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Abstract—Germanium (Ge) and silicon-germanium (Si-Ge)
have the potential to integrate optics with Si IC technology. The
quantum-confined Stark effect, a strong electroabsorption mech-
anism often observed in III–V quantum wells (QWs), has been
demonstrated in Si-Ge/Ge QWs, allowing optoelectronic modula-
tors in such group IV materials. Here, based on photocurrent elec-
troabsorption experiments on different samples and fitting of the
resulting allowed and nominally forbidden transitions, we propose
more accurate values for key parameters such as effective masses
and band offsets that are required for device design. Tunneling res-
onance modeling including conduction band nonparabolicity was
used to fit the results with good consistency between the experi-
ments and the fitted transitions.

Index Terms—Germanium (Ge), optical interconnects,
quantum-confined Stark effect (QCSE), silicon (Si).

I. INTRODUCTION

COMPATIBILITY with silicon (Si) IC technology has been
a driving force for integrating optics on-chip, which has

the potential for relieving the scaling problem currently associ-
ated with electrical interconnects [1]–[4]. Optical interconnects
have many potential advantages over electrical approaches: de-
sign simplification, architectural advantages, improved timing,
as well as other physical benefits such as reduced power dissi-
pation and high densities [1], [2]. To modulate light for optical
interconnects or networks, current Si-based approaches employ
relatively weak effects, such as carrier-density-dependent re-
fractive index change [5], so the resulting devices require long
optical path lengths, as in long waveguides [6], or highly res-
onant cavities [7], to be viable. These devices can also require
high drive voltages [6] or only function over a very narrow
bandwidth [7] because of the weak effects employed. Stronger
effects, such as the quantum-confined Stark effect (QCSE) elec-
troabsorption [8] that can be seen in quantum-confined struc-
tures such as quantum wells (QWs), have generally only been
observed in compound semiconductors, such as the III–V mate-
rials AlGaAs and GaAs [9]. While many techniques and designs
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have proven successful in integrating III–V based optical devices
in Si, many practical problems and concerns currently make it
challenging [1]. To match the performance of III–V based opto-
electronic modulators while allowing for integration into Si IC
technology, a similar strong electrooptic effect is necessary in
group IV materials.

In 1994, Yaguchi, et al., demonstrated quantum confinement
in Si-Ge/Ge heterostructures grown on germanium (Ge) sub-
strates [10]. Early attempts at inducing the QCSE in a Si-Ge/Si
material system had limited success in part because of a small
conduction band offset that led to weak confinement of the ex-
citon [11]. Recently, however, the QCSE was demonstrated in
Si-Ge/Ge QWs grown on a Si substrate [12]–[14], and the first
modulator devices based on the QCSE in such wells have now
been demonstrated [15]–[17]. Given this success, for future de-
vice design, it is now important to refine our knowledge of key
material parameters, such as effective masses and band offsets.
In this paper, we address these parameters by fitting transition
energies as a function of applied electric field in two different
QW samples. Measuring transition energies with applied field is
a particularly useful technique; a broad range of different tran-
sitions become at least partially allowed as the field is applied,
hence, giving a large variety of data to provide strong constraints
on the resulting fitted parameters [18].

In Section II of this paper, we will present the Si-Ge/Ge sam-
ple structures used. Specific structure fabrication techniques
and experimental setups as well as experimental results will
be discussed in Sections III and IV. Modeling and analysis
of the experimental results will follow in Sections V and VI.
Section VII summarizes and discusses future directions.

II. SAMPLE DESIGN AND BAND STRUCTURE

The basic sample design consists of a p-i-n diode with
multiple QWs embedded in the intrinsic region, as shown in
Fig. 1(a). The highly doped n- and p- (buffer) regions are com-
posed of 10% Si and 90% Ge (Si0.1Ge0.9) and the nominally
strain-balanced QW structure consists of pure Ge wells with
Si0.16Ge0.84 barriers.

