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The fabrication of complex low-dimensional quantum devices requires the control of the heteroepitax-
ial growth at the subnanometer scale. This is particularly challenging when the total thickness of stacked
layers of device-active material becomes extremely large and exceeds the multi-µm limit, as in the case of
quantum cascade structures. Here, we use the ultrahigh-vacuum chemical vapor deposition technique for
the growth of multi-µm-thick stacks of high Ge content strain-balanced Ge/Si-Ge tunneling heterostruc-
tures on Si substrates, designed to serve as the active material in a THz quantum cascade laser. By
combining thorough structural investigation with THz spectroscopy absorption experiments and numerical
simulations we show that the optimized deposition process can produce state-of-the-art threading dislo-
cation density, ultrasharp interfaces, control of dopant atom position at the nanoscale, and reproducibility
within 1% of the layer thickness and composition within the whole multilayer. We show that by using
ultrahigh-vacuum chemical vapor deposition one achieves simultaneously a control of the epitaxy down
to the sub-nm scale typical of the molecular beam epitaxy, and the high growth rate and technological rel-
evance of chemical vapor deposition. Thus, this technique is a key enabler for the deposition of integrated
THz devices and other complex quantum structures based on the Ge/Si-Ge material system.

DOI: 10.1103/PhysRevApplied.19.014011

I. INTRODUCTION

Nowadays, the field of semiconductor science is see-
ing an ever-growing intertwining between fundamental
research and applications, shortening the bridge between
discoveries in academic laboratories and the creation of
devices. A clear example is the exploitation of quantum
effects in nanoscale devices to improve performances and
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add functionalities while reducing their size. In particular,
there is a steady interest for group-IV heterostructures
driven by their peculiar electrical and optical properties
and by their compatibility with the Si-based CMOS man-
ufacturing, inspiring a plethora of innovative, potentially
low-cost devices and systems [1]. Recently the focus has
been primarily on high Ge content Si-Ge/Ge heterostruc-
tures, due to their various applications ranging from pho-
tonics [2] to quantum computing [3] and microelectronics
[4]. However, their deposition on Si(001) presents several
technological challenges, mainly due to the large mismatch
of lattice parameters and thermal expansion coefficients
between the Ge-rich structures and the substrate [5,6],
that need to be addressed for an extensive use of this
material system. Indeed, as witnessed by the large use
of III-V compounds in high complex heterostructures and
low-dimensional systems, the complete control over the
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heteroepitaxial process is one of the fundamental keys to
enable a material platform [7]. Theoretical calculations
recently reported in Ref. [8,9] indicate that a suitable
design of n-type Ge/Si-Ge quantum cascade laser (QCL)
structures could lead to a net optical gain even at room
temperature, with no Reststrahlen-band limitations, thus
potentially overcoming the limitations of the commercial
QCL devices based on III-V compound semiconductors,
which are related to the strong electron-phonon coupling
characteristic of these polar lattice materials [10]. The
realization of such a Si-based device would have a signifi-
cant impact on the long-sought quest to develop compact,
low-cost, and powerful sources operating at room temper-
ature in the entire far-infrared range of the electromagnetic
spectrum. On the other hand, a THz QCL represents the
ultimate challenge for a heteroepitaxial deposition pro-
cess requiring the growth of several µm-thick, strain-
compensated active regions, comprising hundreds of quan-
tum wells (QWs) coupled by ultrathin tunneling barriers
(approximately 1 nm). Albeit the demonstration of THz
electroluminescence from this material system in Ref. [11]
is a clear indication of the progress made in the field,
several issues have still to be properly solved to achieve
a working QCL. The band engineering of the electronic
states of QCL devices requires subnanometric control over
the Si and Ge composition profile, limited interface rough-
ness and Si-Ge interdiffusion, and accurate localization
of dopants. The latter task is complicated in the n-type
Ge/Si-Ge material system by the well-known tendency of
donor atoms to “float” on Ge during the growth [12]. All
these features must be maintained during the growth of
the whole QCL active region. On such thicknesses, the
large lattice mismatch and different coefficients of thermal
expansion of Ge-rich layers with respect to the Si substrate
introduce the need for careful management of elastic and
thermal in-plane strain. In this paper, we address the main
technological issues mentioned above, discussing growth
pathways and recipes for the deposition of multi-µm-thick
strained Ge/Si-Ge multilayers on Si substrates, aiming at
the realization of an active material for a QCL operating
in the THz spectral region. To this aim, we report on the
growth by ultrahigh-vacuum chemical vapor deposition
(UHV CVD) of high-quality n-type Ge/Si-Ge QCL active
regions deposited on a suitably designed Si-Ge/Ge/Si(001)
reverse step-graded virtual substrate (RSG VS). The depo-
sition process has been optimized to achieve a threading
dislocation density (TDD) in the low 106 cm−2 scale. The
samples have been suitably designed to account for the
contributions of heteroepitaxial and thermal deformation
in the active region whose impact on the crystalline qual-
ity and mechanical stability of the multilayered structure
is investigated. In addition, the influence of both het-
eroepitaxial and thermal strain on the electronic states of
the QCL structure is theoretically evaluated using a mul-
tivalley effective mass Schrödinger-Poisson solver. QCL

