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Line shape analysis of electron–hole plasma electroluminescence
in fully strained SiGe epitaxial layers

T. Stoicaa) and L. Vescan
Institut für Schichten und Grenzfla¨chen (ISG), Forschungszentrum Ju¨lich GmbH, D-52425 Ju¨lich, Germany

~Received 21 April 2003; accepted 16 July 2003!

The electroluminescence ofp-i-n diodes with fully strained Si0.80Ge0.20/Si(001) is dominated by
radiative recombination in an electron–hole plasma. The recombination mechanisms and the band
gap renormalization have been studied experimentally and by modeling. In order to minimize the
influence of the SiGe/Si interface regions and thus to study the intrinsic behavior of strained SiGe,
electroluminescence diodes with thick layers of SiGe in a metastable strain state have been
investigated. To explain the electroluminescence spectra, the band filling model for an electron–hole
plasma system and different broadening procedures have been investigated. This line shape analysis
allowed the determination of the dependence of the renormalized band gap on carrier density and
comparison with theoretical predictions was done. The low-energy tails of the electroluminescence
spectra correspond to a broadening of the initial electronic states of the recombination process in
electron–hole plasma system. The experimental data obtained from the line shape analysis of the
electroluminescence spectra are in good agreement with previous results on spectral photocurrent
and quantum efficiency measurements. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1606513#
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I. INTRODUCTION

The use of germanium in thick SiGe alloys, in SiGe/
quantum wells, and in self-assembled quantum dots is
great interest for integrated optoelectronics.1 However, light
emitters with reasonable quantum efficiency based on S
were not yet realized, the main obstacle being the indir
band gap character of this material. In spite of this charac
no-phonon~NP! beside phonon-assisted transitions are
served in photo- and electroluminescence~EL! of SiGe
single- and multiple-quantum-well layers at lo
temperatures.2–4 The no-phonon transitions can appear d
to fluctuations of alloying, doping, and strain, as well as
quantum confinement. At room temperature, the efficie
decreases by thermal activation of the injected carriers
the surrounding Si. By improving the diode structure, E
near the optical communication wavelength of 1.3mm can
be obtained with SiGe diodes with an internal quantum e
ciency ~QE! of QEint50.1%,5 while for nominally pure Ge
islands, the diodes emit nearl51.55mm with QEint

50.001%.6 The plastic relaxation of thick SiGe layers ca
be avoided and a metastable strain state well above the
cal thickness can be obtained by selective epitaxial gro
on small area.7

The optoelectronic properties and the QE of our Si
diodes have been previously investigated.5,8–10 To under-
stand the EL spectra for the further improvement of the Q
the properties of the high-density electron–hole system
thick fully strained Si0.80Ge0.20 layers have been analyzed
the present article in more detail.

a!Author to whom correspondence should be addressed; electronic
t.stoica@fz-juelich.de
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At a high density of the injected carriers, the exciton
system is transformed into an electron-hole plasma~EHP! by
the metal–insulator Mott transition. The exciton binding e
ergy is reduced to zero at the Mott transition density due
the screening of the electron–hole Coulomb interaction
the presence of many free carriers. The Mott critical dens
at temperatureT can be estimated using the formulanMott

51.4e/8pe2aB
2KT whereaB is the Bohr radius of the exci

ton, ande the static dielectric constant. For Si, the estima
nMott value for 80 K is about 1017 cm23. The aforementioned
formula deduced in a Debye–Hu¨ckel model is a good high-
temperature approximation experimentally verified for
and Ge above the liquid–gas critical temperature.11,12 For a
lower temperature, an approximation based on the Thom
Fermi screening length can be written~see, for example, Ref
13!. By a more complex theory based on random-phase
proximation, an extrapolation at 0 KnMott5331016 cm23

can be estimated for Si.11

Below a critical temperature, the electron–hole syst
in Si and Ge can be in a gas or liquid phase of excito
Depending on the concentration and temperature, the c
densation of excitons into electron–hole droplets~EHDs!
takes place.14–18 The carrier density within the droplets de
creases by increasing the temperature, but remains m
higher than the Mott critical value. For Si, the pair dens
within droplets is 3.531018 cm23 at T55 K and decreases
to 1.231018 cm23 at the critical temperature of 23 K.15,16

For a uniform EHP, the plasma density and the shape of
luminescence spectra change with carrier injection lev
while for EHD the carrier density and the spectrum sha
remain almost constant with the injection intensity, only t
droplet volume and the light emission intensity change.
il:
0 © 2003 American Institute of Physics
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TABLE I. Data of Si12xGex /Si LED structures~the samples were ordered after the SiGe thickness; the buffer, and SiGe layer have an-type doping!.

Sample
No.

Buffer
thickness

~nm!

