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Quantum cascade lasers �QCLs� are compact sources that have demonstrated high output powers at
terahertz �THz� frequencies. To date, all THz QCLs have been realized in III-V materials. Results
are presented from Si1−xGex quantum cascade superlattice designs emitting at around 3 THz which
have been grown in two different chemical vapor deposition systems. The key to achieving
successful electroluminescence at THz frequencies in a p-type system has been to strain the
light-hole states to energies well above the radiative subband states. To accurately model the
emission wavelengths, a 6-band k ·p tool which includes the effects of nonabrupt heterointerfaces
has been used to predict the characteristics of the emitters. X-ray diffraction and transmission
electron microscopy have been used along with Fourier transform infrared spectroscopy to fully
characterize the samples. A number of methods to improve the gain from the designs are suggested.
© 2010 American Institute of Physics. �doi:10.1063/1.3319653�

The terahertz �THz� part of the electromagnetic spec-
trum �300 GHz to 10 THz� is presently being researched for
applications including medical imaging,1 security imaging,2

production monitoring,3 and astronomy.4 While this part of
the electromagnetic spectrum has been used for many de-
cades to undertake spectroscopic research and identification
of different molecules, it is only through the advent of prac-
tical THz systems in the last decade that the field has ex-
panded enormously.5 For most of the applications described
above, a cheap, practical, high-power THz source which can
operate at room temperature is required. This has not yet
been achieved and the potential mass market applications for
THz are unlikely to be achieved unless such a source can be
realized.

Quantum cascade lasers �QCLs�6 are one of the poten-
tially practical THz sources which are presently being
investigated.7,8 To date all demonstrated THz QCLs have
been fabricated in either GaAs or InGaAs heterostructures.7,8

While impressive output powers of up to 248 mW have been
demonstrated at 10 K,9 the output powers decrease signifi-
cantly when the temperature is increased.10 The highest op-
erating temperature is presently around 186 K which is still
well below the practical range of Peltier coolers.11 THz
QCLs are unlikely to be cheap and practical in a complete
system until operation with Peltier coolers at temperatures
above �220 K can be achieved.

Si/SiGe heterostructures12 have also been investigated as
practical THz sources.13 While a laser has yet to be achieved,

THz emission has been demonstrated in a number of simple
designs.14–17 Si/SiGe heterostructures would have many sig-
nificant advantages over III-V QCLs if a laser could be
achieved. First the lasers could be fabricated on large Si
wafers and processed using the cheap and mature Si process
technology in Si foundries12 which could significantly reduce
the cost of the sources compared to III-V technology. Sec-
ond, the lack of polar optical phonon scattering results in
longer intersubband lifetimes at higher temperatures than in
III-V materials �between 100 and 300 K� �Refs. 18–21�
which could allow lasers to operate at higher temperatures.

To date, all THz emission from Si/SiGe quantum cas-
cade designs has been achieved using p-type material.13–17

High peak current density resonant tunneling has been dem-
onstrated using tensile strained n-Si quantum wells with
Si0.4Ge0.6 barriers at room temperature,22,23 but the high ef-
fective mass �m�� of �0.93 m0 �where m0 is the free elec-
tron mass� makes the formation of minibands, which extend
over many quantum wells and are used in most of the QCL
designs7,24 very difficult. Also Si/SiGe heterostructure
growth is more mature for lower Ge contents12 which is
more amenable to p-type designs. THz emission has been
demonstrated using intrawell14,15 and interwell16 heavy-hole
�HH� to HH and light-hole �LH� to HH designs but the lack
of any dedicated injector significantly reduced the injection
efficiency into the upper radiative laser level13 �strictly
speaking the LH states are mixed LH/split off states but for
brevity they will be called LH states in this paper�. Phonon
depopulation structures have also been attempted but such
devices require extremely precise heterostructure growtha�Electronic mail: D.Paul@elec.gla.ac.uk.
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which is presently beyond the capabilities of Si/SiGe growth
technology.13,25

