Perspectives on electrically pumped Ge/S1Ge QW emutters at THz frequencies
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Abstraet — The realization of a GeSiGe THz emitter s of
great interest simce it ean help to reach room-temperature
operation doe o the peculiar electron-phonon interaction in
nompolar crysfals. Here we present Ge/Sitie quanium-well
building blocks epitaxially grown on silicon walers in order to
understand  limitations of this material platform in  the
perspective of realizing a Si-based laser.

I INTRODUCTION

MITTERS  exploiting  the miersubband  transitons
(1587s) in quantum wells ((QWs) are stll under the
spotlight thanks to the easiness of selecting by design the

emission photon energy in the entire spectral range from THz
te IR, -V Cuantum Cascade Lasers (QCL), Quantum
Fountamn Lasers ((JFL) and Parabolic Quantum Wells (POW)
are now commercially exploited in the mid-IR and widely
employed also as THz sources [1]. Nevertheless, the polar
nature of the crystal structure of 1I-Y  semuconductors
prevenis both room-T operation and emission throughout their
Reststrahlen band (3-100 THz). Conversely, the nonpolar
group-IV semiconductors {Ge, 51 and alloys) i pnnciple
allow for the realization of room temperature QW devices
emitting over the entire THz range. Moreover, Si(ie emitters
could be eventually integrated in photonics integrated circuits
since they can be epitaxially grown on 51 substrates.

Among different structures, n-type GeSiGe QCLs have
been predicted to be the most promising structures for
reaching such goal [2]. Many heterostructure growth
challenges must be addressed to realize an electrically pumped
SiCse (QCL, bt the easier growth of QW building blocks can
provide important information in the path towards Si-based
QCLs. Optically pumped Ge/SilGe QFL have recently been
mvestigated experimentally, bot they suffer from  low
efficiencies [3]. PQWs are very interesting structures both
from the fundamental and the technological poimnt of view [4].
Indeed, POWSs feature 1SBTs among equally spaced subbands
providing a single absorption (and therefore emission) peak at
both low and high temperatures, as the energy is independent
of the electron distnbution and concentration in the well [3].
This particular property makes them suitable for several
applications leveraging on strong light-matter coupling at
room-T in the THz range [6]. Here we report the structural and
optical characterization of Ge/Si.,Ge, POWs grown by ultra-
high wvacuum chemical vapor deposition  realizing
continuously-graded interfaces [7, 8] and compare their
optical properties with those of QW bulding blocks having a
different geometry (square and asymmetric-coupled QWs),

with the perspective of an electrically driven semiconductor
source emitting at THz frequencies.

1. RESULTS

Multiple-period Ge/Sip.,Ge, POW samples were epitaxially
grown on a reverse-graded SipgeCiegn buffer. The penod 15
composed by a 45 nm-thick parabolic well: this has been
obtamed with a Ge comtent continuously increased from (.83
to 1 with a quadratic dependence on the distance from the
center of the well, sandwiched between two 13 nm-thick
8y Adey g barriers. The corresponding potential profile and
wavefunctions, simulated by the Meximano software, 15
reporied n Fig. la. The secondary 1on mass spectrometry
(SIM%) measurement performed on four periods of the
heterostructure  jorange curve m Fig. 1h) reveals a Ge
compositional profile that perfectly follows a pamabola (blue
curve). We remark that, from the growth standpoint, obtaiming
such perfect match is a nontrivial task that requires a fine
control over the flux of precursors. The high structural and
crystalline quality of the samples is further confirmed by high-
resolution rocking curve obtamed around the (004) 51 Bragg
peak by X-ray diffraction (XRD) where several-order sharp
satellite fringes associated to the superlattice peniodicity are
visible (Fig. 1c).
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Fig. L. a) Skeich of the electrolummescence (EL) principle: in-plane cunment
exciles cectrons on the egually spaced parmbolic well levels that subsequenthy
relax emitting photons. POW wavefunciions have been simubsted by the
neximana saftware. b) SIMS measurement an fourqperinds of a P)W {arange
curve) comfirming the parabolic profile (blee curvel o) XRD rocking curve
armund the (004 ) reflecizon.



Samples were n-dt?cd to intentional sheet carrier density
values between 5-10'° em™ and 5-10"' cm™, high enough to
guarantee strong absorption lines in far-infrared spectroscopy
expenments. The required doping level has been achieved by
phosphine co-deposition, at the well center. Fourter Transform
Infrared (FTIR) spectroscopy is cmployed for the
measurement of the intersubband absorption spectrum of the
PQW samples. The chips have been shaped 1n a single-pass
waveguide with a metal coating on top of the quantum well
layers for a proper coupling of the light to the QW region
(upper panel of Fig. 2). Mcasurements have been performed
both at low and room temperature to study the cffects of the
carnier distribution on the intersubband absorption energy.
Namrow absorption lines (FWHM~4 meV, centered around 15
meV) have been observed, as shown in Fig.2, where the
dichroic FTIR spectrum of a PQW sample (green line) is
compared with those acquired on square and asymmetric-
coupled multi-QW structure (red and blue lines, respectively).
The measured ISBT absorption cnergies of the samples
investigated arc in good agreement with preliminary
theoretical estimations. A close companson with the
theoretical calculations and sample structure analysis is
ongoing.
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Fig. 2. Upper pancl: sketch of the single-pass waveguide configuration for
the optxcal measurements. Lower panel: The typscal FTIR spectra, as a
fnctson of the photon energy, of simple square ndn)ﬂummpld
QWs (red and blue lines, respectively) o be compared to the parabolic QW
(green line). All the spectm have been recorded at 10 K.
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