active layers and VSs are structurally investigated by a
combination of scanning transmission electron microscopy
(STEM) and high-resolution x-ray diffraction (XRD). This
structural information is complemented by the assessment
of the TDD obtained using the etch-pit method and by
the characterization of the surface morphology brought by
atomic force microscopy (AFM). Furthermore, we carry
out Fourier transform infrared spectroscopy (FTIR) in
the THz range, to highlight relevant intersubband transi-
tions (ISBTs) of the investigated QCL structures at zero
bias. The comparison of experimental ISB absorption fea-
tures with the results of Schrödinger-Poisson calculations
granted valuable insight into the complex electronic sub-
band structure and allowed an evaluation of the degree of
control achieved on the doping profile and of the effective
doping density in the active region.

II. EXPERIMENTAL DETAILS

Samples are grown by UHV CVD in a cold-wall reac-
tor (base pressure approximately 1 × 10−10 Torr) using
ultrapure germane and silane without carrier gases. The
reacting gas pressure is optimized in the 1.2–1.5 mTorr
range. The substrate, a 20 × 10 mm2 Si(001) chiplet, is
directly heated by a dc current flow. The active layer stack
is deposited on top of a Si-Ge RSG VS [the Ge content
is decreased by approximately 5% every 150 nm after the
growth of a plastically relaxed Ge layer on the Si(001) sub-
strate] [13–16] whose final Ge content is in the 90–97%
range.

The typical QCL active region features compressively
strained Ge wells alternated with ultrathin tensile-strained
Si-Ge barriers with Ge contents x spanning the 77%–85%
range, depending on the specific design. The growth tem-
perature TG of the active stack is 470 ◦C. Typical growth
rates at 1.2 mTorr are 6.5 nm/min for the Ge well and
4.5 nm/min for the Si0.20Ge0.80 barrier. n-type doping is
obtained by phosphine co-deposition over a thickness of 3
nm in a single Ge well per period. After the phosphine co-
deposition the sample surface is exposed to H2 to limit the
P diffusion [12]. The growth of the single quantum cas-
cade (QC) module is periodically repeated 50 times (20
times in samples characterized by THz absorption spec-
troscopy), for an overall thickness of about 5 µm. We point
out that the deposition of such a thick heterostructure takes
dozens of hours of process time, requiring the deposition
system to be in stable conditions throughout the whole pro-
cedure. Notice that a cold-wall UHV CVD reactor, such as
the one employed, does not require the interruption of the
growth for chamber cleaning, a procedure that may have
critical consequences on the quality of the deposition of
such complex and thick structures.