In this paper, superlattice designs with a similar interwell
transition active region to those which have achieved high
temperature operation in III-V THz QCLs11 are used in an
attempt to demonstrate more efficient p-type Si/SiGe quan-
tum cascade electroluminescence. Bound-to-continuum de-
signs have previously been demonstrated in p-type Si/SiGe
quantum cascades at midinfrared frequencies between a
bound HH upper state to a lower HH superlattice miniband.26

In this case, only weak electroluminescence was visible from
the parasitic LH states between the radiative subband states.
Similar designs for THz electroluminescence resulted in ex-
cellent current-voltage characteristics but the output powers
were too weak to be measured above the blackbody emission
from heating in the system. These results suggested that scat-
tering to LH states prevented the observation of strong HH to
HH electroluminescence.13,25 In this paper, designs are pre-
sented in which the LH states are strained above the upper
HH radiative state thereby removing transitions to the para-
sitic LH states and allowing electroluminescence to be mea-
sured. The benefit of pushing LH states upwards comes from
the fact that, depending on the exact configuration of states,
the deformation potential coupling between HH and LH
states may be even stronger than between like types of hole
states, and eliminating this very efficient channel for the up-
per HH state depopulation may significantly increase the
hole lifetime therein, and hence the luminescence efficiency.
The results demonstrate that this strain technique is essential
to obtain electroluminescence from the samples. Two differ-
ent superlattice designs are presented grown in two different
growth systems to demonstrate the universality of the ap-
proach.

A 6-band k ·p modeling tool27 has been used along with
a rate equation model, to determine the current and gain for
each design.28 Previous work has demonstrated that to accu-
rately model the structures the nonabruptness of the hetero-
interfaces due to segregation and diffusion during growth
needs to be considered.28 As two different growth systems
have been used for the two structures to be discussed below,
different segregation lengths have been used. For sample 1
grown at the L-NESS in Como, a small segregation length of
0.1 nm has been estimated by comparing dynamical simula-
tions to results from x-ray diffraction �XRD� measurements29

while for sample 2 grown at Imperial College, a segregation
length of 1.0 nm was used which was obtained from high-
resolution transmission electron microscopy �TEM�
measurements.30

Two different growth systems have been used for the
two samples grown for this work �Fig. 1�. Sample 1 was
grown by low-energy plasma-enhanced chemical vapor
deposition �LEPECVD� on a p-Si�001� substrate using SiH4,
GeH4, and B2H6 as precursor gases.31 An undoped graded
Si1−xGex buffer was grown at a grading rate of about 7% /�m
up to a final Ge content of x=0.35, while the substrate tem-
perature was gradually lowered from 760 to 550 °C. A
2 �m thick undoped constant composition buffer of
Si0.65Ge0.35 was grown on top, followed by a 0.5 �m bottom
contact of Si0.65Ge0.35 B-doped to 1019 cm−3. The complete

buffer was grown at a maximum rate of 10 nm/s. On top, a
44 nm Si1−xGex injector was grown graded from 0.34 to 0.44
Ge content and B-doped at 1017 cm−3. 100 periods of the
following �nominal� structure were grown at an average
deposition rate of 13 nm/min and at 550 °C, where bold
numbers �normal text� are Si barriers �Si0.55Ge0.45� in nano-
meter: 2.35, 4.84, 1.26, 6.45, 1.98, 6.04, p-2 .16, 5.65,
p-2 .35, 5.64, 2.52, 5.24, 2.71, and 5.24. Two of the barriers
were doped as indicated to provide a sheet charge density of
5�1011 cm−2. The final capping layers were 2.35 nm Si,
5.03 nm Si0.55Ge0.45, 1.26 nm Si, 115 nm graded Si1−xGex

with x from 0.42 to 0.35 doped at 1017 cm−3, 67 nm
p-Si0.65Ge0.35 doped at 1019 cm−3, and a 6.7 nm p-Si cap. All
1411 heterolayers with a total thickness of �15 �m were
grown in under 5 hours, demonstrating the advantage of the
LEPECVD technique for growing the thick heterostructure
stacks required for QCLs.

