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Abstract: A parabolic potential that confines charge carri-

ers along the growth direction of quantum wells semicon-

ductor systems is characterized by a single resonance fre-

quency, associated to intersubband transitions. Motivated
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by fascinating quantum optics applications leveraging on

this property, we use the technologically relevant SiGemate-

rial system to design, grow, and characterize n-type doped

parabolic quantum wells realized by continuously grad-

ing Ge-rich Si1−xGex alloys, deposited on silicon wafers.

An extensive structural analysis highlights the capability

of the ultra-high-vacuum chemical vapor deposition tech-

nique here used to precisely control the quadratic confin-

ing potential and the target doping profile. The absorp-

tion spectrum, measured by means of Fourier transform

infrared spectroscopy, revealed a single peak with a full

width at half maximum at low and room temperature of

about 2 and 5 meV, respectively, associated to degenerate

intersubband transitions. The energy of the absorption reso-

nance scales with the inverse of the well width, covering the

2.5–5 THz spectral range, and is almost independent of tem-

perature and doping, as predicted for a parabolic confining

potential. On the basis of these results, we discuss the per-

spective observation of THz strong light–matter coupling

in this silicon compatible material system, leveraging on

intersubband transitions embedded in all-semiconductor

microcavities.

Keywords: heterostructures; germanium; terahertz; strong

coupling; parabolic potential

1 Introduction

Intersubband transitions (ISBTs) in quantum wells (QWs)

have garnered significant attention due to their relevance

across a wide spectrum of applications. These transitions

between quantized energy levels within the well have

unlocked a wealth of opportunities for designing novel

electronic and photonic devices with unprecedented per-

formance. In the realm of infrared and terahertz pho-

tonics, they enable the development of efficient detectors,

modulators, and emitters [1]–[3]. ISBTs are also at the

heart of quantum cascade lasers (QCLs), a groundbreaking
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technology that has revolutionized the generation of coher-

ent mid/far-infrared radiation [4]–[6].

Among the quantum well profiles, parabolic quantum

wells (PQWs) feature a unique harmonic oscillator-like car-

rier confinement potential along the growth direction. This

results in the formation of a ladder-like energy spectrum

within the well, with equally spaced quantized energy lev-

els. Furthermore, in modulation-doped parabolic QWs, i.e.,

QWswith dopant atoms located outside the parabolic poten-

tial region, the electron–electron interaction cancels out

and, following Kohn’s theorem, the ISB optical resonance

frequency 𝜔0 becomes independent of the carrier density

and of their distribution in the different subbands [7]. Con-

sequently, the absorption spectrumof PQWs is virtually tem-

perature independent. This characteristic can be exploited

to overcome the thermal charge fluctuation limitations

of THz optoelectronic devices based on, i.e., rectangular

QWs [5].

ISBTs in a QW system represent the solid-state equiva-

lent of the ideal two-level atomic system butwith the advan-

tage of the tunability of the associated quantum transition

by a suitable band engineering. In particular, the transi-

tion energy can be tuned at the resonance frequency of an

optical cavity, a platform that has been used to explore the

strong light–matter coupling regimes [8]–[11]. The coupling

strength can be further externally tuned by leveraging on

doping, field-effect [12], Stark-effect [13], magnetic field [10],

[14], or optical-field tunability [15]. Indeed, the rate of energy

exchange between light andmatter excitations in the cavity,

usually expressed in terms of the Rabi frequencyΩR, can be

varied acting on the carrier density in the QW, while the ISB

transition frequency 𝜔0 can be freely selected in the mid-

infrared and terahertz ranges through the semiconductor

heterostructure design. In this way, it is possible to obtain

different regimes of the light–matter coupling in individual

subwavelength-sized microcavities, often evaluated by the

ratio 𝜂 = ΩR

𝜔0

, spanning from theweak regime 𝜂 < 0.05 to the

(ultra)-strong regime for 𝜂 > 0.1 [16]. The intriguing possibil-

ities of controlling and manipulating these mixed light and

matter quantum states paved the way for the development

of novel devices such as polariton lasers, ultrafast modula-

tors, and quantum information processors [15], [17].

Thanks to their inherent single-valued absorption

spectrum and temperature independence, ISBTs in PQWs

enclosed in an optical cavity has led to the realization of

the ultra-strong light–matter coupling at room temperature

and at THz frequencies [18]. Notably, all reported studies

on PQWs are based on III–V compound semiconductors, in

which the parabolic potential has been achieved first by

digitally alloying GaAs and Al0.15Ga0.85As layers [11], and,

only in the last few years, by implementing continuously

graded Al1−xGaxAs quantum wells [19].

