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Optical Emission from Germanium Nanocrystals

N. L. Rowell, z D. J. Lockwood, ∗ D. C. Houghton, J.-P. Noël, and J.-M. Baribeau

National Research Council, Ottawa, Ontario K1A 0R6, Canada

We analyze the intense photoluminescence (PL) observed at energies from 600 to 1100 meV for a large number of Si1-xGex epitaxial
layers grown by molecular beam epitaxy. In the present work we show that this previously unexplained broad PL peak can be
assigned to Ge nanocrystals (NCs) self-assembled within the SiGe layers. These NCs are assumed to be lattice matched to the SiGe
in the vertical, growth direction. A consequence of this assignment is that as the Ge-fraction in the SiGe layer increases the vertical
strain in the NCs changes from compressive to tensile at x ∼ 0.36, lowering the NC bandgap (BG) below that of bulk Ge. We
examine the PL results for more than 60 samples exhibiting this broad PL peak by examining how it follows the strained Ge BG
for x from 0.05 to 0.53. The PL is resolvable as two narrower peaks separated by the momentum conserving phonon energy for
Ge. Strain and confinement shifted NC bound exciton energies calculated numerically agree well with the measured ones. When
Raman scattering results were examined for some of the same samples, the phonon mode frequencies obtained provided valuable
corroborative evidence for the presence of the Ge NCs.
© The Author(s) 2018. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0041812jss]

Manuscript submitted October 16, 2018; revised manuscript received November 16, 2018. Published November 29, 2018.

A silicon-compatible group IV coherent light source remains the
missing link in Si-based photonics, despite the great variety of ap-
proaches explored; e.g., carrier localization, rare-earth doping, and
stimulated light scattering. Although achieving efficient light emission
from group IV semiconducting materials–a subject of intense research
activity–has proven elusive, carrier localization methods have led to
significantly enhanced optical emission from indirect gap materials
and, notably, at higher temperatures. For example, room-temperature
visible photoluminescence (PL) has been observed from porous Si1

and strong infrared PL from various island or quantum dot systems.2–9

A particular focus has been the study of self-organized structures con-
taining nanometer sized Si10 and Ge crystals,11 which being compati-
ble with present Si technology have important capabilities for device
engineering. Applications include those in optoelectronics,12 tunnel-
ing devices,13–15 and nanocrystal memories.10,16 Recently, lasing or
very high efficiency PL has been shown for Ge, a material with a
relatively small indirect to direct bandgap (BG) difference, which can
be overcome with tensile strain and/or high doping,17–21 or by alloying
with tin.22

Previously23 we have observed a very intense, low temperature PL
with a large lifetime in dozens of our samples for molecular beam
epitaxy (MBE)-grown Si1-xGex epitaxial layers with x ranging from
0.05 to 0.53. Efficiencies in the 5% range – unheard of for group
IV materials – were observed. This PL was neither defect nor dis-
location related, and was suspected to be due to carrier localization
effects. Here, we show that the PL is characteristic of self-assembled
Ge nanocrystals (NCs) contained within the alloy epilayers through
a thorough investigation of its concentration dependence both exper-
imentally and theoretically. The presence of these strained Ge NCs is
confirmed through Raman measurements.

Experimental

Although the present work is largely an interpretation of previ-
ously obtained data, a brief description follows as to how the samples
in question were grown and their PL23 and Raman properties were
measured. The growth of the material was by conventional, solid
source MBE without intentional doping in an ultrahigh vacuum depo-
sition chamber. The growth temperature was measured with an optical
pyrometer in the range 350–900◦C. The Si growth rate was 1 Å/s and
the Ge growth rate was set to achieve a given value of x. The single
or multiple quantum well structures were designed to be stable with
respect to misfit strain relaxation.24

∗Electrochemical Society Fellow.
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The PL spectra were measured using a Bomem DA3 FTIR spec-
trometer with samples at liquid helium temperatures, excited with 1
to 400 mW of either 457.9, 488.0, or 514.5 nm laser light from an
argon ion laser. Varying the wavelength of the exciting light affected
the depth of penetration into the sample. The advantages of using
a Fourier transform spectrometer for PL studies are well known.25

A radiometric calibration was performed to obtain the relative spec-
tral responsivity of the system from 500 to 1400 meV, which was
used to normalize the raw spectral data. Especially important in
these measurements were the ultra-sensitive detectors used, which
were comprised of an Applied Detectors Corporation Ge PIN pho-
todiode for the range from 700 to 1200 meV and a cold-filtered
Cincinnati Electronics InSb photodiode for the range from 500 to
1000 meV.

The Raman spectra of the various samples were recorded at room
temperature in a quasi-backscattering geometry26 using 300 mW of
argon laser light at 457.9 nm for excitation with the exception of
sample 648 (x = 0.258) where ∼150 mW of krypton laser light at
468.0 nm was used. With these blue laser lines the penetration depth of
the exciting light26 is more comparable to the superlattice or epilayer
overall thickness. This minimizes the Raman contribution from the Si
substrate, but not that from the Si layers in superlattices. The incident
light polarization (along the Y direction external to the sample) was in
the plane of the incident light (along X) and the light scattered at 90◦

to the incident light (along Y), and was recorded without polarization
analysis. Under these conditions, the light scattering polarization in
the orthogonal laboratory coordinate system is X(YZ + YX)Y, which
corresponds closely to z(y′x ′ + y′ y′)z̄ polarization within the sample,
where z is the sample growth direction (along the cubic Si substrate c
axis, say) and x ′ and y′ are at 45◦ to the crystal a and b axes, respec-
tively. The scattered light was analyzed with a Spex 14018 double
monochromator, detected with a cooled RCA 31034A photomulti-
plier, and recorded under computer control. The spectral resolution
was 3.1 ± 0.1 cm−1 for all samples except the x = 0.258 sample where
it was 2.9 ± 0.1 cm−1. All measurements were carried out at 295 K
in a helium-gas atmosphere, which was used to help cool the sample
and also to eliminate air features from the Raman spectrum.

