-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

provided by Online Research Database In Technology

Technical University of Denmark DTU
oo

Undoped and in-situ B doped GeSn epitaxial growth on Ge by atmospheric pressure-
chemical vapor deposition

Vincent, B.; Gencarelli, F.; Bender, H.; Merckling, C.; Douhard, B.; Petersen, Dirch Hjorth; Hansen, Ole;
Henrichsen, H. H.; Meersschaut, J.; Vandervorst, W.; Heyns, M.; Loo, R.; Caymax, M.

Published in:
Applied Physics Letters

Link to article, DOI:
10.1063/1.3645620

Publication date:
2011

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Vincent, B., Gencarelli, F., Bender, H., Merckling, C., Douhard, B., Petersen, D. H., ... Caymax, M. (2011).
Undoped and in-situ B doped GeSn epitaxial growth on Ge by atmospheric pressure-chemical vapor deposition.
Applied Physics Letters, 99(15), 152103. DOI: 10.1063/1.3645620

DTU Library
Technical Information Center of Denmark

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 recognise and abide by the legal requirements associated with these rights.

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


https://core.ac.uk/display/13777788?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1063/1.3645620
http://orbit.dtu.dk/en/publications/undoped-and-insitu-b-doped-gesn-epitaxial-growth-on-ge-by-atmospheric-pressurechemical-vapor-deposition(354b537c-9ac0-483c-8573-5228ed693a7b).html

Applied Physics ‘
Letters

Undoped and in-situ B doped GeSn epltaX|aI growth on Ge by
atmospheric pressure-chemical vapor deposition
B. Vincent, F. Gencarelli, H. Bender, C. Merckling, B. Douhard et al.

Citation: Appl. Phys. Lett. 99, 152103 (2011); doi: 10.1063/1.3645620
View online: http://dx.doi.org/10.1063/1.3645620

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v99/i15
Published by the American Institute of Physics.

Related Articles

Enhanced thermoelectric figure of merit in SiGe alloy nanowires by boundary and hole-phonon scattering
J. Appl. Phys. 110, 074317 (2011)

Investigation on p-type lithium niobate crystals
AIP Advances 1, 032171 (2011)

Magnesium, nitrogen codoped Cr203: A p-type transparent conducting oxide
Appl. Phys. Lett. 99, 111910 (2011)

GaSelxSx and GaSelxTex thick crystals for broadband terahertz pulses generation
Appl. Phys. Lett. 99, 081105 (2011)

Microwave absorption properties of MWCNT-SIC composites synthesized via a low temperature induced reaction
AIP Advances 1, 032140 (2011)

Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the_journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

Explore AIP’s new
open-access journal

AlP

Article-level metrics
now available

Join the conversation!
Submit Now Rate & comment on articles

Downloaded 15 Nov 2011 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://aipadvances.aip.org?ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=B. Vincent&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=F. Gencarelli&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=H. Bender&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=C. Merckling&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=B. Douhard&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3645620?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v99/i15?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3647575?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3647503?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3638461?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3617438?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3630126?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS 99, 152103 (2011)

Undoped and in-situ B doped GeSn epitaxial growth on Ge by
atmospheric pressure-chemical vapor deposition
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0. Hansen,? H. H. Henrichsen,® J. Meersschaut,” W. Vandervorst,"® M. Heyns,"® R. Loo,’

and M. Caymax’
'IMEC, Kapeldreef 75, Leuven B-3001, Belgium

“Department of Micro- and Nanotechnology, Technical University of Denmark, DTU Nanotech,

Building 345B, DK-2800 Kgs. Lyngby, Denmark

3CAPRES A/S, Scion-DTU, Building 373, DK-2800 Kgs. Lyngby, Denmark
(Received 13 July 2011; accepted 12 September 2011; published online 11 October 2011)

