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ABSTRACT

N-type Ge-rich Ge/SiGe multi-quantum-wells on Si(001) substrates are a novel material system with great potential due to their compatibility
with the CMOS standard. This class of strained quantum heterostructures exhibits different band edge minima in a narrow energy range.
Thus, lattice deformation, quantum confinement, and band bending effects can affect the energy ordering of the associated subband states,
resulting in a radical variation of their optical and transport properties. This study investigates how these factors influence the 2D subband
carrier density in modulation-doped heterostructures. To this end, we focus on the recently demonstrated parabolic quantum well system
because of its technological relevance. Using Fourier transform infrared and high-resolution x-ray diffraction spectroscopy in combination
with numerical modeling, our results highlight the importance of the temperature dependence of the strain field in determining the efficiency
of the charge transfer process. Furthermore, optimal design parameters are identified to achieve either the highest transfer efficiency or the
absolute value of the carrier density as a function of the intersubband transition energy in the 3-8 THz range.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0259848

N-type Ge-rich SiGe multilayer heterostructures have great typically addressed by using a Si;—,Ge, virtual substrate (VS) whose
potential due to their compatibility with CMOS technology.'~ How- lattice parameter, controlled by the y Ge molar fraction, is chosen to
ever, the realization of frontier optoelectronic devices based on this reciprocally compensate the tensile and compressive biaxial lattice
material system has been demonstrated only recently, due to pecu- defor.rr}atlon of the different layers composing Fhe het?TOStYUCtl{re> a
liar challenges that have hindered the development of Ge-rich group condition that promotes the mechanical stability during the epitax-
IV epitaxy. " Indeed, sharp or continuously graded heteroint- ial growth of thick multilayers. As an example, for a heterostructure
erfaces with highly reproducible chemical profiles extending over COMmPpriSIng th.e periodic repetition of a Si1_+Gex barrller and a Ge

. . . well layer having equal thicknesses, the y concentration of a fully
several microns have been demonstrated on Si substrates in the last

few years only.*” The achieved high crystal quality® of these com- relaxed VS has to be set exactly half way between x and 1 to com-
: . . . . ensate for the tensile deformation occurring in the barrier layers
plex planar heterostructures requires mastering the epitaxial strain P 8 Y

epi ) ] ) ) = with the compressive one featured by the Ge wells.
field g associated with the large lattice mismatch existing between In addition to the presence of this epitaxial strain, it must be

silicon (asi = 5.431 A) and germanium (age = 5.658 A). This is considered that, upon cooling the heterostructures from the growth
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temperature (typically in the 650-800 K range), the strain field
in each layer is also affected by the thermal strain in the plane
eﬂhe’m arising from the mismatch of the thermal expansion coeffi-
cient a(T) existing between the Si substrate and the Ge-rich active
region. Therefore, the total in-plane strain experienced by each layer

epi
can be expressed as g = sHp + si‘he’m.

The strain field has a direct impact on the electronic structure.
As such, it has been used to engineer transport and optical proper-
ties, for example, in transistors’ or in light emitters.'’ Furthermore,
by modifying the band offsets at the heterointerfaces, the lattice
strain can have an impact on vertical tunneling transport™'" and
influence the charge transfer mechanism in modulation-doped het-
erostructures.'” Accurate strain management is, therefore, critical,
especially at low temperatures where the total strain is significantly

enhanced by the increased contribution of the in-plane thermal

strain component et‘herm (see Ref. 8). This is essential for optimizing

the design and performance of SiGe-based quantum devices, includ-
ing quantum cascade lasers, resonant tunneling diodes, and optical
detectors and modulators that exploit light-matter interaction in
the strong coupling regime. In this latter case, the achievement
of the strong coupling condition requires carrier sheet densities
exceeding 2 x 10" cm™2, underscoring the need for efficient and
well-controlled transfer doping strategies.’