Results and Discussion

Photoluminescence of Germanium: bulk.—As Ge is thought to
be the material forming the NCs that give rise to the broad PL, it is
useful to review the PL properties of bulk Ge.25,27–32 In general the
PL spectrum for bulk Ge resembles that of bulk Si with NP lines of
varying strengths and relatively stronger phonon replica lines. There
are, however, some notable differences between Si and Ge PL. In
particular the longitudinal acoustic (LA) phonon replica (PR) is (by

http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1149/2.0041812jss
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Figure 1. PL spectra with 514 nm excitation for two different Ge samples at various excitation powers and temperatures.

a considerable margin) the stronger replica, electron-hole droplets
(EHDs)33 form readily (especially at lower temperatures and higher
excitation densities), and Ge has more prominent isotope effects in
PL.34

The PL spectra with 514 nm excitation over an area of 0.1 cm2

are shown in Figure 1 for two different Ge samples. Literature val-

ues for no-phonon (NP) bound exciton (BE) energies include 739.22
meV for phosphorus and 739.08 meV for arsenic.28,35 The trace in
Figure 1 labeled MBE422 is that for a Ge epilayer sample grown
by MBE on a n-type substrate (doped with phosphorus). This epi-
layer was apparently contaminated with copper as indicated by the
Cu-related emission lines (NP at 737.7 meV).36 The substrate for this
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Figure 2. Phenomenology of the transition from PR to broad PL for three MBE Si1-xGex multiple quantum well samples. The box on the right depicts the PL
obtained from the three samples with essentially the same Ge fraction at 2 K, with the TEM pictures obtained from samples 1 and 3 shown on the left.
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sample was phosphorus doped for which dopant the NP BE line is
particularly strong at 739.21 meV. This MBE grown sample is the
only pure Ge epilayer sample discussed here, and will not be included
in the subsequent discussion of the SiGe samples. The sample labeled
Hoboken (Umicore) was an As-doped, bulk sample (As at approxi-
mately 4 × 1014 cm−3), which had a strong BE NP line near 739 meV,
apparent in the lower two traces, which are from power densities vary-
ing from 1.5 at 4.2 K to 0.04 W/cm2 at 1.9 K. The NP line for As
doping is particularly strong compared with other dopants, in a manner
similar to the behavior for silicon.37 At lower temperatures, electron
hole droplets (EHDs) were observed to predominate, exhibiting rela-
tively wide emission lines several meV below the corresponding BE
phonon replica lines. To lower energy, at about 512 meV, an impurity
or defect line was seen near the line position often associated with Sn
doping.38 The EHD peaks shift with laser intensity and temperature.
Their energies are several meV below the corresponding BE (or free
exciton (FE)) phonon replicas, in approximately the same intensity
ratios.

SiGe PL: phonon resolved and broad peak.—The PL spectra with
broad peaks for more than 60 separate MBE growths were examined.
Of these samples 30 had both broad and phonon resolved (PR) peaks
in their spectra.

On the right of Figure 2 are the PL spectra for three Si1-xGex

multiple quantum well samples, each sample consisting of ten wells
separated by Si spacers lattice matched in the x-y plane on Si (001)
p-type substrates, with increasing well thickness from trace (a) to trace
(c). The Ge fraction varied slightly from 0.15 for the two thinner well
samples to 0.19 for the thicker well sample. On the left are the plan-
view transmission electron microscope (TEM) images for two of the
samples, one with the thinnest wells and the other with the thickest
wells. The TEM images indicate the presence of small platelets of
elevated Ge content for the thicker quantum wells. For trace (a), only
phonon resolved PL lines are seen, both for the quantum wells and for
the substrate, with the broader lines those associated with the quantum
wells. The substrate lines are the NP line at 1150 meV, the TA PR
line at 1130 meV, and the transverse optic (TO) PR around 1092 meV.
The SiGe PL also consists primarily of a NP line and its TO replica,
separated by the same Si-Si TO phonon frequency (58 meV) as for
Si, although the NP line is relatively much stronger and wider, due
to alloy disorder. The position of the SiGe NP line depends on the
Ge fraction, hence the quantum well strain, and on the quantum well
thickness through the confinement effect. When the well thickness is
increased from 2.7 nm to 5.2 nm without changing the Ge fraction, the
SiGe PR lines shift in tandem due to a reduction in the confinement
shift for the thicker wells. We also see a rising broad background
which peaks approximately 80 meV below the SiGe NP peak. For the
thickest wells (c), the PR peaks are no longer present and an intense
broad PL to lower photon energies dominates the spectrum.

In Figure 3 we see an example of a single sample which exhibits
both broad and PR PL. For these low temperature PL spectra, the
sample was comprised of three quantum wells with x = 0.17 and
showed at various excitation intensities both the broad and phonon
resolved (PR) PL as well as a feature due to the Si substrate (subTO).
In that figure we see that at higher laser power densities the centers
responsible for the broad PL become saturated and the PR peaks are
more apparent. The main PR peaks are the NP peak associated with
the SiGe BG and its TO PR, which are separated by 58 meV. The
broad PL peak is approximately 100 meV lower in energy than the
NP peak.

The Si1-xGex well thickness and Ge fraction were determined using
X-ray double-crystal diffraction and dynamical rocking curve analysis
which yielded an absolute uncertainty in x of ± 0.02.23 For samples
exhibiting both broad and PR PL, the NP peak position in the PR
spectrum was used as a separate indicator of layer thickness and Ge
fraction (as in Figure 3).

As shown in Figure 3 and in Figure 4, the PL that we attribute to
Ge NCs consists of a broad peak with an asymmetry to low photon
energies. This peak displays little variation in shape with Ge fraction

900 1000 1100

Si
1-x

Ge
x
  PL - 20 K

x = 0.17   t = 6.8 nm

Si 20 nm

3 periods

x3

x1.5

x1

(c) 500 mW/cm
2

(b) 120 mW/cm
2

(a) 30 mW/cm
2

QD

sub
TO

SiGe
NP

SiGe
TO

P
L
 I
n

te
n

s
it
y
 (

a
.u

.)