The band structures of Si and Ge, used to form the device, are
sketched in Fig. 2. Since Si and Ge are both indirect bandgap ma-
terials, the global conduction band minima are not at zone center.
Si’s indirect gap is at the ∆ valleys along the (100) crystal direc-
tions and Ge’s is at the L points in the (111) directions, shown in
Fig. 2(a) and (b), respectively. The composite Si1−xGex material
used in the barrier will have a Ge-like, L, indirect gap when x >
0.85, shown in Fig. 2(c), and a Si-like, ∆, gap otherwise [19]. To
form a type-I QW and induce the QCSE, however, the confine-
ment of the exciton must be from the direct (zone center) band
edge. Ge has a relatively small direct bandgap of ∼0.8 eV from
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Fig. 1 (a) Mesa structure of p-i-n diode with multiple QWs in the intrinsic
region. (b) Corresponding strain diagram [12].

Fig. 2 Cartoon depiction of the bandstructures. (a) Ge. (b) Si. (c) Compressive
strained Ge. (d) Tensile strained Ge-rich Si-Ge [12]. [100]—“z” cube edge
direction, [111]—cubic space diagonal direction, Γ—“zone-center” (k = 0)
point, L—“zone-edge” point in [111] direction, ∆—point in [100] direction
with minimum energy in Si conduction band, LH—“light hole” valence band,
HH—“heavy hole” valence band L1 , L3 , Γ′

2 — specific Si conduction bands.

the valence band to the Γ−
7 band [see Fig. 2(b)] [20]. This energy

gap corresponds to approximately 1550 nm wavelength, which
is directly in the C-band employed in many telecommunication
systems. Si’s corresponding Γ′

2 bandgap [see Fig. 2(a)] is much
higher, at approximately 4.0 eV [21].

When combining Si and Ge to form a QW, strain is induced
due to the lattice mismatch of approximately 4.2% [22] be-
tween the pure crystals. Compressive strained Ge wells and ten-
sile strained Si1−xGex barriers are designed to give an overall
strain-balanced QW structure with an average material com-
position of the surrounding Si1−zGez regions. The basic strain
diagram for the multiple QWs is shown in Fig. 1(b). The in-
duced strain results in splitting of the heavy hole (HH) and light
hole (LH) valence bands into its components as well as a change
in the overall bandgap (Eg ) and changes in the in-plane effec-

Fig. 3 Cartoon depiction of Si-Ge/Ge heterostructure (at zone center) on a
Si-Ge substrate with important modeling parameters specified.

tive masses of the hole bands [23]. The compressive strain in
the Ge wells causes the HH band to shift up, the LH band to
shift down, and the overall bandgap to increase, as depicted in
Fig. 2(c). Conversely, Fig. 2(d) shows that the tensile strain in
the Si0.16Ge0.84 barriers shifts the HH and LH bands oppositely
to that of the well and decreases the overall bandgap. By strain
balancing, we are able to maintain stability in the structure,
and hence, achieve uniform QWs. The corresponding QW band
diagram on the relaxed substrate is given in Fig. 3.

III. SAMPLE FABRICATION AND EXPERIMENTAL SETUP

Two samples were used for this study that varied only in the
thickness of the wells and barriers. Both samples were fabri-
cated by Lawrence Semiconductor Research Laboratory, Inc.,
using reduced pressure chemical vapor deposition. The first
layer grown on the (100) Si wafer is a relaxed virtual substrate,
or buffer, of approximately 1 µm in thickness and composed
of boron-doped Si0.1Ge0.9 . This virtual substrate was grown at
500 ◦C with a constant composition of Si0.1Ge0.9 in two stages
with high temperature anneals at 800 ◦C to reduce defect prop-
agation into the active material. A thin undoped spacer layer
of Si0.1Ge0.9 was followed by 10 QWs composed of pure Ge
wells and Si0.16Ge0.84 barriers. For samples A and B, the thick-
nesses of the wells are approximately 17 and 24 nm, respectively,
with the barrier thickness adjusted for strain balancing. Another
thin undoped buffer layer and a final arsenic-doped layer of
Si0.1Ge0.9 followed the multiple QWs. A more detailed expla-
nation of growth can be found in [12] and [13]. Due to actual
growth rates differing from expectation, the final dimensions,
given in Table I, were not as originally specified by the growth
recipe. Additionally, this change in thickness leads to a slightly
altered strain diagram than originally intended, and we expect
these samples are not exactly strain-balanced.