We recall here that Ge-rich Sij_xGe, alloys feature different
band edges in a narrow energy interval above the absolute con-
duction minimum. In Ge, this minimum is located at the fourfold
degenerate L point of the BZ, while for Ge content x < 0.82, it lies at
the bottom of the sixfold degenerate A valleys. The strain field influ-
ences the energy separation of the L and A states since both react to
the hydrostatic component of the lattice distortion; furthermore, the
uniaxial part splits the energy of the A states into A4 and A, separate
levels, pushing toward lower (higher) energies the A, valleys with
respect to the A4 ones when an in-plane tensile (compressive) biax-
ial deformation is applied. In light of the above considerations and
due to the modest values of the conduction band offset at L featured
by the Ge-rich SiGe/Ge heterointerface, a barrier Ge concentration
x around 0.80 represents a typical trade-off to guarantee an effec-
tive confinement potential AE;p, for the L carriers (of the order of
130 meV) and enough energy separation AEy_1 between the abso-
lute conduction band minima in the SiGe barrier (at A,) and in the
Ge well (at L)."?

The relative energy separation of the A; and L subband states,
respectively confined in the barrier and well regions, is key in deter-
mining both the transport and the optical properties of a given
heterostructure. Such energy difference strongly depends on the
chemical profile, lattice strain, confinement masses, and band bend-
ing effects, and a modification of its value significantly affects the
efficiency of the well charging mechanisms, as in modulation-doped
heterostructures the donor states are associated with the barrier A,
levels.

To shed light on this last point, in this work we investigate
the impact of epitaxial and thermal strain, confinement energy, and
band bending effects on the transfer charge process in modulation-
doped n-type Ge/SiGe quantum structures. To this aim, we focus
on the recently demonstrated Ge/SiGe parabolic quantum wells
(PQWs) because of their relevance for photonic applications in the

THz range,””"”'® which is associated with the stability of their
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optical properties against temperature variations. As a matter of fact,
modulation-doped PQWs feature a single intersubband transition
(ISBT) absorption resonance, whose energy is largely independent
of the carrier density and distribution in the subbands.'” This char-
acteristic makes PQWs an ideal quantum system for assessing the
amount of transferred charge in the well by measuring the ISBT
spectral weight.'*"”

We combined high-resolution x-ray diffraction (HR-XRD) and
Fourier transform infrared (FTIR) spectroscopy measurements on
state-of-the-art n-type compositional graded Ge/SiGe PQWSs grown
by ultrahigh-vacuum chemical vapor deposition (UHV-CVD) on
silicon substrates,””"” together with electronic states modeling based
on a multi-valley Schroedinger-Poisson solver,'” to provide valuable
insight for design optimization, with a focus on precisely control-
ling the quantum well charging process, as required for various
applications.™"

The investigated samples consist of a periodic stack of Ge-
rich PQWs separated by Sip.18Gegs2 barriers having a thickness
b = 15 nm. The multilayer structures, sketched in Fig. 1(a), have
been grown on Si after the deposition of a reverse graded almost
fully relaxed Si;—,Gey, VS, whose final y value was varied in the range
y =0.85-0.91 to strain-balance the QW region and prevent its plas-
tic relaxation. The growth temperature of both the VS and the
multilayer stack was T¢ = 753 K. The parabolic confining poten-
tial was realized by continuously varying the Ge content in the
region between two Sip.18Geos: barrier layers up to 100%, which
corresponds to the bottom of the PQWs. The compositional Ge con-
tent profile, measured by means of scanning transmission electron
microscopy (STEM) and secondary ion mass spectrometry (SIMS),
is shown in Fig. 1(b) for one of the investigated samples (S1), indi-
cating a highly reproducible match with the nominal compositional
profile. To shed light on the corresponding confining potential, we
show in the inset of Fig. 1(a) the band-edge values at a Sig.15Geo.s2/Ge
heterojunction, lattice matched to a cubic VS with y = 0.9, which
represents the discontinuities occurring between the barrier and the
bottom of the PQW.

