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Line shape analysis of electron—hole plasma electroluminescence
in fully strained SiGe epitaxial layers
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The electroluminescence pfi-n diodes with fully strained QigdGe) 00/ 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. 2@03 American Institute of Physics.
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I. INTRODUCTION At a high density of the injected carriers, the excitonic
system is transformed into an electron-hole plasitaP) by
The use of germanium in thick SiGe alloys, in SiGe/Sithe metal—insulator Mott transition. The exciton binding en-
quantum wells, and in self-assembled quantum dots is of @rgy is reduced to zero at the Mott transition density due to
great interest for integrated optoelectronfiddowever, light  the screening of the electron—hole Coulomb interaction in
emitters with reasonable quantum efficiency based on SiGge presence of many free carriers. The Mott critical density
were not yet realized, the main-obstacle. being .the indirect temperaturel can be estimated using the formulg
band gap characterlof this materlal..ln spite of 'th|s character, 1.4e/8weaZKT whereag is the Bohr radius of the exci-
no-phonon(NP) beside phonon-assisted transitions are oby,, ande the static dielectric constant. For Si, the estimated
served in photo- and electroluminescen@el) of SiGe Nwon Value for 80 K is about 19 cm™ 2. The aforementioned

single- and - multiple-quantum-well  layers at lowW .15 deduced in a Debye-kkel model is a good high-

—4 _ .
temperatures. The no-phonon transitions can appear duetemperature approximation experimentally verified for Si

to fluctuations of alloying, doping, and strain, as well as byand Ge above the liquid—gas critical temperatdr2 For a

guantum confinement. At room temperature, the efficienc L
L . . . “Jower temperature, an approximation based on the Thomas—
decreases by thermal activation of the injected carriers mtg . . .
ermi screening length can be writtésee, for example, Ref.

the surrounding Si. By improving the diode structure, EL13 B lex th based q h
near the optical communication wavelength of L& can ). . y a_ more complex t _eory ased on ran orrg-p "i“:’e ap-
Jproximation, an extrapolation at 0 Kyg=3X 10 cm

be obtained with SiGe diodes with an internal quantum effi _ &
ciency (QE) of QE,,,=0.1% 5 while for nominally pure Ge Can be estimated for St.
islands, the diodes emit neax=1.55um with QE, Below a critical temperature, the electron—hole system
=0.001%° The plastic relaxation of thick SiGe layers can N Si and Ge can be in a gas or liquid phase of excitons.
be avoided and a metastable strain state well above the crif2éPending on the concentration and temperature, the con-
cal thickness can be obtained by selective epitaxial growtifeénsation of excitons into electron—hole dropl€-Ds)
on small ared. takes placé? '8 The carrier density within the droplets de-
The optoelectronic properties and the QE of our SiGecreases by increasing the temperature, but remains much
diodes have been previously investigat®d!® To under- higher than the Mott critical value. For Si, the pair density
stand the EL spectra for the further improvement of the QEWithin droplets is 3.5 10'® cm™® at T=5K and decreases
the properties of the high-density electron—hole system io 1.2<10* cm ™3 at the critical temperature of 23 R:*°
thick fully strained Si gdGe&, o layers have been analyzed in For a uniform EHP, the plasma density and the shape of the
the present article in more detail. luminescence spectra change with carrier injection level,
while for EHD the carrier density and the spectrum shape
dAuthor to whom correspondence should be addressed; electronic mail€main almost constant \_N'th the. 'n!eCt|9n 'm?ns'ty’ only the
t.stoica@fz-juelich.de droplet volume and the light emission intensity change.
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TABLE I. Data of Si_,Ge, /Si LED structuregthe samples were ordered after the SiGe thickness; the buffer, and SiGe layer iaygeadoping.

Buffer Buffer Ge n-SiGe n-SiGe Spacer
Sample thickness doping content thickness doping thickness Top
No. (nm) (cm™®) X (nm) (cm™9) (nm) contact
1597 230 ~2x 10 0 0 e fee ZnoO
696 350 ~5x10' 0.20 60 ~1x10' 60 Al/Au
1296 260 810" 0.21 260 x 108 30 Al/Au
1687 580 8< 10 0.21 445 =104 24 ZnO