In recent years, group-IV QWs have emerged as a

promising alternative to the III–V ones, offering a material

platform for advanced electronic, photonic, and quantum

functionalities, compatible with the well-established silicon

technology base. Various applications ranging from photon-

ics [20] to quantum computing [21] and microelectronics

[22] have been proposed. In this context, Ge-rich Si1−xGex
QWs (x > 0.80) formed in the conduction band of n-type

multilayers are particularly promising for the development

of photonic devices operating in the THz range thanks to

their relatively low confinement mass (∼0.13 m0) and sim-

pler subband structure with respect to p-type SiGe systems

[23], [24].

These characteristics suggest that n-type Ge-rich SiGe

PQWs embedded into microcavities may also be used to

achieve the strong coupling regime at THz frequencies also

in group IV based structures, provided that high-quality

samples can be satisfactorily realized with the existing epi-

taxial techniques. As a matter of fact, the epitaxial growth

of n-type high Ge content SiGe QWs on Si substrates is more

challenging than that of their III–V counterparts, mainly

because of the large (4.2 %) mismatch existing between the

Ge and Si lattice parameter, eventually leading to the plastic

relaxation of the QW structures if not correctly managed.

Furthermore, the control over the QWcompositional profile

is complicated by the tendency of Ge atoms to segregate

on top of the growing surface and by the Si–Ge intermix-

ing effect occurring during the growth. Also the realization

of a sharp doping profile is problematic, due to the well-

known tendency of donor atoms to “float” on Ge during

the growth [25]. Indeed, only the recent improvements in

the heteroepitaxial process of this material system have

allowed a high degree of control over these physical effects

[26]–[28], as witness by the observation in 2021 of ISB elec-

troluminescence in the THz range from n-type Ge/SiGe QCL

structures [29].

In view of the above observations, the demonstration of

high-quality SiGebasedPQWs represents another important

milestone toward the full exploitation of this technologically

relevant material system. A first attempt in this direction

has been made in Ref. [30] where the authors reported

on a set of Ge-rich SiGe PQWs. However, the investigated

samples were undoped and the structural data highlighted

strong deviations from the target parabolic profile. Gen-

uine parabolic confining potential in n-type SiGe multilayer

systems have been obtained only in 2021, using the same

reactor here adopted: we have presented the experimental
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evidence of conduction-band intersubband transition ener-

gies around 20 meV, resulting from compositional graded

Si1−xGex parabolic quantum wells [31]. To consolidate and

extend this result, herewe report on a comprehensive study

of the structural and optical properties of compositional

graded Si1−xGex PQWs having different well width and dop-

ing levels. The experimental features have been bench-

marked against numerical ISB absorption data obtained by

amultivalley self-consistent Schrödinger–Poisson solver. To

highlight the unique properties of the harmonic confining

potential, we have here designed PQW profiles correspond-

ing to lower energy ISBTs with respect to those of Ref. [31],

thus targeting an energy range down to 10 meV where the

ISB spectral properties of square QWs are more sensible to

thermal effects.

Our results demonstrate that UHV-CVD permits the

realization of a stack of identical compositional graded

Si1−xGex PQWswith high reproducibility of the growth along

the stack and in different samples. The high quality of these

samples allowed the observation of narrow ISB absorp-

tion peaks and the tuning of the ISB absorption energy

in the range between 10 and 20 meV (2.5–5 THz). Due to

their parabolic confining potential, the measured absorp-

tion energy results to be temperature independent and

rescales linearly with the inverse of the well widthW .

These achievements are promising for the perspective

use of compositional graded Si1−xGex PQWs for the devel-

opment of CMOS compatible novel optoelectronic devices

operating in the THz range.

2 Methods

Samples were grown by means of UHV-CVD in a cold-wall reactor

employing ultrapure germane and silane without the use of carrier

gases at a pressure p ∼ 1 mTorr. The parabolic compositional profile

Si1−xGe1−x with x in the 0.8–1 range is obtained by keeping the GeH4

gas flow constant and gradually varying the SiH4 flow by means of

calibrated mass flow controllers (the SiH4/GeH4 flux ratio Rflux have

been varied from Rflux = 0 during the pure Ge deposition to Rflux = 1.24

for x= 0.82). The sample active region typically consisted of alternating

several identical PQWs and SiGe barriers. The growth temperature

for this active stack was set at 460◦ and the average growth rate was

6 nm/min. N-type modulation doping was achieved by codepositing

phosphine to a thickness of 3–5 nm in the center of the SiGe barriers.