Doping was achieved by phosphorus co-deposition in the
d = 8-10 nm thick central region of the barrier. The donor con-
centration Np has been tuned around 10" cm™ to obtain a total
2D carrier density per period, available for the transfer doping pro-
cess, of nyp = Np x d in the [1-15] x 10" cm™ range, as typically
used in quantum devices. The SIMS profiles for the donor atoms
in PQW samples are in good agreement with the nominal profiles,
demonstrating that the P ions remain well confined in the barrier
region (see Ref. 19). The comparison of the donor density measured
by SIMS on thick test samples with the activated electron density
obtained by optical reflectivity and Hall effect measurements indi-
cates a donor activation ratio of ~100%, suggesting the absence of
dopant segregation effects for impurity density at the 10'® ¢cm™
scale. Finally, the SIMS analysis highlights the presence of an expo-
nential dopant diffusion tail with a characteristic length scale of only
3.5 nm.

Figure 1(a) evidences that the conduction band minimum
occurs at L in the Ge compressive strained well and at A, in the ten-
sile strained Sig 18 Geg.g» barrier. In this condition, we calculate a band
offset AEr 1, at the L point of about 112 meV. The energy difference
AE_y is relatively small, around 50 meV. A reversed A; alignment
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FIG. 1. (a) Sketch of the deposited multilayer structure. The periodic stack composed of PQWs and the Sig 1 Geg g2 barriers is deposited on top of the reverse graded relaxed
Si1_,Gey VS. The inset shows the calculated energy positions of L, A;, and A4 band edges at a Sig 18Geo s2/Ge heterointerface for y = 0.9. (b) Nominal Ge compositional
profile for the PQW S1 sample along the growth direction (orange), compared with the ones measured by means of STEM (blue) and by SIMS (green). (c) (224) XRD maps
of areverse graded VS with final Ge content y = 0.9, acquired at 93 and 753 K. The dashed white line represents the calculated component of the transferred momentum for
arelaxed cubic SiGe alloy. (d) In-plane strain ¢ (T) of the Ge and Sig1Geq g layers of the VS as a function of the temperature resulting from the XRD measurements. The
data relative to a SigsGeg g5 VS are also shown for comparison. (e) Calculated energy differences between the A,-L and L-L edges at the Sig 13Geg s2/Ge heterointerface
at low T as a function of the VS Ge content y. (f) Calculated AE_ as a function of T, including (continuous line) and neglecting (dashed line) the thermal strain for the

same interface of (d) with y = 0.9.

is observed, leading to A, subband confinement within the SiGe bar-
rier layers. It is important to note that the strain-dependent values of
AE;_1 and AEs—1 play a critical role in determining carrier confine-
ment within the Ge well and the effectiveness of the transfer doping
mechanism, respectively.

To disentangle the thermal and epitaxial contribution to the lat-
tice strain field, we have first experimentally quantified ¢ (T') in two
SiGe reversed graded VS samples featuring a final Ge concentration
y=0.9and y = 0.95, using high resolution (224) XRD maps acquired
in the temperature range spanning between 93 K and the growth
temperature Tg = 753 K.

In Fig. 1(c), we display the XRD reciprocal space maps acquired
on the Sip1Gegy VS at Tg = 93 K (left) and T = 753 K (right). The
white dashed line represents the so-called “relaxation line” that evi-
dences the relationship between the in-plane component Q, and
the out-of-plane component Q, of the momentum transfer vec-
tor for a relaxed (cubic) lattice cell. We can clearly distinguish at
Q,~52 nm~! the (224) peak of the Si reciprocal lattice point
(RLP) corresponding to the substrate lattice, which moves along the
relaxation line as the temperature changes, maintaining its cubic

symmetry. At a lower value of Q, ~ 5.0 nm ™', we observe the RLPs
corresponding to the virtual substrate, with the two most intense
peaks associated with the constant composition Ge and Sig.1Geoo
layer. It is evident that upon lowering T, the RLPs of Ge and
Sio.1Gepo layers move above the relaxation line, pointing to an
accumulation of in-plane tensile strain in the VS.?’