Energy (meV)

Figure 3. Low temperature PL spectra of a sample comprised of three quan-
tum wells recorded under various excitation intensities, as indicated.

and tracks the BG variation, but is ∼100 meV below the indirect SiGe
BG. If the material were Si or SiGe, the width of the peak at ∼ 50 meV
would be too small for it to be due to a NP line with its TO PR, as the
NP-TO spacing is about 58 meV for those materials. Figure 4 shows
that for higher Ge fractions the PL is emitted at energies significantly
below those for bulk Ge, with its indirect BG of 744 meV at low
temperatures. The origin of the broad, intense PL peak has remained
unexplained, until now. In Figure 4 we display low temperature PL
from three SiGe samples and bulk Ge. For the spectrum in trace (a),
the result is also illustrated with curve fitting using two Gaussian
peaks for the broad PL peak. Table I contains comprehensive design
and measured data for the SiGe alloy epitaxial samples grown by
MBE that were used in this study. This table has ten columns: (1)
sample number, (2) growth temperature in Celsius, (3 Ge fraction, (4)
SiGe layer thickness, (5) number of periods, (6) Si spacer thickness,
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Figure 4. Low temperature PL from three SiGe samples and bulk Ge. For the
spectrum in trace (a), the result is also illustrated with curve fitting using two
Gaussian peaks for the broad PL peak.
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Table I. SiGe alloy epitaxial samples grown by MBE that were used in this study. From left to right the columns contain (1) sample number, (2)
growth temperature in Celsius, (3) Ge fraction, (4) SiGe layer thickness, (5) number of periods, (6) Si spacer thickness, (7) sample type, (8) PR
NP line energy if present, (9) Energy of NC phonon peak, (10) Energy of NC NP peak. The latter two energies were obtained by fitting Gaussian

functions to the broad PL peak (see Figure 4). The values for the Ge fraction and layer thicknesses are either the design values or values obtained
with XRD measurement. The latter values are more precise and generally have more significant figures.

MBE# Growth Temp. (C) x tSiGe (A) # Per. tSi (A) Type PL PR NP PL Gauss1 PL Gauss2

1160 619 0.064 25.3 1 MQW 1130.8 1019.4 1047
1299 714 0.113 91 9 200 MQW 1049.2 940.9 978.1
894 500 0.12 1300 1 EPI 924.3 964.9
1167 595 0.146 26.7 20 200 MQW 1102.4 996.8 1031.9
1169 599 0.146 52 20 200 MQW 1067.2 961.6 1000.9
742 542 0.15 100 1 EPI 900.3 942
1115 523 0.15 200 1 EPI 917.1 961.2
1173 601 0.155 44.3 20 200 MQW 1057.7 962.7 996.7
1290 716 0.156 78.6 1 EPI 1055.1 934.8 969.1
1291 718 0.156 77.5 3 200 MQW 1053.4 952.7 971.6
1293 713 0.158 77.6 5 200 MQW 931.1 967.9
1292 710 0.158 80 7 200 MQW 1045.3 945.8 976.5
1175 501 0.159 70.2 15 200 MQW 939.4 974.7
1214 799 0.167 68 3 200 MQW 1054.7 929.5 967.5
346a 530 0.17 66 40 200 MQW 888.6 925.8
1217 809 0.17 116 2 200 MQW 1013 909.6 946.6
1244 792 0.17 60 3 200 MQW 937.9 971
1174 597 0.172 65.8 15 200 MQW 1032.7 935.9 967.4
1297 717 0.173 78.8 7 200 MQW 1044.8 915.2 957.3
869a 500 0.18 200 1 EPI 855.7 891
1176 435 0.187 64.1 15 200 MQW 924.3 959.6
1172 596 0.188 67.5 15 200 MQW 929.9 963.2
1218 618 0.2 60 3 200 MQW 925.5 959.9
1221 624 0.2 60 3 200 MQW 914.6 948.5
1222 789 0.2 60 3 200 MQW 908.8 945.1
1227 782 0.2 60 3 200 MQW 1053 952.8 986.6
1243 795 0.2 60 3 200 MQW 1010.6 902.7 935.5
1323 573 0.2 200 1 EPI 1040.6 924.3 958.5
1324 794 0.2 20,30,60 3 200 MQW 1097.1 947.3 981.7
1339 806 0.2 20,30,60 3 200 MQW 959.5 992
1367 781 0.2 20,30,60 3 200 MQW 1061.4 921.2 957.2
1368 779 0.2 20,30,60 3 15 MQW 1037.7 940.8 966.5
349a 530 0.25 76 40 200 MQW 809.6 841.4
648a 500 0.258 100 1 EPI 807.1 843.5
1191 601 0.273 42.3 1 EPI 980.6 880.3 914.1
613 550 0.28 100 1 EPI 788.4 824.8
951 707 0.28 500 1 EPI 805 839.5
1305 718 0.298 50 10 200 MQW 948.8 853.1 884.8
1306 724 0.299 50 10 200 MQW 943.9 847.5 873.5
1307 722 0.299 50 10 200 MQW 952.1 859.4 888.4
336 550 0.3 100 25 200 MQW 795.9 832
1187 597 0.3 45.8 1 EPI 959.6 854.5 887.4
1284 523 0.3 56 20 200 MQW 803.5 843.1
1482 550 0.36 49 10 114 MQW 800.1 831.8
1192 591 0.379 21.8 10 200 MQW 899.1 932.4
1194 600 0.401 40.3 10 200 MQW 803.7 835.5
926a 475 0.47 50 15 200 MQW 667.1 702.8
944 600 0.49 50 15 200 MQW 639.6 682.1
931a 475 0.53 50 15 200 MQW 614.8 671.6

aSample also studied with Raman spectroscopy.

(7) sample type, (8) PR NP line energy if present, (9) Energy of NC
phonon peak, (10) Energy of NC NP peak. The latter two energies
were obtained by fitting Gaussian functions to the broad PL peak (see
Figure 4). The values for the Ge fraction and layer thicknesses are
either the design values or values obtained with XRD measurement.
The latter values are more precise and generally have more significant
figures.

The broad PL weakens with increasing temperature23 but persists
to approximately 100 K. The decay with temperature is nearly expo-
nential as e−T/T0 with T0 approximately 30.1. With an indirect gap,
the effective NC well depth is not sufficient to give emission at room

temperature. However if enough tensile strain could be applied such
that the direct gap was lower than the indirect one, higher temperature
emission would be seen.

Ge NC phonon peaks.—As was shown in Figure 4a, the broad
peak’s width and asymmetric shape can be curve resolved into two
symmetric peaks, separated by ∼35 meV, i.e., very near the mo-
mentum conserving TO phonon energy for Ge. The NP peak is wide
(25–45 meV) due to NC confinement variations arising from size vari-
ability and to alloy disorder broadening in the SiGe. In Ge dots, we
expect two main PL peaks, a NP line and a LA replica line, separated
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Figure 5. Number density for the PL samples versus the energy separation of
the no phonon and phonon replica peaks, as evaluated using the curve fitting
of two Gaussian peaks within the envelopes of the broad PL peaks (see inset).

by about 28 meV. So the NP-PR energies provided by curve resolving
are relatively close to that (28 meV) for the most intense (LA) PR for
Ge, but differ very significantly to the corresponding energy of the
strongest (TO) PR for Si and SiGe, which, in both cases, is 58 meV.
We also notice inhomogeneous broadening due to size effects and that
the NP peak is relatively large, as would occur for a high degree of
carrier localization in Ge NCs.

