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1. Forewords
This task is devoted to the demonstration of THz quantum cascade laser based on Ge/SiGe quantum
wells between 2 and 10 THz with power ≥1mW. The final goal of the laser demonstration was not
achieved within the duration of this project. Nevertheless, we believe we made significant progress
towards this goal: as sketched in the roadmap of Fig.1 we successfully completed several cycles of
optimization of the active medium and demonstrated, for the first time in this material system,
electroluminescence from several different epitaxial layers.
As detailed in deliverable D2.2, we managed to put in place a successful process flow and
demonstrated the first fabricated double-metal waveguides in this material system. The successive
step will be the final integration of high-quality, high-gain active region (AR) in the developed double
metal waveguides.

Fig. 1: Roadmap towards the demonstration of a Ge/SiGe THz laser

2. QCL structures for electroluminescence: single quantum well AR
To unambiguously demonstrate electroluminescence (EL) from a Ge/SiGe quantum cascade
structure, we adapted to this material system a single quantum well (SQW) design previously used
for GaAs/AlGaAs QCLs, as reported in [1]. SQW active regions are not expected to show high optical
gain. Instead, the low current density together with the moderate energy drop per period lead to
reduced heating of the device. Hence, the unwanted blackbody emission can be reduced.
Furthermore, the narrow spectral peak of the vertical intersubband transition should result in a
clear signature in the spectrum. Preliminary EL results were presented in D5.2. Here we report
further measurements performed on these structures and the in-depth analysis of our data,
published in Ref. [1].

Active region simulations and epitaxial growth
The conduction band profile in the L-valley and the energy resolved current density of the target
design are shown in Fig. 2(a). The main vertical transition between states |2〉and |1〉is expected
at an energy of 14.5 meV at 22 mV/period with a current density of 37 A/cm2. The NEGF calculations
are performed with the nextnano.NEGF simulation package. The effective mass along the
confinement direction of m∗=0.135m0 is used. In this strain-compensated design we employ tensilestrained Si0.15Ge0.85 barriers. Such a Si-content leads to a smaller confinement offset in the L-valley
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∆EL=80 meV compared to the GaAs/Al0.15Ga0.85As material system with ∆EΓ=125 meV. This low Si
content allows to separate energetically the parasitic ∆2-valley states from the L-valley states to
avoid potential leakage or charge trapping by the barriers. Note that the simulation model accounts
for interdiffused Ge/SiGe interfaces. The interface properties are based on atom probe tomography
measurements. Here the interface roughness (root mean square) ∆=0.11 nm and the in-plane
correlation length Λ||=7.0 nm are used (see D1.5). Similar GaAs/AlGaAs structures with the same
expected emission energy have been used for a quantitative benchmark comparison with the
Ge/SiGe results.

Fig. 2: (a) Conduction band diagram and Wannier-Stark states for the target SQW design at 22 mV/period
computed by NEGF. The solid black and solid grey lines are the potentials in the L- and ∆2-valleys, respectively.
The orange scale shows the position and energy resolved current density at 10 K. The integrated current
density is 37 A/cm2. The nominal period length is 82.4 nm with a sheet doping density of 2.5×1010 cm−2.
Starting from the injection barrier the nominal layer sequence with thicknesses in nanometers is
4.7/19.9/3/13.9/3/11.6/3/3.8/3/3.8/3/9.7. The Ge wells are in standard font, the Si0.15Ge0.85 barriers are in
bold and the phosphorus doped layer is underlined. (b) Reciprocal space map acquired on sample 2306
around asymmetric (4 -2 -2) Si reflections. (c) Comparison of the measured and simulated (004) XRD rocking
curve. The simulated curve is shifted for clarity. (d) STEM image at different magnifications of a SQW
heterostructure. The SiGe barriers appear darker. (e) SEM image and schematic diagram of the Ge/SiGe
interdigitated diffraction grating. The schematic diagram shows the cross-section of a single grating finger
and its bias configuration for the regular growth direction. If the growth direction is reversed the polarity is
switched.