Due to the relative long lifetime of the carriers in high- nearly the same energetic positions for all of the samples:
quality SiGe layers, the carrier density is higher tingp; at  Enp=1005—1007 meV anli;o=954—955 meV. The EL of
a moderate injection level. For quantum well structures unpure Si diodes has a broad peak at 1078 meV at 50 K and the
der normal injection conditions, the carrier density exceedtensity remains almost constant up to room temperature. At
Mott density more easily, thus, the collective phenomena irhigher temperatures, the broad NP and TO peaks of SiGe are
the EHP have to be taken into accotht’ partially superposed and an additional contribution from Si
In this work, the uniform EHP in SiGe is studied by an can be observed. The Si contribution observed for SiGe di-
investigation of EL in SiGe fully strained epitaxial layers. odes increases with current injection and temperature and
The renormalized band gap of the EHP, dependent upon cadecreases with SiGe thicknessg,.’
rier concentration, was obtained by the line shape analysis of .
EL spectra and was compared with theoretical predictionsl- Band filling effect
The low-energy tail modeling gives information about the  The high injection under EHP conditions corresponds to

energy uncertainty of the unielectron states involved in rathe band filling effect, i.e., the quasi-Fermi level lies in the
diative recombination in the EHP system. band, at least for one of the bandia strained SiGe, the

valence band has a higher quasi-Fermi level relative to the
band—see the discussion in Sec. 1Y The band filling can
be observed experimentally by the effects on EL spectra
Diodes in the form of mesatsize 20-200um) were  (peak positionEype and peak width—Figs. 2 and,3as well
selectively grown by low-pressure chemical vapor depositioras by the effect on the temperature dependdacévation
at 700 °C with the layer sequence'np™: (1) n"-Si sub-  energy.® EL integral intensity decreases at higher tempera-
strate,(2) n*-Si buffer, (3) n-Si buffer, (4) n-Si;_,Ge, (X  tures due to the thermal activation of holes from the SiGe
=0.20-0.28, thickness: 70-450 hn{5) n-Si;_,Geg, (X  well into Si regions. The activation energy decreases by in-
=0.02; 20-60 nm and (6) boron-doped $i,Ge (X  creasing the injection current due to the shift of the quasi-
=0.02, thickness~100 nm. The ohmic front and bottom Fermi level relative to the bottom of the band.
contacts were evaporated Al/Aar ZnO) and AuSb, respec- In Figs. 4a) and 2b), the spectra are shown in logarith-
tively. Other deposition and diode fabrication details aremic scale for different injection currents and temperatures.
given in Refs. 9, 21, and 22. The samples investigated arghe NP and different phonon replicas of the SiGe EL can be
described in Table I. The EL spectra were measured using @bserved, as well the low and high-energy tails. For energies
Fourier transform spectrometé@|O RAD FTS40. The dop-

Il. EXPERIMENTAL DETAILS

ing profile was obtained from secondary ion mass spectros- 120 > NP
copy (SIMS) measurements and the thickness of SiGe and J .~60Acm ‘
Ge concentration from Rutherford backscattering spectros- 100 dsi;Gdzs.
copy (RBS datg. SIMS depth proﬂles were performed using < #1687: 50K
a quadrupole instrumenAtomika 4000. RBS data were 3 g0
obtained using a 1.7 MV Tandetron accelerator. 8 #696;80K
§ s0.| #1296: 50K
I1l. EXPERIMENTAL DATA 5 7
Q
A. Electroluminescence spectra g 40
EL spectra of fully strained diodes have been measured g #?;gi?o‘gg:}(
in the temperature range of 16—-300 K. At a given tempera- € 204 ’
ture, the shape and peak energies of the spectra depend on I
the injection level. Therefore, in order to compare the spectra j
of different diodes, similar injection conditions must exist. 1 , , , ,
Spectra of different samples are shown in Fig. 1 for a current 700 800 900 1000 1100 1200
density of~60 Acm 2 and a temperature range of 50—80 K, energy (meV)

in comparison with the EL of pure Si diodes. The SiGe di- . . L

. . . FIG. 1. Comparison of low temperature EL spectra of light-emitting diodes
odes have_5|mllar behavior with yvell resolvg(_j NP and transyitn si (No. 1597 and SiGH dgae=60, 260, and 445 nm of samples Nos.
versal optical (TO) phonon-assisted transitions peaks at696 (see Ref. 28 1296, and 168
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2. Influence of doping

At a low temperature, a doped buffer is observed to have
only a slight influence on the spectra. This is due to the fact
that recombination takes place only in SiGe, i.e., far away
from the buffer/substrate interface. Similar spectra can be
seen in Fig. 1 for samples with or without doping of the
bottom part of the buffer layer. However, there are qualita-
tive differences between the two diode types regarding the
current injection dependency of the NP and TO peak posi-
tions. For a better comparison, the volume current density
dependence was used, {—volume current density defined
as the ratio of injection current to SiGe volumEigures 3a)
and 3b) show, at low temperatures, the dependencies
Enp(Jyo) for samples No. 1296with a doped bufferand for
No. 696 (without a doped buffer respectively(see Table)l
Sample No. 1296 shows a monotonic increasggf at both
temperatures of 25 K and 75 K. For sample No. 68 is
nearly constant at 16—20 K and decreases Jjthat 80 K.