The structural characterization of the samples is per-
formed by STEM using a JEOL JEM-ARM200F scan-
ning transmission electron microscope equipped with a
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cold-field emission gun (0.27 eV energy spread) and a
probe aberration corrector (0.7 Å probe size). Images are
acquired at 200 kV using a high angle dark field (HAADF)
detector (Z-contrast imaging). Sample lamellae for elec-
tron microscopy are prepared using the standard lamella
lift-out technique in a dual channel focused ion beam
(Dual-FIB) microscope. XRD is performed at room tem-
perature with a Rigaku SmartLab µ-HR tool featuring
a 0.8-kW microfocus rotating copper anode and a high-
resolution setup utilizing a Ge(400) × 2 channel-cut beam
monochromator and a Ge(220) × 2 analyzer crystal. FTIR
spectroscopy is carried out in a side-illuminated single-
pass waveguide configuration with a Bruker Vertex 70v
(Bruker, Billerica, Massachusetts, USA) equipped with a
He-flow cryostat. To this aim, the entry and exit facets of
the samples are cut at a 70◦ angle with respect to the growth
plane and the top surface close to the QC stack is coated
with a metal bilayer (Ti/Au 10 nm/80 nm) to enhance
the TM component in the active region [17]. To filter out
polarization independent spectral features not related to
ISB transitions, transmission spectra with TE polarized
fields are also acquired and used to evaluate the dichroic
transmission spectra T(ω) = TTM(ω)/TTE(ω). From T(ω),
the dimensionless absorption coefficient α2D(ω) is cal-
culated [18]. In the simulations, electron states and ISB
absorption spectra are calculated self-consistently in a
Schrödinger-Poisson iterative scheme using a multivalley
effective-mass model with parabolic subband dispersion
[19,20].

III. RESULTS AND DISCUSSION

A. Growth and structural properties

The first step for the deposition of any high-quality
Ge/Si-Ge multilayered structure on Si substrates is the real-
ization of a Si-Ge VS having an in-plane lattice parameter
matching that imposed by the strain compensation condi-
tion of the active region, and featuring a low TDD, possibly
in the 105–106 cm−2 range. As a matter of fact, TDs have
the dual effect of worsening the crystalline quality and gen-
erating acceptorlike defect states, therefore, inducing an
effective p-type doping background [21]. These drawbacks
are particularly critical in a QCL due to the large thickness
of the multilayered structure and to the fact that the TDD
related p-type background is comparable in magnitude to
the typical n-type doping used for the active layers of the
QCL.

To achieve the appropriate lattice parameter for the
strain compensation condition, the composition of the
topmost relaxed Si-Ge layer in the VS should match
the average composition of the active region x̄ =
(xbtb + xwtw)/(tb + tw), where xb (xw) is the Ge content of
the barriers (wells), having a total thickness tb (tw). In an
n-type QCL based on Ge/Si-Ge QWs, xb has to be in the
0.75–0.85 range to achieve adequate electron confinement

and subband energy spacing, while the electron tunnel
between adjacent wells requires barrier thicknesses signifi-
cantly smaller with respect to the well ones. Consequently,
x̄ usually ranges in the 0.90–0.97 interval.

Skibitzki et al. [22] have demonstrated that a drastic
reduction in TDD can be achieved in Ge-rich Si1−xGex/Ge
(x ∼ 0.95) RSG VS deposited on Si by industry-grade
RP CVD acting on the quality of the Ge layer alone,
through the introduction of cyclic growth and annealing
steps. We thus adopt and adapt this approach to our UHV
CVD process, which in comparison features a growth rate
approximately 5 times slower. We have prepared a series
of samples with increasing Ge layer thickness, grown with
a different number of annealing steps, each consisting of
10 min at 800 ◦C. On the Ge layer we deposit at 500◦C
a 1200-nm-thick Si0.05Ge0.95 layer. A sketch of the investi-
gated samples and typical SEM images after Secco etching
are reported in Fig. 1 where we also show a plot of the
measured TDD as a function of the Ge-layer thickness.
We observe a decrease of the TDD of more than one
order of magnitude by increasing the Ge thickness from
700 to 2800 nm, reaching the very competitive value of
3 × 106 cm−2. Increasing the Ge thickness beyond 5000
nm does not induce a further decrease of the TDD. The
TDD values shown in Fig. 1 are, within the statistical error
of the TDD measurements, in line with the state-of-the-art
values reported in Ref. [22]. The similarity of the behav-
ior observed in RP CVD and UHV CVD suggests that the
growth rate does not play a major role in the TD annihi-
lation, which mainly depends on the Ge layer thickness
and on the total thermal budget dominated by the annealing
steps.