The strain-compensated structures were grown on a Si1-xGex reverse graded virtual substrate (RGVS)
on Ge/Si(001) substrates at UNIROMA3. The RGVS is 3.7 µm thick where the last 1.3 µm is a constant
composition Si0.03 Ge0.97 buffer. The quantum cascade periods are embedded between 400 nm
bottom and 25 nm top contacts. Both contacts consist of phosphorous-doped Si 0.03Ge0.97 with ND 
2 x1019 cm-3. The active region consists of 51 periods of the SQW region for a total thickness of 4.2
µm. The structural characterization of the samples (X-ray diffraction and scanning transmission
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electron microscopy measurements) was performed at IHP. The threading dislocation density has
been measured on similar samples to be on the order of 10 6 cm-2, a state-of-the-art value for this
material system. Notice that as the threading dislocations act as acceptor-like states (see D4.2), the
nominal phosphorous sheet density (5-7x1010 cm-2) in the Ge/SiGe structures is larger than the free
carrier concentration targeted at the design stage.

Transport and light vs current measurements: single quantum well AR
The samples were processed at UGLA into deeply etched diffraction gratings with linearly chirped
periods (23 - 28 µm). The top and bottom metallizations are interdigitated to uniformly pump the
device area. A SEM image of the processed device is illustrated in Fig. 2(e). The samples were etched
using inductively coupled plasma (ICP) etching with SF6/C4F8 chemistry. Ohmic contacts were formed
on the highly doped semiconductor material using deposited Ni metal annealed at 330 °C for 30 s
to form NiGe.
Transport and EL measurements were performed at ETH. The voltage-current (VI) and
electroluminescence intensity-current (LI) characteristics measured at 5 K for the Ge/SiGe samples
are reported in Fig. 3(a) (VI curves as a function of the temperature up to 290 K are reported in Fig.
3(b)). The observed Ge/SiGe VI curves are compared to the NEGF simulation for sample 2307
(dashed blue line); the measured current density exceeds the simulated one by a factor of 5, that is
consistent with theoretical lifetimes predictions, as discussed further below. We do not observe as
well any clear sign of band misalignment (NDR) that marks the end of resonant tunneling injection
in the upper lasing state in quantum cascade devices. It is expected that in non-polar materials like
Ge/SiGe the electronic temperature can be much higher than the lattice one and the resonant
tunneling can be affected by this.
(b)

Fig. 3: (a) Light-current-voltage (LIV) characteristics at T=5 K for the Ge/SiGe samples. (b): transport
characteristics (pulsed operation) for sample 2307 at different temperatures.

Spectral measurements: single quantum well AR
Electroluminescence measurements were performed in a home-made, under-vacuum Fourier
transform infrared (FTIR) spectrometer equipped with a He-cooled Si bolometer (IRLabs). The
samples were mounted in a He flow cryostat. The heat sink temperature was kept at 5 K. Current
was injected following a micro-macro pulse scheme to minimize heating effects. Generally, 627
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micro-pulses of 960 ns length (equivalent to a duty-cyle of D=50%) with macro-pulse frequency of
415 Hz are used. The interferograms were acquired in step-scan mode with a lock-in amplifier with
2 s integration time per point and a spectral resolution of ∆E=0.82 meV (198 GHz). Multiple
interferograms with the same experimental conditions were averaged yielding typically 8-24 hours
of total integration time. The stabilities of the in-phase component, quadrature component and the
heat sink temperature were verified continuously during the acquisition time. As reference
measurement a micro-pulse duty-cycle of D=95% was used, pre-aligned and phase calibrated using
a vertically emitting single mode THz QCL driven below threshold with the same pulse scheme.
These measurements were also used to verify the absence of absorption features along the optical
path at THz frequencies and the absence of spurious noise (i.e. electrical pickup). These
measurements are published in Ref. [1].
Typical spectra measured on three Ge/SiGe samples are shown in Fig. 4(a)-(c). Two peaks centered
around 13 meV and 22 meV appear distinctly from the spectra. We identify the first peak as the
vertical transition between states |2〉and|1〉. We attribute the second peak to a transition from
a higher lying energy state |p〉to the upper state of the miniband |u 〉, which extracts the
electrons from the SQW. In Fig. 4(c) we report as well the predicted electroluminescence signal
using NEGF. Two peaks are predicted, in fair agreement with the measurements: the presence of
the second peak highlights the role of hot electrons due to the absence of strong inelastic scattering
(LO phonons).