EL intensity (a.u.)

700 800 900 1000 1100 1200
energy (meV)

FIG. 2. Strained-SiGe EL spectra on logarithmic scéh:Spectra for dif- The qualitative difference between the behavior of the peak
ferent current values, at 25 Kb) spectra for different temperatures, at 50

mA,; (c) spectra of figure(a) but normalized to obtain a tangent-curves pOS_Itlon Enp _Wlth Curren_t can be explalrjed by_ the different
family (inset: The current dependence of the peak width—full width at half residual doping of the SiGe layer. We will see in Sec. IV that
maximun). the interpretation of the line shape and peak position is a
matter of the analysis of the radiative recombination in an
EHP system. Here, many factors such as band structure, in-
above 1070 meV, the Si emission is also observed at highgection level, temperature, and doping were taken into ac-
currents or temperatures. FigurécRshows the curves of count. The narrowing of the band gap by collective interac-
Fig. 2(a) but shifted on the logarithmic scale to obtain tan-tion (band-gap renormalization compensates for the
gent of curves on the low-energy side of the maxima. Theblueshift of Eyp due to the band filling effect. The gap nar-
width of the maxima clearly increases with currgsge, also, rowing given by doping must be added to the gap narrowing
the inset of the Fig. @)], therefore, the band filling model is of the EHP effect. The residual doping 6f10'® cm™2 in
suggested to be suitable for the shape analysis. SiGe of sample No. 1296 results in a significant band-gap
However, while the peak width is always increasing with narrowing and the additional EHP may have less of an influ-
the current due to the band filling effect, the shift of the peakence on the band-gap renormalization. In this case, the band
position to a higher energy can be compensated for by théilling effect might be higher than the EHP-induced band-gap
decrease of the renormalized gHfig. 3@); see also Sec. narrowing and the peak position makes a blueshift with in-
IVC]. jection.
In the next sections, the interpretation of the EL spectra
will be given on the basis of the EHP model.

10104 (@
10004 IV. LINE SHAPE ANALYSIS
> dgg,=260nm . A. Electron—hole plasma in SiGe strained layers
E 090 #1296 - 100x24x24 mm
c +§g§ The critical temperature for the liquid—gas transition of
:% 980 Jreer . . the excitonic system in Si decreases under an external ap-
g 0.1 1 10 plied stress. The band structure is modified under stress, i.e.,
< 1010 (P, 80K d,._.=60nm the number of subbands and equivalent minima which are
e essentially occupied by the injected carriers changes by
% 1000 16'20"_._#696 . s :~1er< changing the stress type. Strained,_SGe /Si(001) has
e 4096 1t . 16K four equivalent minima in the conduction band. For the va-
990 —v— 696 - 0.2x0.2 mm’ 20K lence band, the heavy hole band has the highest efiergy.
T #095-0.5x05 m ; 80K The same type of band structure is for Si under uniaxial
080 #696 - 1x1 mm’; 80K

volume current density (mA mm®)

FIG. 3. NP peak positio& \p versus volume current densily,, for samples
with (a) and without(b) doping of the bottom part of the buffer layer. Full found 6
symbols are for lower temperatures 16—25 K and open symbols for higher ’

04 1

10

(110 compressive of001]) tensile stress, i.e., four equivalent
minima in the conduction band and one maximum in the
valence band. For Si under uniax{alL0) compressive stress,
a reduction of the critical temperature from 23 K to 16 K was
The critical temperature for liquid—gas transition in

temperatures 75—80 K. Sample No. 1296 consists of an array of 100 dioddg€ IS €ven lower, about 7 K.Therefore, we can expect the

of an area 2424 um?. Sample No. 696 is single diodes.

critical temperature in SiGe strained layers to be reduced by
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strain and also by the addition of Ge. Thus, our experimentahe case of moderate injection level and higher temperature,
data in the range of 20—80 K should correspond to an uniwhen the shape of the emission spectra depends only on
form spatial distribution of the EHP. temperature and not on the injection level.