Buffer
doping
~cm23!

Ge
content

x

n-SiGe
thickness

~nm!

n-SiGe
doping
~cm23!

Spacer
thickness

~nm!
Top

contact

1597 230 ;231017 0 0 ¯ ¯ ZnO
696 350 ;531016 0.20 60 ;131016 60 Al/Au
1296 260 831017 0.21 260 131018 30 Al/Au
1687 580 831017 0.21 445 131018 24 ZnO
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Due to the relative long lifetime of the carriers in hig
quality SiGe layers, the carrier density is higher thannMott at
a moderate injection level. For quantum well structures
der normal injection conditions, the carrier density exce
Mott density more easily, thus, the collective phenomena
the EHP have to be taken into account.19,20

In this work, the uniform EHP in SiGe is studied by a
investigation of EL in SiGe fully strained epitaxial layer
The renormalized band gap of the EHP, dependent upon
rier concentration, was obtained by the line shape analys
EL spectra and was compared with theoretical predictio
The low-energy tail modeling gives information about t
energy uncertainty of the unielectron states involved in
diative recombination in the EHP system.

II. EXPERIMENTAL DETAILS

Diodes in the form of mesas~size 20–200mm! were
selectively grown by low-pressure chemical vapor deposit
at 700 °C with the layer sequencen1np1: ~1! n1-Si sub-
strate,~2! n1-Si buffer, ~3! n-Si buffer, ~4! n-Si12xGex (x
50.20– 0.28, thickness: 70–450 nm!, ~5! n-Si12xGex (x
50.02; 20–60 nm!, and ~6! boron-doped Si12xGex (x
50.02, thickness;100 nm!. The ohmic front and bottom
contacts were evaporated Al/Au~or ZnO! and AuSb, respec
tively. Other deposition and diode fabrication details a
given in Refs. 9, 21, and 22. The samples investigated
described in Table I. The EL spectra were measured usin
Fourier transform spectrometer~BIO RAD FTS40!. The dop-
ing profile was obtained from secondary ion mass spect
copy ~SIMS! measurements and the thickness of SiGe
Ge concentration from Rutherford backscattering spect
copy ~RBS! data. SIMS depth profiles were performed usi
a quadrupole instrument~Atomika 4000!. RBS data were
obtained using a 1.7 MV Tandetron accelerator.

III. EXPERIMENTAL DATA

A. Electroluminescence spectra

EL spectra of fully strained diodes have been measu
in the temperature range of 16–300 K. At a given tempe
ture, the shape and peak energies of the spectra depen
the injection level. Therefore, in order to compare the spe
of different diodes, similar injection conditions must exi
Spectra of different samples are shown in Fig. 1 for a curr
density of;60 A cm22 and a temperature range of 50–80
in comparison with the EL of pure Si diodes. The SiGe
odes have similar behavior with well resolved NP and tra
versal optical ~TO! phonon-assisted transitions peaks
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nearly the same energetic positions for all of the samp
ENP51005– 1007 meV andETO5954– 955 meV. The EL of
pure Si diodes has a broad peak at 1078 meV at 50 K and
intensity remains almost constant up to room temperature
higher temperatures, the broad NP and TO peaks of SiGe
partially superposed and an additional contribution from
can be observed. The Si contribution observed for SiGe
odes increases with current injection and temperature
decreases with SiGe thicknessdSiGe.

5

1. Band filling effect
The high injection under EHP conditions corresponds

the band filling effect, i.e., the quasi-Fermi level lies in t
band, at least for one of the bands~in strained SiGe, the
valence band has a higher quasi-Fermi level relative to
band—see the discussion in Sec. IV C!. The band filling can
be observed experimentally by the effects on EL spec
~peak positionENP and peak width—Figs. 2 and 3!, as well
as by the effect on the temperature dependence~activation
energy!.5 EL integral intensity decreases at higher tempe
tures due to the thermal activation of holes from the Si
well into Si regions. The activation energy decreases by
creasing the injection current due to the shift of the qua
Fermi level relative to the bottom of the band.

In Figs. 2~a! and 2~b!, the spectra are shown in logarith
mic scale for different injection currents and temperatur
The NP and different phonon replicas of the SiGe EL can
observed, as well the low and high-energy tails. For energ

FIG. 1. Comparison of low temperature EL spectra of light-emitting diod
with Si ~No. 1597! and SiGe@dSiGe560, 260, and 445 nm of samples No
696 ~see Ref. 23!, 1296, and 1687#.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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above 1070 meV, the Si emission is also observed at hig
currents or temperatures. Figure 2~c! shows the curves o
Fig. 2~a! but shifted on the logarithmic scale to obtain ta
gent of curves on the low-energy side of the maxima. T
width of the maxima clearly increases with current@see, also,
the inset of the Fig. 2~c!#, therefore, the band filling model i
suggested to be suitable for the shape analysis.