The heterolayer thicknesses for sample 1 have been ex-
tracted from TEM images and high resolution XRD measure-
ments as shown in Figs. 2 and 3, respectively. The TEM
image of Fig. 2 demonstrates the excellent uniformity of the
heterolayers. TEM images from both the top and bottom �not
shown� of the quantum cascade stack demonstrate less than
1% variation in the heterolayer thicknesses between the top

2.35 nm Si

4.84 nm Si0.55Ge0.45

1.26 nm Si

6.45 nm Si0.55Ge0.45

1.98 nm Si
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5.65 nm Si0.55Ge0.45

p-2.35 nm Si

5.64 nm Si0.55Ge0.45
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(a) sample 1
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FIG. 1. �a� The heterolayer Ge contents and layer thicknesses for sample 1
in the active quantum cascade period. �b� The heterolayer Ge contents and
layer thicknesses for sample 2 in the active quantum cascade period. In both
cases the injection barrier is at the bottom of the heterostructure stack.

FIG. 2. �Color online� A TEM micrograph showing the top five periods of
the first sample as taken in a Philips CM30 microscope.
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and bottom of the complete stack of 1400 heterostructures.
The position of the relaxed buffer peak in the XRD spectra
indicates that the virtual substrate is almost exactly the de-
signed Si0.65Ge0.35. A small shift with respect to the zeroth
order superlattice peak indicates that the strain symmetrisa-
tion through the complete heterolayer stack is not perfect,
since the average x of the quantum cascade stack is not iden-
tical to the x of the virtual substrate.

The growth system used for sample 2 is a VG Semicon
gas-source molecular beam epitaxy �GSMBE� system using
Si2H6 and GeH4 as the source gases along with B2H6 for
p-type doping. The system can be run at two different pres-
sures, allowing fast growth for strain relaxation buffers12 in
low pressure chemical vapor deposition mode using 2 Pa and
800 °C before being reduced to 6.7�10−3 Pa and 550 °C
for the accurate growth of heterolayers in GSMBE mode.32

The virtual substrate for the second sample consisted of
�3 �m of graded Si1−yGey with y from 0.0 to 0.34 followed
by �1 �m of constant composition Si0.66Ge0.34 all grown on
a p-Si�100� substrate. The design Ge content was 0.357
while a value of 0.34 was measured by XRD in the grown
wafer. Next, a bottom contact of 400 nm of p-Si0.66Ge0.34

doped at 9�1018 cm−3 as measured by secondary ion
mass spectrometry �SIMS� in calibration wafers was
grown before changing to GSMBE mode for the active
quantum cascade periods. A graded Si1−xGex injector was
grown from 0.34 to 0.50 doped at 1�1017 cm−3 before 30
periods of the active region quantum cascade design. The
active heterolayer period sequence from left to right in
nanometer starting from the injection barrier is
1 .1 /4.9 /1 .6 /4.8 /p-1 .8 /4.7 /p-1 .8 /4.5 /1 .8 /4.4. Si barriers
are in bold. p-type barriers are doped to 1.4�1018 cm−3.

While SIMS was used to accurately measure the doping
in the contact layers in a calibration sample grown prior to
the present wafer, the doping in the thin heterolayers was
below the resolution of the SIMS system and prevented ac-
curate determination of the sheet density in each period. The
final capping heterolayers consisted of a 1.1 nm Si barrier, a
3.75 nm Si0.5Ge0.5 quantum well, a 0.94 nm Si barrier, a 50
nm graded Si1−xGex collector from 0.50 to 0.534 doped at
1�1018 cm−3, a 50 nm p-Si0.66Ge0.34 doped at 1
�1018 cm−3, and a p-Si cap also doped at 1�1018 cm−3.
This design has a miniband width of 8 meV which is nar-

rower than the radiative transition of �12 meV to prevent
reabsorption.