In the EHP system, the collective interaction makes three At a high injection level and low temperature, the EHP
contributions to the electron—hole energy of an uniparticlecorresponds to the degenerate condition, at least for one
description: exchange, correlation and Hartree enefdies.  band. The shape of the emission peak depends on the band
three-dimensional(3D) systems, the Hartree energies of filling (carrier injection level and temperature. In this case,
holes and electrons compensate for each other due to thw fitting the computed spectral shaffggs. (A1)—(A4)] to
local neutrality, in contrast to low-dimensional systems.  the experimental curves, the values of the plasma density, the

There are extensive theoretical studies devoted to thipcal temperature, and renormalized band gap can be evalu-
calculation of the exchange and correlation energies for a 3@ted.

EHP. Vashishta and Kaftd have published an “universal” The high-energy tail of the emission spectra can be well
formula for the sum of the exchange and correlation energylescribed with Eq(A1) by assuming thermal activation of
Eex: the carriers above the quasi-Fermi levels. However, the ex-
atbr perimentally observedail at the low-energy sid¢Fig. 2]
E. — S RV (1) cannot be explained by this equation. Equatiaf) is based
& octdrgtrg Y on the assumption of parabolic banBs(e)~ €% without

broadening of the electronic levels.
The low-energy tail of the emission spectra can be re-
produced by replacing thédistribution function in Eq(A1)

wherer=[3/(4main)]? is a normalized interparticle dis-
tance with densityn of electron—hole pairs and Ryis the

Rydberg energy. The material-independent constantsaare with a broad function such as Gauss or Lorentz functions, or

= —4.8316,b=—5.0879,c=0.0152, andd=3.0426. With  , yisy/jpy tion function based on coslix).?’ The Gauss func-
tthIiiggag:r? dfgoa:ptrfar?ﬁ;hsv?igt]tee_r??rrelanon energy, the reNOkon is appropriate for statistical fluctuatiofalloy, doping,
’ and/or thermal fluctuationsThe Lorentz function is used to
9 describe the uncertainty of energy levels due to a short life-
Ey=Eg+ %(nEex), (2)  time. The cosh(x) has no physical meaning but can de-
scribe the experimentally observed exponential tails. An ex-
where Eg is the intrinsic gap. The Vashishta and Kalia for- ponential tail of the band state distribution was also used to
mula was shown to be applicable to a number of nonpolaglescribe the disorder effect and to explain the low-energy
semiconductor&’-18 tails of the emission spectfa.

Phenomena, like partial Auger recombination or plas-
mon interaction, may lead to low-energy tails of the
spectre®3Y Landsberg pointed out that the final state of a
recombination process has a strong lifetime broadening in a

Besides the NP peak, the highest contribution of thedegenerate electron g#sThe carrier, which recombines ra-
phonon-assisted emission is from the TO replica. In the unidiatively, leaves a hole below the Fermi level and this ex-
particle description of the EHP interacting multiparticle sys-cited state of the electron and hole ensemble has a short
tem, the electrons and holes are distributed on electronilifetime. It results in a broadening of the energy levels of the
states in conduction and valence bands. The thermal relaxarriers involved in the recombination process. The broaden-
ation of the carriers within the bands is a fast phenomenoing function is Lorentz type which gives the probability of
and the energetic distribution of carriers can be described blgaving an effective photon energy different from the differ-
the Fermi function with quasi-Fermi levels: and eE for  ence of the energies of the uniparticle initial states of the
electrons and holes, respectively. As can be seen by numeriecombining the electron and hole. In this case, the electron
cal simulation of the carrier injection in SiGe dioddsr and hole carrier distribution functions, n(e) must be re-
high injection levels and for g;.= 70—400 nm, the carriers placed by the convolutions of the carrier distribution with the
have a quasi-uniform distribution and the quasi-neutrality id.orentz function Eq. (A5)] and the EL spectra are computed
satisfied in the SiGe region. Under these conditions, the rawith Eq. (A6). The broadening parametét, ,(¢) of the
diative band-to-band recombination at a given endrgyof ~ Landsberg theory may be described by the simplified Eq.
the emitted photon is an integral over the carrier density inA8).
the valence and conduction bands. The theoretical approach A good agreement of the Landsberg broadening theory
of the EL spectra of EHP is given in Appendix A. with experimental data was reported by Martin and