After epitaxial growth, the photodiode mesas were litho-
graphically defined and samples were etched to form the mesa
and deposit Ti/Al ring contacts for the n- and p-layers [see
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TABLE I
QW STRUCTURE

Fig. 4 TEM image along (110) of the QWs from sample A.

Fig. 1(a)]. A TEM image of our QWs for sample A is presented
in Fig. 4, and the corresponding nominal well and barrier widths
as deduced from such images are shown in Table I.

To gather photocurrent from these devices, the beam from one
of three tunable lasers, with a combined total wavelength range
of 1350–1580 nm, was focused surface-normal onto the top sur-
face of the sample, which was antireflection coated to reduce
Fabry–Perot effects. The device was reverse biased to induce
an electric field ranging from, approximately, 0 to 10 V/µm.
By tuning the laser and applying reverse bias, a large set of pho-
tocurrent data was obtained. Additionally, capacitance–voltage
(CV) measurements were taken to better determine the electric
field induced in the device for a given applied reverse bias. CV
measurements also give us a better understanding of the total
intrinsic region thickness and the possible unintentional doping.

IV. EXPERIMENTAL RESULTS

A. Photocurrent

Tuning over 1370–1580 nm and 0–10 V/µm leads to a signif-
icant number of observable exciton peaks. Fig. 5 gives a char-
acteristic absorption spectrum for sample A at 25 ◦C. Exciton
peaks are extracted from similar data and plotted as transition
energy versus electric field in Fig. 6(a) and (b) for samples A and
B, respectively. The spectra show a clear quadratic red shift of
multiple exciton peaks for an increasing electric field, consistent
with the QCSE.

B. Capacitance–Voltage

From capacitance–voltage measurements, the unintentional
doping and the thickness of the intrinsic region can be deter-

Fig. 5 Absorption spectra from photocurrent data of sample A at 25 ◦C.

Fig. 6 Experimental (dots) versus simulation: parabolic fit (dash line), non-
parabolic fit (solid line). (a) Sample A. (b) Sample B.

mined. Measurements showed an initial increase in capacitance,
associated with the progressive depletion of the nominally un-
doped region, before the behavior resembled that of a normal
p-i-n diode at higher reverse bias voltages. By modeling this
behavior, we were able to estimate the unintentional doping in
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the intrinsic region, at∼1015 cm−3 , as well as the total thickness
of the intrinsic region.

V. SIMULATION AND MODELING

A. Tunneling Resonance Model

Tunneling resonance transfer matrix techniques were used to
calculate the quantum confinement energies in the Si1−xGex/Ge
heterostructure using boundary conditions where Ψ and
(1/m) dΨ/dz are taken to be continuous (Ψ being the enve-
lope wavefunction, and m being the effective mass). A single
QW, shown in Fig. 3, was used to model all ten QWs since the
large barriers prevent coupling between wells. The input param-
eters necessary for modeling include: mass of the HH in the well
(mHH well) and barrier (mHH bar), mass of the electron in the
well (me well) and barrier (me bar), bandgap (from the zone-
center conduction band to the HH band) of the well (Eg w e l l )
and barrier (Eg b a r ), band offsets of the conduction (∆EC ) and
HH (∆EHH ), as well as the width of the well (W). While LH
confinement exists at least at low fields, the lack of experimental
data prevents analysis comparable to that of the HH. In fact, we
expect that the LH is not well confined in the presence of even
moderate fields, which may explain why we see no transitions
clearly associated with the LHs for most of the voltage range of
these experiments. Though Fig. 6(a) does show a transition near
0.88 eV at low electric fields that we expect may be the E1–LH1
transition, we do not clearly resolve any other transitions that
we can associate with any higher LH levels in either allowed or
initially forbidden transitions (such as E1–LH2) in the narrow
well sample [sample A in Fig. 6(a)], and we saw no clear LH
transitions in the larger well sample [sample B in Fig. 6(b)].
Consequently, the LH levels will be omitted in the tunneling
resonance modeling.