Once the Si-Ge RSG VS (here after Si-Ge VS) is opti-
mized, a second step towards a working QC structure
is the accurate management of the strain in the active-
layer superstructure. This task is further complicated by
the difference in the thermal expansion coefficients of Si
(2.6 × 10−6/◦C) and Ge (5.9 × 10−6/◦C). When the active
region is strain compensated at the growth temperature TG
of 470 ◦C, it acquires a tensile thermal strain contribution
(εth ∼ 0.14%) upon cooling to room temperature, which
becomes even larger at the cryogenic temperatures. This
excess strain impacts on the properties of the QCL active
stack in a twofold way. On one hand it might cause cracks,
that could eventually lead even to an exfoliation of the epi-
layers [23], while on the other it may have a critical impact
on the band-edge energy profile, given the large difference
in the magnitude of the deformation potentials for the L
and � valleys of the conduction band, whose energies are
remarkably close in relaxed, Ge-rich, Si-Ge alloys [24]. In
the n-type Ge/Si-Ge QCL structure, the lowest energy �

states are confined in the tensile barriers (see Fig. 2) and
their energy drops upon an increase in tensile strain, as it
happens when cooling the device. In designing Ge/Si-Ge
QCL structures, one must therefore carefully take into
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FIG. 1. TDD as a function of the Ge layer thickness. Etch pits
are clearly visible in the SEM images of the samples after Secco
etch. On top we report a sketch of the investigated structures
where the annealing steps are reported with dotted lines.

account the presence of � subbands, whose energy must be
high enough to suppress L ↔ � scattering events, which
may critically complicate the transport of L-point carriers
and thus suppress the optical gain. Such an effect can be
mitigated either by decreasing the Si content in the Si-Ge
barriers or by intentionally introducing a compressive epi-
taxial strain to compensate for the tensile thermal strain
that appears upon lowering temperature.

To probe the impact of both epitaxial and thermal strain
on the electronic structure and the crystalline quality of the
samples, we investigate alternative strategies for the depo-
sition of Ge/Si-Ge QC heterostructures, changing the Ge
content in the Si-Ge VS in order to achieve a strain com-
pensation of the active region at room temperature or at the
growth temperature TG:

1. Strain compensation at room temperature (SCRT):
the Si-Ge VS has a Ge content lower than the average con-
tent in the active region so that the latter is grown under
a compressive average epitaxial strain εepi equal in magni-
tude to the thermal tensile strain εth obtained upon cooling
at room temperature after the deposition. In such condi-
tions, the average total strain at room temperature εtot =

(a) (b)

FIG. 2. QCL structures featuring Si0.15Ge0.85 barriers with x̄ ∼
97%. Starting from the first quantum well W1 (reading from right
to left), the nominal layer sequence with thicknesses in nanome-
ters is 9.7/3.0/10.6/3.0/11.6/3.0/13.9/3.0/19.9/4.7. The Ge wells
are in standard font, while the Si0.15Ge0.85 barriers are in bold.
The black-solid and red-dotted lines refer to L and � band
edges, respectively; the low energies L-superlattice subband in
wells 1–4 are reported in gray, the laser levels in W5 in blue
and the � states in orange. The QCL structure is calculated
for εtot = εepi + εth = 0 (SCRT approach) (a) and εtot = εth =
0.14% (SCGT approach) (b).

