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Abstract

A new method for the creation of high-quality, fully electrically active junctions to be applied in
nanostructured semiconductor materials is explored in this work. The method consists in a gas
phase antimony deposition on Ge, which gives rise to an antimony self-limiting behavior to form a
monolayer (ML) on the Ge (100) surface. The ML formation is characterized by a wide thermal
process window in terms of time and temperature. Synchrotron radiation Angle Resolved X-Ray
Photoelectron Spectroscopy shows that the ML structure consists in oxidized Sb grown over a very
thin layer of Ge oxide, and a small amount of metallic Sb is embedded beneath the Ge surface during
the deposition process. Interestingly, during the ML formation process native Ge oxide is reduced
without the need of strong acid pre-treatments. By performing further thermal annealing in
equilibrium conditions, Sb diffusion can be faithfully described by a well assessed diffusion model.
Finally, processing the Sb monolayer with Pulsed Laser Melting technique, which is a strongly out-
equilibrium diffusion process, allows to exploit the entire Sb ML as a dopant source, thus achieving
junctions with a very high dopant concentration (1.2x10%° cm Sb surface concentration) and a
100% Sb electrical activation.

Keywords: Monolayer, Antimony, Germanium, Doping, Surface Chemistry
Introduction
One of the main goals in the semiconductor research is the production of a shallow junction

conformal to the surface of a device. This request emerges from the increasing importance of
nanostructured devices made by semiconductor materials like multi-gate transistors. The 3D
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geometry of these devices implies the capability to dope the semiconductor material in a
nanostructured, non-planar geometry, which continues to be a difficult task, as reported in the
latest ITRS roadmap ™.

The main task required for this scope is the ability to have a conformal source of dopant combined
with an appropriate doping technique that promotes the injection of the dopant into the structure.
Furthermore, the control of the amount of the dopant source “in situ” is another crucial aspect since
it directly affects the process reproducibility and it allows to finely control the diffused amount of
dopant.

One of the most promising techniques for the deposition of a well-defined amount of dopant is the
use of self-limiting chemical deposition that is the basis of the monolayer doping technique (MLD).
This particular approach consists in depositing a monolayer of a molecular precursor by a self-
limited surface adsorption reaction, which leads to a chemi- or physisorbed mono- or multi- layer.
This layer acts as a dopant source after a thermal degradation of the adsorbed molecules by the
release of the doping atomic species that diffuses inside the substrate. This new technique allows
to dope not only 3D nanostructured materials 2 with an intrinsically conformal method, but also flat
semiconductor surfaces by avoiding the ion implantation technique and the consequent damage of
the crystal lattice 3.

Thanks to a wide set of surface chemical reactions involving different semiconductors and different
precursors, the MLD technique is in principle very versatile as shown by its successful application to
commonly used semiconductors, such as silicon 4. Nevertheless, the wide range of available
molecular precursors is strongly narrowed by specific requirements such as a good self-limiting
behaviour, a thermal decomposition and a thermal release of the doping atomic species within a
proper temperature range, normally limited by either the dopant diffusivity or the semiconductor
melting point >. Moreover, the chemical structure of the molecular precursor plays a crucial role: if
the use of a specific functional group is directly related with the reactivity towards a semiconductor
surface, the rest of the molecule moiety should be selected both to guarantee a thermal
decomposition of the molecule and to avoid the diffusion of contaminant species inside the
semiconductor, that can give rise to a dopant deactivation or clustering.

Nowadays the monolayer doping is a well-studied technique with silicon substrates # and the
formation of ultra-shallow junctions is proved in literature  moreover, also an ultra-shallow
junction monolayer doping FinFET transistor has been implemented on silicon substrates .

More recently, a modification of the monolayer doping technique was presented in literature &°:
the new idea is to form a dopant-containing ML on a source substrate (also called donor substrate),
different from the target substrate. The two substrates are put in contact and by means of a thermal
annealing, the dopant diffuses in both substrates. This method is called monolayer contact doping
and presents several advantages such as the avoiding of the formation and the removal of a capping
layer, or the possibility to use different surface reactions by using a different donor substrate
material respect to the target.

Moreover, a non-contact doping technique variation has been proposed in last years, called remote
monolayer doping, based on thermal fragmentation of dopant-containing monolayers and
evaporation processes, promoting a controlled doping process fully compatible with large scale
direct patterning, as proposed by Hazut and co-workers 1°,

The use of these techniques on germanium is still quite unexplored >'%12, but the arising of
germanium based devices and nanostructures'*!4 makes these studies more and more appealing.
In the last years, germanium has been re-considered as semiconducting material > due to its small
band gap, high mobility of charge carriers and the possibility to obtain a direct band gap material by
the controlled use of strain (also the strain induced by a heavily doped region) 1617,
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These germanium properties promoted the research in a wide range of application fields from
photovoltaics? to nanoelectronics'®, radiation detectors!® and opto-plasmonics'®20,

In this paper we investigate a new monolayer (ML) deposition technique aimed at the adsorption
and diffusion of antimony in germanium. The Sb affinity to Ge surfaces is already known in
literature?v?2, but the formation of Sb ML on Ge has been studied only on Ge (111) surfaces, in an
ultra-high vacuum deposition condition and without the demonstration of a self-limiting deposition
behaviour?2. The new technique proposed here exploits a self-limited, gas phase atomic deposition,
obtained following a thermally-induced sublimation of Sb atoms from a solid source placed near the
Ge surface. This approach allows us to completely avoid wet chemical reactions and the consequent
issues related to the synthesis and the use of Sb based molecular precursors. We demonstrate that
antimony chemisorbs on Ge (100) and the deposition involves a self-limited process, which leads to
the formation of a single Sb monolayer (referred to the atomic surface density of Ge (100), i.e.
6.25x10' cm™). The Ge (100) face was chosen as the most used in semiconductor industries and
applications. We examine the self-limiting behaviour in a wide range of deposition times and
temperatures by monitoring the deposited Sb doses by Rutherford Backscattering Spectrometry in
channelling conditions (c-RBS). The Sb depositions are also chemically characterized with X-Ray
Photoelectron Spectroscopy (XPS). The photoemission spectra are acquired at different take-off
angles and the angle variation of the peak intensity is modelled with an Angle Resolved XPS analysis
to obtain information on the depth distribution of different XPS signals.