In this letter, we propose an atmospheric pressure-chemical vapor deposition technique to grow
metastable GeSn epitaxial layers on Ge. We report the growth of defect free fully strained undoped
and in-situ B doped GeSn layers on Ge substrates with Sn contents up to 8%. Those metastable layers
stay fully strained after 30 min anneal in N, at 500 °C; Ge-Sn interdiffusion is seen at 500 °C but not
at lower temperature. B is 100% active in the in-situ GeSn:B layers up to a concentration of
1.7 x 10" cm ™. GeSn:B provides slightly lower Hall hole mobility values than in pure p-type Ge
especially for low B concentrations. © 2011 American Institute of Physics. [doi:10.1063/1.3645620]

GeSn has received many interests in the last 10 years for
various applications.' An indirect to direct bandgap transi-
tion is theoretically expected for about 10% Sn in GeSn.* Sn
having about 13% lattice mismatch with Ge, GeSn alloys can
offer interesting new routes for stress implementation: (1)
tensely biaxial strained Ge layers’ on GeSn provides a direct
bandgap and an enhanced electron mobility with respect to
unstrained Ge, (2) compressively biaxial strained GeSn layers
grown on Ge can provide a strained quantum well architecture
for advanced metal oxide semiconductor field effect transis-
tors,® and (3) GeSn can be used moreover as a source/drain
stressor materials for advanced Ge pMOSFET technology.’

Sn solubility in the Ge matrix is however very poor® (less
than 1%). Based on this thermodynamics limitation, the first
monocrystalline GeSn growth techniques developed were
based on out of equilibrium growth conditions using ultimately
low temperatures and reduced pressures.”'® Whereas the
necessity of growing GeSn at low temperature is well under-
stood (according to GeSn phase diagram), the necessity of
using reduced pressure to enable metastable GeSn growth has
never been confirmed experimentally. This letter shows meta-
stable GeSn epitaxial growth on Ge substrate, with Sn content
up to 8%, using an atmospheric pressure-chemical vapor depo-
sition (AP-CVD) technique. We actually prove that reduced
pressure is definitely not the key factor for growing GeSn
alloys.

200 mm blanket 1 um Ge/Si substrates were first realized
with the procedure detailed in (Ref. 11). After a HF (2%) wet
clean the wafers were loaded again in a 200mm ASM
Epsilon-like CVD reactor. In order to allow GeSn growth at
very low temperature, Ge,Hg was used as Ge precursor and
SnCl, as an innovative Sn precursor. SnCly is liquid at room
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temperature and was evaporated by using a vapor station con-
nected to the CVD reactor. The main advantage of using a
SnCl, liquid source, as compared to SnD, (Ref. 12) (only Sn
precursor so far reported in the literature for GeSn CVD) is
the total absence of instability issues (gas consumption).
Moreover, SnCl, is a commercially available product. After a
Ge pre-growth bake at 650°C, the growth temperature was
fixed to 320°C. Fig. 1 shows a cross section transmission
electron microscope (TEM) picture with associated (224)
x-ray diffraction reciprocal space mapping (XRD RSM) of a
40 nm thick GeSn layer grown on a Ge substrate using atmos-
pheric pressure. From Rutherford backscattering (RBS)
measurements, a Sn content of 8% was determined in this
layer. The TEM picture in Fig. 1(a) exhibits a defect free and
high crystalline quality for the 40-nm-thick GeSn layer. Fur-
thermore, the surface quality of the as-grown Gegg,Sng og/
Ge/Si heterostructure was investigated by reflection high
energy electron diffraction (RHEED) analysis after ex-situ
transfer to a MBE system. An annealing in ultrahigh vacuum
up to ~420°C resulted in an oxide-free GeSn surface show-
ing a strong (2 x 1) surface reconstruction as seen on RHEED
pattern along the [110] azimuth (Fig. 1(b)). Finally, the XRD-
RSM around the (2 2 4) Bragg reflections (Fig. 1(c)) demon-
strat that the grown GeSn layer is fully strained on Ge/Si
(001) substrate. This result shows the fabrication of GeSn
materials using an AP-CVD technique with a stable and com-
mercially available Sn precursor.