εepi + εth is zero. The compressive epitaxial strain pushes
up the energy of the � states confined in the Si-Ge barriers,
allowing a wider compositional range for the Si-Ge bar-
riers, thereby increasing the design flexibility. However,
given that the QW stack will not be strain compensated
at TG, the system may plastically relax by inducing the for-
mation of misfit dislocations (MDs) and TDs in the active
layers. Notice that in this approach room temperature could
be substituted by any given “operating temperature” by
tailoring the Ge content of the VS.

2. Strain compensation at TG (SCGT): the Si-Ge VS
has a Ge content equal to the average composition of
the active layer, so to achieve strain compensation at TG
(εepi ∼ 0). Consequently, the cooling of the sample from
TG down to the operating temperature induces an excess
tensile thermal strain that has to be taken into account
when designing the QCL band-energy profile. Further-
more, especially for thick active regions, the excess ther-
mal strain at low T can impact the mechanical stability of
the structure, which is prone to cracking.

In Fig. 2 we report the band-edge profile at room temper-
ature under an applied bias of 3.7 kV/cm together with
the relevant subband states, calculated for the QCL struc-
ture used in Ref. [11] to demonstrate ISB electrolumines-
cence. This design comprises five Ge wells separated by
Si0.15Ge0.85 tunneling barriers, and features an average Ge
content x̄ = 97% and a total period thickness of 82.4 nm.
The ISB laser transition is vertical, having both initial and
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final states, portrayed as thick blue curves in Fig. 2, con-
fined in well 5. The solid-black and dotted-red lines rep-
resent the L- and �-point band-edge profiles, respectively,
while L states other than the ones involved in the lasing
transition are reported in gray, and � states in orange. The
QCL structure is calculated for εtot = εepi + εth = 0 [panel
(a)] and εtot = εth = 0.14% [panel (b)]. In other words,
Fig. 2(a) refers to the SCRT deposition strategy while
Fig. 2(b) refers to the SCGT approach. As apparent from
the comparison between (a) and (b), the � states at room
temperature lie at lower energy in the SCGT case. Never-
theless, we point out that the design appears robust against
the increase of tensile strain upon cooling, as the � states
remain well above the relevant L-point subband. This is
also true below room temperature, as evidenced by simi-
lar simulations run at 10 K, using the thermal expansion
coefficients from Ref. [5]. We attribute this robustness to
the relatively high Ge content used for the Si-Ge barriers.
We note that, according to the simulations, by adopting the
SCRT strategy the barrier Ge concentration can be lowered
down to about 77% without the intrusion of � states in the
energy range of the relevant L states.

To study the structural properties and crystalline quality
of this kind of thick Ge/Si-Ge heterostructure, we grow a
series of samples using the two above-mentioned strate-
gies, repeating the QCL module ×50, for a total active
region thickness slightly below 5 µm. The SCRT and
SCGT QCL structures are deposited on Si-Ge VSs having
a TDD approximately 3 × 106 cm−2 and a final Ge content
adequate for the respective strain compensation strategy.

Figures 3(a) and 3(b) show the XRD reciprocal space
maps (RSMs) of the asymmetric 224 reflections of two
QCL samples deposited using the SCRT and SCGT
designs, respectively, and measured at room temperature.

The analysis of XRD data assesses that the Si-Ge VSs
of the SCRT and SCGT samples have a Ge content of
90.0% and 95.9%, resulting in active regions having radi-
cally different strain states at room temperature: while the
SCRT has a negligible measured average biaxial strain
of ε = 0.01% the SCGT sample is under a tensile biax-
ial strain of ε = 0.12%. The period thicknesses are 81.8
and 83.1 nm, respectively, in agreement within less than 1
nm with the nominal one (82.4 nm). While the superlattice
(SL) peaks of the SCGT sample are both extremely sharp