Shown in Figure 5 is a summary of the results from curve resolving
two Gaussian peaks within the envelope of the broad PL peak, as
illustrated in the inset. Here is shown the number of samples with
peak separations within 5 meV of each other versus peak separation.
For the samples studied here, the mean separation is 34.8 ± 3.9 meV,
which is somewhat larger than the Ge LA phonon energy (28 meV)
although very close to the Ge TO energy (33 meV). In the bulk, the
dopant species has a strong effect on the ratios of the strengths of NP
and PR lines. But in dots, doping is much less probable and the NP- PR
ratios should be dominated by localization effects. (Dots disrupt the
translational order in the crystal as do phonons, allowing for electron
hole recombination without the emission of a phonon.).

The width of the NP line for dots suggests the range of their
possible thicknesses. The width of the PR peak is complicated by
the occurrence of multiple PRs although the LA replica is relatively
strong compared to the TO and TA replicas, if their intensities are
the same ratios for Ge NCs as for bulk Ge (several times to one from
Hoboken material for both BE and EHD).

Raman results.—The samples investigated by Raman spec-
troscopy were numbers 346 (x = 0.17), 869 (x = 0.18), 349 (x =

0.25), 648 (x = 0.258), 926 (x = 0.47), and 931 (x = 0.53), which
covered the Ge concentration range of interest in this study. Pure
bulk Ge was also studied as a reference material. For all but the last
two samples, the Raman spectrum was quite weak in the region of
the scattering due to Ge type modes (∼300 cm −1), as can be seen
from Figure 6. The three major peaks observed at ∼300, ∼400, and
∼500 cm−1 arise from the Ge-Ge, Si-Ge, and Si-Si modes of the alloy
layer(s), while the peak at 520 cm−1 is due to the Si layer(s) and/or
Si substrate.39 The dominance of the Si type modes, clearly visible in
Figure 6, is a result of the Raman excitation conditions.

To obtain more detailed information about the structure of the
strong peaks and the location of the weak Raman peak expected
near 300 cm−1 for the Ge nanostructures, the spectra were curve re-
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Figure 6. As-measured (raw) Raman spectra obtained at room temperature
from (a) sample 869 (x = 0.18) and (b) sample 926 (x = 0.47). In both panels a
vertical scale expansion has been applied to provide more detail of the weaker
features of special interest in the 150 to 350 cm−1 range.

solved using a combined Gaussian-Lorentzian (G-L) lineshape for
most peaks, an extended modified Gaussian (EMG) lineshape for the
Ge-Ge mode that accounts for its asymmetry,40 and a pure Gaussian
lineshape for the Ge nanostructure mode, which also fits well to the
case of bulk Ge. The fitting procedure was as follows: a number of
G-L lines (ranging from 2–5, depending on the Ge concentration)
plus the EMG line were fitted first to account for all major features
in the Raman spectrum and then the G line was included for a fi-
nal fit. Representative results obtained from the fits are shown in
Figure 7 and Figure 8. In the case of the lower Ge concentration sam-
ples, a five point averaging procedure was applied to reduce the noise
level in the spectrum (compare, for example, the Raman spectra in
Figure 6a and Figure 7). This data smoothing greatly improved the
overall quality of the fits.

The 150–350 wavenumber spectral region contains three types of
contributions to the vibrational Raman spectrum. A well-defined peak
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Figure 7. Curve resolved Raman spectrum of sample 346 (x = 0.17) at room
temperature. The Raman data has been smoothed by a five point averaging
procedure. The peaks labeled with the prefix “Pk” have the following forms:
peaks 1, 2, 3, and 6 are combined Gaussian-Lorentzian functions, peak 5 is a
Gaussian function, and peak 4 follows an extended modified Gaussian (EMG)
function.
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Figure 8. Room temperature Raman spectrum of a 15 period Si1-xGex/Si
multiple quantum well sample (931) with x = 0.53 and well thickness of 5
nm in the frequency region of Ge-type lattice vibrations (solid points). The
spectrum has been curve resolved into the components shown underneath the
fitted curve (solid line).

at about 300 cm−1 due to the Ge-Ge mode of the SiGe alloy, a weak
sharp peak due to the Ge nanostructures, and a continuum of second-
order scattering exhibiting varying degrees of structure depending on
the Ge concentration in the alloy. For example, only two or three G-Ls
may be needed to account for the continuum, as shown in Figure 7
and Figure 8. In other cases four or five such bands were needed. In
all cases another band was required at ∼310–320 cm−1 to account
for the high wavenumber end of the scattering. In the discussion that
follows we focus on the peaks observed in the 300 cm−1 region.

The concentration dependence of the fitted Ge-Ge and Ge mode
frequencies are shown in Figure 9. These data are consistent with
the results of an earlier study.39 The existence of a sharp, although
weak, Ge line in all spectra confirms the presence of Ge NCs in all of
the samples studied by Raman spectroscopy. The approximately linear
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Figure 10. Cross sectional schematic for the x-z plane of lattice matched Ge
NCs within SiGe on Si(001).

shift in frequency with x is a result of the strain in the alloy layer in the
sample growth (z) direction, which is the primary direction of phonon
propagation sampled in the Raman back-scattering experiment.

The Raman behavior can be modelled.41 For example, we show
in Figure 8 the Raman spectrum of a 15 period Si1-xGex/Si multiple
quantum well sample with x = 0.53 and an alloy layer thickness of 5
nm. The vertical tensile strain in an imbedded Ge NC would be 2.2%
in this sample. The spectrum is readily curve-resolved into just four
peaks. The strong asymmetric (Gaussian) sharp peak at 300.0 cm−1 is
due to the Ge-Ge type vibrational mode associated with the strained
alloy epilayer,9 while the weaker sharp Gaussian band at 296.4 cm−1

is typical of Ge.9 As reported previously,42 this amount of uniaxial
strain in a Ge nanobridge gave rise to a Raman peak at 297.0 cm−1,
which is quite near the value obtained here for the Ge NCs. The very
broad band at 254 cm−1 is needed to account for a continuum of
second-order Raman scattering from phonons in the epilayer, while
the very weak peak at 307 cm−1 is needed to account for the tail of the
Raman spectrum at higher frequency. The existence of the weak band
at 296.4 cm−1 confirms the presence of Ge NCs in the SiGe epilayer
and indicates that they are under tensile strain, as its frequency lies
below that of bulk (unstrained) Ge (∼300 cm−1).