Fig. 4: Electroluminescence spectra of the three Ge/SiGe samples (a), (b) and (c). The dotted lines correspond
to the simulated peak positions. (c) The gray dashed line shows the theoretically calculated
electroluminescence spectrum. (d) The simulated peak positions are compared with the measured peak
positions. (e) Measured FWHMs and integrated optical peak power as function the period length. (f)
GaAs/AlGaAs reference spectrum with a transition energy of 14.8 meV, FWHM of 0.7 meV and integrated
peak power of 2.5 pW. Note that this measurement is acquired with spectral resolution ∆E=0.24 meV and
micro-pulse duty-cycle D=95%.

FLASH Deliverable No.5.3

6

Far-infrared Lasers Assembled using Silicon Heterostructures

Horizon 2020

The measured spectra are fitted to a double Lorentzian function and the extracted transition
energies are compared to the simulated peak positions as a function of the period length, see Fig.
4(d). The measurement and simulations agree to within 2 meV. Note that in simulations we account
for the different period lengths obtained by XRD and the nominal doping density is used. The small
discrepancy of the peak positions may be due to some uncertainty related to the material
parameters of the Ge/SiGe system (band-offset and electron effective mass), as well as to the exact
knowledge of the actual doping profile. In Fig. 4(e) the extracted FWHM and the integrated peak
power of the individual transitions are shown. The observed FWHMs agree with optical absorption
measurements reported in [2]. Considering sample 2306 the line broadening for both peaks is
∆f/f≈0.2. The FWHM of the|2〉 to |1〉transition is 2.5 meV, which is 1 meV larger than what is
predicted by NEGF. In the context of the Kazarinov-Suris density matrix model for transport in
quantum cascade structures [3, 4], this linewidth corresponds to a dephasing lifetime T2= 0.3 ps.
This dephasing time impacts as well the visibility of the NDR feature as discussed in [3]. It has to be
mentioned that a control sample with the doping placed homogeneously over four quantum wells
of the injector and processed in identical grating has given, as expected, a broad spectrum with no
clear features. The small confinement offset in our Si0.15Ge0.85 design energetically lower the
parasitic state |p〉. The weak electron-phonon interaction in non-polar Ge/SiGe active region leads
to a larger electronic excess temperature. Thus, the transport through higher lying energy states is
non negligible and leads to a second optically active transition. The reduced injection efficiency into
the upper state leads to a much weaker or absent NDR feature. Additionally, the doping level in the
active region and the contacts of our structures are not optimized. This could cause a nonhomogeneous electric field across the 51 periods of the cascade and ultimately impair the electronic
injection.
The electroluminescence spectra of samples 2306 and 2307 with different micro-pulse duty-cycles
D are shown in Fig. 5. The spectra acquired with D=50% are scaled to D=90%. For both samples both
peak intensities scale with duty-cycle and the peak positions remain unchanged. Considering the
spectra of sample 2307 (see Fig. 5(a)), it can be seen that the intensities below 10 meV are not
scaling with duty-cycle. The peak around 3 meV is blue-shifted and the intensity increases
excessively as the duty-cycle is increased. Such a behaviour is expected from blackbody radiation.
Moreover, we expect the blackbody radiation peak in this spectral region. Hereby a higher sample
temperature of 20 K is assumed whereas the heat sink temperature is 5 K. For the spectra shown in
Fig. 5(b), the intensities below 10 meV are lower compared to sample 2307 and therefore both
peaks are more clearly visible. The lower FWHM of the |2〉to |1〉 transition indicates a better
sample quality and hence might explain the absence of peak below 10 meV caused by blackbody
radiation.
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Fig. 5: Electroluminescence spectra of samples 2307 (a) and 2307 (b) with different micro-pulse

duty-cycles D.