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 3. (a),(b) XRD RSMs of asymmetric 224 reflections and (c),(d) TEM images of QCL samples deposited following the SCRT
(a),(c) and the SCGT (b),(d) strategies. The positions of the Si-Ge/Ge interface in the VS and of the interface between the QCL stack
and the Si-Ge VS are indicated by an arrow in (c),(d). In the inset of (d) we report the Ge and Si signals from scanning transmission
electron microscopy with energy dispersive x-ray analysis (STEM EDX) acquired on the top and on the bottom of a 50-period QCL
SCTG structure. In the panel on the right, we report (e) the STEM image of the first approximately 1.2 µm of the active region of a
QCL SCGT structure and (f) the surface morphology measured by AFM (the scan area is 90 × 90 µm2, and the z range is 22 nm).
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and isotropic, those of the SCRT sample feature diago-
nal stripes along ω − θ , resulting in a significantly larger
average FWHM in this direction (4.0 ± 0.1 arcprimes ver-
sus the 2.2 ± 0.1 of SCGT) and suggesting the presence
of a nonuniform local tilt across the sample, which could
develop as a result of a pile up of dislocations [23] pro-
moted by the increased epitaxial strain. In contrast, the
average FWHM of the SL peaks along the 2θ direction is
comparable for the two samples, with values of 2.1 ± 0.1
and 1.9 ± 0.2 arcprimes, respectively.

TEM images of the SCRT and SCGT samples are
reported in Figs. 3(c) and 3(d), respectively. For the SCRT
design, we observe a significant presence of MDs at
the QCL/Si-Ge VS interface and within the QCL stack,
attributed to the plastic relaxation of the latter through
a modified Frank-Read multiplication mechanism [25]
driven by the compressive strain it experiences at TG. Our
data demonstrate that for samples having a several µms
thick active region, the SCGT strategy is mandatory to
achieve the best crystalline quality of the multilayer struc-
tures. As a matter of fact, the TEM image of the SCGT
sample highlights the absence of MDs associated with
plastic relaxation in the active region, confirming the effec-
tiveness of strain compensation during the growth. Fur-
thermore, the EDX images acquired at the bottom and on
the top of the structure and shown in the inset of Fig. 3(d)
indicate high reproducibility of the structure throughout
the whole active region (period variations are <1%, i.e.,
at the sub-nm level), in agreement with the sharp SL peaks
present in the XRD RSM of the same sample.

Figure 3(e) shows a STEM image acquired on the deep-
est 15 periods of the SCGT sample, paired with a mag-
nified detail of two consecutive periods. The existence of
sharp interfaces (within the resolution of the STEM EDX
tool) throughout the whole sample indicates that possible
annealing effects, occurring during the growth once the
interface is buried, do not induce a significant intermix-
ing at the TG of 470 ◦C. Note that atom probe tomography
measurements recently obtained from 20× Ge/Si0.2Ge0.8
asymmetric coupled quantum wells grown in the same
conditions indicate interface widths of 1.1 nm and rms
interface roughness of 0.18 nm independently of the depth
in the stack of the analyzed interface [26]. We point out
that the measured interface width in our samples is at least
2.5 times narrower than those reported in the literature
for Si-Ge/Ge heterostructures of similar compositions but
deposited with different techniques [27,28]. In particular,
we find that the most striking difference existing between
Ge/Si-Ge multilayer samples grown by UHV CVD as in
our case and by RP CVD is the sizably higher heteroint-
erface width and the asymmetry of the Ge on Si-Ge and
Si-Ge on Ge heterointerfaces observed in the latter case
[28]. The AFM image of the SCGT sample reported in
Fig. 3(f) demonstrates that the surface is smooth with a
rms roughness Rq of few nms (Rq = 1.6 nm as calculated

from a 25 × 25 µm2 scan). Furthermore, we do not observe
the presence of cracks or bending. This can be favored by
the small size of the samples (20 × 10 mm2) and/or the
simultaneous growth, occurring in our reactor geometry,
of the same epitaxial layers on both the top and bottom
surface of the substrate (a sketch of the sample holder and
the XRD data acquired on the back surface are reported in
Figs. S1–S3 within the Supplemental Material [29]) with
the epitaxial stack on the back surface of the substrate act-
ing as a back stressor, which may hinder the bending and
cracking of the samples [30].