From XRD maps, the temperature dependence of ¢ in the SiGe
and Ge layers can be quantitatively assessed in the whole temper-
ature range of interest, following Ref. 20. As shown in Fig. 1(d),
the Sip.1 Geoo and Ge lattices are practically fully relaxed around the
growth temperature, while the lowering of T induces a monotonic
increase in the tensile biaxial strain, whose value at 73 K is of the
order of 0.2%. The T-independent offset that appears between the
Sio.1Gego and Ge eH(T) values in Fig. 1(d) is to be attributed to

the residual epitaxial tensile strain e‘ﬁp "(y = 0.9, Tg) of the SiGe layer,

present at the growth temperature, of the order of 10™*, arising from
its aforementioned incomplete plastic relaxation on the fully relaxed
underlying Ge buffer region.”' It is evident how the less mismatched
Sio.05Geo.os VS, also shown in Fig. 1(d) for comparison, features a
lower value of ;.
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The increase in the in-plane lattice strain value observed for a
decreasing measurement temperature is fully accounted for by the
following relationship, as discussed in Ref. 20:

g T) = " (1 T) + e/ ' Te) (1)

with
TG
0. T) = [ lasi e (T) ~as(THT, @)

where Tg is the growth temperature and asiy_,Ge, and as; are the
temperature dependent thermal expansion constants of the VS and
Si wafer lattices whose functional dependence on T controls the
negative slope observed in Fig. 1(d), respectively.

We now focus on the electronic band offsets at the
Sio.18Geo.g2/Ge heterojunction, addressing first the role of the epitax-
ial strain. We show in Fig. 1(e) AEx_1 and AE;_1 calculated at low
T as a function of the y concentration in the relaxed VS. While the
well depth AEr_, is affected only weakly by the strain field, AEx-1,
significantly decreases upon increasing y, since the larger values of
the tensile deformation shift downward the A, valleys in the bar-
rier. Consequently, we expect that AEx_y, also varies with T, since
the thermal strain ¢)(T) is itself temperature-dependent. To shed
light on this point, in Fig. 1(f) we show AEs_ as a function of T,
calculated for y = 0.9, both neglecting (dashed line) and including
(continuous line) the thermal strain. In the first case, the energy dif-
ference is quite stable against temperature variations. Conversely,
when thermal strain is taken into account, the room temperature
(RT) value for AEx_1 of 43 meV decreases down to about 32 meV
at low T. This energy reduction significantly impacts the amount
of carriers that can be transferred from the doped barrier into
the well.

To observe and quantify this effect in realistic n-type Ge/SiGe
multi-quantum-well systems, we have deposited on a Sig.1Geps VS
a strain compensated structure made of 25 identical PQWs having
well width W =61 nm (sample S1). Its flatband potential profile
associated with the L and A, edges and the related wavefunctions,
calculated at 10 K, neglecting and considering the thermal strain,
are shown in panels (a) and (b) of Fig. 2, respectively. The ther-
mal strain has also been considered for RT calculations, reported
in Fig. 2(c). In line with the above considerations, the lowest
AE,_ value is obtained at low T, taking into account the thermal
strain. Notice also that the amount of the energy effectively avail-
able to trigger the transfer doping may be further reduced by not
equal confinement energies of A, and L subbands, related to dif-
ferent barrier and well layer thicknesses and confinement masses
(ma, ~ 0.9 mg and mg = 0.13 my).