The third feature of interest varies from 308 to 320 cm−1 with no
apparent consistent dependence on x, as can be seen in Figure 9. This
feature could also arise in part from second-order Raman scattering,
but it certainly contains a contribution from the Ge nanostructures.
This is because the Ge nanostructure vibrations in the x-y plane, which
are predicted to occur at ∼315 cm−1 independent of x since the strained
alloy layer is always lattice-matched to Si (see later discussion), could
also be observed, albeit weakly, in the quasi back-scattering geometry
employed here.

Consequences of lattice Matching: self-assembled Ge
nanocrystals.—An examination of the available experimental evi-
dence indicates that a possible cause of the broad peak is imbedded
Ge NCs within the SiGe layers (see Figure 10). The formation of such
NCs was shown in transmission electron microscopy (TEM) studies23

(Figure 2) and by Raman spectroscopy, as discussed above. We now
proceed assuming the presence of such NCs while deducing their
impact in the PL and Raman results.

Referring to Figure 10, we see that ideal epitaxial growth means
that the SiGe epilayers and the Ge NCs be lattice matched to Si (001)
in the x-y plane, so that both the SiGe and NCs are under compression
in that plane. However, the growth of SiGe is unconstrained in the
vertical (z) direction. As is well known, the SiGe epilayer is under
tensile strain in this direction, leading to a vertical lattice constant that
increases with Ge fraction and is larger than that for unstrained SiGe.
Here the volume of the unit cell for the epitaxial SiGe layer is assumed
to be the same as that for unstrained cubic (bulk) SiGe. An important
assumption is that the lattice constant of the Ge NCs matches that of
the SiGe in all three directions, i.e., including vertically. For relatively
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Figure 11. PL energy distributions for the broad PL versus the uniaxial ver-
tical strain in the Ge NCs assumed to be present in the Si1-xGex layers. The
upper and lower solid lines are the direct and indirect bandgap energies for
Ge calculated using deformation theory for uniaxial strain. The top horizontal
scale is Ge fraction (x) from which the bottom scale strain values are derived
using Equation 1.

dilute SiGe, the Ge NCs are under compression vertically, but for
increasing Ge content in the SiGe epilayer the vertical lattice constant
of the strained SiGe eventually exceeds that of bulk Ge. At the point
where the vertical strain in the Ge NC first becomes tensile, the Ge
fraction in the SiGe is 0.36 (Figure 11). With these constraints we can
write down an expression for the strain in the z direction within the
Ge NCs as:

ǫz =
(

lGe
c − l SiGez

c

)

/ lGe
c [1]

where lGe
c is the bulk Ge lattice constant (5.658 Å) and l SiGez

c is
the strained lattice constant in the vertical direction for tetragonally
distorted SiGe material, which is lattice matched to Si in the horizontal
plane. Note that the strain value is negative for compression and
positive for tension. With increasing x , this lattice constant varies
from 5.431 to 6.141 Å as given by the following expression:

l SiGez
c =

(

l SiGeu
c

)3
/
(

l Si
c

)2
[2]

where l Si
c is the lattice constant for Si (5.431 Å). Here l SiGeu

c is the
lattice constant for cubic (unstrained) SiGe given by:

l SiGeu
c = l Si

c + c1x + c2x2 [3]

where x is the Ge fraction. In this quadratic equation, the symbols,
c1 and c2, represent constants equal to 0.2 and 0.027, respectively.43

Strain versus Ge-fraction is thus easily derived for the vertical direc-
tion as shown by the horizontal scales at the top and bottom of the
graph in Figure 11.

Raman frequency variation with strain.—From Chen et al.,41 the
Ge-Ge phonon mode frequency in SiGe, as seen by Raman scattering,
depends on the germanium fraction x and strain ǫ as follows:

ωGe−Ge = 282.5 + 16x − 385ǫ. [4]

For the Ge NCs, x is equal to unity. In the vertical direction the
relevant strain, ǫz , for the NCs is given by Equation 1, leading to the
red line in Figure 9, in which the phonon frequency declines from
312 to 290 cm−1 as x increases from 0.1 to 0.55. In the x-y plane the
NC strain is compressive and constant at −4.18%, because the NCs
are lattice matched to Si in this plane. Hence in the x-y plane, the
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Figure 12. PL NP peak energy and bandgap (direct and indirect) energies of
Ge versus Ge NC vertical strain. For the indirect gap under tensile strain, the
energy has been calculated using both the DP and TB theories.

NC Raman frequency is not expected to vary with Ge fraction in the
surrounding SiGe, as shown by the green horizontal line at a Raman
frequency of 314.6 cm−1 (calculated as per Equation 4) in Figure 9.

In the x-y plane for the SiGe layers, the increasingly compressive
strain causes the Ge-Ge Raman mode frequency to rise with Ge frac-
tion, as is apparent for the blue line in Figure 9 for which the frequency
goes up from 285 to 300 cm−1 when the Ge fraction changes from
0.1 to 0.55. In the vertical (z) direction the strain is tensile in the SiGe
layers and increases with Ge fraction, which progressively suppresses
the Ge-Ge phonon mode frequency, as seen in the black line below
280 cm−1 in Figure 9.

The theoretical predictions are in general agreement with experi-
ment, as can be seen in Figure 9.

Bandgap variation with strain.—Strain has a relatively large effect
on material bandgap energy, with compression generally increasing
this energy while tension reduces it. A relatively simple method for
calculating this effect is to use deformation potential (DP) theory,
which employs linear relationships between strain and the direct and
indirect bandgaps, as per:

EBG = A + B × ǫz [5]

Here, for strain expressed in per cent, the intercept and slope in the
linear equation are 880 and −79.3 meV for the direct bandgap and
740 and −45.5 meV for the indirect one at low temperatures.44 For
example, for a tensile strain of 2%, the direct BG energy is 721 meV
and the indirect BG is 649 meV.