B. THz intersubband absorption

To gain further insight on the degree of control achieved
by the growth process, we investigate the THz intersub-
band features of the TM-polarized absorption spectra by
means of FTIR spectroscopy performed at various lat-
tice temperatures. The samples consist of 20 repetitions
of the SCGT design previously described, and differ for
the n-type donor spatial profile, which is achieved by
means of phosphine co-deposition (Nd ∼ 3 × 1017 cm−3):
the dopants are deposited in the central 3 nm of either well
2 (SW2 sample) or 4 (SW4 sample).

The L-band edge profiles, energy levels, and square
moduli of the electron wave functions at 10 K, calculated
for SW2 and SW4, are reported in Figs. 4(a) and 4(b),
respectively. The dotted line represents the Fermi level.
The corresponding TM absorption spectra, simulated at
different lattice temperatures T, are reported in Fig. 4(c)
for direct comparison with the measured ones [Fig. 4(d)].

Our simulations indicate that in the absence of vertical
bias, the band bending, which is controlled by the adopted
doping profile, determines the activation of selected ISBTs
thereby affecting the spectral shape of the TM absorption,
especially at low temperature. This would not hold true in
a biased QCL since the electrostatic potential due to the
charge unbalance between ionized donors and electronic
carriers (Hartree potential) would be significantly smaller
than the voltage drop on each period, therefore having a
limited influence on the subband energy ordering. In our
undoped, unbiased design, however, the subbands related
to the fundamental QW states in the W4, and W5 wells
have very similar energies; hence at low T the band bend-
ing associated with the Hartree potential is strong enough
to shuffle those energies, ultimately controlling the rela-
tive populations in the initial state. Indeed, the simulations
predict that in SW2, the electronic carriers tend to occupy
mainly the W5 fundamental subband because of the low
confinement energy associated to this large well, while
only a residual fraction of carrier sits in the W2 funda-
mental level. It follows that a single dominant absorption
peak, due to vertical transitions in W5, is expected at
approximately 15 meV (red arrows), with a minor feature
at approximately 37 meV (orange arrow) being related to
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(a) (c)

(d)

(b)

FIG. 4. L-band profile, energy levels and square modulus of the electron wave functions of SW2 (a) and SW4 (b) at 10 K.
Temperature-dependent simulated and measured absorption spectra of both samples are reported in (c),(d), respectively.

ISB absorption in W2. On the other hand, when donor
ions are located in the W4 well, the downward energy
shift due to the electrostatic effect also activates a higher
energy (approximately 27 meV, green arrow) vertical tran-
sition in W4, in addition of the vertical transition in W5.
Upon increasing the lattice temperature, the energy dif-
ferences among the fundamental QW subbands caused by
the spatial donor profile become comparable with the ther-
mal excitation energy, and thus we predict similar spectra
shapes for SW2 and SW4.

The experimental spectra of the two samples, acquired
at different temperatures and reported in Fig. 4(d), are in
good agreement with the simulations. The dichroic absorp-
tion spectrum of SW2, measured at 6 K, features a single
absorption peak at 15 meV having a full width at half
maximum � = 4 meV. Interestingly, both the peak posi-
tion and its width are in good agreement with the features
of the ISB emission peak observed in the electrolumines-
cence measurements of Ref. [11], performed with QCL
samples having the same design. Furthermore, as predicted
by the simulations, upon increasing the lattice temperature
we experimentally observe a transfer of spectral weight
towards higher energy, thermally activated, ISBT transi-
tions. As for SW4, the spectrum acquired at 6 K exhibits
a peak at about 15 meV related to the ISBT in W5 along-
side a second, more intense absorption feature at 32 meV
related to the ISBT in W4, in quite good agreement with
our numerical predictions. The slight difference between
the predicted and experimental W4 transition energy
(5 meV) can be attributed to uncertainties in the precise
values of the Si-Ge material parameters used in the

numerical code such as the electron effective mass and
the barrier and well band offset affecting the higher-energy
states to a greater extent. Notice that in SW4 the lower-
energy peak is characterized by a larger width (� = 7
meV) with respect to the one measured in SW2. We
attribute this finding to the larger impact of the ionized
impurity scattering on the ISB dephasing time [31], caused
by the greater proximity of donor ions to the spatial region
where the W5 wave functions involved in the transition are
confined. The differences observed in the low-T absorption
spectra of the two samples assess the accuracy of the UHV
CVD technique in controlling the phosphorus profile, since
they are entirely ascribable to the spatial distribution of
the dopants. We notice that, owing to the low dopant con-
centration and the small doped thickness used here, this
information is difficult to retrieve by standard techniques
such as secondary ion-mass spectroscopy.