The active layer stack was deposited on top of a reverse graded

(RG) virtual substrate (VS), consisting of a relaxed Ge film grown

directly on the Si substrate using a multi-temperature approach, and

a relaxed Si1−yGey buffer layer [32]. The final composition y of the SiGe

buffer matched the average composition of the active stack to ensure

the strain compensation condition and avoid the plastic relaxation of

the active region.

The structural characterization of the samples was conducted

using high resolution scanning transmission electron microscopy

(STEM), X-ray diffraction (XRD), and time-of-flight secondary ion mass

spectroscopy (ToF-SIMS). STEMmeasurements have been realized with

a FEI Titan microscope (FEI Company, Hillsboro, Oregon, USA) oper-

ating at 200 kV. It was equipped with aberration-corrected magnetic

lenses to obtain electron probes with a diameter in the range of 1–2 Å

and beam currents of 200 pA. A CEOS CESCOR corrector was used to

achieve a resolution of 0.8 Å. Images were recorded using a high-angle

annular dark field (HAADF) detector (FEI Company, Hillsboro, Ore-

gon, USA). XRD measurements were performed at room temperature

using a Rigaku SmartLab instrument with a rotating anode and line-

focus geometry, featuring a Ge(400) × 2 channel-cut beam collimator.

Tof-SIMS compositional profiles were acquired in a ToF-SIMS V from

IONTOF. The depth profiles were acquired using 0.5–1 keV a Cs+ ion

beam.

Fourier-transform infrared (FTIR) spectroscopywas performed in

a side-illuminated single-pass waveguide configuration with a Bruker

Vertex 70v spectrometer (Bruker, Ettlingen, Germany) equipped with a

helium-flow cryostat (Janis Research company,Woburn, Massachusetts

(USA)). The lateral facets of our 2.5 mm long samples were cut at a 70◦

angle relative to the growth plane, and the top surface close to the

QW stack was coated with a metal bilayer (Ti/Au 10 nm/80 nm) [25], to

align the electric field of the radiation propagating through the active

region almost parallel to the ISB dipolemoment (i.e., TMpolarized). The

dichroic transmission spectra T(𝜔) = TTM(𝜔)/TTE(𝜔) were measured,

ensuring that polarization-independent spectral features unrelated to

ISB transitions were suppressed.

The electronic band structure, electron wave-functions, and

ISBT absorption spectra of the investigated samples have been cal-

culated self-consistently, relying on a multivalley effective mass

Schrödinger–Poisson solver. A detailed description of themodel can be

found in Ref. [33].

3 Results and discussion

3.1 Sample design and structural
characterization

In biaxially strained high Ge content Si1−x Gex alloys

(x > 0.8), L, Δ2, and Δ4 conduction valley minima fea-

ture very similar energies whose precise value depends on

the Ge content x and on the strain status [34]. By using a

multivalley self-consistent code in the parabolic k·p enve-
lope function approximation, we have calculated the three

conduction band edges E
L,Δ2,Δ4

c (x) as a function of the Ge

content x in the 0.8–1 range, assuming that the in-plane

lattice parameter is coherent to that of a relaxed Si0.1 Ge0.9
VS to account for the need of a strain compensation strat-

egy when growing Ge-rich multi-quantum well samples. In

Figure 1(a), the L and Δ point band edges as a function of

x in the Ge-rich alloys are reported showing that for x >

0.85 the conduction band minimum is at L. Consequently,

in compositional graded Ge-rich Si1−x Gex quantum wells

where the Ge content x = x(z) is changed along the growth

direction z, the potential V(z) felt by electrons in the well is

determined by the L conduction minimum profile EL
c
(x(z))
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Figure 1: Bandstructure calculations. (a) Conduction band energy

at the L,Δ2, andΔ4 valley edges as a function of the Ge content

x in the alloy at 10 K. The energies are referred to the EL
c
(1) value, set to 0.

In the calculation, the in-plane lattice parameter was set equal to that of

a relaxed Si0.1 Ge0.9 VS to account for the need of a strain compensation

strategy when growing Ge-rich multi-quantum well samples.

In this condition, the Si1−x Gex alloy is tensile strained for x < 0.9 and

compressively strained for x > 0.9. Notice that the in-plane tensile strain

shifts upward theΔ2 edge with respect to theΔ4 one, while the opposite

holds for compressive strain. Conversely, the energy of L valleys, being

controlled by the hydrostatic component of the strain tensor only, keeps

their fourfold degeneracy. (b) Potential V(z)= EL
c
(x(z)) (black line)

for a PQW having the graded compositional profile shown in panel (c);

energy levels Ej and squared wavefunctions of the quantized states

(red lines) are also reported. The edge profile atΔ2, E
Δ2
c (x(z)) (blue line)

is also displayed. (c) Ge content x in a PQW as a function of the position

along the growth direction z. (d) Energy spacing of subsequent levels

ΔEj = Ej+1 − Ej .