The deposition temperature for the GeSn growth was
kept low (320°C) in order to allow Sn incorporation in Ge
lattice without Sn precipitation nor agglomeration.'®"?
Further anneals were then done after growth on the GeSn
layers in order to assess their thermal stability. Anneals were
performed in a rapid thermal anneal equipment at 400 °C and
500 °C for 10 and 30 min in pure N,. Fig. 2(a) first compares
(004) omega-2 theta scans on the annealed samples with the
as-grown one. Although a clear GeSn XRD peak is present
on all the samples, we note that the GeSn peak fringes disap-
pear for anneals realized at 500°C. Some interface

© 2011 American Institute of Physics
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FIG. 1. (Color online) (a) Cross Section TEM of a 40nm fully strained
defect free GeSn layer on 1 um Ge/Si buffer substrate with 8% Sn grown
with AP-CVD using combination of Ge,Hg and SnCl,. (b) RHEED diagram
of the Ge( 92Sng og surface after deoxidation in UHV at 420 °C. The pattern
exhibits a strong (2 x 1) surface reconstruction along the [110]g, direction.
(c) (224) XRD-RSM of the 40nm Ge9,Sng0s/Ge bilayer showing that
GeSn is fully strained on Ge.

roughening is then likely to occur for samples annealed at
temperatures as high as 500 °C. During optical microscope
inspection (not shown here), we did not however notice any
difference in surface morphology before and after anneals.
The presence of clear GeSn XRD diffraction peaks confirms
that the GeSn layer stays monocrystalline after anneals.
Additional RSM scans (not shown here) moreover show that
GeSn is also kept fully strained on Ge after anneals. We note
that an important difference is observed on the XRD mea-
surement (omega-2theta scan and also RSM) for the sample
annealed at 500 °C during 30 min. Both GeSn and Ge peaks
are wider and a shift of the GeSn peak is observed. Being not
identified, strain relaxation can then be the reason for such
XRD peaks widening. Secondary ion mass spectroscopy
(SIMS) was then realized on the as-grown and annealed
GeSn/Ge structures to detect possible Ge-Sn interdiffusion.
Fig. 2(b) compares Sn SIMS profiles in the GeSn/Ge struc-
tures before and after anneals. The Sn slope is identical in all
the samples except for the one annealed at 500°C during
30min. A clear signature of Sn diffusion in Ge is observed,
responsible for the difference observed in the previous XRD
measurements. We note that this diffusion signature might
be caused by Sn precipitation within the GeSn layer with this
anneal condition. We then conclude that the metastable 8%
Sn-GeSn layer grown with our CVD approach survive to fur-
ther thermal treatments at temperatures up to 500 °C and du-
ration as long as 10min. No GeSn strain relaxation is
observed after anneals but Ge-Sn interdiffusion (possibly
enhanced by Sn precipitation) starts for longer anneals
(30 min) at 500 °C.

In-situ B doped GeSn AP-CVD growth was also investi-
gated by combination of Ge,Hg, SnCly, and B,Hg precursors.
The growth of GeSn:B is of high interests for different kind
of devices.”'* Growth conditions were kept again at 320 °C
and atmospheric pressure, keeping the same Ge,Hg/SnCly

Appl. Phys. Lett. 99, 152103 (2011)
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FIG. 2. (Color online) (a) Comparison of (004) omega-2 theta scan of as-
grown and annealed Geg9,Sng g/l tm Ge/Si with different anneal condi-
tions: 400 °C-10 min, 400 °C-30 min, 500 °C-10 min, and 500 °C-30 min. (b)
Comparison of Sn profile in the Ge( 9,Sng og/1 um Ge/Si structure as func-
tion of anneal conditions: clear Sn diffusion in Ge is observed for an anneal
performed at 500 °C for 30 min.