First, we will discuss the pertinent published experimental
and theoretical values, which we used as initial values to model
our heterostructure. The bulk material parameters for the elec-
tron mass, me , in the (100) direction presented in Table II, is
presumed largely unaffected by strain. The symmetry of the
conduction band around zone center results in the compressive
strain having little or no effect on its effective mass in both the
well and barrier. The anisotropic HH mass, in the usual k.p band
structure approach, while altered substantially in the plane of
the QWs or biaxially strained layers [14], [27], is presumed to
remain bulk-like in the perpendicular (100) direction, at least
as a first order approximation for the purposes of our model. In
fitting the best value for this HH mass, we do, however, allow
for significant deviation from the initial bulk values presented
for the HH mass in Table II to account for both the possibility
of strain mixing the hole bands, and also because of the experi-
mental uncertainty in the prior measurments of the bulk values
due to the warping of the bulk valence band. Additionally, the
conduction mass of the Si Γ2’ band has not apparently been
experimentally determined, leaving me bar as an unknown pa-
rameter. Theoretical values range from 0.156 [25] to 0.528 [22],
resulting in a large possible variation of me bar . Using linear
interpolation between these Si mass values and the zone-center
conduction band mass of Ge of 0.042(5) [23], the initial val-

TABLE II
SI-GE/GE EXPERIMENTAL BULK MATERIAL PARAMETERS AT 300 K

ues for our particular Si0.16Ge0.84 barrier material range from
approximately 0.050m0 to 0.095m0 .

Galdin et al., performed significant theoretical work in de-
riving simple equations for the splitting of the HH and LH
bands, ∆EHH and ∆ELH , of a strained Si1−xGex on a relaxed
Si1−zGez substrate, presented in (1) and (2), for |x − z| < 0.5
and z > 0.5 [28]

∆EHH(x, z) = (0.74 − 0.07z)(x − z) (1)

∆ELH(x, z) = −0.3z + 0.289z2 − 0.142z3

+ (0.683 − 2.58z + 3.21z2 − 1.24z3)x

+ (0.435 + 0.704z − 2.439z2 + 1.295z3)x2

+
(−0.354 − 3.77z + 8.79z2 − 2.46z3)

(1 − 2.7z + 28.1z2)
x3 . (2)

Assuming the barrier and well are strained relative to the sub-
strate, on this model, the corresponding band offsets for ∆EHH
and ∆ELH are 109 and 50.2 meV, respectively, for both samples.
This low offset for the LH band, combined with its relatively
low effective mass, means that the LH states will tunnel easily
out of the wells with applied field, which may explain why we
see little evidence of LH transitions in the presence of field and
we, therefore, can conclude little about the LH behavior.

To determine the conduction band offset ∆EC , the
compressive-strain-induced increase of Eg well and correspond-
ing tensile strain induced decrease of Eg bar must be quantified.
Since the strain effects of the direct bandgap for both Si and Ge
have not been extensively studied, a first-order assumption for
the conduction band offset can be derived from a simple linear
interpolation of their unaltered bandgaps, given in (3) [13]

∆EC = (4.0 − 0.8) x − ∆EHH . (3)

Lastly, while the TEM pictures do allow a direct measurement
of well widths (see Table I), in practice, we find we need to
allow some narrowing of the thicknesses compared to these
numbers to get viable fits to the data. Such a correction could be
justified if the interfaces between well and barrier materials are
slightly graded. Because the conduction band offset in particular
grows very rapidly as even small amounts of Si are incorporated,
the effective well width for quantum confinement may be that
corresponding to somewhere near the beginning of any such
grading from the pure Ge toward the final Si0.16Ge0.84 barrier,
hence, giving an effective well width somewhat narrower than
the width apparent from the TEM pictures. For sample A, we
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TABLE III
SI-GE/GE QW SIMULATION PARAMETERS FOR SAMPLE A

achieved fits with well thicknesses between 15.7 and 16.4 nm.
For sample B, we fit the data using a well width between 22.8
and 23.8 nm.