However, while the peak width is always increasing w
the current due to the band filling effect, the shift of the pe
position to a higher energy can be compensated for by
decrease of the renormalized gap@Fig. 3~a!; see also Sec
IV C#.

FIG. 2. Strained-SiGe EL spectra on logarithmic scale:~a! Spectra for dif-
ferent current values, at 25 K;~b! spectra for different temperatures, at 5
mA; ~c! spectra of figure~a! but normalized to obtain a tangent-curve
family ~inset: The current dependence of the peak width—full width at h
maximum!.

FIG. 3. NP peak positionENP versus volume current densityJvol for samples
with ~a! and without~b! doping of the bottom part of the buffer layer. Fu
symbols are for lower temperatures 16–25 K and open symbols for hi
temperatures 75–80 K. Sample No. 1296 consists of an array of 100 d
of an area 24324mm2. Sample No. 696 is single diodes.
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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2. Influence of doping

At a low temperature, a doped buffer is observed to ha
only a slight influence on the spectra. This is due to the f
that recombination takes place only in SiGe, i.e., far aw
from the buffer/substrate interface. Similar spectra can
seen in Fig. 1 for samples with or without doping of th
bottom part of the buffer layer. However, there are quali
tive differences between the two diode types regarding
current injection dependency of the NP and TO peak po
tions. For a better comparison, the volume current den
dependence was used (Jvol—volume current density define
as the ratio of injection current to SiGe volume!. Figures 3~a!
and 3~b! show, at low temperatures, the dependenc
ENP(Jvol) for samples No. 1296~with a doped buffer! and for
No. 696~without a doped buffer!, respectively~see Table I!.
Sample No. 1296 shows a monotonic increase ofENP at both
temperatures of 25 K and 75 K. For sample No. 696,ENP is
nearly constant at 16–20 K and decreases withJvol at 80 K.
The qualitative difference between the behavior of the p
position ENP with current can be explained by the differe
residual doping of the SiGe layer. We will see in Sec. IV th
the interpretation of the line shape and peak position i
matter of the analysis of the radiative recombination in
EHP system. Here, many factors such as band structure
jection level, temperature, and doping were taken into
count. The narrowing of the band gap by collective intera
tion ~band-gap renormalization! compensates for the
blueshift ofENP due to the band filling effect. The gap na
rowing given by doping must be added to the gap narrow
of the EHP effect. The residual doping of;1018 cm23 in
SiGe of sample No. 1296 results in a significant band-g
narrowing and the additional EHP may have less of an in
ence on the band-gap renormalization. In this case, the b
filling effect might be higher than the EHP-induced band-g
narrowing and the peak position makes a blueshift with
jection.

In the next sections, the interpretation of the EL spec
will be given on the basis of the EHP model.

IV. LINE SHAPE ANALYSIS

A. Electron–hole plasma in SiGe strained layers

The critical temperature for the liquid–gas transition
the excitonic system in Si decreases under an external
plied stress. The band structure is modified under stress,
the number of subbands and equivalent minima which
essentially occupied by the injected carriers changes
changing the stress type. Strained Si12xGex /Si(001) has
four equivalent minima in the conduction band. For the v
lence band, the heavy hole band has the highest ener24

The same type of band structure is for Si under uniax
~110! compressive or~001! tensile stress, i.e., four equivalen
minima in the conduction band and one maximum in t
valence band. For Si under uniaxial~110! compressive stress
a reduction of the critical temperature from 23 K to 16 K w
found.16 The critical temperature for liquid–gas transition
Ge is even lower, about 7 K.17 Therefore, we can expect th
critical temperature in SiGe strained layers to be reduced
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strain and also by the addition of Ge. Thus, our experime
data in the range of 20–80 K should correspond to an u
form spatial distribution of the EHP.

In the EHP system, the collective interaction makes th
contributions to the electron–hole energy of an uniparti
description: exchange, correlation and Hartree energies.25 In
three-dimensional~3D! systems, the Hartree energies
holes and electrons compensate for each other due to
local neutrality, in contrast to low-dimensional systems.