From the data presented up to this point we can attempt an estimation of the non-radiative
lifetimes of the upper states |2〉 and |p〉, considering the spectrum of sample 2315 and using
the GaAs/AlGaAs reference to extract the collection efficiency. The electroluminescence power can
be written as Popt=ηinj ηcoll ηrad (hν/e) Np D I, where ηcoll is the collection efficiency for the setup and
the grating, ηrad≈ τnr/τsp the radiative efficiency, hν the photon energy, D the duty-cycle, I the current
and e the absolute value of the electron charge. In the case of GaAs, we assumed unitary current
injection ηinj= 1 (NDR well visible), we use τnr= 12.2 ps and, with the computed spontaneous emission
lifetime τsp= 7.4 μs we can extract a collection efficiency of ηcoll≈ 7×10−4. For the Ge/SiGe structure
we assume that the total power is given by summing the two peak powers. Using the injection
efficiencies into states |2〉and |p〉computed with NEGF simulations ηinj,2= 0.38 and ηinj,p= 0.37,
and the computed spontaneous emission lifetimes τsp,2= 15.9 μs and τsp,p= 7.1 μs, leads to τnr,2= 1.9
ps and τnr,p= 1.3 ps and a corresponding radiative efficiency of ηrad≈ 10−7. The lifetimes predicted by
NEGF modelling are τsimnr,2= 12 ps and τsimnr,p= 6 ps, roughly a factor of 5 higher. These deduced
values for the lifetimes constitute a lower limit; indeed, this difference could also be attributed a
discrepancy in the actual injection efficiency. The reason for the latter could be the presence of
threading dislocations, possible inhomogeneities in the electric field across the whole sample length
as discussed above, or a higher electronic temperature. NEGF simulations suggest that Coulomb
scattering prevails over interface roughness scattering in the determination of the lifetimes and of
the linewidth. Therefore, the discrepancy in lifetimes and/or injection efficiency (which cannot be
discriminated from the experimental data) with respect to the NEGF simulation may also result from
a larger effective doping density.
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3. Final QCL design: Four quantum well AR
After the demonstration of the electroluminescence from the single quantum well active region
we moved back to the four quantum well structure where our simulations [5] predict an higher
gain with respect to the single quantum well.

NEGF simulations and epitaxial growth
The conduction band diagram, Wannier-Stark states and currier density at 80 K predicted by NEGF
at 50 mV/period is displayed in Fig 6. As already published in our theory paper, the predicted gain
for this kind of structures is 40 cm-1 at low temperatures [5].

Fig. 6: Band structure and NEGF simulation with nextnano.NEGF of the sample 2351 at a temperature of 80
K.

The top right table in Fig. 7 shows the QW design parameters of the active region, consisting in 4 Ge
wells separated by barriers with a Ge composition of 82%. As discussed in the 2nd Year Report (D1.5),
this composition of the barriers allows to confine higher in energy the Δ2 states, so that their role in
the transport is negligible.
After optimizing the growth recipe for best matching the compositions of the 1.2 μm- thick SiGe
buffer layer of the virtual substrate (Fig. 7, left) and of the bottom contact to the average
composition of the active region to achieve the strain-compensation condition, 5 samples with 100
period repetitions (corresponding to a total thickness of the active region of about 5 μm) have been
grown in the UNIROMA3 UHV-CVD reactor.
Depending on the sample, we doped either only well 3 (W3) or well 3 and well 4 (W4) as summarized
in the bottom right table in Fig. 7. This was meant to explore the potential effect of dopant diffusion
and the effect of field distortion produced by localized donors. The nominal sheet carrier density
was varied by a factor of about 4 among the samples grown. Also, the thickness of the injector
graded layer was doubled from 80 to 160 nm in one sample in order to evaluate its effect on the
cooling of hot injected carriers.
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Fig. 7: (left) Growth design of the QCL samples including virtual substrates and contacts. (right top) Active
layer design of an individual module. (right bottom) Doping design of different grown samples, the PH3
fluxes used for doping W3 and W4 are reported together with the nominal sheet carrier density.