Using the values discussed in this section and the tunneling
resonance method, the best results for modeling the experimen-
tal data using simple “parabolic” effective masses are given by
the broken lines in Fig. 6(a) and (b) for samples A and B, re-
spectively. It is clear that while the first (E1–HH1) and second
(E1–HH2) exciton transitions are well modeled, the higher tran-
sitions, such as E2–HH1, deviate significantly from the exper-
imental data of sample A in Fig. 6(a). Despite significant vari-
ation in the input material parameters, the resulting simulation
could not be improved if we insisted that the lowest (and practi-
cally most important) transition was to remain well fitted. Con-
sequently, we need to look into higher order effects, such as non-
parabolicity, which will be discussed in the following section.

Note, incidentally that we ignore any exciton binding energy
and any shift in that energy in our modeling for the reasons dis-
cussed previously [12]: these binding energies and their shifts,
being both in the range of only a few millielectron volts, are just
too small to be worth including in these calculations.

B. Nonparabolicity

Materials with small direct bandgaps, such as the classic ex-
ample of InSb [29], are well known to exhibit conduction band
nonparabolicity. Around zone center, or zero momentum, the
conduction band in zinc blende or diamond structure semicon-
ductors is generally assumed at least as a first approximation,
to be parabolic. However, as we move away from zone center
to higher energies above the conduction band minimum, the
parabolic assumption is no longer valid [26], [29]. At these
higher energies, the bands deviate toward becoming asymptot-
ically linear instead of parabolic, an effect that is especially
pronounced in smaller bandgap materials. Since the photocur-
rent spectra, Fig. 6, are able to resolve higher energy electron
levels, it becomes important to implement nonparabolicity in
our model. A good background to nonparabolicity as well as
relevant equations for implementing it in a QW is given in [30].
Specifically, the effective mass and momentum parameters were
redefined using

meNP(ε) = me (1 + α′ε) (4)

k ≈
[
2εme (1 + α′ε)

h̄2

]1/2

(5)

where me is the electron effective mass at zone center, α′ is
a fitting parameter taken to be α′ = 1/EGW , where EGW is
the direct bandgap of the well (so here α′ ∼ 1.25 eV−1), and
ε is the energy above the bottom of the conduction band. It
is clear that (5) is simply an altered version of the standard
parabolic band momentum equation (k ≈ [2εme/h̄2 ]1/2), with
meN P

substituted for me . Nonparabolicity in analyzing their
similar Si-Ge/Ge heterostructure was also used in [10].

The results of implementing bulk conduction band non-
parabolicity for the fitting of the sample A are shown by the
solid lines in Fig. 6(a). There is a dramatic improvement of
the modeling of sample A for the E2–HH1 transition while
maintaining excellent modeling of the first two transitions.
Additionally, an excellent correspondence between simulation
and data occurs when the same parameters used to model sam-
ple A, given in Table III, were then used for sample B (with
a well thickness 22.8–23.8 nm), as shown by the solid lines in
Fig. 6(b). While [30] derives nonparabolicity for an unstrained
QW, at least in simple k.p models, strain is not expected to
affect the conduction band curvature near zone center to any
substantial degree. The greatly improved agreement between
experiment and modeling with this nonparabolicity empirically
justifies this particular simple nonparabolicity correction.

VI. DISCUSSION

While the parameters used to model samples A and B
(Table III, simulation 1) result in excellent agreement with ex-
periment, there are several other combinations of parameters
that also yield similarly good results, such as those in the other
simulations in Table III. Fig. 7 shows the results of the simu-
lations using the parameters listed in Table III (broken lines)
compared with the original simulations (solid line) for sample
A. To understand how multiple different sets of parameters can
lead to very similar simulation results, the first part of this sec-
tion will briefly discuss how the specific QW parameters affect
the simulation results. We will also consider some other po-
tential effects that could distort the experimental or simulated
results, thereby affecting the model.