Samples from both grown wafers were cleaved into
chips and multiple devices were processed for electrolumi-
nescence characterization. Mesas for ridge waveguide de-
vices were etched using reactive ion etching with the Bosch
process. For the first sample a 7 mm�75 �m ridge wave-
guide demonstrated the clearest electroluminescence spectra
while the low number of periods in sample 2 combined with
the lower current density required five ridge interdigitated
mesas to achieve the clearest electroluminescence. Ni was
evaporated as a top Ohmic contact and Al as a bottom Ohmic
contact. Both were annealed at 450 °C to form shallow NiSi
top contacts and spiked Al bottom contacts, respectively.
Transmission line measurement structures were fabricated on
the same die as the electroluminescence ridges and used to
obtain contact and series resistances which were subtracted
from the total applied bias to allow accurate measurements
of the electric fields applied across each device. The samples
were back-coated with Ti/Au and indium-bonded to Ti/Au
coated copper mounts to ensure good thermal contact. Fou-
rier transform infrared spectroscopy �FTIR� was performed
using a Bruker 66vs FTIR in step-scan mode with a QMC
Instruments Ltd. liquid-He cooled composite Si bolometer
detector. The sample was cooled using a continuous flow He
cryostat with polyethylene optical windows. The voltage was
applied vertically across the 100 periods on each sample with
a 10 kHz square wave pulse stream at varying duty cycles,
gated by a 387 Hz, 50% duty cycle square wave for lock-in
purposes.17 All parts of the system in which THz radiation
propagated were either under vacuum or purged with dry N2

to eliminate water vapor absorption. Four separate samples
for each design all demonstrated nominally identical results
and the measurements from a single sample of each will be
presented in this paper.

Figure 4 shows the band structure for the first sample at
an applied electric field of 2.5 kV/cm. The use of a higher Ge
content than previous Si-based THz designs results in the LH
states being pushed to much higher energy and in particular

FIG. 3. A high resolution XRD �−2� scan through the �004� reflection of
the first sample. Dynamical simulations were used to extract the Ge content,
strain state, and superlattice period. -110
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FIG. 4. �Color online� The band structure and squared envelope functions of
sample 1 at 2.5 kV/cm as calculated by 6-band k ·p theory. The HH states
are blue, LH states are green, the upper radiative state is red, the HH band
edge is solid black, and the LH band edge is dashed black. A Ge segregation
length of 0.1 nm has been used in the simulations.
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above the upper radiative state shown in red. Simulations of
the structure demonstrate that both the hole transport and the
electroluminescence from the design should be dominated by
the HH states only. In addition, the narrow miniband and the
high energy of the LH states produce a design in which no
reabsorption of the emitted photons from the HH to HH in-
tersubband transitions can take place. The present design as
grown has the radiative subband state below the injection
miniband and so the upper radiative state will be populated
through incoherent transport �scattering�33 and not through
coherent resonant tunneling. This will reduce the maximum
current through the device and therefore the maximum gain,
although the simulations do predict a substantial current
from a number of scattering mechanisms including interface
roughness, ionized impurity scattering, acoustic and optical
phonon scattering, and alloy scattering.21 Figure 5 shows the
luminescence-current-voltage �LIV� curve for the first
sample. Below a current density of 110 A /cm2, the elec-
troluminescence spectra �not shown� indicate the emission is
from boron impurity states.14,34 Above 110 A /cm2, the emit-
ted electroluminescence power is sublinear and is predomi-
nantly related to intersubband transitions which is confirmed
through the electroluminescence spectra as shown in Fig. 6.

The electric field versus current density �current-voltage
characteristics� do not show a clear threshold voltage but
rather a slow turn-on. The experimental spectra agree well
with the simulated spectra calculated by 6-band k ·p theory
and the full-width half-maxima �FWHM� is 5 meV which is
the lowest value reported for intersubband transitions in
p-type Si/SiGe systems.13 This agreement suggests that for
this particular spectra, the emission is dominated by intersub-
band emission as heating would broaden the emission peak.
A low FWHM is important for achieving a laser since the
gain is inversely proportional to the FWHM.13 The signal to
noise ratio of the emitted power was too low to be able to
accurately determine the polarization of the emitted signal.