There are extensive theoretical studies devoted to
calculation of the exchange and correlation energies for a
EHP. Vashishta and Kalia26 have published an ‘‘universal’
formula for the sum of the exchange and correlation ene
Eex:

Eex5
a1brs

c1drs1r s
2 Ry* ~1!

wherer s5@3/(4paB
3n)#1/3 is a normalized interparticle dis

tance with densityn of electron–hole pairs and Ry* is the
Rydberg energy. The material-independent constants aa
524.8316,b525.0879,c50.0152, andd53.0426. With
the equation for the exchange-correlation energy, the re
malized bandgap can be written:

Eg* 5Eg1
]

]n
~nEex!, ~2!

whereEg is the intrinsic gap. The Vashishta and Kalia fo
mula was shown to be applicable to a number of nonpo
semiconductors.17,18

B. Electron–hole plasma line shape model

Besides the NP peak, the highest contribution of
phonon-assisted emission is from the TO replica. In the u
particle description of the EHP interacting multiparticle sy
tem, the electrons and holes are distributed on electro
states in conduction and valence bands. The thermal re
ation of the carriers within the bands is a fast phenome
and the energetic distribution of carriers can be described
the Fermi function with quasi-Fermi levelseF

e and eF
h for

electrons and holes, respectively. As can be seen by num
cal simulation of the carrier injection in SiGe diodes9 for
high injection levels and for dSiGe570– 400 nm, the carriers
have a quasi-uniform distribution and the quasi-neutrality
satisfied in the SiGe region. Under these conditions, the
diative band-to-band recombination at a given energyhn of
the emitted photon is an integral over the carrier density
the valence and conduction bands. The theoretical appro
of the EL spectra of EHP is given in Appendix A.

The total emission is given by superposition of the N
spectrum and all-phonon replicas with different rati
phonon/NP of the light emissionr i @Eq. ~A3!#. The computed
spectra depend on a renormalized energy gap, quasi-F
levels, local temperature, and band distribution densities

For the nondegenerate case, the quasi-Fermi levels a
the energy gap and the occupation probability of the b
states is well described by the Boltzmann distribution. Thi
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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the case of moderate injection level and higher temperat
when the shape of the emission spectra depends only
temperature and not on the injection level.

At a high injection level and low temperature, the EH
corresponds to the degenerate condition, at least for
band. The shape of the emission peak depends on the
filling ~carrier injection level! and temperature. In this cas
by fitting the computed spectral shape@Eqs. ~A1!–~A4!# to
the experimental curves, the values of the plasma density
local temperature, and renormalized band gap can be ev
ated.

The high-energy tail of the emission spectra can be w
described with Eq.~A1! by assuming thermal activation o
the carriers above the quasi-Fermi levels. However, the
perimentally observedtail at the low-energy side@Fig. 2#
cannot be explained by this equation. Equation~A1! is based
on the assumption of parabolic bandsDh(e);e1/2 without
broadening of the electronic levels.

The low-energy tail of the emission spectra can be
produced by replacing thed distribution function in Eq.~A1!
with a broad function such as Gauss or Lorentz functions
a distribution function based on cosh21(x).27 The Gauss func-
tion is appropriate for statistical fluctuations~alloy, doping,
and/or thermal fluctuations!. The Lorentz function is used to
describe the uncertainty of energy levels due to a short l
time. The cosh21(x) has no physical meaning but can d
scribe the experimentally observed exponential tails. An
ponential tail of the band state distribution was also used
describe the disorder effect and to explain the low-ene
tails of the emission spectra.28

Phenomena, like partial Auger recombination or pla
mon interaction, may lead to low-energy tails of th
spectra.29,30 Landsberg pointed out that the final state of
recombination process has a strong lifetime broadening
degenerate electron gas.31 The carrier, which recombines ra
diatively, leaves a hole below the Fermi level and this e
cited state of the electron and hole ensemble has a s
lifetime. It results in a broadening of the energy levels of t
carriers involved in the recombination process. The broad
ing function is Lorentz type which gives the probability o
having an effective photon energy different from the diffe
ence of the energies of the uniparticle initial states of
recombining the electron and hole. In this case, the elec
and hole carrier distribution functionsre,h(e) must be re-
placed by the convolutions of the carrier distribution with t
Lorentz function@Eq. ~A5!# and the EL spectra are compute
with Eq. ~A6!. The broadening parameterGe,h(e) of the
Landsberg theory may be described by the simplified
~A8!.

A good agreement of the Landsberg broadening the
with experimental data was reported by Martin a
Störmer14 and by Schmid15 for EHP in Ge and Si, respec
tively. In comparison to the no-broadening approach, so
changes of the plasma parameters were obtained by co
ering the Landsberg broadening. However, disagreemen
the Landsberg broadening with the experiments was
ported, too.17,18,32

Another broadening of the spectra can occur due to
uncertainty of the initial electron and hole states of the u
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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4404 J. Appl. Phys., Vol. 94, No. 7, 1 October 2003 T. Stoica and L. Vescan
particle approximation in Eqs.~A1! and~A6!. The lifetime of
the uniparticle states may be very short due to the multip
ticle interaction in the dense EHP. In the case of the ini
state broadening, the Fermi function is taken out of the c
volution integral in Eq.~A5!. For a real case, energy broa
ening for both initial and final states has to be considere

C. Results of line shape analysis of
electroluminescence spectra

In general, it is accepted that taking the low-energy ta
into account only slightly affects the value of the plasm
parameters which can be found by fitting to the experime
data, in comparison with a fit without tails. The differenc
increase with injection level and/or temperature when the
maximum and phonon replica are not well resolved.

