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ABSTRACT: Asymmetric quantum well systems are excellent
candidates to realize semiconductor light emitters at far-infrared
wavelengths not covered by other gain media. Group-IV semi-
conductor heterostructures can be grown on silicon substrates, and
their dipole-active intersubband transitions could be used to
generate light from devices integrated with silicon electronic
circuits. Here, we have realized an optically pumped emitter
structure based on a three-level Ge/Sij;3Geg, asymmetric coupled
quantum well design. Optical pumping was performed with a
tunable free-electron laser emitting at photon energies of 25 and 41
meV, corresponding to the energies of the first two intersubband
transitions 0 — 1 and 0 — 2 as measured by Fourier-transform
spectroscopy. We have studied with a synchronized terahertz time-

7‘/72‘ TQg

feL

Ge S’Ge Ge

domain spectroscopy probe the relaxation dynamics after pumping, and we have interpreted the resulting relaxation times (in the
range 60 to 110 ps) in the framework of an out-of-equilibrium model of the intersubband electron—phonon dynamics. The
spectral changes in the probe pulse transmitted at pump—probe coincidence were monitored in the range 0.7—2.9 THz for
different samples and pump intensity and showed indication of both free carrier absorption increase and bleaching of the 1 — 2
transition. The quantification from data and models of the free carrier losses and of the bleaching efficiency allowed us to predict
the conditions for population inversion and to determine a threshold pump power density for lasing around 500 kW/cm? in our
device. The ensemble of our results shows that optical pumping of germanium quantum wells is a promising route toward silicon-

integrated far-infrared emitters.
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D ipole-active transitions between electron energy levels in

quantum wells (QWs) obtained in semiconductor
heterostructures have clearly demonstrated their potential for
infrared light emission.' > Each level in a QW is constituted by
a two-dimensional electron energy subband, and therefore,
these transitions are named intersubband (ISB) transitions.
One important property of ISB light emitters is that they are
unipolar devices, ie., they do not require the use of
semiconductors with a direct bandgap because either electrons
or holes are involved in the emission process, and the radiative
decay rate does not depend on electron—hole recombination.
This property makes ISB transition design a viable route for
realizing silicon-based monolithic light emitters, employing
silicon-compatible group-IV semiconductor materials with
indirect bandgap such as germanium and tin.°”"® Light emitters
realized on silicon wafers could be integrated in the CMOS
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temperatures and in the far-infrared range,”” have the potential
to open the field of silicon photonics beyond the telecom
technology to applications like chemical sensing, wireless data
exchange, and imaging.“’9 After the first demonstration in 1994
of the quantum cascade laser (QCL),"” coherent ISB emitters
based on electron injection-tunneling between coupled QWs™’
are now an established technology, although QCLs in group-IV
semiconductors could not be realized so far.” Concerning
optically pumped ISB devices, the ISB Raman laser based on
virtual excited states was demonstrated in 2001,>' but they were
realized only in group III—-V semiconductor compounds.””~ >
In group-IV semiconductors, the ISB Raman laser is difficult to
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realize due to the lack of polar optical phonons for the Raman
Stokes process.”* More recently, sources based on difference-
frequency generation were realized but still only in III-V
compounds.”® At the cost of higher losses but with the
potential for higher gain,””** one can also design and realize
three-level ISB emitters that exploit transitions between real
excited states (so-called “quantum fountain” device).”” >
Design of quantum fountain lasers in group-IV materials was
seldom reported,®® and it is the subject of the present work. In
these devices, the electrons are optically pumped from the
fundamental subband (level 0), populated by substitutional
doping, to the third subband (level 2) in order to allow the light
emission resulting from the radiative transition to move toward
the almost unoccupied second subband (level 1). Electrons can
then relax back to the fundamental level 0, hence depopulating
level 1 and allowing further transitions from level 2, as depicted
in Figure 1. Establishment of this loop process does not
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Figure 1. Scheme of the operation of the optically pumped three-level
emitter structure (quantum fountain) based on the asymmetric
coupled QWs design. The three levels of the optically pumped emitter
corresponding to three electron subbands in the well are indicated
with different colors. The black straight lines represent the conduction
band potential in the Ge/SiGe heterostructure material system. The
parabolic dispersion of the electron energy subbands is also depicted
(curved dashed lines). The straight arrows represent the radiative
transitions, while the curved arrows represent the nonradiative ones.

guarantee radiative emission gain by itself since two crucial
conditions must be satisfied: the first is a long nonradiative ISB
transition time 7,, of the direct energy relaxation channel 2 —
0, so as to build up a large population of the upper laser level
during the pump pulse and to increase the duration of the
lasing after the end of the pump pulse (only pulsed operation of
the emitter is targeted throughout this work); the second is that
the ISB transition time 7, of the 1 — 0 relaxation has to be
shorter than the transition time 7,, of the 2 — 1 relaxation so as
to ensure, after pumping, population inversion between levels 2
and 1 (ie, n, — n; > 0 where we indicate by n, the electron
density in level i, which is directly proportional to the laser gain.
In fact, the population inversion can be approximately related
to the ISB relaxation times through the relationship (1, — n,) ~
(1 = 719/7y1)n,."" The upper laser state population 1, decreases
after pumping mostly due to the interaction between electrons
and phonons (spontaneous emission of photons is much less
efficient than the nonradiative decay by phonon emission).
Finally, achieving actual lasing also depends on the balance
between emission gain and losses which, in the case of doped
QWs in the far-infrared range with thick active regions, are
dominated by free carrier absorption due to polarization
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leakage.”™*” Note that charge conservation implies that the
total 2D charge density in the QW satisfies n,p, = ny + 1, + n,.