The electron sheet density per period n2D, as esti-
mated from the area defined by the ISB absorption res-
onance curve, [18] is approximately 3 × 1010 cm−2 for
both samples. This value is in good agreement with
the nominal one if taking into account the expected
p-type background related to the presence of TDs. In
samples with a TDD in the 106 cm−2 range, as in
our case, a p-type background density of about 5 ×
1015 cm−3 is estimated [21]. With a period length Lper
approximately 100 nm for the QCL module investigated
here, these density values give rise to an effective hole
sheet density per period of about 5 × 1010 cm−2, a
value similar to the difference observed between the
effective n2D value estimated by FTIR and the nominal
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doping. As a final remark, the good agreement observed
between the predicted and measured absorption energies
and oscillator strengths of the ISBTs can be regarded
as an independent evidence of the high degree of accu-
racy achieved in the growth of complex multilayered
heterostructures.

IV. CONCLUSIONS

In this work, we demonstrate the effectiveness of UHV
CVD for the deposition of strain-balanced Ge/Si-Ge mul-
tilayer stack, comprising hundreds of quantum wells, cou-
pled by ultrathin tunneling barriers. The improvement of
the crystal quality in the high Ge content range (approx-
imately 95%) of the Si-Ge virtual substrate, obtained by
increasing the Ge buffer layer thickness and introduc-
ing annealing steps at 800 ◦C, allows us to obtain a very
low TDD (3 × 106 cm−2), thus suppressing this scatter-
ing source and its detrimental contribution to the carrier
transport and to the effective doping density profile. To
further optimize the strain compensated active region, we
accurately investigate how both the heteroepitaxial and
thermal strain impact on the electronic and mechanical
properties. Indeed, the large mismatch between the lat-
tice thermal expansion coefficient of Si and Ge induces
a tensile deformation when the structure is cooled down
after the growth, possibly causing bowing and cracking.
We find that the simultaneous growth of the epilayer
films on both sides of the Si substrate, enabled by the
peculiar substrate heating solution adopted here, favors
the mechanical stability of the heterostructure. Further-
more, we show thanks to numerical simulations that even
small distortions of the lattice, as those due to the thermal
strain, can critically affect the subband levels’ alignment
and consequently the target tunneling transport rates. We
demonstrate that this is related to the presence of parasitic
states, usually confined in the Si-Ge barriers and associated
to �-band edges, whose energy downshifts for increasing
tensile strain. Our numerical data highlights the relevance
of properly accounting for the temperature dependence of
the strain field, especially when designing devices that
operate at temperatures much lower than the growth tem-
perature. Finally, leveraging on the role of band-bending
effects in MQW THZ structures caused by the charge
unbalance, we discuss an experimental procedure to probe
the doping concentration along the growth direction. By
combining THz FTIR spectroscopy and numerical simu-
lations, we are able to observe the influence of the spatial
distribution of donors with an accuracy greater than that
usually obtained by SIMS measurements. This technique
allowed us to assess the nanometric control of the dopant
distribution achieved by using the UHV CVD technique.

In conclusion, upon relying on the thorough struc-
tural characterization and on the agreement between THz
ISBT absorption data and simulations, we demonstrate

sub-nm/nm control over Si-Ge composition profile, inter-
face roughness, interdiffusion, and localization of dopants
in several µm-thick tunneling multilayer structures. These
results represent a significant step forward in the Si-Ge
epitaxy and in the use of this material platform for the
development of integrated photonic quantum devices.
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