The total emission is given by superposition of the NPStarmer* and by Schmitf for EHP in Ge and Si, respec-
spectrum and all-phonon replicas with different ratiostively. In comparison to the no-broadening approach, some
phonon/NP of the light emissian [Eq. (A3)]. The computed changes of the plasma parameters were obtained by consid-
spectra depend on a renormalized energy gap, quasi-Fermiing the Landsberg broadening. However, disagreement of
levels, local temperature, and band distribution densities. the Landsberg broadening with the experiments was re-

For the nondegenerate case, the quasi-Fermi levels are ported, tog:"18:32
the energy gap and the occupation probability of the band  Another broadening of the spectra can occur due to the
states is well described by the Boltzmann distribution. This isuncertainty of the initial electron and hole states of the uni-

B. Electron—hole plasma line shape model
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particle approximation in Eq$Al) and(A6). The lifetime of - 150mA T=80K
the uniparticle states may be very short due to the multipar- - without broademng'= 20mA
ticle interaction in the dense EHP. In the case of the initial '] (a) 1 ()

state broadening, the Fermi function is taken out of the con- 10"
volution integral in Eq.(A5). For a real case, energy broad-
ening for both initial and final states has to be considered.

10™

10'2 siaooike

Lorentz convolution of the carrier distribution,
G(E) = Landstﬂ:erg function
10

(d)

C. Results of line shape analysis of

electroluminescence spectra 10"

. 10'2' e N
Lorentz convolution of the state distribution,
G(E) = Landsberg function

10° f)
10™
4o hizia

Lorentz convolution of the state distribution,

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

EL intensity / maximum value
3

Figure 2a) shows curves at 25 K for various current G(E) = G, = constant
values. The tails of the spectral maxima are put into evidence 1o’ (@) 10
in logarithmic scale. The main contribution to the spectrum 10 10"
is given by the NP and TO maxima of the SiGe layer. On the 102 o b .
high-energy side, the decreasing slope depends on tempera- 800 900 1000 1100 '° 800 900 1000 1100
ture in agreement with the thermal activation of the carriers energy (meV) energy (mev)

to higher-energetic levels. At_ I_OW in_jeCtion Currents’_ a ShOUI'FIG. 4. Fitting curvesfull lines) and experimental spectral Etotted line$
der due to the T@ Oy transitions is observed. This small at 80 K for two current values 150 ma), (c), (€), and(g)] and 20 mA{(b),
contribution is dominated by the low-energy tail at higher(d). (f), and (h)]: (a), (b) No broadeningi(c), (d) Lorentz convolution of
_ A arrier distributions with Landsberg functidi(E); (e), (f) Lorentz convo-
gurren(tj Vatlues' The s{hap? of thetlow en%rgy taltl) Isdweal.(g}l:ut'on of state distributions with Landsberg functidi(E); and (g), (h)
ependent on ‘?U”e” Qr empera uref and can be desCribegien; convolution of state distributions with( E) = constant.
by an exponential functior expE/Ep) with Ey energy of 42
meV and 13 me\[Fig. 2(b)].
The exponential tails on the low-energy side suggest &
ossible explanation based on exponential localized tails of .
P P b . ipproximated to a zero valyd’e=0, p"=p, Eq. (A2)]
the conduction or valence bands. The exponential band talg . ‘e ;
ue to the smaller conduction band filling effect, as will be

are common for disordered materials, and the argument fOcﬁiscussed next. The calculated spectra were obtained by a
disorder in SiGe is the existence of alloying fluctuations. By ' P y

superposition of the NP maximum with phonon replicas

supposing exponential band tails, we have obtained reIaT : .
. i Osgi_g;, transverse acoustic, EQge, and TO+ Or with the
tively good fit for some of the EL spectra. However, therelative intensities; of 80%-90%, 10%, 7%—15%, 2%—3%,

localized tail model disagrees qualitatively with the experi- .
mental data: The low-energy tails of the EL in this modeland phonon energldéphon of 55-56 meV, 16 meV, 49 meV,
T . nd 112 meV, respectively.

must decrease with injection current. What we observe is tha . .