In the present work, we developed band-engineered
germanium QW heterostructures epitaxially grown on silicon
wafers,”” and we employed novel far-infrared pump—probe
measurement setups with the goal of quantitatively determining
the relevant physical parameters that may lead to population
inversion and positive gain under pulsed optical pumping. We
have designed, grown, and characterized by infrared spectros-
copy a number of “quantum fountain” samples based on the
electron-doped Ge/Si;_,Ge, heterostructure material.">">*'
We have then used narrowband picosecond pulses from a
tunable far-infrared free electron laser (FEL) to pump electrons
from level O selectively into level 1 or 2."'~"***~** Using short
broadband (Fourier-transform limited) terahertz time-domain
spectroscopy (THz-TDS) pulses to probe the ISB dynamics, "’
we have experimentally determined the global electron energy
relaxation time 7y in which the electron distribution in all
subbands relaxes after pumping to the equilibrium Fermi
distribution at the base lattice temperature. We have identified
the relationship of 7y to the different ISB relaxation times 7y (o
<j<k< 2), calculated with an out-of-equilibrium model of the
ISB population dynamics. By spectroscopic analysis of the
transmitted probe pulses, we have also determined the free
carrier losses as a function of optical pump intensity P.
Extrapolating the gain coeflicient to values of P higher than
those used in the present work, we obtain clear indications that
terahertz emission can be achieved (e.g, by electromagnetic
cavity design)*® in the present active material structures grown
on silicon wafers.

Our strategy was to leverage on the relatively long ISB
relaxation times observed in group-IV materials** due to the
nonpolar character of the electron—phonon interaction”’ to
design QW structures that may fulfill the conditions for lasing.
We have implemented one of the possible “quantum fountain”
designs based on two asymmetric coupled quantum wells
(ACQW).” Therein, a thin potential barrier for electrons is
realized between two QWs of different width which would
feature different energies of the quantized states if isolated from
each other. The barrier, obtained by growing few atomic layers
of Si;_,Ge, between the Ge wells, is so thin that the electron
wave functions are delocalized in the two wells. One not only
does obtain three ISB transitions at energies Ey), Ei,, and E;
selected by design®® but also can tune the transition matrix
elements among the levels by designing the corresponding
spatial overlap of the electron wave functions.'” Another
important mechanism that we exploit for engineering the
transition times is to set the laser transition energy E;, below
the energy thresholds for optical phonon emission.'" This
condition sets the emission frequency range of our devices in
the far-infrared below 6 THz, which still leaves plenty of
bandwidth for applications like intrachip wireless data transfer
or on-chip chemical sensing. Because of the high sensitivity of
the quantum design to both geometry and material parameters,
an experimental verification by steady-state and pump—probe
terahertz spectroscopy is necessary, and this is the subject of the
present work.

B METHODS

The quantum state design of our samples was performed
employing a multivalley self-consistent effective mass calcu-
lation,” in order to obtain the proper conduction band profile
at the L-point of the reciprocal space, the energies of the levels
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confined in the asymmetric structure and the corresponding
wave functions (see Figure 2)."> We verified that the A,-valley
minima in the barriers are higher in energy than level 2, so their
presence can be neglected (see Supporting Infromation). We
have varied the heterostructure parameters within the
experimentally available ranges determined in our previous
works.”*>> In germanium, there exist two main nonpolar
optical phonon branches that provide fast, although non-
resonant, energy relaxation channels to electrons in the excited
states: '’ the zone-center phonon at E,r = 37 meV, which
features negligible momentum transfer to the electrons that
therefore remain in the same valley (intravalley phonon
relaxation), and the [111] zone-boundary phonon at Eja =
2S5 meV that connects electronic states in two different valleys
among the four equivalent valleys centered at the L-point of the
Fermi surface of electron-doped germanium (intervalley
phonon relaxation). Without entering all the details of the
electron—phonon interaction,”>* here we just recall that Ejpa
and E, - set the two main energy thresholds for optical phonon
emission by electrons: because of energy conservation, the
nonradiative ISB transitions with energy smaller than E,, , are
driven by the much slower emission of acoustic phonons.''
Therefore, the design choice we made for having a long 7,, was
to require E;, < E,;, 5 so that no optical phonon can be emitted
in the 2 = 1 nonradiative relaxation. This condition sets the
emission frequency in the range below 6 THz (photon energies
<25 meV). However, on the basis of the same energy
conservation mechanism, a short 7;, was obtained under the
condition Eq; ~ E, 5. Egy = Eq; + Ej; had to be larger than all
energy thresholds for phonon emission, and therefore, we
resorted to wave function overlap design to obtain a 7,, as long
as possible. In Figure 2, one sees the predicted squared
modulus of the wave functions yy(z), w;(z), and y;,(z) of the
first three levels confined in the conduction band of a typical
ACQW structure. Symmetry breaking activates the 0 — 2
transition dipole in the wide well, which is needed for optical
pumping. As said above, the barrier thickness is the fine-tuning
material-growth parameter for determining the relaxation time
ratio 7,0/7,;, as it sets the penetration of y;,(z) into the wide
well and thus its overlap with y,(z) and y;(z). An upper value
to 7, is set by acoustic phonon emission through the
deformation potential scattering,”*>> an effect that we do not
consider here explicitly, but it is known to provide an
approximate time scale above 200 ps for ISB relaxation in
germanium quantum wells.'"*® We will therefore employ the
upper limit value of 200 ps for all transition times when they
are found to exceed this value in the out-of-equilibrium model.
The third excited state y;(z) is much higher in energy, and it
does not participate to the quantum fountain emission process.

The sample growth was conducted in an ultrahigh vacuum
chemical vapor deposition (UHV-CVD) reactor, where the
Ge/SiGe QW system is epitaxially grown on top of a Si(100)
wafer. In order to populate the fundamental level, n-type
doping of the wide Ge well was achieved throu%h phosphine
(PH;) codeposition in the wide well region."”*" The barrier
composition was Siy;3Geyg,, which we determined to be the
highest possible Si content in our growth chamber to achieve
reproducible band offset values for reliable quantum design.'®
The structural characteristics and the predicted transition
energies are shown in Table 1. In order to increase the optical
absorption path length, the ACQW structure was repeated 20
times, separated by 30 nm-thick undoped spacers, for a total
thickness of the QW stack of ~1 um.
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Figure 2. Band-structure model results for conduction band profile at
L-point (black line) and squared modulus of level wave functions (blue
lines) confined in the structure featuring a wide well of width D,, = 1S
nm and a narrow well of width d,, = 5.5 nm, separated by a barrier of
thickness b = 1.5 nm. The yellow dashed line represents the calculated
Fermi level position. The predicted ISB transition energies (red
arrows) are also displayed.