Figure 2~a! shows curves at 25 K for various curre
values. The tails of the spectral maxima are put into evide
in logarithmic scale. The main contribution to the spectru
is given by the NP and TO maxima of the SiGe layer. On
high-energy side, the decreasing slope depends on tem
ture in agreement with the thermal activation of the carri
to higher-energetic levels. At low injection currents, a sho
der due to the TO1OG transitions is observed. This sma
contribution is dominated by the low-energy tail at high
current values. The shape of the low-energy tail is wea
dependent on current or temperature, and can be desc
by an exponential function;exp(E/E0) with E0 energy of 42
meV and 13 meV@Fig. 2~b!#.

The exponential tails on the low-energy side sugges
possible explanation based on exponential localized tail
the conduction or valence bands. The exponential band
are common for disordered materials, and the argumen
disorder in SiGe is the existence of alloying fluctuations.
supposing exponential band tails, we have obtained r
tively good fit for some of the EL spectra. However, t
localized tail model disagrees qualitatively with the expe
mental data: The low-energy tails of the EL in this mod
must decrease with injection current. What we observe is
by increasing the current, the experimental curves in F
2~a! show a slight increase of the low-energy tail relative
the spectral maximum. Therefore, we are forced to concl
that the low-energy tail of the EL spectra is caused by ot
phenomena. These can be Landsberg broadening or plas
multiphonon replica.

In order to find out the appropriate fitting to the low
energy tails, we performed for two current values, four
tings with different formulas for the broadening parame
and the carrier distribution function:

~1! Zero broadening parameter@Gh50, rh
conv5rh , Eq.

~A2!#, Figs. 4~a! and 4~b!;
~2! Lorentzian convolution of the carrier distribution wit

Landsberg broadening function@Gh with Eq. ~A8!, rh
conv

with Eq. ~A5!#, Figs. 4~c! and 4~d!;
~3! Lorentzian convolution of the state distribution wi

Landsberg broadening function@Gh with Eq. ~A8!, rh
conv

with Eq. ~A10!#, Figs. 4~e! and ~f!; and
~4! Constant broadening parameter@Gh5constant value,

rh
conv5rh

conv of Eq. ~A10!#, Figs. 4~g! and ~h!.
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For all of the cases, the electron broadening parameter
approximated to a zero value@Ge50, re

conv5re Eq. ~A2!#
due to the smaller conduction band filling effect, as will
discussed next. The calculated spectra were obtained
superposition of the NP maximum with phonon replic
TOSi–Si, transverse acoustic, TOSi–Ge, and TO1OG with the
relative intensitiesr i of 80%–90%, 10%, 7%–15%, 2%–3%
and phonon energiesEphon of 55–56 meV, 16 meV, 49 meV
and 112 meV, respectively.

Figure 4 shows that except for the zero broadening ca
the low-energy tail can be reasonably fitted for all broad
ing cases. Thus, the Lorentzian convolution gives a go
simulation of the logarithmic slope@Fig. 2~b!# with only one
parameterG. However, the Landsberg procedure with t
convolution applied to the carrier distribution gives a slo
slope tail also for the high-energy side, in addition to the t
given by the Fermi occupation function. This is observed
the high current curve in Fig. 4~c!. The additional Landsberg
tail at the high-energy side of the spectrum appears in
theoretical curves at all injection values. In Fig. 4~d!, the
Landsberg high-energy tail appears at a lower EL inten
than the experimental measurement range. Besides
qualitative discrepancy, the fitting parameterG0 in Eq. ~A8!
differs for the zero-temperature estimation of the Landsb
formula.31,14 For example, an estimation for the valen
Fermi level of 12 meV@at 20 mA, Fig. 4~d!# gives a value of
a G055.5 meV. From the fit, aG0 value, nearly independen
of the injection level, is obtained with a higher value@Figs.
4~c! and 4~d!# than the Landsberg estimation. At lower inje
tion levels, the tail is reduced by the decrease of the Fe

FIG. 4. Fitting curves~full lines! and experimental spectral EL~dotted lines!
at 80 K for two current values 150 mA@~a!, ~c!, ~e!, and~g!# and 20 mA@~b!,
~d!, ~f!, and ~h!#: ~a!, ~b! No broadening;~c!, ~d! Lorentz convolution of
carrier distributions with Landsberg functionG(E); ~e!, ~f! Lorentz convo-
lution of state distributions with Landsberg functionG(E); and ~g!, ~h!
Lorentz convolution of state distributions withG(E)5constant.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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level and the parameterG0 remains almost constant. Simila
results have been reported in Ref. 18.

