
Semiconductor processing 
for (quantum) information, 
photonics and energy

Speaker(s): prof. Enrico Napolitani
Dipartimento di Fisica e Astronomia



Applications

3

Solar cells

Photodetectors

Midinfrared Plasmon-Enhanced Spectroscopy with Germanium
Antennas on Silicon Substrates
Leonetta Baldassarre,†,‡,# Emilie Sakat,§,# Jacopo Frigerio,∥ Antonio Samarelli,⊥ Kevin Gallacher,⊥

Eugenio Calandrini,† Giovanni Isella,∥ Douglas J. Paul,⊥ Michele Ortolani,† and Paolo Biagioni*,§

†Dipartimento di Fisica, Universita ̀ di Roma “La Sapienza”, Piazzale Aldo Moro 5, I-00185 Roma, Italy
‡Center for Life Nano Science@Sapienza, Istituto Italiano di Tecnologia, Viale Regina Elena 291, I-00161 Roma, Italy
§Dipartimento di Fisica, Politecnico di Milano, Piazza Leonardo da Vinci 32, I-20133 Milano, Italy
∥LNESS, Dipartimento di Fisica del Politecnico di Milano, polo di Como, via Anzani 42, I-22100 Como, Italy
⊥School of Engineering, University of Glasgow, Rankine Building, Oakfield Avenue, Glasgow G12 8LT, U.K.

*S Supporting Information

ABSTRACT: Midinfrared plasmonic sensing allows the direct targeting of
unique vibrational fingerprints of molecules. While gold has been used
almost exclusively so far, recent research has focused on semiconductors
with the potential to revolutionize plasmonic devices. We fabricate antennas
out of heavily doped Ge films epitaxially grown on Si wafers and
demonstrate up to 2 orders of magnitude signal enhancement for the
molecules located in the antenna hot spots compared to those located on a
bare silicon substrate. Our results set a new path toward integration of
plasmonic sensors with the ubiquitous CMOS platform.
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Localized plasmon resonances are nowadays recognized as
one of the most powerful mechanisms to boost the

interaction between light and matter at the nanoscale. In this
frame, recent plasmonic research has searched for novel
material platforms, which can improve the quality and
integrability of plasmonic interfaces and devices.1 The choice
of the material can impact the crystalline and nanofabrication
quality of the device, the spectral range of operation, and the
amount of loss. The crucial issue for the future use of
plasmonics in everyday applications, however, is the integration
with the Si-complementary metal-oxide semiconductor
(CMOS) technology process. This is difficult to foresee using
the most common metal in plasmonics, gold, due to it being a
deep level impurity and a fast diffuser, which is incompatible
with silicon technology. Among all applications of plasmonics,
molecular sensing has already made its way to the market.
Plasmonic sensors can be based on refractive index variations at
the metal surface,2,3 on the local enhancement of the electric
field for Raman spectroscopy,4,5 or on the modification of the
engineered transmitted or reflected wavefront in antennas by a
resonant molecular vibration in the mid-infrared (IR).4,6−16 In
the past few years the latter approach, mainly pursued with the
nanofabrication of gold antennas, led to reported signal
enhancements exceeding 3 orders of magnitude for the material

located in the antenna hot spots compared to the material
outside the hotspots.
While metals are the most natural choice for visible and near-

IR plasmonics, it has been suggested that heavily doped
semiconductors (i.e., degenerately doped to be metallic) could
replace and, possibly, outperform metals in the mid-IR
frequency range.1,14−25 The envisioned advantages for
plasmonic device design include (i) the low absolute values
of the dielectric constant in the mid-IR, strictly resembling that
of metals in the visible and near-IR range but without the
detrimental effect of interband transition losses, (ii) the high
material quality, thanks to single-crystalline epitaxial growth,
(iii) in the case of foundry-compatible group-IV semi-
conductors like Si and Ge, the potential for on-chip integration
of antennas, detectors and readout electronics, all fabricated in
a single cost-effective silicon foundry manufacturing process,
and (iv) the possibility of active electrical and/or optical tuning
of the plasmonic effects by the control of the doping level. The
onset of the plasmonic behavior of a conducting material is
marked by the so-called plasma frequency ωp, i.e., the frequency
below which the real part of the dielectric constant of the
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Background - some history
XX century: huge research on semiconductor doping and p-n junctions on silicon.

MICROELECTRONICS OPTOELECTRONICS
SOLAR ENERGY

RADIATION DETECTORS

✦  High electron and hole mobilities ✦ Small bandgap 
✦ Achievable with high purity (1010 at/cm3) 

Ge Si
Electron	mobility	(cm2/Vs) 3900 1400
Hole	mobility	(cm2/Vs) 1900 450
Energy	gap	(eV)

0.66 1.12
Highest	bulk	purity	(cm-3) 1010

1012

Recent rediscovery of germanium due 

to its peculiar properties:

Application fields of germanium research:
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Quantum bits 

These results, showing a well-modeled flux modulation at low temperature
and low field, demonstrated the macroscopic nature of the quantum wave func-
tion of superconductivity in silicon, and highlighted its high kinetic inductance,
opening routes toward silicon-based superconducting quantum engineering.