The samples have been extensively characterized by AFM at UNIROMA3 and XRD, TEM/STEM at
IHP. Figure 8 shows the (004) rocking curves acquire on the grown layers as well as one example of
reciprocal space map around (4-2-2) reflections and AFM surface morphology for sample 2349.
Overall, we observe an excellent reproducibility and structural quality of the layers, with a highquality factor of the superlattice XRD peaks and variation of the periodicity in the order of 2 %
among samples. AFM analysis shows the absence of pit defects within a range of several hundreds
of microns and the rms surface roughness is below 5 nm on 90x90 μm2 images and associated to
the typical cross-hatch pattern morphology.
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Fig. 8: (left and middle panels) XRD (004) rocking curves of 100 repetition 4-well QCL samples. (right panels)
(4-2-2) reciprocal space map and AFM surface morphology of sample 2349 ( image area 90x90 m2).

Detailed STEM analysis of individual samples shows that the period thickness is stable across the 5
μm stack of the active region. As an example, we report in Fig. 9 STEM/EDX analysis for sample 2344,
evidencing the perfect match of barrier/well layers between the first and last period grown (typical
growth time for the active region is 20 hours).

Fig. 9: Matching between last and first period obtained by (left) STEM (right) STEM-EDX.
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Transport and spectral measurements
The first series of QCL samples grown at UNIROMA3 has been processed at UGLA into surface
emitting , deep etched grating of the same kind of the ones already used for the measurements
presented here.
The transport and spectral measurements for this series of samples are reported in Fig. 10. From
the I-V characteristics of the samples we found that the current density is a factor of 10-12 higher
than what predicted by the simulations (green curve in Fig. 10 (c)), that give currents in the range
of 100-200 A/cm2 at low temperatures while we record current densities above 2.5-3kA/cm2 at the
alignment bias of 6 V. The shape of the VI curve is in fact quite good and shows inflection points and
a change of the differential resistance for a current density of 3 kA/cm2, as visible from the plot of
Fig. 10(c). We did not observe any of these features in the I-V characteristics of the single QW active
region. The presence of pronounced transport features agrees with the spatial distribution of the
electronic wavefunctions at the injection barrier that is designed to be less coupled (i.e. reduced
overlap) than in the case of the SQW.
(a)

(b)

(c)
NEGF sim

Distance (mm)

Energy (meV)

Fig. 10: (a) series of interferograms (orange ) and spectra (blue) for sample 2351. (b) VI as a function of
temperature and (c) VI at 10 K and its differential resistance.

The spectrally resolved electroluminescence measurements displayed in Fig.10 (a) show, as
expected, a quite strong blackbody signal due to the fact that the injected power is always above 11.5 W. We cannot ascribe any of the recorded peaks to a specific intersubband transitions. On these
grounds, a new growth campaign with sensible reduction of the doping has been started. We grew
three additional samples whose measured (004) XRD rocking curves are reported in Fig. 11, and at the
time of this report’s writing (mid-July 2021) the new samples are being processed into grating for a
further run of electroluminescence and transport characterization.
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Fig. 11: Second-generation 4-well QCLs with lower doping densities. (top) XRD (004) rocking curves. (bottom)
PH3 fluxes used for doping W3 and W4 and nominal sheet carrier densities.

Further progress towards the laser
In view of the integration of the QCL structure with the double plasmon WG we are working to:
a) optimize the growth to achieve thicker QCL structure 10m;
b) optimize the growth of QCL structures on silicon-on-insulator (SOI) substrate to replicate on samples
containing the QCL stack the DPWG device fabrication process developed on dummy SiGe samples
and reported in D2.2.