The qualitative discrepancy can be removed by con
ering the effective carrier distribution given by Eq.~A10!
where the Fermi function is outside the convolution integ
@Figs. 2~e! and 2~f!#. This approximation corresponds to th
Lorentzian convolution of the density of state distributi
instead of a convolution of the carrier distribution functio
and some physical reasons for this approximation were
cussed in Sec. IV B.

This better fit of the experimental data with the Fer
function outside the convolution integral raises fundamen
question:~1! Is the low-energy tail controlled by the finit
lifetime of the final state of the EHP assembly or~2! by the
finite lifetime of the unielectron states due to the multip
interaction in the EHP system? The aforementioned res
suggest that for high injection levels, the broadening of
initial unielectronic states is more important for the low
energy tail of the light emission.

For a constantG value and a Lorentzian convolutio
applied to the density of states distribution@Eq. ~A10! and
G5constant], a good fit of the experimental curves is o
tained@Figs. 4~h! and 4~g!#. In this case, for lower injection
levels, the tails can be reduced by reducing theG value. This
approach has the advantage that the convolution in Eq.~A10!
has an analytic form for parabolic bands.

We can see that depending on the fitting procedure
plasma parameters change slightly for the same experime
curve, regarding, for example, the concentrationp and the
renormalized gapEg* @Fig. 4#. The fitting results using the
last procedure with a constant value forG, are shown in Figs.
5–7. To calculate the density of states distributionDe,h(e)
5nv

e,hA2mi
e,h(m'

e,h)2m0
3/2/p2\3e1/2, information on the band

structure is needed, i.e., the equivalent valley numbernv
e,h

and the effective masses inm0 units mi
e,h , m'

e,h .
In Si12xGex /Si epitaxial layers, the uniaxial stres

changes the electronic band structure by splitting the deg
erate bands.24 The heavy-hole band becomes the upper
lence band. Forx50.20, the layers are coherently straine
thus, the splitting energy between the heavy and light h
bands can be estimated to 40 meV.33 In addition, the accu-
mulation of holes in the upper valence band can increase
splitting of hole bands by affecting the mostly filled valley.34

The strain induces also splitting of the six equivalentD
minima of the Si-type conduction band. The minimum of t
conduction band in compressively strained SiGe consis
four equivalent valleys. The splitting energy is above
meV for x50.20 and even higher than for the valen
band.24 Therefore, we can consider for both bands the
proximation of only one band model with equivalent valle
nv

h51 and nv
e54. The heavy hole effective masses

strained SiGe were theoretically estimated in Ref. 35 fox
50.20: mi

h50.19 andm'
h 50.27. For the conduction band

the strain effect on the effective electron masses is ne
gible: mi

e50.916 andm'
e 50.19.24 Due to the higher numbe

of equivalent valleys and the higher effective mass prod
in the density of states expression, the quasi-Fermi leve
lower in the conduction band. This relatively reduced co
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duction band filling justifies the approximation used here
negligible tails for the conduction band.

The renormalized energy gap is obtained by EHP–
shape analysis for different samples at various temperat
and injection levels. The data are shown in Fig. 5~a! in com-
parison with the computed curve based on the Vashishta
Kalia formula, Eqs.~1! and ~2!. The values for the exciton

FIG. 5. Hole concentration dependencies of:~a! Renormalized band gapEg*
and~b! NP peak position relative toEg* . Points are fitting results for spectr
on samples and temperatures mentioned in the graphs~sample notation as in
Fig. 3!. The theoretical curve in~a! was computed with the Vashishta an
Kalia formula. The diode types: No. 1296c—100 diodes of area
324mm2; sample Nos. 696a, b, and c are diodes of an area o
31 mm2, 0.530.5 mm2, and 0.230.2 mm2.

FIG. 6. Temperature dependence of:~a! Renormalized band gap in compar
son with the optical band gap evaluated from the spectral photocurrent~see
Ref. 8!, and ~b! The maximum energies of NP peakENP from fit and the
experimental peak position of the total spectrum. The EHP band fil
results are for 10 mA and 100 mA.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Bohr radius of 4.83 nm and for Rydberg energy of 9.3 m
were taken from Ref. 36. The intrinsic gap valueEg

51007 meV was estimated forx50.20 using the analytica
expression given in Ref. 36.

