TIN DONOR TO PHOTOLUMINESCENCE RESULTS
	V. TIN AS A DONOR: THE RELEVANCE TO THE FIELD OF GROUP IV ALLOYS
	VI. METHODS
	A. Materials
	B. Compositional determination by SIMS
	C. Capacitance-voltage measurements
	D. Admittance spectroscopy measurements
	E. Doping profile simulations
	F. Photoluminescence measurements

	References