From DP theory, as the strain becomes more strongly tensile
both the direct and indirect gap energies decline, with the direct
energy decreasing more rapidly than the indirect one. As shown in
Figure 12, the direct gap energy crosses over the indirect gap energy
at a tensile uniaxial strain of 4%, resulting in Ge becoming a direct gap
semiconductor, a highly desirable outcome. Our results with PL point
the way to this transition point, but the maximum vertical tensile strain
for the present Ge NCs is not much greater than 2%. Nonetheless, the
fact that we see PL below the indirect BG of bulk Ge is explained by
these particular Ge NCs being under tensile strain vertically, which
reduces their Ge BG. As discussed later, there are other models for
the bandgap energy such as tight binding (TB),44 for which Figure 12
contains the indirect bandgap calculation under tensile strain.

For the bandgap curves calculated versus strain in Figure 12 the ef-
fects of quantum confinement have not been included. The data points
were obtained by curve resolving the PL of the MBE-grown SiGe
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Figure 13. Shooting method results for calculating the bound exciton energy
in a single well (left) SiGe/Si layered system and a double well (right) Ge-
SiGe/Si layered system. The left panel depicts the result for a Si0.85Ge0.15
quantum well 5 nm thick. On the right, a 2.5 nm thick Ge NC has been added
in the middle of the original SiGe well, which resulted in a reduction of the
lowest bound exciton energy by 130 meV compared with the single well case.

samples. In Figure 12 the points are Ge NC NP PL peak energies and
the solid lines are the direct and indirect NC BGs (Equation 5). The
NP experimental peak energies have been obtained from the broad
PL distributions depicted in Figure 11 by fitting Gaussian functions
to the observed PL spectra. In Figure 12 and in Figure 11 we note that
the data falls generally above the indirect energy BG for uniaxially
strained Ge, a differential which is most likely due to quantum con-
finement, as will be discussed next. This is a difference that appears
to decrease as compression decreases, although there are only a few
points for the larger tensile strains. The energy uncertainties in the
data points are those obtained from curve resolving the PL peaks.
The strain uncertainties for these points are derived from the X-ray
diffraction measurements of the composition and thickness of the
SiGe layers. Figure 11 shows the color-weighted actual distributions
in energy for the broad NC PL peaks, versus vertical NC strain. For
a number of the strain values, there are several samples for which the
PL spectra overlap giving rise to composite distributions that appear
to be relatively intense.

Calculation of bound exciton energy for Ge NCs.—To test the
NC hypothesis further, we have calculated the emission energy in a
simple numerical model that accounts for the effects of strain on the
Ge BG and of the confinement blue shifts in the exciton PL spectra for
both the SiGe layers and the imbedded NCs, with the latter of a single
size (2.5 nm high in the growth direction). In this model, the vertical
direction is assumed to provide the lowest energy BG. We used a
double well structure, consisting of both Ge and SiGe wells, with
the smaller Ge wells completely imbedded in SiGe, as illustrated in
Figure 10. In such a system there are related confinement shifts in both
the Ge NCs and the SiGe material. While the SiGe layer thicknesses
were obtained from structural measurements, as discussed previously,
the NC height is not known and can be treated as somewhat of a free
variable. In the formulation, we incorporate the effect of vertical strain
on the NC BG first using a DP approach and later with TB theory.

Figure 13 depicts the shooting method45 used in calculating the
bound exciton energy in the double well Ge-SiGe/Si layered system.
The shooting method is used for solving one-dimension Schrodinger-
type equations for the bound energy with arbitrary potentials. Here
we choose an initial exciton energy and, using finite differences,
numerically calculate the wave function throughout a layered sys-
tem. This wave function calculation is extended to distances far from
the starting point. If we have chosen the correct energy, the wave
function will go to zero for large distances, otherwise it will diverge
and we must try another energy. The left panel in Figure 13 shows the
result for a Si0.85Ge0.15 quantum well 5 nm thick where the exciton
energy obtained is approximately 1054 meV. On the right, a 2.5 nm
strained Ge NC has been added. The lowest bound exciton energy in
that case is 924 meV. The background energy is that of substrate bound
excitons in silicon (1150 meV). The well structure shown illustrates
the reduction in that energy due to the presence of Ge in the SiGe
alloy layer and/or in the Ge NC. The horizontal lines in the quantum
wells represent the energy solutions, obtained when the wavefunction
is well behaved (goes to zero) far away from the quantum well in
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Figure 14. Theory versus experiment for the Ge NC PL from SiGe samples
with Ge fractions from 0.05 to 0.53. Calculated energies for two BG models
(DP and TB) for all samples and two NC sizes (1.8 and 2.5 nm). These results
are plotted versus the measured NP energies obtained from the least squares fits
of Gaussian peaks to the experimental PL data. Note that, for samples in which
the Ge NCs are under compression vertically, the DP theory and TB model
give identical results for the strained bandgap. The solid line has a slope of
unity indicating where there would be exact agreement between experimental
and calculated energies. The dashed line represents the best linear fit to the DP
results for 2.5 nm NCs and the dot-dash line is the fit for TB.

the growth direction. The exciton energy is of primary importance
as it is the quantity that PL measures. The goal here is to compare
this calculated no-phonon energy, which contains the confinement and
strain BG shifts as well as exciton binding energies, to the observed
PL energy.

Comparison of calculated Ge NC energy with measured PL peak
energy.—The calculated energies for the samples of varying compo-
sition are compared with the measured PL energies in Figure 14. Here
for the solid square points we have used a constant NC vertical size of
2.5 nm. In Figure 14, the best-fit straight line for this size (shown by
the dashed line) to the data is expected to have a slope near unity (the
solid line in the figure) but is somewhat different from that value due
to what are possibly lower order influences, such as variations in the
NC size and deviations from the linear DP model for the strained BG.
However, we do have good general agreement between our computed
emission energies and those observed in PL, which provides reason-
able validation for our hypothesis that imbedded Ge NCs have given
rise to the intense, broad PL observed in MBE grown SiGe.

Figure 14 compares theoretical and experimental energies for Ge
NC PL from SiGe samples with Ge fractions from 0.05 to 0.53. The
dashed straight line is linear least-squares fit to the results for the
2.5 nm NCs with the DP model and the dot-dash line is the similar
fit for the TB model. We note the two bandgap models do not give
very different results in this respect for the range of strains available
in the sample set. The solid line represents the result that would
have been obtained had the measured and calculated energies been
identical.