Table 1. Structure Parameters for the Three Investigated
Samples: Wide Well Width D, Narrow Well Width d,,,
Central Barrier Thickness b, and Calculated ISB Transition
Energies E,,, E,, and E,,

D, d,, b Eg, Eqp, Ey,

sample (nm) (nm) (nm) (meV) (meV) (meV)
1955 15 3.5 1.5 23 48 25
1953 15 S.S 1.5 22 34 12
1949 13 4.5 1.5 26 41 15

The steady-state ISB absorption spectra have been measured
in side-illuminated multipass waveguide configuration with a
Fourier-transform infrared (FT-IR) spectrometer equipped
with a helium-flow cryostat, a wire-grid polarizer, and a
liquid-helium bolometer. We used a single-metal waveguide
configuration in which the face of the silicon wafer where the
QWs are grown is coated with a metal bilayer (Ti/Au, 10 nm/
100 nm) while the opposite face works as the second interface,
confining the radiation via total internal reflection.'*** To this
aim, the input facet of the waveguide was polished at an angle
of 45° relative to the QW growth plane, and the wafer thickness
was selected to be 0.8 mm to increase the waveguide aperture.
In this configuration, the radiation electric field propagating
through the QW layers is TM-polarized, i.e., orthogonal to the
growth plane and almost parallel to the ISB transition dipole.’
When the input radiation is TE-polarized, the ISB transitions
are not probed because the field intensity of the TE mode is
zero at the metal—semiconductor interface. The reference
spectra for TM and TE polarizations were measured through an
empty slit of the same dimensions of the transverse waveguide
section (5.0 X 0.8 mm?) and used to obtain the corresponding
absolute waveguide transmittances Spy(w) and Spg(@) as a
function of the electromagnetic frequency @. The range of the
FT-IR measurements is limited at low photon energies to 15
meV. In order to extend the measurement range, in one case
(sample 1953) we used THz-TDS with GaP electro-optic
crystals that display broader emission range but lower electro-
optic coefficient if compared to those of ZnTe.””>*

The system relaxation dynamics back to the equilibrium after
optical pulsed excitation has been studied in the framework of
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an out-of-equilibrium model in which the delay-time dependent
electron temperatures T,, T,;, and T, in the three subbands
are separately defined, and the entire electron system is allowed
to relax energy toward the lattice, considered as a thermal bath
at a base temperature T.°° We assume that the electron
population in each subband thermalizes at a fast time scale,
therefore three delay-time dependent electron temperatures
and quasi-Fermi levels have been introduced for the three
subbands. Their dynamical evolution has been self-consistently
calculated from the energy and particle flux occurring among
the three subbands at each time step, which in turn are
determined by the electron temperatures and quasi-Fermi levels
at the previous time step. The only allowed energy relaxation
channel is the electron-optical phonon interaction, in both inter
and intrasubband relaxation processes, considering the two
relevant optical phonon bands (A and T, see above). The
model is used to calculate the individual subband populations
after absorption of the pump pulse and their evolution as a
function of pump—probe delay . The differential trans-
mittance change relative to pump-off conditions AS/S(t') =
(S(t') = Syfp)/Sys is also determined numerically at various @
from the electron population and total kinetic energy calculated
for each subband. It is found that, when pumping above the 0
— 2 ISB transition at different values of P and T, a single
energy relaxation time scale (a “calculated” 7R) approximately
governs both AS/S(t') and the population change of the three
subbands An;/ny, = (n(t') — nyyp)/nyp in the range 10—400
ps. When pumping at the 0 — 1 ISB transition, more
complicated dynamics with multiexponential behavior is
obtained in the model; therefore, a broad range of 7y values
is identified. The quantity AS/S(t') and the calculated 7 can
be directly compared to the experimental pump—probe data
and the experimental 7y.

The relaxation dynamics at different P and T have been
measured with a picosecond narrowband THz-pump broad-
band THz-probe setup (shown in Figure 3). The far-infrared
FEL FELBE is employed for tunable narrowband pumping.
The FEL emits pulses with a repetition rate of 13 MHz (77 ns
pulse-to-pulse separation) and pulse length around 10 ps. The
emission wavelength can be tuned in the far-infrared range by
changing the undulator gap of the FEL cavity.” We selected a
wavelength of SO ym (photon energy of 25 meV) for pumping
the 0 — 1 transition and a wavelength of 30 ym (photon
energy of 41 meV) for pumping the 0 — 2 transition. The
waveguide samples were mounted on the cryostat in such a way
that both the pump and the probe radiation propagate through
the samples in a TM-configuration, in order to pump and probe
the ISB transitions. In our experiment, the pulse energy at the
exit of the FEL beamline was adjusted with a set of attenuators
in the 3 to 30 nJ range, corresponding to a pump power density
at focus inside the sample from 8 to 80 kW/cm?, taking into
consideration reflection and absorption losses in all inserted
optical elements (Figure 3). For each FEL wavelength, we have
applied pump powers high enough to excite about 5% (0.5%)
of the ground-state electrons into the first (second) excited
state’® avoiding steady-state sample heating. To study the
relaxation back to equilibrium in different conditions, the
sample was cooled down to T = 37 K and T = 97 K with a
liquid helium cryostat. For probing, a THz-TDS was employed.
Here, the probe beam was a quasi-single cycle THz pulse
generated by optical rectification in a ZnTe electro-optic crystal
excited by a near-infrared ultrafast pulse of a Ti:sapphire
(Ti:Sa) regenerative amplifier (center wavelength 800 nm,
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Figure 3. Scheme of the pump—probe setup: the free electron laser
(FEL), generating the pulsed pump beam, and a Ti:Sa regenerative
amplifier are synchronized electronically. ZnTe electro-optic crystals
are used for THz probe pulse generation (ZnTe (1)) and detection
(ZnTe (2)) with a glass beam splitter (BS, light gray) directing two
portions of the Ti:Sa beam toward the two ZnTe crystals. Delay line 1
is used for delay-time-resolved pump—probe measurements, while
delay line 2 is used for THz-field time-trace acquisitions. Optical
choppers enable lock-in detection of the polarization-resolving diode
pair (PRD) signal. Four parabolic mirrors (yellow squares) collect and
refocus the pump and the probe beams on the sample. The silicon
beam splitter (Si BS) combines the FEL pump and the THz-TDS
probe pulse collinearly, while the low-pass filters block the FEL beam
but not the THz-TDS probe beam. The FEL beam is indicated in
orange, the Ti:Sa beam in red, and the THz probe beam in light blue.
The inset shows an example of the acquired THz-field time-trace.

pulse width 40 fs, and repetition rate 250 kHz) synchronized
with the FEL pulses. The detection is performed with a second
ZnTe rectifying crystal (ZnTe (2) in Figure 3) and subsequent
polarization-resolving detector connected to a lock-in amplifier
(not shown in the Figure). The bandwidth of the rectified pulse
extends from about 0.1 THz up to 2.9 THz (photon energy
range 0.4 to 11.5 meV). Detection at higher frequencies is
prevented by phase-matching conditions due to ZnTe crystal
thickness. However, diffraction effects in our waveguide sample
impose a low-frequency spectral cutoff around 0.7 THz, where
the free-space wavelength is 400 ym or half the waveguide
thickness.