Our simulations indicate that the PQWSs host several confined
states, with a constant energy separation fiwy = 12 meV (2.9 THz).
The central 8 nm of the barrier layers have been doped with a donor
concentration Np of 8 x 10Y cm_3, corresponding to a 2D car-
rier density per period of n5) = 6.4 x 10" cm™ to activate the
ISBTs. The resulting electronic structures, obtained through the self-
consistent solution of the Poisson equation and the multi-valley
Schrodinger equation, are shown in panels (d) (T = 10 K, neglecting
the thermal strain), (e) (T = 10 K, including thermal strain), and (f)
(T =300 K, including thermal strain) of Fig. 2. Note that, although
the energy level spacing decreases for the Hartree contribution to the

pubs.aip.org/aip/apm
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FIG. 2. Conduction band edge profiles at L (black line) and A, (purple line) along
the growth direction z of sample S1. The well width W and barrier thickness b are
61 and 15 nm, respectively. The square modulus of the wavefunctions, plotted at
the energy level of the corresponding quantized state, is also shown. Panels (a)
and (b) show the flatband profiles calculated at 10 K, neglecting and including the
thermal strain, respectively; and panel (c) shows the flatband profiles calculated at
300 K considering the thermal strain. Panels (d)—(f) are the same as panels (a)—(c)
for the same structure doped in the central 8 nm of the barriers (gray region) with
Np =8 x 107 cm=2.

effective potential, the ISBT energy is still expected at the flatband
value hwo, according to Kohn’s theorem.?” The role of the thermal
strain in affecting the self-consistent potential profile is evident: the
reduction of AEs_, predicted at low T when the effect of sihe”" is
taken into account limits the amount of transferred charge, resulting
in a weaker Hartree potential and a consequently deeper well.

The 2D carrier density in the L subbands calculated as a func-
tion of T, both including (red curve) and neglecting (blue curve) the
thermal strain, is shown in Fig. 3(a). At RT, we obtain comparable
values around nb, = 3.5 x 10" cm™, corresponding to a transfer
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FIG. 3. (a) Calculated n5, for sample S1 as a function of temperature, neglecting
(blue curve) and taking into account (red curve) the thermal strain. Black symbols
are the experimental values of néD obtained from the ISBT absorption spectra
shown in panel (b).

efficiency # = ”Z;’,—S,L) = 50%. Lowering T, this ratio remains stable
2D

only if the £‘t|he"” contribution to the strain field is neglected. Con-

versely, including this term, the transfer efficiency decreases to 30%
at 10 K.

To validate these predictions, we have acquired by FTIR spec-
troscopy the dichroic transmission spectrum of the sample at differ-
ent temperatures to isolate the ISBT contribution to the absorption
spectrum and estimate the transferred charge density n5p."> The
ISBT absorption spectra reported in Fig. 3(b) feature a single peak
at 12.8 meV (3.1 THz), in good agreement with the subband spac-
ing estimated in the flatband condition Aw,. Moreover, this peak
energy remains extremely stable in the 10-300 K range, further con-
firming the achievement of a parabolic confinement potential in our
compositionally graded PQWs. From the spectral weight of the 2D
absorbance, we have estimated the sheet carrier density in the well,
following the procedure reported in Ref. 12. The obtained experi-
mental 5, densities at different temperatures, reported in Fig. 3(a)

as black squares, follow the monotonic behavior predicted by the

model with the inclusion of e‘t‘he’"’, while they seem to be incom-

patible with the almost dispersionless blue curve. Remarkably, the
observed reduction between RT and low T of np values by a fac-
tor of 1.7 is also in agreement with the 5y, lowering estimated from
the temperature dependence of the Rabi energy, measured in the
ultrastrong-coupling regime in Ref. 5.

These findings highlight the critical role of thermal strain
in controlling the transfer doping mechanism in n-type Ge/SiGe
quantum structures and validate the predictability of the adopted
theoretical model. Using this theoretical framework, we numerically
investigated the transfer doping efficiency in PQWs having different
widths W, i.e., designed to operate at different transition frequen-
cies, and different dopings 5} in the [1-15] x 10" cm™ range. Our
goal is to identify the configuration that maximizes carrier density in
the well and/or transfer efficiency.