The Sb ML is tested as a source of dopant and for this reason different diffusion treatments are
used. Some samples are annealed with rapid thermal processes and others are treated with a non-
equilibrium technique called Pulsed Laser Melting (PLM), as described in the experimental section.
Finally, treated samples are characterized with Secondary lon Mass Spectrometry (SIMS) to verify
the antimony diffusion inside the semiconductor and the electrical Sb activation is monitored by
four-point probe Van der Pauw-Hall measurements.

Experimental

Sample preparation

A double polished p-doped Ge (100) wafer (supplied by Umicore) was cut in 1x1 cm? and 1x2 cm?
samples and cleaned with hot 2-propanol in order to remove dicing residuals.

In order to have an antimony source, Sb was deposited on a Si (100) substrate via RF sputtering
deposition: the silicon substrates were put in a stainless-steel vacuum chamber, evacuated to a base
pressure lower than 1x10* Pa. Either 20 or 100 nm of metallic Sb (99.9999% purity supplied by ACI
Alloys) were deposited on Si substrates by a RF magnetron sputtering equipment (30 W, 13.56 MHz).
The sputtering deposition rates were derived by monitoring the deposited thickness via RBS
analysis?3. The Sb source on Si were 8x25 mm? for the 100 nm sources used in tubular furnace, and
5x10 mm? for 20 nm sources used in RTA furnace.

Gas phase depositions

The antimony depositions on Ge substrates were made in two different furnaces: a standard tubular
furnace equipped with a quartz tube for vacuum and gas flux treatments, and a Jipelec JetFirst Rapid
Thermal Processing machine (RTA). The former had a maximum heating ramp of 3 °C s in fast
annealing use (i.e. by rapid insertion and removal of the sample in the pre-heated furnace %) and
the latter heating ramp was 100-150°C s?. The sample temperature was monitored by a
thermocouple connected with the sample boat in the standard furnace and by a calibrated
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pyrometer, which measured the temperature of a supporting Si wafer in the RTA system. Before
any deposition, both the furnace and RTA were cleaned with five cycles of vacuum and N; refill.

In the standard furnace, the Sb-coated Si substrate was placed on two spacers over a Ge target, with
the Sb-deposited face in front of Ge target at a distance of 8 mm, as schematized in Figure 1. The
whole system was placed in a quartz boat to be entered into the furnace. More details are reported
in a recent work 23,

Si

Metallic Sb ———"

Ge Target

Figure 1 Configuration used for the Sb deposition in a standard furnace.

The tubular furnace was used only for 30 minutes treatments, while RTA was used for shorter
annealing, from 30 minutes down to 10 s.

In RTA, the Si source and Ge sample were placed side by side on the supporting wafer with upward
sputtered Sb source and Ge depositing surface both looking at the heating lamps. Quartz spacers
were added in order to confine the deposition area from the all furnace chamber (see additional
information Figure 1). This geometry is functional to the cold wall furnace that guarantees heating
homogeneity of samples placed on the supporting wafer in front of the lamps. The effect of the
difference of Ge emissivity with respect to silicon, and the impact of quartz spacers were computed
in a finite element thermal simulation of the system. Temperature differences lower than 10°C with
respect to the unperturbed system and no significant effects on the ramp were estimated.
Annealing times as short as 10 s can be achieved with this set-up.

Antimony ML diffusion

Rapid Thermal Annealing (RTA) and Pulsed Laser Melting (PLM) techniques were also used without
Sb on Si source to test the diffusion processes in a second step treatment of the Sb pre-deposited
on Ge.

A Nd:YAG laser (Quantel YG981) with a single pulse of 7 ns and a threefold frequency (wavelength
equal to 355 nm) is used in PLM technique. The germanium surface is melted in the 7 mm circular
spot of the laser, owing to the high energy density, around 400 mJ cm™. After a certain thermal
dissipation delay (around 30 ns) the Ge epitaxially regrows and the Sb ML diffused in liquid Ge is
englobed in the crystal lattice. Thanks to the extremely fast regrowth, the technique has proven to
be very effective in doping Ge at concentrations even above the solubility limits2>=2’.

Characterization techniques

The antimony monolayer on Ge and the metallic antimony source deposited on Si were
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characterized by Rutherford Backscattering Spectrometry in channelling condition (c-RBS). These
measurements were carried out using 2.0 MeV “He* beam at the Van de Graaff accelerator at the
INFN Laboratori Nazionali di Legnaro with a 160° scattering angle. Ge substrate was aligned in axial
channelling condition to minimize the bulk signal causing pileup background. In this way the
superficial Sb doses were determined with a high sensitivity (see Figure 2 of additional info).