The measurement temperature was in the range
16–80 K. The local temperature was found by the line sh
fit and differs by less than 20 K from the substrate tempe
ture, with a linear dependence on the applied electric pow
In Fig. 5~a!, the fitting data obtained from the EL spectra
sample No. 1296c are shown with full symbols, while t
open symbols are for several diodes of epitaxy No. 696~di-
odes with different areas!. The theoretical computation an
the points found by the shape analysis show a similar dep
dence of the renormalized gap on the plasma density.
experimental points are close to the computed curve,
centered in the upper side. A better knowledge of the int
sic material parameters, or a better procedure to simulate
tails may give a better agreement with the Vashishta
Kalia formula. The band-gap narrowing due to doping a
affects the results. Theoretical analysis of thep-type doping
in SiGe gives a band-gap reduction above 50 meV fox
50.20 andp51018 cm23 ~Ref. 37!. The data in Fig. 5~a!
show a lower renormalized gap for sample No. 1296 withn
doping of about 1018 cm23, comparatively to sample No
696 which has a lowern-type doping of 1016 cm23 ~see
Table I!.

Figure 5~b! shows the difference between the NP pe
energy and the renormalized gapENP2Eg* . This difference
increases at high injection levels, but, experimentally, onl
small shift of the NP peak position is observed@Fig. 3# due to
the compensation of the band filling by the reduction of
gap due to renormalization.

The renormalized gap decreases also by increasing
temperature as seen in Fig. 5~a! ~experimental points are a
20 K and 75 K for No. 1296!. The temperature dependen
of the renormalized gap was found by extending the sh
analysis at higher temperatures. In Fig. 6~a!, the temperature
dependence of the renormalized gap at low injection cur

FIG. 7. Current dependence of the hole concentration obtained from
analysis based on EHP band filling model. Sample No. 1296 hasdSiGe

5260 nm and sample No. 696 hasdSiGe560 nm. The dotted line corre
sponds to Auger recombination with the fitting parameters: Area55.76
31024 cm22; dSiGe5260 nm; andCAuger51.4310230 cm6 s21.
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is shown comparatively with the optical band gap obtain
by spectral photocurrent measurements.8 The expected de-
crease with temperature is indeed observed. The small di
ence observed between the renormalized gapEg* of EL ana-
lyzes and the optical gapEg obtained from photocurren
investigations can be explained by plasma effects which e
under EL conditions even at a low injection current, in co
trast with very low injection conditions of the spectral ph
tocurrent measurements.

The ENP increases relative to the renormalized ener
gap due to the thermal broadening of the distribution of
jected carriers. This increase ofENP may compensate for o
exceed the temperature decrease of the band gap. In
6~b!, ENP obtained from the fit has a slow dependence
temperature for 100 mA and shows a blueshift for sma
injection current 10 mA. However, due to the superposit
of the NP and TO maxima, the apparent experimental
peak has a valueEmax ~spectrum! which shows a fast redshif
with temperature. Therefore, for obtaining reliable data ab
the temperature dependence of the NP peak or the band
careful spectral-shape analysis must be done.

The dependence of the plasma concentration on cur
density can be used to find the dominant recombination p
cess. In Fig. 7, thep(J) data for the samples and temper
tures of Fig. 5 are shown. Sample No. 1296 shows a c
dominant Auger recombination with a dependencep;J1/3.
The straight line in Fig. 7 fits the EHP data well and corr
sponds to the total Auger coefficientCAuger5Ce1Ch51.4
310230 cm6 s21, close to the value found by the modelin
of the current dependence of the quantum efficiency8 and to
the values given in literature for Si and Ge.38

For our experiments, within the temperature range
16–80 K, the plasma density was found for most of t
measurements above 231017 cm23. In this experimental
range, the line shape of EL changes with the injection le
as expected for an uniform spatial EHP distribution. On
under certain experimental conditions, such as low temp
ture ~16 K! and low current density~large diode area and
small injection current,J,0.03mA/mm2), the shape re-
mains unchanged when the current changes. For th
curves, the fitting procedure gives a constant density
2 – 331017 cm23. This phenomena may be related to t
alloy or/and doping fluctuations.

In conclusion, the shape analysis of the EL of strain
SiGe has shown the dominance of EHP in the investiga
injection level and temperature ranges. Good agreement
the theoretical predictions was found.

V. CONCLUSIONS

The line shape analysis of EL spectra was used to st
the EHP in thick strained SiGe withx50.20. In the case of
thick layers, less influence on the EL spectra due to the
terface SiGe/Si regions is expected. The thickness of stra
SiGe layer was increased up to ten times the critical thi
ness for plastic relaxation by using selective epitaxial grow
of small square mesas of 20–200mm width.