First, we need to understand how the modeled results change
as we change each of the seven parameters; specifically, we want
to know in what way and with what sensitivity do the modeling
results change as we change a given parameter. If there is a
substantial change from a variation in one parameter, is there
still some other combination of variations in other parameters
that still allow us reasonably to model the data? In order to
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Fig. 7. Experiment versus simulation. Comparison of different parameter
combinations given in Table III for sample A: simulation 1 (black solid line),
simulation 2 (blue/dark grey dash line), simulation 3 (blue/dark grey dash-dot
line), simulation 4 (red/medium grey dash line), simulation 5 (red/medium grey
dash-dot line), and simulation 6 (cyan/light grey dash line).

answer these questions, we will focus our discussion on sample
A, the results of which can easily be extrapolated to the larger
well in sample B.

The well width W is one of the most important parameters in
the model since it affects both the electron and HH energy levels.
Changes in W affect the overall transition energy (differently
for different energy levels) as well as the sensitivity to electric
field. Consequently, holding all other parameters constant, W
can only be altered by less than 1% if we are still to maintain
reasonable fit with experiment. In contrast, mHH bar has little
impact on the transition energies or sensitivity to field and can be
altered by as much as 15% from the original value. In between
these two extremes are the parameters ∆EHH , ∆EC , me well ,
mHH well , and me bar , which can be altered by only 5–10%
before leading to significantly different simulation results. The
ranges for all parameters for different simulations have been
presented in Table III and plotted in Fig. 7.

In this model, as in any, there are important tradeoffs to con-
sider. For instance, an increase in me well could be offset by a
decrease in me bar and/or an increase of ∆EC . Similarly, an
increase in mHH well would need a corresponding increase in
∆EHH to retain a good fit. Lastly, an increase in W of more than
1% could be offset by corresponding changes in the masses
or band offsets of both the conduction and HH bands. While
prior measurements [23] of me well from bulk materials con-
strain us to a range of 0.37–0.47 m0 , we have little precise prior
knowledge of ranges for me bar and ∆EC for the QW struc-
ture. In particular, the mass of the relevant Γ′

2 Si conduction
band is experimentally unknown; so, we have no prior exper-
imental basis for a value for me bar even if we assume some
simple linear interpolation between the Ge and Si zone cen-
ter mass values. While we might assume some simple linear
interpolation between the relevant bandgaps to estimate ∆EC ,
again we have no real direct experimental confirmation. Fortu-
nately, the model is relatively insensitive anyway to the values
of me bar and ∆EC . Consequently, the tradeoff of me well with

me bar and ∆EC will not be considered in this discussion (or
Table III), and we will mainly focus on the tradeoffs between
W, me well , mHH well , and ∆EHH in the model.

As mentioned earlier, the well width W substantially impacts
the transition energies as well as the sensitivity of those tran-
sition energies to field. For the E1–HH1 transition, an increase
in W will result in an overall decrease in transition energy as
well as greater sensitivity to field. The decrease in energy is
mainly a result of the decrease in E1 whereas the sensitivity to
field is more dominated by the shifts in the HH1 level. Conse-
quently, the E1 energy decrease can be offset with a decrease in
me well and the HH1 sensitivity with a decrease in mHH well .
Additionally, it is important to look at the splitting, or overall
energy difference, between levels, such as E1–E2 and HH1–
HH2. Increasing W will lead to a decrease in these splittings
at all electric fields. Changes in me well and mHH well can also
compensate for this reduction in splitting. Simulations 2 and 3
in Table III represent this tradeoff. In fact, for small changes in
W, the change in overall transition energy, which is linked to
the electron energy levels, is the larger effect and can be com-
pensated only by decreasing me well . These small changes are
presented in simulations 4 and 5 in Table III.