Sb diffusion inside Ge was characterized with Secondary lon Mass Spectrometry (SIMS) Cameca ims-
4f with a 133Cs* primary ion beam rastered over a 250x250 um? area while 133Cs!?1Sb* secondary ions
are collecting from a central circular area of 150 um?. The antimony calibration was performed by
measuring a Ge standard with a known implanted Sb dose, with an accuracy of 10% in dose. The
depth calibration was performed by measuring the SIMS crater depth with a profilometer and
assuming a constant sputtered rate. The accuracy of this measure is about 2%. SIMS measurements
are complementary to RBS ones: the presence of Sb deeper than 10 nm is detectable by the former
while Sb areal density in the first 10 nm by the latter.

X-Ray Photoelectron Spectroscopy (XPS) measurements were conducted at the Elettra Synchrotron
facility in Basovizza (Trieste, Italy) at the BACH beamline with a VG Scienta R3000 electron analyzer
placed at 60° from the beam direction. All the XPS spectra were calibrated using the Au 4f 7/2 core
level peak from a reference. The angle-resolved XPS (AR-XPS) data were analysed and modelled with
a multi-layer code named BRIXIAS package developed by Drera at al.?8 %°.

AFM images were performed on Ge surfaces by a DI Cp-/l AFM instrument using a commercial silicon
nitride cantilever.

The electrical characterizations were carried out with a four-probe electrical apparatus according to
the Van der Pauw-Hall method. The system (supplied by MMR Technologies) consists in a vacuum
chamber containing four Au tips connected with a Keithley 2600 source-meter and a switch matrix
in order to perform sheet resistance and carrier concentration Hall measurements, controlled by a
home-made software. For the carrier concentration measurements, the system is equipped with a
0.65 T permanent magnet .

Results and Discussion
Study of deposition parameters: temperature and time dependence

The antimony deposition on Ge (100) was first studied in a wide temperature range, from 400°C to
790°C, by using a standard tubular furnace and setting 1800 s as deposition time. A 100-nm-thick
metallic Sb source deposited on Si was used as described in the experimental section.

The functionalized Ge samples were analysed with Rutherford Backscattering Spectrometry in
channelling condition (c-RBS), by mapping each sample with 0.5 x 0.5 mm? beam to measure the Sb
2D distribution on Ge surface. The Sb source on Si was measured as well, in order to evaluate the
source state and the Sb consumption at the end of the deposition treatments.
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Thanks to the c-RBS measurements, the Sb behaviour on Ge (100) surface at different temperature
can be easily monitored, and the Sb areal density deposited on Ge is reported in Figure 2 as a
function of deposition temperature (a) and time (b).
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Figure 2a c-RBS Sb doses on Ge (100) surface as a function of the deposition temperature. All these processes were 30 min-long,
starting from a 100 nm Sb on Si source. The Sb dose shown in this figure is referred to a Sb dose at 2 mm from the sample edge.

Figure 2b c-RBS Sb doses on Ge (100) surface as a function of the duration of the process; these data are referred to RTA deposition
at 600°C, starting from a 20 nm Sb on Si source.

It can be observed in Figure 2a that Sb areal density increases going from 400°C to 510°C, then
decreases and stays approximately constant between 600°C and 750°C with a slight decrease at the
highest 790°C temperature. It is worth to note that the constant plateau is close to the value of the
Ge monolayer atomic density indicated by a red line as a reference (6.25x 104 at cm).

By the analyses of the Sb source we notice that the 100-nm-thick Sb film is only partially consumed
at 400°C while it is almost exhausted at 510°C and no trace is found at higher temperatures. The
increase of Sb on Ge going from 400°C to 510° (Fig. 2a) is therefore due to the increased availability
of Sb that evaporates faster at higher temperature. A different phenomenon is revealed at even
higher temperature when the Sb source is exhausted: the 560°C deposition reveals a net decrease
of the Sb, meaning that the Sb deposition is not stable at higher temperature after source
exhaustion. This instability does not apply to the first monolayer of the deposit that remains stable
between 600° up to 750°C, showing a clear self-limiting behaviour.

It is evident that Sb deposited on top of the first monolayer displays a different thermodynamic
stability with respect to Sb directly bound to Ge surface. Furthermore, it is worth to note that at the
same temperature Sb is not stable on the Si surface, as proved by the complete removal of Sb from
the Si surface (reported in additional info Figure 2b), whereas the layer is stable on Ge surface
(Figure 2a of additional info). This indicates that a specific interaction between Sb and Ge surface
occurs, as it will be investigated in depth in the following sections.

The second important deposition parameter is the duration of the process. The temperature that
we decided to use for this process is the lowest temperature that ensures a self-limiting behaviour
and a good uniformity and for these reasons 600°C was chosen. In the RTA furnace, the duration of
the process can be diminished down to a few s, allowing us to explore the minimal duration of the
process.

A 20 nm-thick metallic Sb thick source has been used to scale down the treatment time to avoid the
waste of Sb and to minimize the Sb dispersed inside the chamber.
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Figure 2b shows the Sb doses detected with c-RBS on Ge target sample after a certain treatment
time. It is evident that the ML formation is a very fast process, which is already accomplished within
the first 10 s.

The Sb distribution on the Ge surface was also investigated by measuring the Sb dose as a function
of the position along the sample (sample coordinate). Figure 3 shows the results of these
measurements for the depositions at temperatures ranging from 400°C to 790°C.

| A 400°C
1E16 = 510°C |
] e 560°C 1
X ] 615°C
& Sample Coordinate ® 700°C
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Figure 3 Antimony RBS doses plotted as a function of the position along the Ge substrate (sample coordinate). The results coming
from depositions at different deposition temperatures are reported with colored points, ranging from 400°C to 790°C; all the
deposition treatments are 30 minutes long with the same tubular furnace. The red line is the Ge (100) surface atomic density (used as
a reference level).