[34]. The maximum achievable band-offset at L in the range

x= [0.8, 1] is 126 meV and in this rangeEL
c (x) exhibits a linear

behavior. We point out that in our modeling, EL
c
(x) includes

nonlinear terms, quadratic contributions being for instance

related to the product of the L-point deformation potential

with the strain field, since both these two quantities depend

linearly on x. Nevertheless, Figure 1(a) indicates that those

terms are practically negligible. This is confirmed by the

inspection of Figure 1(b) where the potential V(z)= EL
c
(x(z))

calculated assuming the parabolic compositional profile of

Figure 1(c) (well width W = 72 nm and Si0.18Ge0.82 barrier

layers as inmost of our samples) features a quadratic behav-

ior with a depth D0 = 112 meV. It follows, as highlighted

in Figure 1(d), that the calculated energy spacing of subse-

quent levels ΔEj = Ej − Ej−1 is practically constant up to

j = 7, in good agreement with the spacing expected in an

infinite parabolic potential ℏ𝜔0 = ℏ(8D0/W
2 mz

∗
)1/2 where

mz

∗ = 0.13m0 is the electron effective confining mass along

the growth direction z. As a final remark, Figure 1(b) shows

that theΔ2 edge profile features a reversed parabolic shape

with aminimum in the barrier region where the relativeΔ2

subband states are confined. We point out that in Ge-rich

doped QWs, the coupling of Δ2 states in the barriers with

the populated L ones in the wells is negligible, as discussed

in Ref. [35].

To investigate the properties of SiGe parabolic quantum

wells, we have deposited a series of samples (see Table 1)

having a parabolic compositional graded Si1−x(z) Gex(z) pro-

file (0.82 < x < 1), with different well widthW and doping

levels n2D.
The well width W has been varied in the range

76–46 nm to achieve transition energies in the range

10–20 meV (2.5–5 THz). We deposited a stack of NQW =
20–25 identical wells for an overall thickness of the active

region of ∼1.5–2 μm. These values have been selected envi-
sioning the embedding of the parabolic QW stacks into

microcavities to test the strong coupling limit [36]. As for

the doping, we varied the phosphorus concentration in the

central part of the barrier in order to tune the electron sheet

densities n2D in the [1 × 1011 − 5 × 1011] cm−2 range.

The complete multilayered structure deposited on the

Si(001) substrate is sketched in Figure 2(a) and the STEM

image acquired on sample 2452 is shown in Figure 2(b). A

reverse graded SiGe VS with a final Ge content y = 0.91 has

been deposited in all the samples. To reach this final Ge

content y, two 150 nm thick layerswith increasing Si content

have been deposited on the Ge buffer layer, as evidenced by

the SIMS Ge content profile of the graded region of the vir-

tual substrate and of the first 4 PQWs reported in Figure 2(c).

To fulfill the strain-compensation conditions, the thickness

of the SiGe barriers in the active region has been varied in

order to maintain the average Ge content xav close to 0.91.

In our growth conditions, misfit and threading dislocations

resulting from plastic relaxation of the Ge buffer and of the

SiGe layers aremostly confined in the bottom part of the RG-

VS, i.e., in its graded region [27]. The threading dislocation

density in the topmost part of the sample has been quanti-

fied by Secco etching pit countmeasurements performed on

similar samples [27], being ∼3 × 106 cm−2, a state of the art

value for high Ge content SiGe heterostructures deposited

on Si substrates.

In Figure 2(d), the P and Ge SIMS content profiles of 4

periods of the active region of a sample featuring pnom =
60 nm and nominally doped with a concentration of phos-

phorus atoms N3D = 1 × 1018 cm−3 in the central 5 nm of the

SiGe barriers are reported. Themeasurements demonstrate

that in our growth conditions dopants remain well confined

in the barriers with only a slight shift upwards of the P

distribution with respect to the barrier center. This is a very

important and not trivial achievement due to the P atoms

tendency to float on Ge during the growth that could have
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Table 1: Structural and optical parameters of the investigated PQW samples. The number NQW of the deposited PQWs, the nominal values of the well

widthW , the multilayer stack period pnom, the Ge content xbar in the barrier, and the electron sheet density n2D as well as experimental values of the

multilayer stack period pXRD and the average Ge content xav
XRD in the active region as obtained by the XRD data are reported. Experimental values of

the absorption energy ℏ𝜔abs, the FWHM of the absorption peak, and the sheet density n2D
∗
as evaluated from the FTIR data acquired at 100 K are also

stated.