. . . - Figure 4 shows that except for the zero broadening case,
by increasing the current, the experimental curves in Fig . :

L . . the low-energy tail can be reasonably fitted for all broaden-

2(a) show a slight increase of the low-energy tail relative to.

the spectral maximum. Therefore, we are forced to conclugd!¥ Cases. Thus, the Lorentzian convolution gives a good

that the low-energy tail of the EL spectra is caused by othe?'mm"Jltlon of the logarithmic slopi-ig. 2b)] with only one

phenomena. These can be Landsberg broadening or plasm rametgrl". Hovyever, the Laqubgrg_prqcedu_re with the
multiphonon replica. convolution applied to the carrier distribution gives a slow

In order to find out the appropriate fitting to the low- slope tail also for the high-energy side, in addition to the tail

energy tails, we performed for two current values, four fit_given by the Fermi occupation function. This is observed for

tings with different formulas for the broadening parameterth.e high current curve in .F'g'(é)' The additional Landsbgrg
. C - tail at the high-energy side of the spectrum appears in the
and the carrier distribution function: . S i
theoretical curves at all injection values. In Figdy the
conv__

(1) Zero broadening parametgl’,=0, py, pn, EQ.  Landsberg high-energy tail appears at a lower EL intensity

or all of the cases, the electron broadening parameter was

(A2)], Figs. 4a) and 4b); than the experimental measurement range. Besides this

(2) Lorentzian convolution of the carrier distribution with qualitative discrepancy, the fitting paramelgy in Eq. (A8)
Landsberg broadening functigi',, with Eq. (A8), pi>™  differs for the zero-temperature estimation of the Landsberg
with Eq. (A5)], Figs. 4c) and 4d); formula®t!* For example, an estimation for the valence

(3) Lorentzian convolution of the state distribution with Fermi level of 12 me\fat 20 mA, Fig. 4d)] gives a value of
Landsberg broadening functi¢i'y, with Eq. (A8), pr°™  al'(=5.5 meV. From the fit, &', value, nearly independent
with Eq. (A10)], Figs. 4e) and (f); and of the injection level, is obtained with a higher valjfégs.

(4) Constant broadening parametgl,,=constant value, 4(c) and 4d)] than the Landsberg estimation. At lower injec-
pro™=pr?™ of Eq. (A10)], Figs. 4g) and (h). tion levels, the tail is reduced by the decrease of the Fermi
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level and the parametér, remains almost constant. Similar 1010 @ & #2960, 25K
results have been reported in Ref. 18. ool s e o
The qualitative discrepancy can be removed by consid- Bop o S :ggg;}gﬁ
ering the effective carrier distribution given by EG\10) < 990 o 7 #6960 80K
where the Fermi function is outside the convolution integral E PR
[Figs. 2e) and Zf)]. This approximation corresponds to the w5801
Lorentzian convolution of the density of state distribution 9704
instead of a convolution of the carrier distribution function,
and some physical reasons for this approximation were dis- 960
cussed in Sec. IVB. 30]®) T
This better fit of the experimental data with the Fermi 3
function outside the convolution integral raises fundamental e
question:(1) Is the low-energy tail controlled by the finite 5 207 t:"o
lifetime of the final state of the EHP assembly(&y by the g v Q:& o nases, 20k
finite lifetime of the unielectron states due to the multiple ‘w” 10] + %o v #1296¢, 75K
interaction in the EHP system? The aforementioned results L& o o rooen oK
suggest that for high injection levels, the broadening of the L 3 gggg:gz
initial unielectronic states is more important for the low- ‘:ow 07 10
energy tail of the light emission. plem®)

For a constanf” value and a Lorentzian convolution
applied to the density of states distributi{iﬁq. (A10) and FIG. 5. Hole conceqtration dgpend*encieg(a)‘:Renqrmalized band gabg
I'=constant] & good fit of the experimental curves s ob-jye L7 PEXEomtor ate B Pont e ung oo o peces
tained[Figs. 4h) and 4g)]. In this case, for lower injection Fig. 3. The theoretical curve ifia) was computed with the Vashishta and
levels, the tails can be reduced by reducinglfh_ealqe. This Kazlijl EgmtgghrgeNcggd% gtggest; ’:1?1& 1029&161:;—;23e;iiocﬂezmofa rz;eaofzi
approach has.the advantage tha’F the convolution i) il m#mz, 0.0 0?5 ity 0 0.2¢0.2 M.
has an analytic form for parabolic bands.