The pump—probe setup in Figure 3 features two delay lines
for two different types of acquisition: scanning the “delay line
17 in Figure 3 allows one to obtain the transmitted THz
intensity as a function of probe—pump delay ¢’ with a long scan
range (—S50 < t' < 400 ps). However, scans with the “delay line
2” in Figure 3 producing time-domain THz-field traces as a
function of time F(t) are acquired for a given pump—probe
delay or in the absence of optical pump. The first kind of
acquisition is used for evaluation of the relaxation times. The
F(t) traces obtained in the second kind of acquisition are
Fourier-transformed into transmitted intensity spectra H(w)
for the discrimination of free carrier losses and optical
transition bleaching effects. The relative transmitted intensity
change curves are obtained by subtracting Hoff(w), measured
before the pump pulse arrives on the sample, from H,,(w),
measured at pump—probe time coincidence. Before performing
the Fourier transformation, the F(t) traces are cut after 10 ps
from the leading edge, a value corresponding to the pump pulse
duration that still enables a suflicient spectral resolution of 0.1
THz.

In order to interpret the spectrally resolved data, we used an
electrodynamic model for radiation transmission through a thin
film taken from ref 61. Following this model, the transmittance
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Figure 4. (a—c) TM (solid) and TE (dashed) FT-IR transmission spectra for samples 1955 (a), 1953 (b), and 1949 (c) acquired at low-T (blue) and
room-T (red). (d—f) Dichroic transmission ratio at low-T (green) for the three samples; for sample 1953, it is also reported at room-T (brown)
extended to lower frequencies using a THz-TDS apparatus with GaP electro-optic crystals (dark brown). The dip at 18 meV in (d—f) is an artifact
due to the transmission function of the polarizer. (g—i) Calculated (dashed) and experimental (solid) 2D absorption coefficient, the latter obtained

from the baseline-corrected data of panels (d—f), respectively.

of a thin absorbing film on a transparent substrate of refractive
index 1 can be written in terms of the complex conductivity of
the film as

4n
(Zydo' +n + 1)* + (Z,do")*

S(w) =
(1)

where 5(w) = o'(w) + io”"(w) is the complex optical
conductivity of the film. The absorption path length d and
the refractive index # were set to d = 14 ym and #n = 3.5, while
Zy = 377 Q is the free space impedance. The value of d
accounts for an optical path of 2/cos(45°) times the QW stack
thickness of 1 um for each reflection, times 5 reflections along
the waveguide length. The optical conductivity in the TM
polarization is modeled as the sum of three Lorentz oscillators
representing the three ISB transitions from level j to level k (0
<j<k£< 2). Additionally, we include a Drude term
representing free carrier response excited by the field
component parallel to the QW plane, which increases above
zero with increasing distance from the metal. Indeed, only the
QWs close to the metal are probed in a pure TM polarization.
Electromagnetic simulations suggest a value A = 0.04 for the
polarization leakage factor that multiplies the Drude term. We
thus write

A-op, ol i

6(w) = T o)y — 2

WYy <k i(wp — o) + DN ji (2)
where op is the Drude conductivity, yp, is the Drude scattering
rate, while @py, 7,3 and I j are the Lorentz oscillator
frequency, line width and strength, respectively. y,  is set by

the ISB transition line width, the Lorentz oscillator frequencies
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are set by the relationship Aw;; = Ej, and the Lorentz
oscillator strength I j (nj — m) can become negative in case
of population inversion between levels j and k. The quantity
opYp is called the Drude weight, and it is proportional to the
energy dissipated by free carriers. At equilibrium only, it can be
demonstrated through the optical sum rules that the Drude
weight is proportional to the three-dimensional carrier density
Nyp = nyped,.> Out of equilibrium (e.g., after pumping), the
Drude weight can be higher than its equilibrium value because
the electron distribution is different from the Fermi—Dirac
equilibrium distribution. Best-fit values for all Drude—Lorentz
parameters were found by fitting eq 1 to the steady-state
transmittance spectra displayed in Figure 4. The relative pump-
induced spectral change of the transmitted intensity of the
THz-TDS pulse AH/H = [H,,(@) — Hy{®)]/Hy{®) is equal
to the absolute transmittance change at pump—probe
coincidence AS/S(0) at each @. We have thus modeled the
spectrally resolved pump—probe data AH/H measured for
different P when pumping the 0 — 2 transition by allowing I ;
and 6, in &(w) to vary as a function of P. Only the variation of
the Drude weight and Lorentz oscillator strengths under
pumping are left as free parameters to fit the model curves to
the measured AH/H spectra in Figure 6, and the spectra are
reasonably reproduced given the small number of degrees of
freedom.

The laser gain spectra G(w) for different P plotted in Figure
7 were obtained from the electrodynamic model of the
spectrally resolved pump—probe data in Figure 6 described
above. The global absorption coefficient (@) = —G(®) can be
derived from &(w) by standard electrodynamics relationships,**
and the gain can become positive only if population inversion
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occurs in levels 1 and 2, iee,, I ,  (n; — n,) < 0. From a fit to
the data in Figure 6, we determined the (positive) change in the
absorption coefficient of free carriers and the (negative) change
in the ISB absorption strength under pumping at given P.
Looking at the resulting fitting parameters in Table 3, the free
carrier absorption increase is assumed to saturate with
increasing P exponentially around P ~ 300 kW/cm?, while
the 1 — 2 ISB bleaching strength is assumed to increase linearly
with P at least up to 1 MW/cm? a value of P at which the
fraction of electrons brought to level 2 by the pump is still
negligible when compared to the total electron density at level
0. The different behavior with increasing P of pump-induced
free carrier losses and upper level population is in agreement
with previous works**®* and previous observations in one-color
pump—probe experiments performed with the same FEL
source up to P ~ 250 kW/cm? on single Ge/SiGe QWs.**
We therefore extrapolated the trend of the model parameters to
high P (up to 1 MW/cm?), and we calculated the projected
gain spectra of Figure 7.