Sample # NQW W (nm) pnom (nm) xbar (%) nD (cm
−2) PXRD (nm) xav

XRD (%) ℏ𝝎abs (meV) FWHM (meV) nD
∗ (cm−2)

2452 21 76 90 82 – 88 92.0

2454 21 74 92 82 2.5 × 10 93 91.8

2456 21 74 92 82 2.5 × 10 91 91.7

2455 21 74 92 82 2.5 × 10 92 91.8 10.0 3.0 1.5 × 10

2458 21 72 91 82 2.5 × 10 90 91.7 10.7 2.1 1.2 × 10

2459 21 72 91 82 5 × 10 91 91.5 11.8 5.0 3 × 10

2460 25 61 76 82 3.7 × 10 79 91.2 13.2 5.0 2.8 × 10

2354 20 46 62 82 8 × 10 62 91.2 19.0 6.2 3.5 × 10

2433 25 66 77 84 2.5 × 10 78 92.7 10.7 2.3 1.5 × 10

2420 25 66 77 84 5 × 10 76 92.9 11.8 5.5 3 × 10

(a) (b)

(c)

(d)

Figure 2: Structural characterization. (a) Sketch of the deposited multilayered structure. (b) STEM image of the 2452 PQW sample. (c) SIMS Ge content

profile showing the RG VS region and the first 4 PQWs of the stack. (d) SIMS P and Ge content profiles of 4 periods acquired on a PQW sample with

pnom = 60 nm. The central 5 nm of the SiGe barriers are doped with a nominal P concentration N3D = 1 × 1018 cm−3.

conflicted with the need of confining donor atoms in the

barriers to exploit the unique characteristic of the compen-

sation of electron correlation effects in parabolic QWs.

The structural characterization of the samples has

been performed by means of high-resolution STEM and

XRD measurements. The data acquired on sample 2452,

having a nominal period in the multi-quantum well stack

pnom = 90 nm, are reported in Figure 3. In panel (a), the

STEM image of 5 periods of the active region of the sam-

ple is shown. The resulting intensity profile is in excellent

agreement with the parabolic fit, demonstrating the capa-

bility of our UHV-CVD reactor in controlling at the nm scale

the continuous grading of the SiGe alloy compositional pro-

file. This achievement represents a significant step forward

with respect to the previous attempt of growing graded

Si1−xGex PQWsamples by plasma-enhanced CVD reported in

Ref. [30]. The 224 XRD reciprocal space map around asym-

metric reflections of the layers is displayed in Figure 3(b).

The positions of the VS spots associated to the Ge and the

Si0.09Ge0.91 layers reveal the presence at room temperature

of a tensile strain of about +0.15 %, which can be ascribed
to the difference between the coefficients of thermal expan-

sion in Ge and Si [37], [38]. Multiple orders of superlat-

tice (SL) satellites, resulting from the PQW periodicity, that

are perfectly vertically aligned to the Si00.09Ge0.91 spot are

present in the map, indicating that the entire PQW stack is

coherent with the in-plane lattice parameter of the underly-

ing VS. In Figure 3(c), we show the XRD 𝜗/2𝜗 curves around

the 004 Ge and 004 Si Bragg peaks together with a simu-

lation curve calculated using the parabolic fit of the STEM

image as input for the well compositional profile. The sharp

superlattice peaks confirm the high crystalline quality and
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Figure 3: Measure of parabolic concentration profile. (a) STEM image of

sample 2452. The intensity profile and its parabolic fit are superimposed

on the image. (b) Reciprocal space map of asymmetric 224 reflections of

sample 2452. The dashed white line represents the reference values for

relaxed Si1−xGex alloys. (c) 004 XRD 𝜗/2𝜗 curve of sample 2452 (blue

curve) and dynamical simulation of the curve (green line) calculated

assuming the well compositional profile resulting from the parabolic fit

of the STEM data reported in (a). (d) 004 XRD rocking curves of samples

2454 and 2456 deposited using identical conditions.

the regular periodicity of the PQWs in the stack. Moreover,

the good agreement between XRD data and simulations con-

firms the parabolic symmetry of the compositional profile

over a relatively large area of the sample (∼4 mm2). Finally,

the likeness of the XRD 𝜗/2𝜗 curves acquired on two nomi-

nally identical samples and reported in Figure 3(d) demon-

strates the reproducibility in our reactor of the growth of

different samples.