9.4.2 Proximity effect and all-silicon superconductor/normal
metal Josephson junctions

As a function of doping, silicon can assume a semiconducting (sc), metallic (N),
or superconducting (S) state. This allows the conception of all-silicon complex
devices, exploiting the advantages of each state. One of the most interesting
devices is the Josephson transistor (JoFET), in which a semiconducting wire
is coupled to superconducting contacts, creating a nondissipative, gate-tunable,
Josephson junction. Indeed, thanks to the proximity effect, superconducting
correlations can penetrate in the semiconducting wire over the phase coherence
length, if the interface is transparent enough, and a supercurrent can thus
circulate in the semiconductor and be controlled by a gate. JoFET has been
realized using metallic superconductors (Nb, PbInAu) and carbon nanotubes,

FIG. 9.10 (A) SEMmicrograph of a SQUID etched from a single Si:B layer: a superconducting Si

loop (S) is interrupted by two constrictions of weaker Tc (S
0) creating SS’S Dayem bridges (high-

lighted in yellow). (B) Critical current oscillations with magnetic field (creating a magnetic flux in

the loop) for temperatures in the 100–220 mK range, and theoretical expectations from Ginzburg-
Landau equations [28]. (C) Critical current modulation at 200 mK, fitted with the model from

Ref. [29] for a symmetric SQUID, taking into account the inductance of the loop.
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Figure 12.1 (a) Schematic band structure
of bulk Ge, showing a 136 meV difference
between the direct gap and the indirect
gap, (b) the difference between the direct
and the indirect gaps can be decreased by
tensile strain, and (c) the rest of the differ-
ence between direct and indirect gaps in
tensile-strained Ge can be compensated by
filling electrons into the L valleys via n-type

doping. Because the energy states below the
direct Γ valley in the conduction band are
fully occupied by extrinsic electrons from n-
type doping, injected electrons are forced
into the direct Γ valley and recombine with
holes, resulting in efficient direct gap light
emission. Reprinted from [15] under the
Author’s Copyright Transfer Agreement with
the Optical Society of America (OSA).

the strain perpendicular to the Ge film; 𝛿E100 = 2b(𝜀⊥ − 𝜀||); and Δ0 = 0.289 eV
is the energy of spin-orbital splitting in Ge. In calculating the gain coefficients
for tensile-strained Ge using Eq. (12.1), one also needs to note that the popula-
tion inversion factors (fc − fv) are different for lh and hh transitions, respectively,
because the same emitted photon energy corresponds to different k vectors in
the lh and hh bands for the direct gap transition. One needs to calculate these
population inversion factors separately and then sum them up:

𝛾Γ(hν) = |𝛼Γ,lh(hν)|
(

fc − fv
)

lh + |𝛼Γ,hh(hν)|
(

fc − fv
)

hh (12.5)

12.2.2
Band-Engineering by Combining Tensile Strain with N-type Doping

Theoretically, Ge can be transformed into a direct gap material with ∼2% biax-
ial or ∼4.5% uniaxial tensile strain along the <100> direction [15, 26, 31–33].
However, such a large tensile strain is difficult to achieve, as will be discussed in
detail in Section 12.3. In addition, the band gap decreases to∼0.5 eV at∼2% biaxial
tensile strain and the corresponding emission wavelength shifts to 2500 nm in that
case. To obtain optical gain from the direct gap transition of Ge while maintain-
ing the emission wavelength around 1550 nm, n-type doping has been combined
with 0.2–0.3% tensile strain in order to compensate the energy difference between
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Theoretically, Ge can be transformed into a direct gap material with ∼2% biax-
ial or ∼4.5% uniaxial tensile strain along the <100> direction [15, 26, 31–33].
However, such a large tensile strain is difficult to achieve, as will be discussed in
detail in Section 12.3. In addition, the band gap decreases to∼0.5 eV at∼2% biaxial
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• Temporal confinement (<100 ns):
• Extremelly fast processes
• Synthesis of new materials
• Alloying, hyperdoping above equilibrium solid solubility

• Vertical confinement (<100 nm):
• Depth control of doping
• Selective heating of layers on ‘delicate’ substrates

• Lateral confinement

Laser Processing Lab @DFA
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and the indirect gaps can be decreased by
tensile strain, and (c) the rest of the differ-
ence between direct and indirect gaps in
tensile-strained Ge can be compensated by
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Dual-band
photodiode

materials,24 yet the addressed optical region was mid to long
IR (λ > 4 μm) or VIS-NIR as for a SiGe/Si or Ge/Si dual-band
photodetector.25,26 The spectral response for the hereby
proposed dual-band GeSn/Ge/Si detector is tunable in the
wavelength range between 1.05 and 2.45 μm (NIR-SWIR) by
means of a simple change of the bias polarity.
The architecture of the device challenges traditional image

sensors with a fixed spectral response, granting voltage-tunable
operation over two distinct optical bands at the pixel level, thus
providing self-aligned NIR/SWIR imagers. The ability to
switch between NIR and SWIR, under identical illumination
conditions, gives access to information that neither band can
offer individually. We demonstrate the relevance and
effectiveness of the approach through practical applications
in IR imaging and spectrometry.