flow ratio (giving 7% Sn in GeSn alloy for undoped layers)
and adding B,Hg with different partial pressures during the
growth. This time, 80nm GeSn:B layers were grown on
1 um slightly n-type doped (1 x 10""cm™) Ge/Si blanket
200 mm wafers. Fig. 3(a) shows the B concentration, deter-
mined by SIMS, for B,Hg partial pressure varying from 0.18
to 3.7mTorr. Surface roughening and loss of crystallinity
(characterized by XRD) were observed for higher B,Hg par-
tial pressured. The total B concentration in the GeSn layer
increases almost linearly from 5 x 10" to 1.7 x 10" cm ™
with B,Hg partial pressure. The Sn content, determined by
RBS (also shown in Fig. 3(a)), slightly decreases by incorpo-
ration of B (from 7.2% to 6.83%) and goes down dramati-
cally to 4.68% for the highest B,Hg partial pressure. The
drop from 6.83% to 4.68% is attributed to B,Hg surface poi-
soning which lowers Sn incorporation, additionally to sur-
face degradation. For partial pressures in between 0.18 and
1.85mTorr, a competition between B and Sn might occur
during the growth of ternary GeSn:B alloys explaining a
slight decrease in Sn content when B is incorporated. This
competition actually occurs on the substitutional sites of the
GeSn matrix. Using GeSn:B mobility values measured by
micro-Hall measurements,'” reported in Fig. 3(b), and sheet
resistances measured by the micro-four-point-probe (M4PP)
technique,'® the active concentration of B in GeSn was
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FIG. 3. (Color online) (a) Total B concentration (determined by SIMS),
active B concentration (determined by M4PP measurements), and Sn content
(determined by RBS) in GeSn:B layers grown on 1 um n-type Ge/Si struc-
tures as function of B,Hg partial pressure: B concentration increases linearly
with B,Hg partial pressure while Sn content is decreasing. (b) Hole Hall mo-
bility measurements in the GeSn:B layers grown as function of the B concen-
tration showing slightly lower mobility values than in the p-Ge bulk case.

calculated and is reported as function of the B,Hg partial
pressure, also in Fig. 3(a). The active concentration was cal-
culated assuming GeSn dielectric constant and intrinsic car-
rier concentration equal to that of Ge. We note that even for
high B,Hg partial pressures, the B is 100% active in the in-
situ doped GeSn:B layers grown. This means that B is incor-
porated in the GeSn entirely in substitutional sites taking the
place of either Ge or Sn atoms. Most likely, B prefers to
occupy Sn sites in order to compensate the stress within the
layer (B atoms are smaller than Ge atoms which are smaller
than Sn atoms) which might explain the lower Sn incorpora-
tion for highly B doped GeSn layers. We note however that
the increase of B concentration in the GeSn:B layer does not
compensate entirely the decrease in Sn concentration which
means that a lower SnCly partial pressure can also contribute
to lower Sn incorporation. The Hall mobility values meas-
ured in the GeSn:B layers are compared with data from liter-

Appl. Phys. Lett. 99, 152103 (2011)

ature on GeSn:B layers grown by Xie ef al.'” Our values are
in good agreement with Xie’s measurements and show
slightly lower Hall mobility values than mobilities in pure p-
type Ge bulk materials.'® This mobility degradation is likely
due to alloy scattering in the Ge-Sn system. For highly doped
GeSn and Ge, impurity scattering becomes the predominant
cause for carrier scattering which explains that Ge and GeSn
mobility values converge for B concentration higher than
3x10%em ™.

In conclusion, this letter demonstrates the epitaxial
growth of both undoped and in-situ B doped GeSn using a
AP-CVD technique. We proved that reduced pressure is not
mandatory and that GeSn can be made just by proper gas
mixture of well chosen Ge and Sn precursors. This tech-
nique, using a production-like environment and commer-
cially available gas precursors, opens new routes for
research in group IV semiconductors. Sn can today definitely
join C, Si, and Ge in the catalog of high potentials group IV
materials.

The authors would like to acknowledge Voltaix and
DOW Chemical for providing Digermane and Tin Tetra-
Chloride to imec, respectively, and Nagoya University for
fruitful discussions on GeSn and for the use of their RTA
equipments for this work. We would like moreover to thank
the imec core partners within the Imec Industrial Affiliation
Program on Logic.
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