The MQW stack period and the average Ge content in

the stack measured by XRD on all the investigated samples

are reported in Table 1. A very good agreement with respect

to the nominal values has been found demonstrating once

more the control acquired in the deposition process.

3.2 Optical properties of doped Si−xGex
PQWs

Intersubband transition absorption spectra have beenmea-

sured on a subset of the doped samples of Table 1. The linear

dichroic spectra have been acquired at different tempera-

tures in the energy range where intersubband transitions

are expected from numerical calculations. Although in this

region several absorption lines are observed in the TM and

TE spectra, the dichroic transmission signal is characterized

in all the investigated samples by a single pronounced dip,

which is due to a reduced transmission of the TMmode and

which monotonically blue-shifts upon decreasing the well

width (see Figure 4). Following the procedure reported in

Ref. [33], the dimensionless single well absorption coeffi-

cient𝛼2D(E) has been determined and the central absorption

energy ℏ𝜔abs, the full width half maximum FWHM of the

absorption peak, and the electron sheet density n2D
∗ are

Figure 4: Terahertz spectroscopy measurements. (a) Dichroic

transmission spectra acquired at 100 K of samples 2459, 2460, and 2354

having an electron sheet density∼3 × 1011 cm−2 and well width 72 nm,

61 nm, and 46 nm, respectively. (b) Experimental (full circles) and

theoretical (open circles) absorption energies as a function ofW−1. Black

dashed line represents the linear fit of the experimental data and the red

dashed line the parabolic bare energy behavior ℏ𝜔0(W)= ℏ(8D0/mz
∗)

1/2/W . (c) Potential V(z) (continuous black line) for sample 2459 along the

growth direction; energy levels Ej and squared wavefunctions of the

quantized states are also reported; the potential calculated for an

undoped PQWs with the same shape is displayed as a dashed black line.

The two potential curves have been aligned in energy at their minimum:

(d) Theoretical absorption spectra for the samples in panel (a).
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extracted by fitting the resulting 𝛼2D(E) spectrum with a

Lorentzian curve. The values estimated from the experi-

mental data acquired at 100 K on all the measured samples

are reported in Table 1.

We point out that the absolute values of both nominal

(n2D) and measured (n2D
∗) sheet densities are affected by a

relative error of ∼30 %, due to the difficulties of a precise

calibration of the N3D phosphorus concentration confined

in very thin doped layers, and to the uncertainty in the

evaluation of the single well absorbance from the FTIR

dichroic spectra acquired in multilayered samples with the

side-illuminated single-pass waveguide configuration [1].

However, since the same doping procedure and FTIR data

analysis have been used systematically, the relative vari-

ations of both n2D and n2D
∗ among different samples are

much more accurate. Despite these uncertainties, the fact

that n2D
∗ values are always lower than the n2D ones may

be due to the small energy difference between donor levels

originating from the Δ2 edge states confined in the tensile

strained SiGe barriers and the fundamental L subband state

in the well, which can limit the effectiveness of the transfer

doping mechanism [33]. Interestingly, the largest difference

between n2D and n2D
∗ is observed in sample 2354 which,

having the thickest barrier, features the lowest energy dif-

ference between the fundamental L subband state and the

Δ2 donor level.

The low temperature dichroic transmission spectra of

samples 2459, 2460, and 2354 having different well width

and comparable electron sheet densities in the well n2D
∗ ∼

3 × 1011 cm−2 are reported in Figure 4(a). As expected, the

transmission dip energy blue-shifts by decreasing the well

width W . As shown in Figure 4(b), the dependence of the

measured absorption energy h𝜔abs (full circles) on 1/W fol-

lows the typical linear behavior foreseen for electron ISBTs

in a harmonic potential. The electronic band structure and

the absorption spectra of the samples have been calculated

self-consistently. In modulation doped samples, the electro-

static (Hartree) charge effects influence the L band profile

decreasing the depth of the effective potential felt by elec-

trons as shown in Figure 4(c), where the effective potential

profile, the electron energy levels, and the square modulus

of the wavefunctions calculated for sample 2459 at 10 K are

reported. The bare potential calculated for anundopedPQW

with the same compositional profile is also reported for

comparison. The simulated absorption spectra of the three

samples are displayed in Figure 4(d). Estimated absorption

energies in Figure 4(b) (open symbol) have been calculated

correcting the subband transition energy, obtained consid-

ering the Hartree potential, to account for the depolariza-

tion shift effect, following Ref. [39]. Minor contributions

stemming from band nonparabolicity and othermany-body

effects have been neglected. The shrinking of the energy

level separation due to theHartree potential is compensated

by the depolarization shift so that the calculated absorption

energies result in good agreement with the bare harmonic

energyℏ𝜔0 (red dashed line). However, the theoretical ener-

gies are slightly smaller with respect to the experimental

data suggesting that the ratio D0/mz could be slightly under-

estimated in our simulations.