The major problem with measuring such devices is that
the high currents produce Joule heating �=I2R for current I
and device resistance R� which will produce blackbody emis-
sion which may be comparable or even larger than the inter-
subband signal. This is particularly a problem with large
FWHM emission peaks as frequently produced in the va-
lence band through nonparabolicity but also mixing of the
HH and LH states at k� �0 since the FTIR interferogram then
becomes narrow �the interferogram width is proportional to
1/FWHM since a Fourier transform relates the two—a delta-
function emission peak has an infinite width interferogram�.
Once lasing has been achieved, this is not a major issue as
the gain in typical QCLs results in the laser output power
being around 106 higher than the subthreshold
electroluminescence.6 The mixing of the HH and LH states at
k� �0 is evident from the TE component in the theoretical
spectra �see Fig. 6� which appears despite that the transition
being between HH states normally only produces TM polar-
ized emission. Intersubband spontaneous emission peaks for
electrons in GaAs are typically between 0.5 and 1.5 meV8

due to the more parabolic conduction band. Therefore it is
easier to differentiate between the wide blackbody and a nar-
row spontaneous emission peak. For wide spontaneous emis-
sion peaks, ��5 meV� the spectral width can be very similar
to the blackbody emission from heating making it difficult to
differentiate between the two types of emission. For the
present sample, once the contact resistances have been sub-
tracted, the active region has a resistance of between 2.5 and
3 � when the minibands form. In this regime, up to 1.8 A of
current flows through the device producing significant
amounts of Joule heating.

In Fig. 7 a comparison is made between the standard
bolometer electroluminescence measurement without the
spectrometer and the power extracted from spectral measure-
ments and the blackbody spectra corresponding to the Joule
heating in the system. While the vertical power scale for both
are not the same, the qualitative changes as a function of
voltages do match the predicted changes in the system and
both have been scaled so that the total integrated power from
the spectral measurements match the total bolometer reading
when the spectrometer is not used for the measurement.
�This can be achieved either by placing the bolometer di-
rectly in front of the cryostat with the source or running the
source beam through the Michelson interferometer in the
FTIR system with the two mirrors set with equal path
length�. At 2 V, the total integrated spectral power measure-
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FIG. 5. �Color online� The red curve is the electroluminescence power of
sample 1 and the blue curve is the electric field as a function of the current
density at 4.2 K.
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ment corresponds closely with the nonthermal spectra emis-
sion in the system. This emission is from impurity states
which produce very narrow peaks with FWHM below 1 meV
and due to the low voltage and low current there is very little
heating at these biases. Therefore the spectral measurement
accurately maps the total power output and the impurity elec-
troluminescence is far stronger than any heating. Above 3 V
where the impurity emission ceases, the spectra measure-
ments indicate that a significant part of the power output as
measured by the nonspectral bolometer measurements is re-
lated to Joule heating. For this particular case, the nonther-
mal element obtained from spectral measurements is the in-
tersubband emission and it is greater than the blackbody
emission from heating. Similar analysis for the power and
spectra at 20 K �not shown� demonstrated that the impurity
emission has been quenched by the higher substrate tempera-
ture and the backbody heating has become larger than the
intersubband emission above 3 V. The ratio between the in-
tersubband and the blackbody, however, will show only a
small difference between the TE and TM polarized emission
since the intersubband predominantly emits TM polarized
light but the Joule heating will have more similar contribu-
tions from both TE and TM components. This explains the
poor signal to noise resulting from the polarization measure-
ments, as the polarizer has a significant insertion loss �In-
fraspecs P01 polarizer� and the large thermal emission will
result in very little difference between the TE and TM
modes.