The reported data point out that processes carried out at T < 600°C show a Sb dose gradient toward
the source, while a very uniform deposition along the surface is obtained in the range 600-790°C.
This high uniformity is also found in shorter RTA depositions (see, as an example, Figure 3 of
additional info). This finding is a crucial point in the perspective of doping applications: the self-
limiting regime that is obtained in the latter thermal window guarantees a high homogeneity of the
Sb distribution in a final device.

To verify the layer uniformity at lower scale, surface AFM images (5x5 um?) on untreated Ge wafer
and after 1 minute at 600°C monolayer deposition on Ge were performed (reported in additional
info), revealing negligible surface roughness differences, eventually caused by the deposition
process. This observation excludes any antimony oxide surface aggregation, that is not detectable
by c-RBS technique and strengthens the existence of a specific surface interaction between
germanium and antimony that generates the self-limiting behavior of the process.

In summary, a spatially uniform Sb ML has been detected, and time-temperature formation
parameters have been studied showing a very rapid and uniform formation process.

AR-XPS Surface Analysis

After the RBS studies of Sb deposition process parameters, we characterized the Sb ML with XPS
analysis to verify the surface chemical state. A RTA 1 min ML deposition was analysed with XPS
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technique by using a synchrotron X-Ray radiation. The collected photoelectron peaks were the Ge
3p, Sb 4p and the Ge 3d and O 1s. XPS reveals that antimony is mainly in an oxidized state, with a
small metallic fraction of metallic Sb. The peak intensities trend as a function of the take-off angle
indicates that an oxidized Sb layer is coating a small amount of GeOx.

Figure 4a shows the deconvolution of the Ge 3p and Sb 4p region acquired with a photon energy of
305 eV that enhances the photoionization cross section3?.
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Figure 4a Ge 3p and Sb 4p signals from Sb ML on Ge (100). The spectrum was collected at normal emission conditions (90° take off
angle), with a 305 eV photon energy, a pass energy of 50 eV and a 0.1 eV step.

Figure 4b O 1s Sb 3d XPS signals from Sb ML on Ge (100). The spectrum was collected at normal emission conditions (90° take off
angle) with photon energy of 602 eV. For both figures, the red line is the fitted spectrum obtained by summing all the components
and the background reported in the figures with different colors.

The Ge 3p region is well deconvolved by two components3? representing metallic Ge and a Ge oxide,
with the 3/2 components at 122.4 and 124.7 eV, respectively (associated peaks at lower energies
are the 1/2 components). The Sb 4p 3/2 peak presents a binding energy of 102.6 eV, revealing an
oxidized state of the adsorbed antimony, compatible with a +5 oxidation state3334. This assignment
is confirmed also by the position of the Sb 3d peak present in Figure 4b: the 3/2 component presents
a binding energy of 540.4 eV, compatible with the results of Garbassi et al. 33, within the
experimental error. Furthermore, the assignment of Sb(V) can be correlated with the presence of a
O 1s peak at 531.6 eV. As reported in the literature33, the oxygen bonded with Sb(V), as in the Sb,0s,
presents a binding energy equal to 531.5 eV, compatible with our data. These data are well matched
with a Sb,04assignment as well, since there is not a significant difference of chemical shift between
Sb20sand Sb,04 in the literature3.

In the same binding energy region the GeO related O 1s contribution could be present, while the
Ge0; O 1s component is clearly separated and visible at 532.4 eV, in agreement with the value of
532.6 eV reported by Prabhakaran et al. 3> for the case of air oxidized Ge surface.

Thanks to the very high signal to background ratio, in this region it is even possible to notice a
metallic Sb 3d component; the 3/2 and the 5/2 components are clearly present and deconvolved at
538.2 eV and 528.7 eV, respectively, and the splitting between these two peaks corresponds to the
value reported in literature (9.4 eV) 3.
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The Ge 3p and Sb 4p signals have been collected not only in a standard emission geometry (take off
angle 90°), but also at different angles in order to study the angular dependence of the peak
intensities. The intensities of Ge 3p (metallic and oxidized) and Sb 4p peaks are reported in Figure 5
as a function of the emission angle. By using the BRIXIAS code package?®, these XPS signals are
analysed and their intensity variation with the angle is fitted with a multi-layer model.
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Figure 5 Angle Resolved XPS data normalized to Sb 4p signal as a function of the emission angle, fitted by a multi-layer model with
BRIXIAS code.

The best fitting of data reported in Figure 5 is obtained by assuming the presence of 3 layers over
the Ge substrate: the upper one is a carbon layer, coming from a possible contamination by
atmosphere exposure. The underlying films are an antimony oxide layer and a germanium oxide
layer.

The attenuation of photoelectrons (i.e. the Depth Distribution Length DDL) is calculated via Monte
Carlo simulation by taking into account the multi-layer composition of the system: each layer is
characterized by a specific material and thickness so that starting from an initial guess, whose
parameters are adjusted during the fitting procedure, it is possible to estimate the DDL for the
emitted photoelectrons and consequently the layer thickness.

A set of parameters used for the calculation is reported in Table 1. Even if the density of the
antimony oxide and germanium oxide layers could be quite different from the bulk one, the metallic
bulk germanium signals allow us to have an important reference signal to fit. Moreover, the
possibility to compare the ARXPS fit results with another technique (i.e. c-RBS) can support us to
validate our fitting model. The fitting result, reported in Table 1, is that the thickness of the Sb (V)
layer is 2.6 A: to compare this value with the RBS one, the thickness can be expressed in areal density
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simply by transforming the layer density into an atomic density, considering the molar mass of the
simulated layer. The obtained value corresponds to a surface concentration of about 4x10'* cm= Sb
atoms. This value can be expressed also in terms of monolayer coverage of Ge (100) surface: taking
into account that Ge (100) surface atomic density is 6.25x10%* cm™ = 1ML unit, one obtains a value
of 0.6 ML ((4/6.25) X 10'* cm™2 = 0.6 ML units).