In Figure 5 the dichroic transmission spectra as a

function of temperature of samples 2433 and 2420 having

the same well profile but different doping ((a) n2D
∗ ∼ 1.5

× 1011 cm−2, (b) n2D
∗ ∼ 3 × 1011 cm−2) are reported. The

transmission dips in these two samples are practically at

same energy, the one featuring the larger carrier density

being blueshift by 1 meV only. Remarkably, we find that

in each sample the absorption energy is almost tempera-

ture independent despite in this THz range the subband

population strongly depends on T . As already pointed out,

this is a unique “fingerprint” of parabolic quantum wells,

whose absorption energy is independent on the distribution

of electron in subbands. This contrasts with terahertz ISB

absorption in square QWs, where the lineshape and peak

absorption energy vary with temperature [40]. Consistently,

we have observed a significant variation of the ISB absorp-

tion spectrum with temperature when the PQWs is directly

doped in the well, since in this case the cancellation of

electron correlation effects does not occur [31].

Figure 5: Dichroic transmission spectra acquired at different

temperatures for two samples with the same well profile but different

doping. (a) Sample 2433 with n2D
∗ ∼ 1.5 × 1011 cm−2. (b) Sample 2420

with n2D
∗ ∼3 × 1011 cm−2.
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The main difference between the spectra of the two

samples of Figure 5 is the increased linewidth observed

at higher doping: in sample 2433 (n2D
∗ ∼ 1.5 × 1011 cm−2),

a narrow FWHM of about 2.3 meV has been measured at

100 K, increasing to 5 meV at 300 K. On the contrary, sam-

ple 2420 (n2D
∗ ∼ 3 × 1011 cm−2) shows a FWHM ∼ 5.5 meV,

almost constant with temperature. As shown in Table 1

where the FWHMat 100 K of all the investigated samples are

reported, FWHMs ∼ 2 meV and ∼ 5 meV are typical values

for these doping levels, independently on thewell width and

absorption energy. The observed increase of the linewidth

as a function of the electron sheet density is in good agree-

ment with previous results obtained in rectangular quan-

tum wells. Interestingly, we notice that the values here

reported at low doping are sensitively smaller with respect

to those previously measured in rectangular Ge/SiGe QWs

[41] typically featuring FWHM slightly larger than 4 meV.

This effect may be attributed to a reduction of the scattering

associated to the interface roughness occurring in systems

without sharp interfaces.

The linewidth analysis, we performedwith square QWs

samples in [41] highlighted the presence of a non-negligible

contribution of about 1–2 meV to the total width, attributed

to structural crystal defects brought about by the fraction of

treading defects which, overcoming the RG-VS region, pen-

etrates in the QWs one. Although the crystalline quality of

the SiGe heteroepitaxy in our reactor has been significantly

improved in the last few years [27], the same mechanism

can affect the lineshape of the PQW spectra here investi-

gated, resulting in larger low temperature FWHM values

with respect to III–V ones [19]. Considering the superior

capability of achieving a sharp delta-like donor profile in

III–V heteroepitaxy, also the spatial broadening of theP con-

centration along the growth direction, associated to the sur-

face kinetics of donor atoms in the SiGe environment, can

contribute to the enlargement of the absorption peak. We

point out here that, in order to achieve a high filling factor

of quantum wells in the stack, barrier thicknesses <18 nm

have beendeposited in our samples.Webelieve that the nar-

rowness of the absorption resonance of Si1−xGex PQW sam-

ples could be improved by depositing thicker barriers and

decreasing the growth temperature during the phosphine

codeposition step, so to increase the spacer layer thickness

between the doped region and the well [40]. Finally, we

notice that in III–V QWs, a larger temperature dependence

of the linewidth has been observed, so that the twomaterial

systems exhibit more similar value of the FWHM/Eabs ratio

at room temperature [31].

The absorption spectra of our PQWs represent a

promising starting point to achieve and investigate strong

radiation-matter coupling in this technologically relevant

material system. Following Ref. [8], [42], [43], in a photon

cavity of thicknessLcav with a stack ofNQW PQWsdopedwith

an electron sheet density n2D, the intersubband polariton

energy splitting Eup-down at the matching condition 𝜔0 =
𝜔cav is:

Eup − down == 2ℏΩR = ℏ

√
e2 f NQWn2D

𝜀𝜀0m
∗
z
Lcav

.