First, we performed simulations varying the PQW well width,
keeping constant both the barrier thickness (15 nm) and the dop-
ing concentration (n5 = 1.5 x 102 cm™). To preserve the strain

ARTICLE pubs.aip.org/aip/apm

compensation condition, the Ge concentration y in the VS was fine-
tuned within the range [0.89-0.916]. The relative amount of trans-
ferred charge # as a function of T is shown in Fig. 4(a) for PQWs
having ISBT at 3, 6, and 8 THz, corresponding to a well width of
58, 28, and 22 nm, respectively. We obtain a decrease in nip at low
T for all the curves shown in Fig. 4(a).

Somewhat counterintuitively, the highest transfer efficiencies
are achieved with the 8 THz PQWs, despite the higher confinement
energy of the L subbands, which tends to lower AEo_1 (note that the
A; subbands are always found very close in energy to the A; band
edge because of their large confinement mass). To understand this
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FIG. 4. (a) Calculated transfer efficiency # as a function of the temperature of
PQWs having ISBT energy 3 (blue curve), 6 (purple curve), and 8 (orange curve)
THz for ni&) 1.5x10"2 cm=2. (b) Calculated transfer efficiency ; and (c) transferred
charge in the well b, as a function of temperature in 6 THz PQWs, for donor con-
centrations Ny = 1 x 107 cm=3, 7 x 10" em=2, 1.5 x 10" cm~2, corresponding
to sheet densities % = 1 x 10" cm~2) (squares), 7 x 10" cm~2 (triangles), and
1.5 x 10" cm=2 (circles), respectively.

APL Mater. 13, 061112 (2025); doi: 10.1063/5.0259848
© Author(s) 2025

13, 061112-5

Z1:01:20 G20z dunr ||


https://pubs.aip.org/aip/apm

APL Materials

effect, we observe that the transfer doping mechanism generates an
electric field & in a region of width Az between the center of the
quantum well, where the electrons populate the L subbands, and the

ionized donor region. This electric field is roughly equal to % and
produces a Hartree potential difference of about AV = & - Az, which
reduces the energy separation of A, levels and L subbands. AV, for
a fixed transferred charge, increases with Az. Therefore, since the
carrier flow toward the well stops when the energy of the lowest
L subband states approaches the A, level in the barrier, lower values
of Az, featured just by thinner PQWs, allow larger amounts of #5,. In
the explored parameter range, upon decreasing the PQW width, this
effect overcomes the adverse action related to higher confinement
energies, thus resulting in larger nsp densities.””

To investigate the charge transfer mechanism as a function of
the doping density at different temperatures, we focus on the 6 THz
PQW structure and plot the transfer efficiency # and the transferred
charge density 1%, as a function of T, calculated for nip = 1 x 10",
7 x 10", and 1.5 x 10" cm™2 [Figs. 4(b) and 4(c)].

We observe that for n5} = 1 x 10'' cm™ and low T, the charge
is fully transferred in the well due to the modest value of the Hartree
potential difference AV. In this doping regime, the increase in
AEa_y at higher temperatures caused by a decrease in SH herm blays
a minor role since the observed trend is dominated by the ther-
mal excitation of carriers in the A, subbands, which controls the
monotonic decrease in the transfer efficiency.