The band structure for the second sample is shown in
Fig. 8. Again the upper radiative states are below the ground
state in the miniband which will result in incoherent trans-
port into the bound state. For this design, the LH states are
closer in energy to the upper radiative states and therefore
some of the LH states may reabsorb the emitted photons.
Figure 9 shows the electroluminescence power as a function
of voltage for 5 different temperatures between 4 and 40 K.
In the 4 K spectra, impurity state emission is also observed
below about 1 V but in this sample it is weaker than in
sample 1. The current-voltage curves for this sample �Fig.
10� are more linear than those in sample 1. Sample 1 has a

7 �m thick graded buffer which is expected to produce a
lower threading dislocation density than the 3 �m graded
buffer of sample 2. The near linear current-voltage for
sample 2 is therefore probably related, at least in part, to the
larger defect density which is qualitatively evident in optical
microscope pictures of devices from the two different growth
systems.

The electroluminescence spectra from sample 2 is shown
in Fig. 11. Again good agreement with the theory is pro-
duced. Polarization measurements did not provide sufficient
signal to noise ratio to demonstrate a dominant TM mode as
predicted by theory. Theory does predict a larger TE compo-
nent for sample 2 compared to sample 1 which is related to
the LH states being closer to the HH states in sample 2
which creates more HH/LH mixing. The FWHM for this
sample is �5 meV which is again a low value for the p-type
Si/SiGe system. While the spectra are very similar to sample
1, the electric field at which intersubband alignment occurs is
almost twice the value for sample 2 which is related to the
designs �sample 1 had wider quantum wells which results in
a lower electric field for alignment�.

0

1000

2000

3000

4000

5000

0

50

100

150

200

250

0 1 2 3 4 5 6 7

L(V)
Total EL
Non-thermal
Black body

EL
fr
om

LI
V
(a
u)

EL
fr
om

sp
ec
tr
a
(a
u )

Voltage (V)

FIG. 7. �Color online� The electroluminescence power vs applied voltage at
10 K for sample 1. The solid line is the electroluminescence obtained di-
rectly from the bolometer without the spectrometer �the left-hand y-axis�
while the dots, squares, and stars correspond to values extracted from spec-
tral measurements �right-hand y-axis�.
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FIG. 8. �Color online� The calculated squared envelope functions for sample
2 at 7 kV/cm as calculated by 6-band k ·p theory. The blue states are HH,
the green states are LH, and the red state is one of the two upper laser level
HH states. A second higher energy subband state also provides a significant
contribution to the electroluminescence. The solid black line is the HH band
edge and the dotted black lines is the LH band edge. The diagonal red arrow
indicates the radiative transition. The germanium interdiffusion length was
set to 1.0 nm for this calculation.
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FIG. 9. �Color online� The electroluminescence vs voltage for sample 2 at
temperatures between 4 and 40 K. The traces are offset vertically by 700
units for clarity.
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A Stark shifted transition energy is considered by many
to be a property of intersubband quantum well lasers. The
modeled electroluminescence as a function of the applied
electric field for the first sample, predicts a Stark shift of
0.4 meV cm /kV. This translates to 1 meV per 1.3 V for the
first sample. For the second sample the predicted shift is
0.35 meV cm /kV, which, accounting for the larger contact
resistance, arrives at the same energy shift per voltage. This
magnitude of shift cannot be ruled out in the devices tested
in this work, although generally it is below the measurement
accuracy at the current low level of output signal. It should
be noted that GaAs/AlGaAs bound-to-continuum THz lasers
do not always display a Stark shift during spontaneous
emission35 and so the lack of any clear and measurable Stark
shift in the present samples does not preclude intersubband
emission. The large devices used in this work to allow mea-
surable intersubband signals results in our power supply be-
ing unable to deliver sufficient power to demonstrate mis-
alignment of the minibands at sufficiently high electric fields.