We can see that depending on the fitting procedure the
plasma parameters change slightly for the same experimentaliction band filling justifies the approximation used here of
curve, regarding, for example, the concentratmand the negligible tails for the conduction band.
renormalized gafEy [Fig. 4]. The fitting results using the The renormalized energy gap is obtained by EHP—EL
last procedure with a constant value fgrare shown in Figs. shape analysis for different samples at various temperatures
5-7. To calculate the density of states distributg,(e) and injection levels. The data are shown in Fi@)%n com-
:ngvh,/zmﬁﬁ(mﬁﬁ)ng/?/WZh%l/Z, information on the band parison with the computed curve based on the Vashishta and
structure is needed, i.e., the equivalent valley numifél  Kalia formula, Eqs(1) and (2). The values for the exciton
and the effective masses iny unitsmg", m®".

In Si;_,Ge/Si epitaxial layers, the uniaxial stress
changes the electronic band structure by splitting the degen- (@) #1296
erate bandé* The heavy-hole band becomes the upper va- 1000 strained SiGe 20%
lence band. Fox=0.20, the layers are coherently strained,
thus, the splitting energy between the heavy and light hole
bands can be estimated to 40 m&\n addition, the accu-
mulation of holes in the upper valence band can increase the EL - 10mA \
splitting of hole bands by affecting the mostly filled valiéy.
The strain induces also splitting of the six equivalént

from photocurrent

.

E (meV)
/ .

V

,,/[

950

minima of the Si-type conduction band. The minimum of the (b) #1296
conduction band in compressively strained SiGe consist of 1010 ‘\-\1.@,%\/

four equivalent valleys. The splitting energy is above 40 lofﬂd—‘\\E
meV for x=0.20 and even higher than for the valence — (from fit
band?* Therefore, we can consider for both bands the ap- D 1000]  100MA

proximation of only one band model with equivalent valleys % m:x A

n"=1 and n®=4. The heavy hole effective masses in w” spectrum N
strained SiGe were theoretically estimated in Ref. 35xfor 990 S ——
=0.20: m!=0.19 andm! =0.27. For the conduction band, oo JI'S(OK)ZOO 260 300

the strain effect on the effective electron masses is negli-

gible: mﬁ‘: 0.916 andﬂi =0.19%* Due to the higher number FIG. 6. Temperature dependence (@j: Renormalized band gap in compari-

; ; ; on with the optical band gap evaluated from the spectral photocysest
of equivalent valleys and the higher effective mass producaef_ 8, and (b;’The maxirgurpn anorgics of NP peﬁi,p frompﬁt ané‘ the

in the _densny of stat_es expression, the qua5|-Ferm| level I8xperimental peak position of the total spectrum. The EHP band filling
lower in the conduction band. This relatively reduced con-results are for 10 mA and 100 mA.
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Auger recomb. g - is shown comparatively with the optical band gap obtained
P by spectral photocurrent measureméntthe expected de-
oot g crease with temperature is indeed observed. The small differ-
\ ence observed between the renormalized Egpf EL ana-
10" lyzes and the optical gaf, obtained from photocurrent
' investigations can be explained by plasma effects which exist
_ under EL conditions even at a low injection current, in con-
QE —e— #1296¢, 25K trast with very low injection conditions of the spectral pho-
= :zgggg o tocurrent measurements.
—o— #6969, 16K The Epp increases relative to the renormalized energy
A gap due to the thermal broadening of the distribution of in-
10" o #696c, 20K jected carriers. This increase Bf, may compensate for or
0.01 0.1 1 exceed the temperature decrease of the band gap. In Fig.
current density (mA mm) 6(b), Enp Obtained from the fit has a slow dependence on

Fle 7. C ‘d J t the hol ration obtained thtemperature for 100 mA and shows a blueshift for smaller

analysis e o p;gpegzidof””:g ;sdgfn;‘;?nﬁ;oa o 100 dgg‘;m fnjection current 10 mA. However, due to the superposition

=260 nm and sample No. 696 has,c.=60 nm. The dotted line corre- Of the NP and TO maxima, the apparent experimental NP

sponds to Auger recombination with the fitting parameters: A'®&6  peak has a valug,,,, (spectrum which shows a fast redshift

X10~* em?; dsige=260 NM; andCpge~1.4x 107 cmPs™%. with temperature. Therefore, for obtaining reliable data about
the temperature dependence of the NP peak or the band gap,
careful spectral-shape analysis must be done.