This value represents the total Sb (V) amount, but not the total amount of Sb, since the Sb 3d region
shows also a small Sb (0) component. By comparing the peak intensities, we obtain that the Sb (0)
is about 4% of the total Sb amount.

Table 1 Properties of layers used for ARXPS analysis on Ge 3p and Sb 4p region.

Ephoton= 305 eV | Layer composition | Tabulated layer | Fitted thickness | Ge (100) ML
density units
[g cm™] [A] []
C 2.26 4.5 8.5
Sb 4p Sb,0s (V) 3.78 2.6 0.6
Ge 3p GeOy (11, 1V) 4.70 3.8 1.7
Ge 3p Ge (0) 5.32 bulk bulk

The total amount of antimony estimated by ARXPS technique can be compared with c-RBS results,
but remembering that the Rutherford Backscattering technique gives a dose information, while AR-
XPS technique is primarily chemically sensitive and the absolute amount of Sb can be estimated only
through a simulation. The c-RBS analysis gives a 5.7 X 10'* cm™2 Sb surface areal density which
corresponds to approximately 0.9 ML units ((5.7/6.25) x 10* cm™2 = 0.9 ML units), to be
compared with the 0.6 ML units obtained by AR-XPS simulation. These two values are in reasonable
agreement considering that the Sb (V) layer was simulated by assuming a Sb,Os density, but it could
also be Sb,04, as previously reported. This assumption can introduce a systematic error in the XPS
dose estimation, contributing to the slight disagreement between the results of the two techniques.

Suggested monolayer adsorption mechanism

All the presented experimental evidences show a particular affinity between Sb and Ge surface
during the gas phase deposition treatment. Moreover, a relatively stable oxidized Sb surface phase
is present after the monolayer formation.

The synthesis process of Sb ML can be divided in two different processes that occur during the
deposition: the formation of an antimony monolayer on Ge surface and the instability of Sb over-
layers, both concurring to the self-limiting behavior of the whole process not to form more than one
layer. These two different processes are clearly presented in the data discussed above and the
instability of Sb over-layers above around 600°C is highlighted in Figure 3. Moreover, the monolayer
is stable against back-decomposition toward the external environment up to the maximum Ge
process temperature that is about 800°C.

In the light of all the experimental evidences, we try to infer a possible pathway for the ML
formation.

It is well known in literature that antimony releases Sba gas molecules as a consequence of its
sublimation in an inert atmosphere not only from Sb bulk substrate3®, but also from a thin film
source3’. Moreover, the nature and the stability of the germanium surface have to be taken into

10


https://it.wikipedia.org/wiki/%C3%85

O©CoO~NOUTAWNPE

account: in fact, at the temperature at which the ML process occurs (2 600°C), germanium oxides
start to be unstable and GeO is released3®3°,

From these information, we propose that the adsorption of Sb on the Ge surface occurs through the
oxidation of Shs gas by the germanium oxide according to the following reaction:

~Sby +y GeO - Sb,0, +y Ge (1)

The final SbyOy represents the presence of Sb ML in an oxidized state, bonded with the Ge (100)
surface through oxygen, as suggested by the AR-XPS analysis.

This reaction is consistent with different experimental evidences, first and foremost, the net
decrease of Ge oxides after the deposition process, as clearly reported in additional info by
comparing Ge 3p XPS regions of untreated and Sb ML functionalized germanium surface. By using
the germanium oxide sublimation mechanism presented in literature3?, it is possible to evaluate
that after 10 s at 600°C about 10'°> cm™ of GeO sublimate, and so germanium mono-oxide can act in
the proposed reaction with a sufficient amount of GeO released from the surface. In particular, the
GeO, component is eliminated from the surface owing to GeO; + Ge -> 2 GeO disproportionation
and the subsequent sublimation of GeO 38, Taking into account that the typical GeOy areal density
we measured by AR-XPS’ is about 7-8 x 10> cm?, it is clear that GeO is not a limiting reagent for the
reaction.

The proposed adsorption reaction is also supported by thermodynamic considerations. The
variation of Gibbs free energy for a given reaction AG,., can be evaluated starting from the formation
values AGy of each reactant and product® at a given temperature®. As discussed above, GeO and
Sbas reactants can be reasonably considered, while, as a first approximation, we can consider
thermodynamic parameters for bulk Sb204 that is the stable oxide at the treatment temperature (>
600°C)*? and is compatible with the previously reported XPS analysis. The resulting AG, is negative
and equal to -364 KJ mol* at 527°C and the values remain negative in the explored process thermal
window.

A further support to the hypothesis of a GeO-induced reaction is that the Sb monolayer does not
form on the Si surface as revealed by RBS analyses (see additional info Figure 2). Si native surface is
characterized by a stable SiO; oxide. If a reaction between Sbs and silicon dioxide to produce Sb,04
is supposed, AG, turns out to be positive with a value > +1700 KJ mol? between 300-727 K, ruling
out the possibility of a similar reaction on Si and explaining the peculiar behavior of Ge native
surface.

The above considerations support the feasibility of a red-ox reaction between Sh, and GeO,
although it does not take into account the surface interaction of the final product, which is expected
to play a significant role. In fact, the effective structure is a self-limiting mono-layer (not a bulk)
bonded to the Ge surface.