In the highest doping condition, we observe an opposite behav-
ior since the transfer process is not complete at low T, # being of
the order of 30% only. In fact, despite the reduced transfer effi-
ciency, nkp is large enough to equalize the energy of the lowest
L subband states and the A, level in the barrier through the action of
AV, stopping the transfer. In this condition, the increase in AE5_y, at
higher temperatures related to the lower qﬂherm values enhances the
amount of transferable carriers. The carrier transfer is also favored
by the thermally induced population of excited L subbands. At the
intermediate doping n5p = 7 x 10'' cm™, the carrier transfer is
incomplete at low T with # ~ 50%, has a maximum at ~200 K, and
then decreases at higher temperatures when the thermal excitation of
A; levels becomes the dominant effect. In summary, from Figs. 4(b)
and 4(c), we conclude that the optimal transfer efficiency is present
atlow T for 1 x 10" cm™2, while the largest absolute value of np
is obtained, in the 1nvest1gated dopmg range, at RT for the highest
doping density of 1.5x 10"* cm™

To further increase the transferred charge density in heavily
doped samples, one can act on the tensile strain in the barrier, which
can be reduced by depositing the PQW stack on a VS with a Ge
content closer to the barrier. In this case, the strain-compensation
condition is not satisfied, and the total thickness of the multilayered
structure must not exceed the critical value for plastic relaxation.
To test this approach, we deposited two samples, S2 and S3, with
the same multilayer structure, consisting of 15 modules of the
6 THz PQWs with doping n5j = 1.5 x 10'> cm™ but deposited
on VS substrates with different Ge compositions, ie., y =0.89
for the strain-compensated sample S2 and y =0.85 for the not
strain-compensated S3.

The analysis of XRD measurements, whose results are reported
in the table included in Fig. 5, confirms the reproducibility of the
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FIG. 5. (a) ISBT absorption spectra of samples S2 (purple symbols) and S3
(orange symbols). (b) and (c) Band edge profiles and square modulus of the
wavefunctions calculated for samples S2 and S3, respectively. In the table, the
Ge content y in the VS, the period of the MPQW stack, and the average in-plane
strain in the PQW stack, as determined from XRD data at 300 K, are reported.

nominally identical compositional profile in the PQW stacks of
the two samples and the different strain fields, in agreement with the
design values (see also the supplementary material). ISBT absorption
spectra of the two samples are reported in Fig. 5(a). Both spectra con-
sist of a single peak centered at 23 meV (5.5 THz), but the spectral
weight of sample S3 is greater by a factor of 1.3, indicating that the
transferred charge density in sample S3 is 30% higher with respect
to the strain compensated one. This result is in line with the self-
consistent band structures at 100 K reported in panels (b) and (c)
for samples S2 and S3, respectively. The reduced tensile strain in the
barrier featured by sample $3 has enabled a higher n%, density, as
testified also by the larger shrinking of the QW depth induced by the
Hartree potential. Remarkably, we numerically find an increase in
the transfer efficiency from 35% to 50%, perfectly matching the ratio
of 1.3 for the carrier density estimated by comparing the two spectral
weights of Fig. 5(a).

In conclusion, we have combined XRD measurements and
FTIR ISBT spectroscopy performed on n-type Ge/SiGe PQWs with
their numerical modeling to shed light on the different physical
effects controlling the charge transfer process in modulation-doped,
Ge-rich Ge/SiGe quantum heterostructures. Our analysis shows how
the efficiency of the charge transfer is critically affected by the
epitaxial and thermal strain through their impact on the energy
separation between the conduction band minima in the well and
in the barrier material. In addition, we have numerically studied
the transfer efficiency as a function of the donor concentration in
the barrier and the well width in order to optimize the design to
achieve either the highest carrier density in the well or the maxi-
mum transfer efficiency. Indeed, an efficiency of 100% is predicted
at low T and for a carrier density of about 1x 10" cm™2, while
the largest absolute value of nkp is obtained at RT for the highest
investigated doping density of 1.5 x 10'* cm™2, with an efficiency
of about 50%. We believe that the improved degree of control over
the transfer doping process, achieved in this work, represents an
important step forward toward the realization of novel quantum
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optoelectronic devices based on this CMOS-compatible material
system.

In the supplementary material, we report and discuss the 224
reciprocal space maps from the strain-compensated S2 sample and
the strain unbalanced S3 sample.
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