One point for discussion is whether or not confinement for a rea-
sonable range of NC sizes can account for the PL being at the en-
ergies above the strained bulk Ge indirect BG, as we see in Figure
12. This difference is in the 50 to 150 meV range with an average of
103.4 meV. So we are asking whether such values are reasonable for
quantum confinement effects in the Ge NCs. With the simple model
described above we can provide an answer by calculating the size of
the confinement effect versus NC size, QW thickness and composi-
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tion. In general it was found that the variation of NC confinement
energy with thickness of the host SiGe was not that large (< 5 meV)
and the variation with Ge-fraction although larger was not a major
contributor to the difference. For example, the NC confinement shift
for a 1.5 nm NC in a 5 nm thick well was 110 meV for a Ge-fraction of
0.15 and 130 meV for a fraction of 0.50, everything else being equal.
However, NC sizes in the range from 1 to 3 nm – corresponding to
confinement energies from 120 to 50 meV – can indeed account for
all the blue shifts from the predicted Ge NC BG that we see in the
PL energies. This means that confinement shift provides a possible
explanation for the difference seen between the measured PL energy
and the NC bandgap. But it appears from the distribution of points in
Figure 14 that the 2.5 nm average NC size employed might have been
too large. A value nearer 1.5 nm would appear to be more reasonable,
leading to the question as to what influences and/or limits this size.
Growth conditions should of course be critical in this respect.

There are other assumptions in the present simple model that must
be examined, including whether or not the DP model describes ade-
quately the strain effect. Other authors have indicated that a TB model
could prove to be more appropriate,44 where for high tensile strain
(> 1%) the latter model provides significantly lower indirect BGs in
Ge than does the DP approach. Now we discuss the results obtained
for the two models and two NC sizes (1.8 and 2.5 nm) for all the
samples, illustrated in Figure 14.

After completing the calculation for two models (DPs and non-
linear TB) for all the samples and the two NC sizes (1.8 and 2.5 nm),
the results in Figure 14 were obtained for the calculated (vertical axis)
versus measured (horizontal axis) energies. The solid line, which is
for reference only, has a slope of unity and goes through the origin.
In all cases the models overestimate the energy at the low end of the
scale (corresponds to tensile strain) and underestimate it at the high
end (compression). It appears the tensile-strained NCs are larger in
the z direction than the nominal size, while the more compressed NCs
are relatively smaller, with this trend skewing the curve in Figure 14.

As we see in Figure 15 the NC size trends with z-direction strain,
leading to a variation in the confinement shift. We calculate this ef-
fect, to see if the sizes that we need to explain the measured-model
energy difference are reasonable. As is well known the confinement
shift changes with NC size such that the smaller the NC, the larger
the confinement shift, etc. We have the information to compute the
variation in energy shift as follows. For a given model with two NC
sizes we can estimate the confinement shift per nm in this range, which
averages out to be approximately 39 meV/nm and is approximately
constant across the energy scale. Now if we know, for example, that
a sample with PL NP energy at 672 meV and a larger calculated BE
energy of 718 meV (TB at 1.8 nm) would have a size that is larger
than the nominal 1.8 nm at 3.0 nm. On the other hand, another typical
sample with a measured PL energy of 1047 meV but with a smaller
calculated one of 1006 meV (for 1.8 nm) would be smaller than the
nominal 1.8 nm at 0.8 nm: And so on. We can apply this procedure
to all the samples to make the model energies equal to the measured
ones. We plot the NC sizes obtained in this manner versus relative
strain in Figure 15. This process results in an amplification of the
scatter but we can still see the trend. When we fit this variation with
a linear function, we see that the NC size varies from about 1 nm for
a compressive strain of 4% to 3 nm for tensile strain of 2%.

Comparison with previous results for PL from Ge quantum
dots.—Although there has been significant effort regarding Ge
nanostructures,4,46 seemingly the most relevant example of prior PL
work on Ge quantum dots grown by MBE on Si (001) is that of the
Stuttgart group.7,47 In their earlier work,47 fifty layers of C-induced Ge
QDs separated by 9.6 nm thick layers of Si were studied via PL. Each
dot layer consisted of 0.2 monolayer (ml) C and 2.4 mls Ge, with the
C-induced dots being 10 to 15 nm in diameter and 1 to 2 nm in height.
The carbon layer effectively strain compensated the germanium layer
so that the Ge dots were essentially unstrained. In the later work7 a
similar structure was used, although the Ge was approximately 10%
thinner at 2.2 mls. With the Ge lattice constant of 0.566 nm, 2.2 mls

-4 -2 0 2
0

1

2

3

4

Compression Tension

Confinement Derived Size

vs Relative Strain

z-direction

N
C

 S
iz

e
 (

n
m

)
Strain (%)

Figure 15. Confinement adjusted size is plotted versus the relative strain in
the z-direction. Negative abscissa values correspond to compression in the
z-direction. The size is deduced from the amount of confinement shift needed
to bring the calculated exciton energy in line with the observed NP energy.
The DP model results shown in Figure 14 have been used to obtain the size
variation of the confinement energy (∼39 meV/nm). By dividing this value
into the difference between the calculated energy for a NC size of 1.8 nm and
the observed NP peak energy, we obtain the amount to be added to the nominal
NC size (1.8 nm) to deduce the NC size for which the theoretical energy equals
that of the NP peak. The upper and lower curved blue lines correspond to the
95% upper and lower confidence bands for the linear fit.

of Ge is 1.25 nm thick and 2.4 mls is 1.36 nm thick. For 2.4 mls,
the calculated confinement is about 220 meV and for 2.2 mls it is
240 meV.

In Figure 16 we show the earlier Stuttgart PL data47 curve re-
solved into three Gaussian peaks. Two of the fitted peaks are as-
sociated with the NP and primarily the LA replica lines, cen-
tered at 998.2 and 967.7 meV with widths of 38.2 and 61.7 meV,
respectively. Here the ratio of the integrated intensities of the
NP to the phonon replica is approximately 0.9 ± 0.1. The third
Gaussian compensates for the background to lower energy. The
NP-PR separation here is 30.5 meV, similar to the bulk LA phonon
value for Ge of approximately 28 meV. The difference in energy be-
tween the dot NP peak and the bulk Ge NP energy is approximately
258 meV, which suggests the dot height could be more like 0.99 nm, as
we would expect a confinement shift in this system of approximately
215 meV for 2.4 mls (2.4 mls ∼ 1.36 nm). The extra energy shift could
also be due to alloying with C near the dot boundaries, which would
also increase the bandgap while making the thickness of Ge smaller. If
confinement were the only effect shifting the NP peak, the width of the
NP peak would suggest a range of dot thicknesses from 0.7 to 1.3 nm.