B RESULTS

In Figure 4a—c, we display the waveguide transmittances
Stm(@) and Spp(w) measured by FT-IR as a function of the
photon energy E = Aiw. The ISB transitions appear as broad
dips only in the TM transmission spectra where the radiation
electric field is nonzero in the QW stack.”*' In Figure 4a—c, the
dips appear more clearly in the low-T (T = 10 K) spectra but
also in the room-T (T = 300 K) ones. The narrow absorption
lines at 34 and 38 meV, instead, are due to hydrogenoid
trapped carriers in the lightly doped silicon substrate, and
therefore, they appear in both TM and TE transmittances only
at low T. In general, the ISB transitions are more clearly
detected in Figure 4d—f showing the dichroic transmission
spectra Spy/Srg (ie, the ratio between the two spectra
obtained in the different polarizations TM and TE), in which all
polarization-independent features compensate (including the
narrow lines due to hydrogenoid carriers). At T = 10 K, only
the 0 — 1 transition is observed, centered between 22 and 26
meV for different samples (see Table 1). The dipole selection
rule inhibiting the 0 — 2 transition is violated due to
asymmetry of the QW structure, but, by design, the wave
function overlap between level 0 and 2 is very low in our
structures, leading to a small absorption cross-section at Eg,.
Moreover, level 1 is empty at T = 10 K and the 1 — 2 transition
cannot be observed, although allowed by the selection rule. At
room-T, the 1 — 2 transition should be observed due to the
significant thermal population of level 1; however, depending
on the sample, it falls either out of the range of the FT-IR setup
or within the broad range of the more intense dip related to the
0 — 1 transition. Panels g—i display the 2D absorption
coefficient @, (@) in the range of the 0 — 1 transition obtained
both from the low-T spectra of panels d—f, respectively, by
dividing for a baseline®" (purple continuous lines) and from
the transition matrix element caclulation assuming N, = 1-10"7
cm™ (purple dashed lines). Frequency integration of the
experimental spectra in Figure 4g—i provides the values of the
activated carrier density n,p, reported in the panels for the three
samples. The calculation N;p = n,p-d, provides the
experimental values 0.96-10", 0.87-10"7, and 0.41-10"7 cm™
for samples 1955, 1953, and 1949, respectively. The slight
disagreement between calculated and measured ISB transition
energies can be due to both thickness uncertainty governed by
interface roughness (which is of the order of 0.4 nm; see
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Supporting Information) and uncertainty in the charge density
in the well that ultimately sets the transition resonance after
consideration of the depolarization shift.”>*°

The general increase of the transmittance with cooling is due
to recapture of free carriers in the silicon substrate by dopant
atoms, a fact that strongly reduces absorption losses in the
silicon substrate. The free carriers in the QWs remain confined
in the z direction, but they are highly mobile in the x—y plane
at all T. Moreover, they display nonzero absorption in the TM
polarization (see Methods) and therefore constitute a loss
mechanism that competes with laser gain. Starting from Figure
4a, we see that sample 1955 displays an intense ISB absorption
(approximately 40% maximum attenuation) centered at 26
meV, compatible with the calculated value of 23 meV, and full
width at half-maximum of 4.4 meV that compares well with that
found in previous works.””>' The much weaker 1 — 2
transition falls at E,, = 25 meV, well inside the 0 — 1 transition
dip, and it is therefore not observable even at room-T. In Figure
4b, the transmission spectra of sample 1953 are shown. The
wide well thickness is 15 nm as for sample 1955; hence, the 0
— 1 transition appears almost at the same energy (E; = 25
meV). The larger thickness of the narrow well (5.5 nm
compared to 3.5 nm in sample 1955) sets the predicted 1 — 2
transition energy to E;, = 12 meV. This value is outside the
range of our FT-IR setup in waveguide configuration, but it is
accessible to THz-TDS performed using GaP electro-optic
crystals. Figure 4e depicts the spectra obtained by merging the
FT-IR dichroic spectra Spy/Stg and the same quantity
measured at room-T by THz-TDS, rotating the sample in the
THz-TDS beam to acquire the transmittance in TE-polar-
ization. In the room-T merged dichroic spectrum, the 1 — 2
transition appears as a broad dip centered around 10 meV, less
intense than the 0 — 1 transition. The photon energy of E |, =
10 meV corresponds to an electromagnetic frequency of 2.4
THz that falls in the range provided by broadband THz-probe
pulses of our THz-TDS setup, thus allowing us to measure the
1 — 2 transition bleaching in this sample with increasing P (see
below). Finally, in sample 1949 (Figure 4c), the narrow well
thickness was reduced to 4.5 nm when compared to that of
sample 1953, and the wide well thickness was reduced to 13
nm. Correspondingly, the 0 — 1 transition appears at slightly
higher energy E;, = 28 meV. The 1 — 2 transition is predicted
at E;, = 15 meV but is not clearly observed in our FT-IR
spectra at room-T possibly due to the lower Nj;p obtained in
this specific sample. In general, the steady-state spectra confirm
that the asymmetric Ge/SiGe QW structures display clear ISB
features and provide quantitative information for the models
and the analysis of the pump—probe data.