The results presented above demonstrate that THz elec-
troluminescence can be measured from p-type bound-to-
continuum Si/SiGe quantum cascade superlattice designs

provided that strain is used to push the LH states to energies
above all the HH states used for THz emission. Theory pre-
dicts that the further away the LH states are from the HH
states in energy, the less the mixing of the two and the higher
the gain that can be designed into the system. Sample 1 had
the LH states pushed to 25 meV �see Fig. 4� while sample 2
demonstrates that the technique is still successful at produc-
ing electroluminescence when the LH states are only
�10 meV above the HH miniband �although any gain will
be smaller than sample 1�. Even though the LH to HH mini-
band energy is comparable to the HH to HH radiative tran-
sition in the system, intersubband transitions are still ob-
served suggesting that reabsorption between the LH states
and the HH miniband is not significant. This suggests that
the lack of intersubband electroluminescence in previous
work which had the parasitic LH states between the HH
states of the radiative transition25 was predominantly the re-
sult of the holes being scattering �through, e.g., interface
roughness, defect or Coulombic scattering� into the LH states
preventing any significant electroluminescence. The second
sample also had less abruption heterointerfaces than the first
sample. The present results demonstrate that provided the
k ·p-modeling accounts for the nonabrupt interfaces using
the correct electrostatic potential, good agreement can be
achieved with the experimental intersubband emission re-
sults.

The analysis clearly demonstrates the main problems
with characterization of p-type Si/SiGe quantum cascades
which stem from the large FWHM of the spontaneous emis-
sion peak due to the nonparabolicity of the valence band
which can be comparable to the blackbody thermal emission
from the heating of the device. Clearly a move to electron
based QCL designs which could use the more parabolic con-
duction bands would not only make the characterization of
spontaneous emission easier but should also show signifi-
cantly higher gain mainly through the lighter m�, according
to a number of proposals.36–38 Further work has also deter-
mined that lighter m� systems such as n-type Ge quantum
well QCLs have more tolerance to growth fluctuations and
inaccuracies38 and a number of multiple Ge quantum well
heterostructures have now been demonstrated
experimentally.39–43

The present designs have also suffered by the upper ra-
diative state not being inside the energy range of the mini-
band thereby reducing the coupling between the injector and
the upper radiative state. This results in scattering being re-
quired to populate the upper radiative state thereby reducing
the current through the sample and therefore the maximum
gain. The optimum case is where strong coupling between
the ground state of the injector and the upper radiative state
exists so that the current is determined by the upper radiative
state lifetime through the coherent transport in the system.33

Such coherent tunneling designs provide a clear route to pro-
duce improvements to the present results to help improve the
gain from such Si/SiGe designs.

To conclude, electroluminescence results have been pre-
sented from two different Si/SiGe superlattice designs grown
by different techniques. Both samples demonstrate intersub-
band electroluminescence close to 3 THz. Clear electrolumi-
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FIG. 10. �Color online� The current vs voltage characteristics for sample 2
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FIG. 11. �Color online� The electroluminescence spectra from the second
sample at 10 K, 6 kV/cm, and 170 A /cm2 compared to the TE and TM
polarized spectra as calculated by 6-band k ·p theory at 6 kV/cm.

053109-6 Matmon et al. J. Appl. Phys. 107, 053109 �2010�

Downloaded 06 Jun 2012 to 128.173.127.127. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



nescence is achieved when the minibands align at the re-
quired electric field at low enough temperatures that the
electroluminescence is not swamped by thermal emission
from the devices. The results demonstrate that designs which
use strain to push the LH states to energies well above the
radiative transition states is key to achieving THz electrolu-
minescence in p-type systems. The measured FWHM of the
electroluminescence peaks was 5 meV for both samples,
which are the lowest reported values in the Si/SiGe system.
As the experimental FWHM is comparable to the theoretical
value from 6-band k ·p theory, this suggests that the present
width is now dominated by the nonparabolicity of the va-
lence band. The large valence band nonparabolicity will limit
further FWHM reductions and this combined with the rela-
tively high effective mass of 0.3 m0 may ultimately prevent
sufficient gain from p-type Si/SiGe heterostructures to over-
come the waveguide losses for a laser. We therefore believe
that n-type germanium quantum well designs with reduced
nonparabolicity and lower effective mass represent a more
promising path to achieving a THz laser on a silicon sub-
strate.
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