Therefore, using an oscillator strength value f = 1,

Lcav= 2 μmandNQW= 25, n2D= 2× 1011 cm−2, as in our sam-

ples, we estimate an ISB polariton energy splitting Eup-down

∼ 5 meV and a strength ratio 𝜂 = ΩR

𝜔0

∼ 0.2 at 2.5 THz, well

within the ultra-strong coupling regime. This estimated

splitting value, which is larger than the measured FWHM,

make feasible the future demonstration of ISB polaritons in

Ge-rich PQWs.

Different approaches have beenpursued to realize opti-

cal cavities aimed at the observation of the strong coupling

regime with ISBTs. Most of them rely on lithographic pat-

terning of metal structures directly on the epitaxial wafer,

with or without etching the surrounding material. It is

well known that the most important constraint in the com-

parison of different cavity designs is related to the dipole

orientation, which requires a radiative electric field with

polarization orthogonal to the quantum well plane. A sec-

ond important parameter is the cavity volume that must be

small, possibly subwavelength sized. To meet these require-

ments, the active region is usually placed within nondisper-

sive metal–insulator–metal (MIM) microresonators, which

are typically fabricated with the substrate-transfer tech-

nique. Among them, we mention the one-dimensional peri-

odic grating [36], the capacitor-inductor cavities of Ref. [11],

[18], [44], and the patch-antenna cavity discussed inRef. [43],

where the extension of the cavity in the vertical direction

is accompanied by a small volume and a totally vertical

and homogeneous electric field. The implementation of the

substrate transfer technique is more complicated in SiGe

epitaxial layers with respect to III–V materials, because

of the difficulties related to the material-selective etching

processes and owing to the lattice strain (thermal and epi-

taxial) featured by SiGe heterostructures. Planar microcavi-

ties relying, e.g., on deep-etched split-ring resonators, previ-

ously realized for III–V materials [45], are not efficient in

the SiGe case due to the presence of the thick Ge virtual

substrate with high dielectric constant that traps most of

the electromagnetic energy density in an inactive layer. The

solution may come again from epitaxy: while noble metals

such as gold or aluminum have almost always been used



E. Campagna et al.: High-quality CMOS compatible n-type SiGe parabolic quantum wells — 9

for the cavity mirrors, in the THz range it is also possi-

ble to employ epitaxially grown, heavily doped degenerate

semiconductors as substitutes for the metal layers. Indeed,

the complex dielectric function of n-Ge with n > 1019 cm−3,

measured in [46], indicates that a reflectivity R ∼ 1 can be

achieved up to the mid-IR. For example, a plasma edge at

30 THz has been observed in epitaxial n-Ge with activated

electron densities ∼2 × 1019 cm−3 and used to produce all-

semiconductor nanoantennas [47].We thus suggest that THz

ISB polariton with SiGe PQWs can be demonstrated avoid-

ing the substrate-transfer procedure and leveraging on a

plasmonic-conductor ground plane below the quantumwell

stack, realized P-doping at∼2 × 1019 cm−3 the Si0.09Ge0.91 VS

layer.

4 Conclusions

High quality n-doped Ge-rich Si1−xGex graded PQW samples

have been designed, grown, and structurally and optically

characterized. The SIMS, XRD, and STEM analysis demon-

strate the high degree of control at the nanometer scale of

the employed UHV-CVD reactor over the deposited compo-

sitional profile and the high reproducibility of the growth

over the whole active region of the multilayered structure.

The intersubband absorption spectra display a sharp

single-value resonance in the 2.5–5 THz range, fairly inde-

pendent from doping and temperature, and inversely pro-

portional to the well width, as expected for an harmonic

potential. The observed absorption features are in good

agreement with numerical calculations, evidencing that

the significative shrinking of the energy levels due to the

Hartree potential is compensated mainly by the energy

blue-shift induced by the depolarization effect. A coupling

strength ratio 𝜂 = ΩR

𝜔0

∼ 0.2 at 𝜔0 = 2.5 THz, i.e., well within

the ultra-strong coupling regime, has been estimated. We

thus believe that SiGe parabolic quantum well, combined

with THz optical cavities, can enable the exploration of the

ultra-strong light–matter coupling limit in a silicon-based,

CMOS foundry-compatiblematerial platform, possibly oper-

ating at room temperature, opening new routes for the

exploitation of these exotic quantum states in novel main-

stream electronic devices.
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