■ DEVICE STRUCTURE
The GeSn/Ge/Si device architecture comprises two vertically
stacked GeSn/Ge and Ge/Si n-i-p photodiodes, monolithically
integrated on a 200 mm Si wafer (Figure 1a). The
heteroepitaxy is performed in industry-grade reduced pressure
chemical vapor deposition (RP-CVD) systems.27,28 The two
photodiodes share the common p-type Ge layer, while the n-
type GeSn and Si layers form the top and bottom contact,
respectively. A positive (negative) voltage applied between the
bottom and the top contact sets the GeSn/Ge diode in reverse
(forward) bias and the Ge/Si diode in forward (reverse) bias,
as shown in Figure 1a. By illuminating the photodetector
through the polished backside of the Si substrate, which acts as
an optical filter for VIS light, the electrical current flowing in
the external circuit is generated within the reverse-biased
diode, resulting in a tunable, dual-band photoresponse.
The Ge/Si photodiode consists of a 300 nm Si layer, n-type

doped with phosphorus (P) to a concentration of

1 × 1019 cm−3, followed by a 1 μm thick intrinsic Ge layer.
The Ge epitaxy ends with a 100 nm boron (B)-doped Ge
region with a concentration of 4 × 1018 cm−3. The GeSn
optically active region is 700 nm thick, with a Sn content of 9.5
at. %. The top contact is a 150 nm thick P-doped GeSn layer
with a concentration of 2 × 1019 cm−3. The high quality of the
heterostructure is demonstrated by the cross-section trans-
mission electron micrograph (TEM) of the heterostructure
and the high resolution TEM insets shown in Figure 1b. The
elemental distribution, given by secondary-ion mass spectrom-
etry (SIMS), underlines the excellent interfaces and doping
control (inset overlayed on the TEM). The interdiffusion at
the Ge/Si interface arises during the cyclic thermal treatment
performed to reach a low defect density in the Ge layer.29 The
lattice strain of the individual GeSn and Ge layers was
extracted from high resolution X-ray diffraction (HR-XRD)
reciprocal space mapping (RSM) (Figure 1c). The Ge layer is
biaxially tensely strained, ε∥ = +0.17, while the GeSn layer has
a residual compressive strain of ε∥ = −0.21%. The distribution
of electrically active dopants was profiled by electrochemical
capacitance−voltage measurements (ECV, Figure 1d) and
confirmed by temperature-dependent Hall measurements
(Figure S2, Supporting Information). A very good agreement
is obtained between the spatial distribution of the dopants’
profiles from SIMS, ECV, and the intended doping values. The
small discrepancy observed in the B-doped region at the
GeSn/Ge interface is attributed to the presence of acceptor-
like states induced by the misfit and threading dislocations at
the GeSn/Ge interface responsible for the plastic relaxation of
the GeSn layer.
Relying on the experimentally measured material parame-

ters, the energy band diagram is calculated and shown Figure
1e for a ±2 V bias. The Ge0.905Sn0.095 alloy is a direct bandgap
semiconductor with the fundamental bandgap energy at the Γ-

Figure 1.Material characterization: (a) Schematics of the vertical n-i-p-i-n double diode and working principle. (b) TEM image of the GeSn/Ge/Si
stack and HR-TEM on individual GeSn and Ge layers. The overlapped SIMS elemental profiles highlight the contact doped regions. (c) RSM of
the GeSn/Ge/Si heterostructure. (d) Depth distribution of electrically active dopants by ECV profiling. (e) Computed energy band structure at
±2 V applied bias, on the same scale as (d). The photocarriers flux created under NIR and SWIR light are indicated. (f) Absorbance of the GeSn/
Ge heterostructure obtained by transmission/reflectance measurements. The Ge and GeSn absorption edges are marked.
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PNRR project: Partenariato Esteso NEST 
- "Network 4 Energy Sustainable
Transition”, Spoke 1: “SOLAR: PV, CSP & 
CST

PNRR project: Sustainable Mobility
Center - Centro Nazionale per la 
Mobilità Sostenibile – CNMS, Spoke 13: 
“Electric Tracdon Systems and Baeeries
(ETSB)

PNRR project: RTDa-SoE SWIRGe -
“Micrometer-scale pulsed laser melting 
for the direct fabrication of infrared
photodetector on Ge-on-Si substrates
through ex-situ incorporation of 
deposited metallic elements.” 
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http://www.dfa.unipd.it/dettaglio/carosello/dfathesis/

Membri del gruppo

Prof. Davide De Salvador/ davide.desalvador@unipd.it
Dr. Enrico Di Russo/ enrico.dirusso@unipd.it
Dr. Francesco Sgarbossa/ francesco.sgarbossa@unipd.it
Dr. Alessandro Tonon, Dr. Daris Fontana, Dr. Giulia Maria Spataro
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