We now turn to the determination of the picosecond
relaxation dynamics of the three levels under optical pumping
in the presence of the asymmetric coupling between the two
wells. We generate nonequilibrium populations of the three
levels by optical pumping with FEL pulses. We keep the “delay
line 2” position (see Figure 3 and Methods) fixed at time ¢
where F(t) reaches its absolute maximum peak value F,, i.e.,
close to the leading edge of the THz-TDS pulse. The relaxation
dynamics after pumping are then monitored by measuring, as a
function of the pump—probe delay time ¢ (delay line 1 in
Figure 3), the return of F, (') to its equilibrium value F,,.,
that it displayed before the pump pulse arrived. Physically,
AF, . (') = Fou(t') — F,uo is distinct from the optical
transmission at the pumped ISB transition frequency, and it is
instead determined by the transmitted intensity change
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Figure 5. Relaxation dynamics of sample 1953. Left column: data (continuous lines) and fits (black dashed lines) of the THz electric field intensity
change as a function of pump—probe delay for different temperatures T and pump intensities P. Right column: results of the out-of-equilibrium
model for the optical transmittance change AS/S and the variation in the population of the pumped level referred to the total electron density An/
,p at the corresponding P and T values. (a,d) Pump photon energy of 25 meV; (b,e) pump photon energy of 41 meV at different Ts (blue 37 K, red
97 K); (c,f) sample pump photon energy of 41 meV at different pump intensities: 25 kW/cm?* (blue), 50 kW/cm? (green), and 75 kW/cm? (red).
The right scale values refer to either An,/n,p, (panel d) or An,/n,, (panels ef). An,/n,p is much lower than An,/n,, because of much lower
absorption strength of the 0 — 2 transition if compared to the 0 — 1 transition.

Table 2. Experimental (Sample 1953) and Calculated Relaxation Times 7 for Optical Phonon Scattering at Different Pump
Photon Energies Eg;, Pump Intensities P, and Temperatures T, and the ISB Relaxation Times 7;; Directly Obtained from the
out-of-Equilibrium Model”

T (K) P (kW/cm?) Egg;, (meV) 7x (exp) (ps) 7x (calc) (ps) 7y0(calc) (ps) Ty(cale) (ps) 7y (cale) (ps)
37 17 25 60 15—90 15—90
37 25 41 106 80 30 100 STac
37 50 41 96 81 30 90 STac
37 75 41 88 82 30 90 STac
97 60 41 81 50 6 90 200

“In the case of 7,; at 37 K, the obtained values are larger by one order of magnitude than the acoustic phonon relaxation 7,c ~ 200 ps. Other non-
phonon mediated scattering mechanisms also contribute to set an upper limit for the relevance of optical phonon scattering in the electron energy
relaxation.

spectrally integrated between 0.7 and 2.9 THz. In this exclude that the THz transmittance may increase under
frequency range, free carrier absorption dominates the pumping at specific THz frequencies, e.g.,, at the energy of
response. Free-carrier absorption increases when the pump the 1 — 2 ISB transition. Spectral analysis of the entire TDS
pulse arrives and then returns to its equilibrium value. time trace F(t) taken at both t' = 0 and ¢ < 0 is needed to
Assuming a single-exponential behavior, it is possible to discriminate transition bleaching effects, as described in the

effectively extract experimental values for 7z by fitting the

next paragraph. The extracted 7y for sample 1953 are reported
data to the following equation:

in Table 2. For each optical pump level, in Table 2 the
calculated value of 7y obtained by fitting the numerically
calculated AS/S(t') curves, displayed in Figure Sd—f, is also

where AF,,.(0) is the electric field change at pump—probe reported. Panel d (ef), also shows the population of level 1

AFmaX(t/) = AFmaX(O)e_t//TR

coincidence (¢’ = 0) relative to its equilibrium value F,,,,o. The (level 2) which displays almost the same relaxation time scale as
quantity AF,,.(t') was found to be negative in all cases, as AS/S(t'). Finally, in Table 2 the ISB relaxation times directly
expected in free-carrier absorption increase; therefore, it is obtained from the out-of-equilibrium model are also reported:
reported as — AF,,..(t') in Figure Sa—c for clarity. The negative it is clear that, in a three-level system, the ISB transition rate to
sign of the spectrally integrated quantity AF,,,.(t') does not the ground state alone cannot explain the population dynamics
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of the corresponding excited level, and it is necessary to
simultaneously consider the interplay of electrons in the three
levels with the lattice in the framework of an out-of-equilibrium
model of the ISB dynamics.

The interpretation of the time-resolved data of Figure S is as
follows. When pumping at Epg; = Eg; = 25 meV (dgg, = 50
um), due to the large absorption coefficient of the 0 — 1
transition, large population variations are generated (variation
of T,; of ~20 degrees). One could expect that the energy
relaxation after pumping at Ej is dominated by 1 — 0
transitions by phonon emission because n, ~ 0. By inspecting
the phonon spectrum of Ge, we see that in our samples E,; is
smaller than E,;, - = 37 meV, while it roughly matches the value
of Eja ~ 25 meV; therefore, the direct 1 — 0 relaxation takes
place by intervalley optical phonon emission with large
momentum and energy E,; , which is a rather slow process
when compared with intravalley emission of phonons with zero
momentum and energy E;, i~ This fact is confirmed by the long
relaxation times of 30 to 60 ps found in one-color pump—probe
experiments on two-level symmetric Ge QW samples with E;;
=25 meV and inter4preted as direct 1 — 0 relaxation by optical
phonon emission.””"” In apparent agreement with such
observations, the present experiment (Figure Sa) provides, for
identical Epz; and E;;, an approximate relaxation time scale
Trexp ~ 60 ps. However, the out-of-equilibrium model (Figure
5d) yields a double-exponential relaxation with 7y . ~ 15 ps
and 7y 1 ~ 90 ps. This peculiar behavior has been identified
in the model with a competing energy relaxation channel that
involves level 2. In this competing channel, a first “inverted” 1
— 2 energy relaxation process takes place by transitions of hot
electrons in the subband 1 into the bottom of subband 2. The
second slower energy relaxation process is driven by 1 — 0 and
2 — 0 transitions with emission of phonons, and all electron
temperatures slowly tend to their equilibrium value. We
conclude that this is probably the correct interpretation of
the experiment when pumping at Epz; = Ey; = 25 meV shown
in Figure Sa, where the signal-to-noise ratio does not allow one
to distinguish between single- and double-exponential decays.
The trivial analogy with two-level symmetric Ge QW samples
with the same value of E, is instead to be rejected, indicating
the key role played by subband 2 in energy relaxation processes.