We achieved promising results in both these tasks.
In Fig. 12 the XRD (004) rocking curve and the (422) reciprocal space of a 200 period QCL structure
having a total active region thickness of about 10 m are reported demonstrating the good quality
and reproducibility of the layer over the whole stack. In the right panel a detail of STEM
measurement is reported showing a difference <4% between the first and last period of the
structure.

Fig. 12: 4-well QCL sample with 200 repetitions (about 10 μm thickness) (left) XRD (004) rocking curve.
(middle) XRD (4-2-2) reciprocal space map. (right) STEM image showing the matching of the first and last
period.
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Moreover, we developed a growth process on SOI substrates in the UHV-CVD reactor of UNIROMA3.
With respect to growing on silicon, this task is much more demanding due to the occurrence of
agglomeration processes during high-temperature annealing [6]. Indeed, the critical step is the
cleaning of the substrate which in the UNIROMA3 system is performed by direct-current flash
heating of the substrate to 1140 °C. At this temperature, it is known that the agglomeration
phenomenon is triggered and silicon islands tend to spontaneously form on the insulator layer, thus
leaving voids reaching the buried oxide. Clearly the occurrence of such void defects has to be
avoided. Figure 13 (left panels) shows AFM and optical microscopy images of a void formed after
flash-heating of a SOI substrate in our CVD rector followed by deposition of 2.5 μm Ge. It is evident
a defect of about 1 mm lateral size, inside which AFM reveals a rough surface morphology with rms
roughness amplitude >130 nm.

Fig. 13: AFM and optical microscopy of 2500 nm Ge film and 2500 nm Ge+1200 nm Si0.05Ge0.95 virtual substrate
buffers grown on SOI. (left) defected area of a Ge film where the oxide box layer was exposed due to silicon
agglomeration during flash heating. (middle) Non-defected Ge film. (right) Non-defected Si0.05Ge0.95 virtual
substrate.

By performing an optimization work, we found that such defects can be avoided i) by carefully
limiting the peak temperature during flash heating to 1130 °C (a setpoint still ensuring proper
cleaning of the substrate); ii) by using a SOI substrate with silicon device layer being thick enough
(>1 μm). On this substrate, we could successfully and reproducibly grow a 2.5 μm flat and
homogeneous Ge film (Fig 13, middle panels) as well as, on top of the latter, a 1.2 μm Si0.05Ge0.95
reverse graded virtual substrate (Fig 13, right panels). On this virtual substrate, we grew 100
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repetitions of the 4-well QCL design. As from the AFM analysis, the surface quality of the sample is
good and on larger scale the surface appears to be homogeneous by optical microscopy (Fig. 14). In
the same figure, we report the XRD rocking curve and the reciprocal space map acquired on different
spatial locations to evaluate for the homogeneity of the sample. The curves and the maps are very
reproducible and the periodicity obtained is in perfect target with the nominal value (47.9 nm
instead of 48.2 nm). We are now in the process of growing a thicker QCL on SOI with 200 repetitions
and a total thickness ~10µm as required by the design of the double metal waveguide with losses
20cm-1 at room temperature.

Fig. 14: AFM, optical microscopy XRD (004) rocking and (4-2-2) reciprocal space map of a 100 repetitions 4well QCL on SOI.

4. Conclusions
We demonstrated for the first time electroluminescence from conduction band states of a Ge/SiGe
quantum cascade structure. The great progress in material quality, the refined simulation tools as
well as the high quality process and the state-of-the-art measurement setup combined synergically
to achieve this result.
The first batch of new active regions based on a high-gain material has shown an excessive
concentration of carriers but also extremely promising differential resistance features that are most
likely connected to band alignment. We are confident that the new batch with reduced carrier
density will bring interesting results in terms of electroluminescence and will be finally processed in
a double metal waveguide to attempt the laser experiment.
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