In addition to the tradeoffs with well width W, there are also
tradeoffs within the respective conduction and HH bands. Since
we have already briefly discussed the tradeoff and uncertainty
in ∆EC and me bar , in the conduction band, we will focus here
on the tradeoff that exists in the HH band between mHH well
and ∆EHH . An increase in mHH well will decrease the overall
energy of the corresponding transitions, especially HH2, and
will slightly increase the sensitivity of the transition energy
to field, though to a smaller extent than changes in W. Since
an increase in ∆EHH decreases the overall transition energy,
and as a secondary effect, decreases the sensitivity to field for
primarily HH2, the increase can offset the effect of an increase
in mHH well . This correlation is presented in simulation 6 in
Table III.

It is clear that excellent correspondence between data and
simulation can still be preserved despite some variations of the
material parameters relevant to the structure within the ranges
given in the simulations in Table III. Though it is not possi-
ble to be absolutely definitive on the ranges of parameters that
could give good fits given all possible tradeoffs among the seven
parameters in the model, because we have considered those pa-
rameter pairs with major influences and tradeoffs, the ranges of
the numbers given here are reasonable estimates of the possible
ranges at least for the three parameters ∆EHH , me well , and
mHH well that are most influential in the fitting, and give indica-
tions of possible ranges for the other parameters ∆EC , me bar ,
and mHH bar that anyway have lesser impacts on the transition
energies and shifts.

In all of these simulations, incidentally, we kept a nominal
HH to conduction band gap energy EGW of 826 meV, which
we found led to good fits. This value is approximately 26 meV
higher than the unstrained Ge direct gap. Such an increase is
expected because of the strain of the wells, and this particular
chosen value would be explained by a compressive strain of
∼0.2% [31].
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While the simulation results that include nonparabolicity lead
to excellent correspondence between experimental data and
modeling, there are a few experimental sources for minor dis-
crepancies. As can be seen in the spectra of Fig. 5, the peaks in
the photocurrent spectra are not very sharp, so there is experi-
mental uncertainty in where we should presume the centers of
the peaks are. There is also underlying absorption, i.e., back-
ground absorption from other causes that underlies the direct
absorption between the Ge valence and conduction bands. If the
underlying absorption “slopes”, i.e., it changes as we change the
photon energy, then the additive slope can change the apparent
position of the exciton peak. We have taken a very simple fitting
of peak position from the experimental data, without attempting
to compensate for the effects of sloping background absorption
from either indirect absorption or the Franz–Keldysh effect from
the Si-Ge bulk layers in the structure. This does leave some un-
certainty in the determination of the peak positions, but there is
no simple model we can construct to take out the effects of such
background absorptions.

Lastly, the slight unintentional doping in the intrinsic region
leads to a slight variation in electric field across the QW region
of ∼0.5 V/µm. This variation can lead to a broadening of the
exciton peak, and possibly, a slight correction to the shift, though
we have not attempted to compensate for that here.

VII. CONCLUSION

In this paper, we have experimentally measured and theoret-
ically modeled a broad range of transitions between the elec-
tron and hole subbands in Ge QW structures with Si-Ge bar-
riers. We have been successfully able to fit complex spectra
of transitions in two different samples with one set of mate-
rial parameters in a simple model. As a result, we have es-
tablished a solid basis for modeling strain-balanced Si-Ge/Ge
heterostructures at room temperature, and provided experimen-
tally derived values for key parameters, especially the partic-
ularly important electron and HH effective masses in the Ge
layers. One self-consistent pair of values for these parameters
is, for the electron mass at the bottom of the conduction band,
me well = 0.041 and, for the HH mass in the (100) direction
(as required for the calculation of hole confinement energies),
mHH well = 0.28. Reasonable ranges for these and other pa-
rameters are also established. We also find that the inclusion
of conduction band nonparabolicity is essential for success-
ful modeling of transitions involving higher conduction band
levels.

This research on uncoupled QWs cannot particularly give
accurate values for the conduction band offset, nor for the elec-
tron or HH masses in the barrier, in large part because the
energy levels in the wells are not particularly sensitive to any
of these parameters; the large conduction band offsets and the
large HH masses mean that there is not a very large pene-
tration of the electron or HH wave functions into the barrier
region for either the electrons or the HHs. Future work with
coupled QWs may offer more precise measurements of those
parameters.
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