As a matter of fact, we can argument that the limiting factor for the formation of a bulk Sb,04 over-
layer is the finite availability of O that comes from GeO as an oxidant agent. In more detail,
considering the phase diagram of Sb-O system*3, one can see that Sb,04 is stable above about 600°C
only if O molar fraction is above 4% (or more at higher temperature). After a first transient during
GeO sublimation, GeO concentration decreases and the remaining Sb, which grows as a stable
metallic layer below 600°C (Figure 2a), becomes unstable being in a liquid state*3.

We should also explain why the amount of Sb corresponds exactly to a Ge monolayer independently
of the treatment conditions above 600°C. We deem that this can be explained considering that a
specific interaction with the finite amount of Ge surface sites plays a role. In other words, the stable
phase that really forms is a surface ternary compound with Ge-O-Sb bonds linking the Sb monolayer
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with the Ge substrate. This surface phase was not previously investigated to the best of our
knowledge and it could deserve further investigations by theoretical approaches to confirm its

stability and structure.

Diffusion of Sb in Ge

Sb ML samples were analyzed with Secondary lon Mass Spectrometry to evaluate the Sb in-diffusion
in Ge during the deposition process and after subsequent annealing. Figure 6 shows the results of

some of these analyses.

)
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Figure 6 SIMS profile of Sb in Ge of different samples. Violet star points: 615°C 20 s Sb ML formed in RTA. Black triangles: Sb ML
deposited with 612°C for 30 minutes by using a 100 nm Sb on Si source. Blue circles: Sb ML deposited via RTA 615°C 20 s and annealed
at 615°C for 30 minutes without any air exposure between the two processes. Red squares: same as the previous sample but with an
air exposure between the deposition and the diffusion annealing. All these data are simulated with a diffusion model as described in
the text; continuous lines reported in the graph are the best simulation results.

The Sb SIMS chemical profile of a 615°C 20 s ML deposition (violet star points in Figure 6) and of a
deposition at 612°C for 30 min with a standard tubular furnace (black triangles) highlight the

diffusion of Sb in Ge.

12



O©CoO~NOUTAWNPE

In order to understand more deeply the diffusion process, all the data were simulated with a
diffusion model, based on well assessed literature diffusivities data®, using the extrinsic diffusivity
model*.

The time evolution of a Sb concentration c can be calculated by a diluted species transport equation:

Z4V (=DeysVO) =0 (2)

Where D, is the diffusion coefficient. According to the literature®®, the D,z for n type dopants in
Ge depends on carrier concentration n by means of the following equations:

n(x)

Doy =0 (") f (3)

ni

Where Dsiﬁ, determined in ref 44, is the Sb diffusivity for the case of intrinsic doping, and (n/n;)?
represents the effect of charge defect-mediated diffusion in extrinsic conditions (n(x) is the local
electron concentration of determined by the doping concentration, n; is the intrinsic carrier
concentration).

f accounts for the effect of the charge species drift in the junction field, as reported in literature 23:

2 n(x)
f==L (@
cz+4ni2

By numerically solving these set of equations, the Sb diffusion can be simulated both in intrinsic and
extrinsic conditions. By applying this model to all the collected data reported in Figure 6, all the Sb
chemical profiles are properly simulated, within a (T + 10°C) temperature and (t + 2s) time
uncertainty, respectively. It is worth to note that the model closely fits the data after assuming that
all the Sb is electrically active, i.e. that all the Sb in the bulk contributes to the carrier concentration
n. The perfect agreement between data and simulations is a clear evidence that Sb diffuses into the
bulk in a reduced state, jumping from substitutional state by interaction with vacancy present in an
equilibrium concentration, as assumed in the diffusion model and previously reported in literature
4748 Therefore, the oxidation state of Sb inside Ge is strongly reduced with respect to the oxidized
state of the Sb surface ML. This fact rules out any possible effect of O contamination on the Sb
diffusion and the possibility of Sb-O co-diffusion into the bulk.

It is worth to note that only a fraction of the total Sb dose at the surface diffuses into the bulk: by
integrating the SIMS chemical profiles, doses of 1.2x10** cm™ for the RTA 20 s 615°C sample and
1.8x103 cm™ for the furnace 30 minutes 612°C enter the bulk, while the surface dose is about
6.0x10'* cm for both samples according to c-RBS measurements reported in Figures 2 and 3.

In order to understand the role played by the oxidized Sb surface ML in the bulk Sb injection, we
tried to further anneal the RTA 20 s 615°C sample with a second process for 30 minutes at 615°C.
The resulting chemical profile is also reported in Figure 6 (red squares).

The diffusion profile can be perfectly simulated by assuming that the Sb diffused after 20 s (violet
star points in Figure 6) further diffuse for 30 minutes at equilibrium without any Sb loss or injection
through the surface. As a matter of fact, the Sb dose in this sample is 1.2x10*3 cm™ just like after the
first step, thus demonstrating that no contribution comes from the oxidized Sb surface monolayer,
which appears to be rather a barrier to Sb out diffusion.
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We can argue that the diffusing Sb under standard annealing procedures is a reduced Sb that
appears below the surface during the formation of the monolayer and is revealed by XPS as the
small metallic Sb peak shown in Figure 4b.

In Figure 6 we can notice that the single step 30 minutes annealed sample (black points) has a higher
Sb concentration with respect to the two steps sample (red points). The differences between the
two samples are the air exposure between the two annealing treatments for the two-step sample
and the longer Sb exposure during the annealing for the single step sample (the latter was produced
with a 100 nm source instead of a 20 nm used for the two steps). In order to understand what the
dominating factor is, we repeated the two steps annealing by doing the second annealing without
air exposure and after cleaning the RTA oven by N; flux and vacuum cycles. Taking into account that
after the first step the 20 nm source is completely exhausted (see previous RBS results), the
presence of Sb gas in the chamber during the second annealing is absolutely ruled out.