When pumping at Epg; = 41 meV (Agg, = 30 um) above the
0 — 2 transition at Ep = 35 meV (Figure S b,c), small
population variations are induced due to the small absorption
coefficient of the samples (variation of T,, of few degrees), and
a single-exponential fit reasonably reproduces the AF,,..(t)
data with 7y in the range 80—110 ps (see Figure S and Table 2).
Fast relaxation by optical phonon emission should be dominant
here because Epg, = 41 meV > E;,r = 37 meV. However, due to
the small overlap of y;,(z) and yy(z) in the ACQW structure
(see Figure 2), in the out-of-equilibrium model (Figure Se,f) we
find 759 ~ 100 ps > 7)5 ~ 30 ps at all T and P levels explored
(see Table 2). We can thus safely ascribe the slow relaxation
seen after pumping at 41 meV in the experiments to direct 2 —
0 nonradiative transitions by optical phonon emission with 7,,
~ 100 ps. The achieved slowing of the 2 — 0 optical phonon
emission process is a main achievement of the present work
due to wave function engineering. The decrease of 7y from ~80
psat T =37 Kto S0 ps at T = 97 K (see Table 2) is also
consistent with this interpretation. While 7,; ~ 90 ps remains
almost constant with T because the transition matrix element of
the electron—phonon interaction does not depend on T, at
higher T a second nonradiative relaxation channel from level 2
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to level 1 and then from level 1 to level O starts to compete with
the direct 2 — 0 channel. This second 2 — 0 energy relaxation
channel seems to be activated by absorption of thermally
excited phonons.

Quantitative information concerning pump-power thresholds
for lasing and gain spectra can be obtained by performing
spectrally resolved pump—probe experiments with Ep; = 41
meV > E;,. We measured the probe transmitted intensity
spectra H,,(w) at pump—probe coincidence (¥ = 0) and
H,p:(w) when the probe pulse arrived well before the pump
pulse (= —50 ps). The pump-induced relative transmitted
intensity change AH/H (= AS/S, see Methods) is shown in
Figure 6a, and the corresponding results of the electrodynamic

0.04F —— 1953 P=75kW/cm?
——— 1953 P=50kW/cm?

(a)

| —— 1949 P=15kW/em? /

AH/H

0
0.02}
0.04F
4 6 8 10
Energy (meV)

Figure 6. Spectrally resolved data at T = 37 K (a) and electrodynamic
model (b) of the relative transmitted intensity change of the probe for
sample 1953 pumped at 75 kW/cm? (blue) and 50 kW/cm?* (green),
and sample 1949 pumped at 15 kW/cm?® (orange). The arrow at 10
meV indicates the photon energy at which the Lorentzian peak
corresponding to the 1 — 2 ISB transition is centered (see text).

model are shown in Figure 6b. The corresponding Drude—
Lorentz parameters are reported in Table 3. In sample 1949,
one only sees a reduction of AH/H attributed to the increase of

Table 3. Drude—Lorentz Model Parameters from Eq 2 for
Two Samples Pumped at Different Pump Intensities P at T =
37 K: Drude Conductivity 65, and Scattering Rate yp;
Intensity of the Lorentz Oscillator I ;,, with Line Width
71,120 Centered at Frequency w;,, Corresponding to the
Nominal 2 — 1 Transition Energy”

P Op 7D I L2 hoy,,
sample (kW/cm?) (Q7'em™) (em™) (em™) (em™) (meV)
1953 0 40 250 1.12 125 10.4

50 45 250 1.09 125 10.4
75 47 250 0.84 125 10.4
1949 0 23 250 0.62 125 15.0
15 27 250 0.59 125 15.0

“yp and y_ are purposely kept constant to a best-fit value for all
samples and P.
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the Drude weight o5y No information can be obtained on the
subband populations of sample 1949 because the 1 — 2 ISB
transition falls outside the accessible spectral range of the probe
in Figure 6. Owing to a smaller electron density in sample 1949,
lower P is sufficient to induce relative changes comparable to
that of sample 1953 at higher P. In sample 1953, beyond the
increase of opyp, a reduced strength I;,, of the Lorentz
oscillator centered at E;, = 10.4 meV is also observed under
pumping due to the increased population of level 2 (bleaching),
and this explains the positive overshoot of AH/H above 10
meV marked by the arrow in Figure 6. Physically, the increase
of opyp under pumping can be explained by the removal of
some of the electrons from level O that smears the electron
distribution over an energy range broader than the equilibrium
Fermi distribution function and then reduces the Pauli blocking
effect. This corresponds to the negative sign of the measured
AF,,..(t') in Figure 5. Calculating the Fermi—Dirac population
factors at T = 37 K for the calculated energy level position at 22
and 34 meV above the Fermi level (which corresponds to the
fundamental level; see Figure 2), one finds that 0.08% of the
electrons populate level 1 and S0 times less electrons populate
level 2. Under these conditions, the 1 — 2 ISB absorption is
certainly nonzero, and the optical pumping of electrons from
level O to level 2 inhibits the 1 — 2 absorption, resulting in the
decrease of I ;, under pumping. The small variations of the
high-energy oscillator strengths I; o, and I, with pumping
have no impact on the transmitted intensity in the energy range
displayed in Figure 6 and therefore cannot be derived from a fit
to the data. For determining the gain in Figure 7, we directly
compute them from the calculated n;.

B DISCUSSION

The experimental data in Figures 5 and 6 are well reproduced
by the out-of-equilibrium model and by the electrodynamic
model, respectively; therefore, we will base the following
discussion on both data and models. The main result of the
delay-time-resolved pump—probe analysis (Figure S) is that
level 2 is sufficiently long-lived (7,9 ~ 100 ps and 7,; ~ 200 ps)
to achieve, with a short-pulse optical pump, population
inversion lasting beyond the pump pulse duration (here 10
ps). A further (expected) result is that the interaction of
electrons with nonpolar optical phonons and acoustic phonons
determines the nonradiative ISB dynamics, which is rather slow
when compared to that of similar structures previously realized
on group III-V compound semiconductors.’*”**** The main
result of the spectrally resolved pump—probe analysis (Figure
6) is that, for high enough pump photon density (ie., peak
pump power density), ISB emission gain is expected to surpass
the dominant free carrier losses.