The more recent Stuttgart PL data7 was similarly fitted to three
Gaussians. Two of the Gaussians were associated with the NP and LA
PL lines, at 1043.1 and 1012.5 meV, respectively. A third Gaussian
was used to compensate for the background to lower energy. The NP-
PR separation for this sample was 30.6 meV. The difference in energy
between the Ge dot NP peak and the bulk Ge NP energy was approxi-
mately 303 meV, which suggest the dot height was more like 0.61 nm
instead of the designed 1.25 nm, for which we expect a confinement
shift of approximately 228 meV. Again, the extra energy shift could be
due to alloying with C, which would increase the bandgap and reduce
the thickness of pure Ge in the dots. As the effective C to Ge ratio is
larger for this sample than for the older sample,47 we would expect the



R204 ECS Journal of Solid State Science and Technology, 7 (12) R195-R205 (2018)

850 900 950 1000 1050

LA

NP

Stuttgart Ge Dots

2.4 ml - Ge - 1.36 nm

Ge shift 258 meV

Confinement (est.)  222 meV

NP - LA 30.5 meV

In
te

n
s
it
y
 (

a
.u

.)

Energy (meV)

Figure 16. Least squares fit to the Ge dot PL data from Stuttgart using three
Gaussian functions.

alloying shift to be larger as well, which could explain the apparent
acceleration in the shift with decreasing Ge thickness. If confinement
were the only effect shifting the NP peak, the width of the NP peak
would suggest a range of dot thicknesses from approximately 0.45 to
0.85 nm.

We note the similarity in spectral shape of the Stuttgart dots to
that for our NCs (see Figure 2 and Figure 3). The NP-PR separation
(30.6 meV) is similar to, but somewhat lower than, the value (34.8
meV) that we obtain for our NCs. For momentum conserving phonons,
the strongest replica for Ge is the LA one that has an energy of 27.98
meV, while relatively weak TO and TA PRs appear 36 and 10.20 meV
below the NP line.48 For Ge samples, notably doped ones, the LA
replica is at least 3 times stronger than the TO replica, so that the
NP-PR separation should tend toward the LA energy value for Ge,
as is the case for the Stuttgart Ge dots. For dots in general, a strong
NP peak is expected, due to carrier localization. Size variations in the
dots lead directly to a widening of both the NP and PR resolved peaks,
which are approximately 35 and 60 meV wide, respectively. We note
that the low temperature PL is quite intense, as was observed for our
samples. For the Stuttgart dots, a saturation effect was observed in
the emission intensity versus excitation power, as we observed for
our samples. Because of the presence of adjacent but extremely thin
C layers, the Stuttgart dots are presumed unstrained, while ours are
generally strained, although some of them have near zero vertical
strain. The size of the Stuttgart dots works out to be 1.25 to 1.36 nm
in the z-direction. This size is quite consistent with the range for sizes
that we have deduced from confinement effects, which is 0.8 to 3.0
nm over a wide range of strain conditions, from compression through
tension. In these results the vertical size corresponding to zero strain
is about 1.6 nm, which is essentially equal to the Stuttgart group’s
estimate of “1 to 2 nm in height”. The lateral diameter of the the
Stuttgart dots is 10 to 15 nm. Although we have no information about
the similar property for our NCs, a diameter of 10 to 15 nm would
make any lateral confinement effect on the excitons relatively minor,
although the ∼ 10 meV lateral confinement shift could account for
some of the difference between the calculated 1D confinement shift
and the observed shift. The confinement shifts for unstrained QDs are
257.2 meV for 1 nm and 139.3 meV for 2 nm.

To evaluate whether or not the Stuttgart dots could be made up
of a GeC alloy, we note that for lattice matching to Si(001), an un-
strained SiGeC alloy has the formulation,49 Si1-9.22yGe8.22yCy, so that
for GeC, the carbon-fraction, y, is 0.11. It has been shown49 that such
Si-lattice-matched Ge0.89C0.11 has a bandgap about 1300 eV, which is

much larger than the emission energies observed for the Stuttgart Ge
dot PL, which peaks at approximately 1000 meV. This very significant
difference (300 meV) in energy is not greatly reduced even with the
inclusion of quantum confinement effects, which strongly suggests
the Stuttgart unstrained dots are not comprised of Ge0.89C0.11.

The comparison here of our results with those from Stuttgart
demonstrated two things. First, that other groups with similar systems
have seen the same PL as we have and, second, our interpretation
explains the Stuttgart data equally well as ours.

Conclusions

In this work we have revisited the previously unsolved problem as
to why strong PL can be observed in Si/Si1-xGex quantum well sam-
ples grown by MBE at energies not only consistently below that of
the Si1-xGex BG, but in the case of high Ge concentrations even below
that of the Ge BG. A detailed examination of the concentration de-
pendence of the PL no-phonon energy revealed that the likely source
of the strong PL was carrier confinement in Ge NCs that had grown
by self-assembly in the Si1-xGex epilayers. The presence of such NCs
within the epilayers was confirmed from Raman spectroscopy mea-
surements. A theoretical analysis based on a DP model revealed that
strain plays a major role in determining the Ge band gap: most signifi-
cantly, the NC strain along the epilayer growth direction changes from
compressive to tensile at x = 0.36, thereby explaining the previously
puzzling observation of PL at energies below that of Ge. Calculations
of confinement effects on the BG energy based on a double quan-
tum well model for 2.5 nm sized Ge NCs in Si1-xGex epilayers on Si
showed good qualitative agreement with the observed PL energy vari-
ation with x. In conclusion, our modelling of the experimental results
for the concentration dependence of the PL from strained Si1-xGex

epilayers for 0.05 < x < 0.55 has shown that the intense PL at lower
energies arises from imbedded Ge NCs. Such structures show promise
for use as light emitters in device applications if appropriate growths
at high x values can be engineered to introduce the predicted transition
to a direct bandgap within Ge NCs for x values greater than 0.65.
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