The result is represented by blue circles in Figure 6 and is identical to the two steps annealing with
air exposure (red data). This demonstrates that air exposure does not influence the process and this
is compatible with the idea that the diffusing Sb is already embedded into Ge after 20 s. We can
therefore conclude that the longer Sb gas exposure stimulates the Sb injection into the bulk at a
higher concentration.

In summary standard diffusion annealing demonstrates that only a fraction of the deposited Sb is
able to diffuse into Ge and that this diffusion still occurs during short ML formation processes. The
data are well reproduced by equilibrium concentration diffusion of fully active Sb and the fast
diffusion in a first short period can be explained by the non-linear term in diffusivity that results to
be higher at the higher concentration at the beginning of the process. The diffusing component
appears to be a direct transfer of reduced Sb from gas to the bulk and no evidence of Sb release
from the oxidized monolayer was found under the investigated equilibrium thermal processes.

It could be interesting to further investigate very short time and higher temperature gas exposure
by close source, developing special experimental set-up for this aim. This could lead to the formation
of shallow junctions at higher concentration and with shorter length, but it does not seem to take
advantage from the deposited ML as a local dopant source.

In the following we demonstrate as the whole ML can act as a source by exploiting PLM treatments.

Non-equilibrium Sb diffusion in Ge

Here we report a doping process performed starting from the Sb ML source under a highly non-
equilibrium condition. A Sb ML, formed with RTA 20 s 600°C, is treated with Pulsed Laser Melting
technique %°. As described in the experimental section, one high energy density laser pulse melts
the Ge surface (about 150 nm thick) and consequently Sb can diffuse in liquid Ge>°. After a certain
delay, Ge recrystallizes epitaxially from the liquid/solid interface and Sb is then englobed in Ge °1.
In Figure 7, a SIMS profile of Sb diffused in Ge after a PLM 1 pulse treatment is reported.
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Figure 7 SIMS chemical profile of Sb ML diffused with PLM technique: 1 pulse of 7 ns at 355 nm photon wavelength. The line is

truncated near the surface since in this region the SIMS signal can be affected by surface effect. The total dose, obtained by integrating
the SIMS profile, is reported in the figure.

As shown in Figure 7, the antimony diffuses in germanium generating a typical diffusion profile of
PLM treated sample 8. It is clearly evident that a high concentration of Sb in Ge is reached, with a
surface concentration of 1.2x10%° cm3, well above the maximum equilibrium solid solubility
(1.3x10° cm™3) of Sb in Ge 2 and previous results presented in this work (Figure 6). As evaluated by
laser induced melting calculations (LIMP - the Harvard simulation software package>? based on heat
flow calculation calibrated on Ge physical and optical literature data) the PLM process at the used
energy density is expected to melt for about 30 ns and up to a depth around 150 nm. This is fully
compatible with our result, since the diffused Sb profile is shallower than 150 nm and does not show
any shoulder typical of diffusion limited by the maximum melt-depth. Such shoulder would have
been originated indeed by the diffusion coefficient in solid, whose value is orders of magnitude
lower than in liquid. Thus, the Sb diffusion behavior revealed by the data of this paper points to a
limitation induced by the Ge liquid diffusivity rather than the maximum melt-depth. Furthermore,
an estimation of the Sb diffusivity considering the calculated melt time of 30 ns and the observed
profile depth at half maximum gives an order of magnitude of 10* cm?/s, which is in agreement
with the values reported in literature for the diffusivity of dopants in liquid Ge 2°.

By integrating the SIMS profile, one obtains that the areal density of Sb diffused in Ge is 5.7x10*
cm?, that is the same value of the surface Sb ML, thus demonstrating that all the available Sb
diffused under PLM.

In order to verify the electrical properties of the doped layer, van der Pauw-Hall measurement
allows to determine the Hall Coefficient that depends on the carriers sign and areal density >*. The
Hall Coefficient measured for this sample is -1.45x10* cm?/C. Considering a full electrical activation
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of the diffused Sb (i.e. each Sb atom produces one electron carrier), Hall coefficient can be also
calculated by exploiting the procedure reported in Ref. >>°® and results to be -1.53x10* cm?/C. On
the basis of the very good agreement between measured and calculated values, we can conclude
that all the Sb is fully electrically active within the experimental errors.

Furthermore, the same set-up allows to measure the sheet resistance that depends on both the
carrier concentration profile and the mobility. Having demonstrated that the carrier concentration
profile is overlapped to the Sb profile, the mobility can be deduced with a similar procedure >>>°
obtaining a value of 208 cm?V-s! at the maximum concentration of 1.2x10%° cm™, in very good
agreement with literature data for Ge doped with the same Sb concentration (218 cm?V-1s?) >/,
These interesting results show that the PLM technique is able to promote the diffusion of the whole
Sb ML, by reducing the oxidized Sb ML fraction without any Sb loss during the process. The full
electrical activation of the layer demonstrates that no detrimental effect of O present in the ML
structure occurs in the junction. This could be indeed expected taking into account the small O
amount in the ML structure (only 3 A thick) as compared to that in the native GeOx (in the order of
20 A).

This experiment shows that Sb ML acts as a dopant source also for PLM technique and one can
foresee that a further laser parameter optimization, such as the use of a different laser energy,
should reduce the junction thickness and consequently raise the Sb concentration in Ge. The
creation of shallow junctions in germanium using PLM method was already proved in literature 8,
thanks to the fact that by tuning the energy density of laser, the maximum melt depth can be finely
modified °%>1>° Therefore, the preliminary result shown in Figure 7 can be improved, reducing the
junction thickness (down to the as deposited one) and consequently increasing the Sb
concentration.