The large values for 7,y and 7,, obtained here in ACQW are
compared to the values of few picoseconds obtained in
symmetric QWs where the first ISB transition energy was
comparable to the present value Ey, = 35 meV.® We ascribe
the observed increase of the ISB relaxation time in ACQWs to
successful engineering of wave function overlap. In the out-of-
equilibrium model, 7,, is found to be longer than 1 ns because
Ej, < Ey; therefore, it cannot be extracted directly from the
experimental data, and we use the typical acoustic phonon
scattering time of ~200 ps' " to calculate 7,0/7,, ~ 0.15. This
is an extremely low value,™ favorable for population inversion
between levels 1 and 2, obtained here by exploiting the slow
relaxation of the transitions with energy E;, < Eph,44 instead of
exploiting fast resonant phonon depopulation of level 1 as
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previously done in quantum fountain devices made of III-V
compound semiconductors.””***°

We now turn to the frequency-resolved data of Figure 6.
Pump-induced increase of the free-carrier absorption dominates
most of the AH/H spectra, but the 1953 sample pumped at 75
kW/cm?* (blue curve in Figure 6a) shows a reduction of the
oscillator strength of the 1 — 2 ISB transition. From the
oscillator strength reduction, we evaluate that 8 X 10%
electrons/cm® were brought to level 2 by the pump pulse,
leading to a rather low pump-beam absorption in the entire
QW region of ~2%, a value compatible with the low value of
the calculated 0 — 2 transition matrix element. This is the main
drawback of our ACQW design, which has to be traded with
the advantages of long relaxation times and of structure
simplicity. The 2D density of electrons per well brought from
level O to level 2 by the pump pulse at 75 kW/cm? is estimated
to be 1, ~ 2-10” cm™?, i.e., 20% of those already present in level
1 (n, ~ 0.000871, ~ 1-10° cm™), meaning that population
inversion is not achieved (n,/n; ~ 0.2 < 1). In the present
experiment, thermal balance issues forced us to limit P to ~75
kW/cm* and T to 37 K. On the basis of the quantitative
spectroscopic information presented in this work, we can
evaluate the potential for light emission from our QW structure.
By increasing P, a larger fraction of electrons can be brought to
level 2, and by decreasing T, the population of level 1 rapidly
decreases according to the Fermi distribution factor, favoring
population inversion even at lower P. Possibly, net spontaneous
emission may then take place at lower temperatures,® but it
could not be probed with the present coherently locked THz-
TDS probe that is insensitive to all contributions of the THz
field that are not generated in the ZnTe electro-optic crystal
emitter. Concerning stimulated emission,** which would
instead be measurable with the THz-TDS setup, population
inversion should be strong enough to overcome the free carrier
losses and produce a significant amplification of the THz-TDS
probe beam, as we now discuss.

We now turn to the estimate of the gain coeflicient for
photon energies around E;, under pumping above Ey, due to
the balance between emission gain proportional to (n, — n,)
and the absorption coefficient a(®). Both quantities depend on
the optical pumping level P. The latter phenomenon is clearly
observed here and in other similar experiments,”’ and it is
attributed to pump-induced release of the Pauli blocking for
free-electron scattering in the fundamental level, as mentioned
above. However, the increase of the Drude oscillator strength
for increasing P is found to saturate around 300 kW/cm?, while
the population n, of level 2 is predicted to increase linearly with
P (see Methods). n; can be considered constant with P at pump
photon energy E,, and for low enough temperatures (T < 20
K), we can consider n; ~ 0. Considering this, in Figure 7 we
have projected up to P = 1 MW/cm” the trends measured here
at low P so as to obtain net gain spectra G(®) for different P.
To do so, we have subtracted both free-carrier and ISB
absorption losses (including those centered at Ej, = 35 meV
and E,; = 25 meV modeled from the data in Figure 4) from the
absolute positive gain curve of intensity proportional to n, — n,
assuming a Lorentzian line shape for the gain curve identical to
that of the 1 — 2 absorption of Table 3. We have found a
threshold pump power density of 500 kW/cm? for positive net
gain at photon energies between 10 and 25 meV (2.5 < w < 6
THz). Because of absorption in the silicon substrate, such P
levels probably require short-pulsed optical pumping in the
picosecond range. A pump power density of 500 kW/cm? was
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Figure 7. Calculated ISB gain function for increasing pump intensity
from the experimental value of 75 kW/ cm? (violet line) up to 1 MW/
cm? (red thick line). Positive gain values are predicted for pump
intensities above 500 kW/cm?.

indeed available from the FEL, but it could not be delivered to
the sample without significantly increasing its steady-state
temperature because of thermal balance limitations. Sample
heating is unavoidable in the present waveguide configuration
due to pump absorption by the 800 ym thick silicon substrate®*
and by the free-carriers in the QWs due to polarization mixing.
Both types of losses could be suppressed by electromagnetic
engineering of the laser cavity, e.g,, by the use of double-metal
waveguides that would make the electromagnetic mode purely
TM.” Future works will focus on designing suitable optical
pumping schemes for obtaining lasing action from Ge/SiGe
QWs on silicon substrates based on the quantitative
information here reported.

In conclusion, we have presented the design and the first
steps of experimental characterization of a terahertz emitter on
silicon substrate based on three-level Ge/SiGe asymmetric
coupled quantum wells, also called the quantum fountain
structure. Our spectrally resolved terahertz picosecond pump—
probe measurements have displayed transmission increase
above 2.5 THz related to bleaching of the transition between
the two upper levels 2 and 1. Such an important result was
achieved by quantum-engineered symmetry breaking in the
ACQW structure that enables optical pumping of electrons
from level O to level 2 preventing fast reverse relaxation. The
pump—probe delay-time-resolved data, interpreted through an
out-of-equilibrium model of the intersubband dynamics, have
shown that the 1 — 0 transition rate is higher than both the 2
— 0 and 2 — 1 rates as expected from the quantum fountain
structure design. We obtain an intersubband transition time
ratio 7,0/7,; ~ 0.15 favorable for strong population inversion
between level 2 and level 1. Moreover, the rather long lifetime
of level 2 mainly determined by 7,y ~ 100 ps gives the
possibility to exploit the population inversion beyond the time
duration of the pump pulse (here ~10 ps). Projecting the
measured trends for losses and population inversion to pump
intensity an order of magnitude higher than those reached in
the present experiment, we deduce that positive laser gain in
the range 2.5—6.0 THz can be achieved in optically pumped
quantum wells grown on silicon substrates.
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Growth process performed with the CVD technique and
the results concerning the sample crystalline quality and
the high precision achieved in the heterostructure
geometry; calculated band structure including both L
and A, valleys; TEM cross-section images showing the
abrupt interfaces and the low defect density along the
structure; and single beam traces of THz-TDS and FT-IR
providing the estimate of experimental accuracy vs
frequency (PDF)
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