For the shape analysis, a superposition of NP and p
non replicas was considered. The spectra including the l

he
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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and high-energy tails are well described with the band fill
model by the convolution of density of states distributi
with a Lorentz function. Different procedures to describe
tails, including Landsberg broadening, were analyzed. T
renormalized band gap in function of carrier concentrat
was obtained for different samples and compared with
theoretical prediction. The fitting points are close to the t
oretical curve obtained using the universal formula of Va
ishta and Kalia. The temperature dependence of the re
malized gap at low injection current and Aug
recombination constant obtained by line shape analysis a
well with results obtained by spectral photocurrent measu
ments performed on the same diodes.
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APPENDIX: SPECTRAL FUNCTION OF LIGHT
EMISSION IN ELECTRON–HOLE PLASMAS

The spectral dependence of the NP emission can be w
ten as:

CEL
NP~hn,Eg* !;E

0

`E
0

`

deedehM2re~ee!rh~eh!d~ee1eh

1Eg* 2hn!, ~A1!

with the carrier distribution functions:

re,h~e!5De,h~e! f ~e2eF
e,h!, ~A2!

whereDe(ee) andDh(eh) are the density of states for con
duction and valence bands; f (e2eF)5(11exp((e
2eF))/kT)21 is the Fermi function for energye and quasi-
Fermi leveleF ; Eg* is the renormalized gap; thed function
assures the energy conservation law. All energies are rela
to the bottom of the corresponding band. The matrix elem
M of the transition probability involving the initial state i
the conduction band and the final state in the valence ban
considered to be weakly dependent on the energies of
initial and final states and is taken outside of the integra
Eq. ~A1!. The broadening of the maxima due to alloy a
thermal fluctuations is neglected, parabolic bandsDe(e),
Dh(e);e1/2 are supposed in Eq.~A1!.

For the light emission with phonon participation, th
renormalized gapEg* in Eq. ~A1! must be replaced byEg*
2Ephonon

i , where Ephonon
i is the energy of the emitted

phonons ini-type phonon replica. The total emission is giv
by the superposition of NP and all phonon replicas:

CEL
total~hn!5(

i
r iCEL

NP~hn,Eg* 2Ephonon
i !, ~A3!

with r i the relative intensity phonon/NP emission.
The spatial neutrality condition must be also satisfied

an uniform EHP system:
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E
0

`

de@De~e! f ~e2eF
e !2Dh~e! f ~e2eF

h !#5Nd2Na ,

~A4!

with Nd andNa the donor and acceptor concentrations.
In the case of the broadening of the final state of

electron–hole recombination process in EHP~Landsberg
theory!, the electron and hole carrier distribution functio
re,h(e) must be replaced by the convolutions with a broa
ening functionL(e,G).

re,h
conv~e!5E

0

`

de8De,h~e8! f ~e82eF
e,h!

3L~e82e,Ge,h~e8!!, ~A5!

where G is the broadening parameter. Equation~A1! be-
comes

CEL
NP~hn,Eg* !;E

0

`E
0

`

deedehre
conv~ee!rh

conv~eh!

3d~ee1eh1Eg* 2hn!. ~A6!

For broadening of the electronic states due to the ene
uncertainty, the Lorentz distribution function:

L~e82e,Ge,h~e8!!5
1

p

Ge,h~e8!

~e82e!21@Ge,h~e8!#2 , ~A7!

can be used in Eq.~A5!. The broadening parameterGe,h(e)
obtained for carrier relaxation at 0 K by Auger effect31 has a
complicated form. A simplified polynomial one is usual
taken.14 This can be written in the equivalent form:

Ge,h~e!5G0
e,hF12

e

eF
e,hG2F120.229

e

eF
e,hG . ~A8!

Using Fourier transform procedures, the spectral dep
dence in Eq.~A6! can be transformed into:

CEL
NP~hn,Eg* !;E

0

`E
0

`

deedehre~ee!rh~eh!L~ee1eh

1Eg* 2hn,G~ee ,eh!!, ~A9!

whereG(ee ,eh)5Ge(ee)1Gh(eh) is the sum of broadening
parameters of the conduction and valence bands given by
~A8!. Equation~A9! shows that the Landsberg broadeni
corresponds also to the exchange of thed function in Eq.
~A1! by a Lorentz function.

In the case of the initial state broadening, the Fer
function appears outside the integral in Eq.~A5! and the
equivalent carrier distribution is

re,h
conv~e!5 f ~e2eF

e,h!E
0

`

de8De,h~e8!

3L~e82e,Ge,h~e8!!. ~A10!

For the simplified case of the constantG value, the con-
volution of the Lorentz function with the density of state
distribution @Eq. ~A10!# has an analytic form for paraboli
bandsDe,h;e1/2:
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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E
0

`

de8De,h~e8!L~e82e,G!

;
&

p

G

Ae* 2e
arctanAe* 1e

e* 2e
, ~A11!

with e* 5Ae21G2.
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