Conclusions

In this paper, a self-limited formation of an antimony monolayer on Ge (100) surface has been
demonstrated and analyzed with different techniques. A wide range of formation parameters has
been examined such as time, temperature and deposition atmosphere. They reveal a self-limiting
formation with wide thermal windows, a very good areal uniformity and an extremely fast ML
formation.

XPS chemical characterization discloses that antimony is mainly in an oxidized layer, bonded with
Ge bulk through a very thin Ge oxide layer. Moreover, a small but significant fingerprint of the
presence of reduced Sb on top of bulk Ge is clearly revealed and quantified.

On these bases, we proposed a red-ox mechanism between Sb and Ge oxide for the formation of
antimony monolayer and we supported this hypothesis also with thermodynamic considerations.
The self-limiting behavior of the entire process is explained by considering the stability of Sb-O
system under variable oxidizing agent concentrations and suggesting a specific role of the surface
in the formation of a Ge-O-Sb surface phase.

SIMS characterization on functionalized Ge detects the presence of an antimony fraction able to
diffuse and dope Ge under equilibrium thermal conditions. The diffusion of Sb can be modeled with
the well assessed equilibrium diffusion of Sb, unveiling a Sb diffusing in a reduced state in the Ge
matrix. Finally, an out-equilibrium process exploiting the innovative Sb source is demonstrated
reaching a Sb n-doping of Ge with a 100% electrical activation and a very high concentration by
using all the oxidized Sb ML as a dopant source.

As compared to classical ML doping techniques, this new promising deposition approach features
several remarkable strengths, such as: i) complex chemical reactions, eventually needed for the
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synthesis of the Sb molecular precursor and its functionalization with a proper functional group are
completely avoided; ii) the incorporation of any residual molecular fragments that can act as
contaminants in germanium is also averted; iii) one-step process by deposition and diffusion of Sb
at the same time is possible; iv) seconds-time scale Sb ML formation; v) thermal removal of the
native germanium oxide by sublimation (avoiding a strong acid dissolution process) and a following
stabilization of the surface by Sb itself.
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QUARTZ Ge QUARTZ

silicon wafer

Sb on Si

Figure 1: Sample scheme in the Rapid Thermal Process furnace process
(RTA). The metallic Sb deposited via sputtering on Si support, called source
sample, is drawn in red and the Sb deposited faced up. The Ge target
samples are drawn in black and placed near the source sample; the quartz
spacer and the upper quartz windows are placed on the sides and above
the source sample to prevent the Sb direct flooding on the RTA cold wall.
Quartz is almost perfectly transparent to the lamp radiation allowing the
heating of the sample as confirmed by thermal simulation of the system. A
very good thermal contact is ensuring between the source, Ge samples and
the supporting Si wafer by the perfect contact between their double polish
cutting quality faces.
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Figure 2 A: c-RBS signals coming from a channeled Ge (100) substrate after
a Sb deposition.

Figure 2 B: The comparison between a Sb ML signal and a Sb exhausted
source on Si substrate in a 560°C for 30 min treatment in the tubolar furnace.
The vertical dotted line rappresents the Sb kEj i.e. the teoretical position in
energy of backscattered particles coming from Sb positioned on the surface
of the sample.
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Figure 3: RBS doses of antimony deposition via RTA (600°C for 1 minute
deposition); homogeneity of Sb ML along Ge (100) surface.
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Figure 4: Metallic Sb peak intensity trend with take-off angle.
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Figure 5: XPS Ge 3p regions of: Sb ML deposited at 600°C for 1 min
via RTA in red triangles and a germanium sample before any treatments
(presenting a native oxide layer, as before the ML deposition treatment) in
blue circles. The two spectra were deconvolved with a metallic and an oxide
component, green and yellow line respectively, as reported in the article.
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Figure 6: 5x5 pm AFM image of antimony monolayer deposited via RTA for
1 minute at 600 Celsius. Calculated roughness 1.8 Angstrom. The image
was acquired with DI Cp-II AFM instrument using a commercial silicon

nitride cantilever.
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Figure 7: 5x5 um AFM image of an untreated Ge (100) surface, the starting
material for Sb ML deposition. Calculated roughness 1.9 Angstrom. The
image was acquired with DI Cp-II AFM instrument using a commercial
silicon nitride cantilever.

Calculation of A, G for the proposed injection mech-
anism

The A,G® is calculated from the following equation:

AGE = > wAGE— > wAGE (1)

Products Reactants

or more formally:
AGE = 1iAsGY (2)
J

Since the reaction occurs not in standard conditions, the A, G must be
evaluated at a certain T. For this reason, equation 2 can be expressed also
at different temperature:

AG(T) = v AG4(T) (3)
J
The supposed adsorption chemical reaction is balanced as follow:

Sby + 8GeO — 2504 + 8(Ge (4)
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The A,G for the given reaction is calculated starting from tabulated
values present in Thermochemical Data of Pure Substances by Ihsan Barin
for Sbs, SboO4 and GeO. The Ge is considered in its standard element state
and for this reason the A yG/(Ge) = 0 at different temperatures. The A, G(T')
for the given reaction gives —677 K.J mol~! at 600K, and —210 K.J mol ™!
at 900K.

The evaluation A,G(T) for the red-ox reaction between Sby and SiO;
is evaluated considering the following reaction:

Sby + 48i09 — 2S04 + 4 Si (5)

The A,G(T) for the given reaction gives +1720 K.J mol~! at 600K, and
+1793 K.J mol~! at 1000K.
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