Bohr radius of 4.83 nm and for Rydberg energy of 9.3 meV The dependence of the plasma concentration on current
were taken from Ref. 36. The intrinsic gap valig, density can be used to find the dominant recombination pro-

—1007 meV was estimated for=0.20 using the analytical €€sS- In Fig. 7, the(J) data for the samples and tempera-
expression given in Ref. 36. tures of Fig. 5 are shown. Sample No. 1296 shows a clear

The measurement temperature was in the range dfominant Auger recombination with a dependepeel'.

16—80 K. The local temperature was found by the line shapd € straight line in Fig. 7 fits the EHP data well and corre-
fit and differs by less than 20 K from the substrate tempera-Sponfj?% to é[h(fltotal Auger coeffiCiely ge~ Ce+Cp=1.4
ture, with a linear dependence on the applied electric power< 10~ ¢cm’s %, close to the value found by the modeling
In Fig. 5(a), the fitting data obtained from the EL spectra of ©f the current dependence of the quantum efficiérnyd to
sample No. 1296¢ are shown with full symbols, while theth® values given in literature for Si and Ce.

open symbols are for several diodes of epitaxy No. G#6 For our experiments, W|_th|n the temperature range of
odes with different areasThe theoretical computation and 16-80 K, the plasma den75|ty YV;*S foun_d for most of the
the points found by the shape analysis show a similar deperl€asurements abovex20™ cm . In this experimental
dence of the renormalized gap on the plasma density. THE&N9€, the line shape of EL changes with the injection level

experimental points are close to the computed curve, bu@S expected for an uniform spatial EHP distribution. Only

centered in the upper side. A better knowledge of the intrinunder certain experimental conditions, such as low tempera-

sic material parameters, or a better procedure to simulate tH'® (16 K) and low current densﬂjlargze diode area and
tails may give a better agreement with the Vashishta angMall injection current,J<0.03uA/um?), the shape re-
Kalia formula. The band-gap narrowing due to doping alsgh@ns unchanged when the current changes. For these
affects the results. Theoretical analysis of fhype doping ~ CUrVes, ”;e f|Et3|ng procedure gives a constant density of
in SiGe gives a band-gap reduction above 50 meVxor 2~3X 10" cm - This phenomena may be related to the
=0.20 andp=10'8 cm 3 (Ref. 37. The data in Fig. &) alloy or/and doping fluctuations.

show a lower renormalized gap for sample No. 1296 with a In conclusion, the shape analysis of the EL of strained
doping of about 18 cm 3, comparatively to sample No. SiGe has shown the dominance of EHP in the investigated

696 which has a lowen-type doping of 16f cm 2 (see injection level and temperature ranges. Good agreement with
Table |). the theoretical predictions was found.
Figure 3b) shows the difference between the NP peak
: % o
energy and thg re_n(_)rm_allzed g&Rp—Ejy - Th_|s difference V. CONCLUSIONS
increases at high injection levels, but, experimentally, only a

small shift of the NP peak position is obsenjéidlg. 3] due to The line shape analysis of EL spectra was used to study
the compensation of the band filling by the reduction of thethe EHP in thick strained SiGe witk=0.20. In the case of
gap due to renormalization. thick layers, less influence on the EL spectra due to the in-

The renormalized gap decreases also by increasing thterface SiGe/Si regions is expected. The thickness of strained
temperature as seen in Figab (experimental points are at SiGe layer was increased up to ten times the critical thick-
20 K and 75 K for No. 1296 The temperature dependence ness for plastic relaxation by using selective epitaxial growth
of the renormalized gap was found by extending the shapef small square mesas of 20—2@@n width.
analysis at higher temperatures. In Figa)6the temperature For the shape analysis, a superposition of NP and pho-
dependence of the renormalized gap at low injection currenton replicas was considered. The spectra including the low-
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and high-energy tails are well described with the band filling % . N

model by the convolution of density of states distribution fo de[De(e)f(e—€p) —Dp(€)f(e—ep)]=Ng—Na,

with a Lorentz function. Different procedures to describe the (A%)
tails, including Landsberg broadening, were analyzed. The

renormalized band gap in function of carrier concentratiorwith Ny andN, the donor and acceptor concentrations.
was obtained for different samples and compared with the In the case of the broadening of the final state of the
theoretical prediction. The fitting points are close to the the€lectron—hole recombination process in EkiRandsberg
oretical curve obtained using the universal formula of vashtheory), the electron and hole carrier distribution functions
ishta and Kalia. The temperature dependence of the renopen(€) must be replaced by the convolutions with a broad-
malized gap at low injection current and Auger ening functionL(e,I).

recombination constant obtained by line shape analysis agree -

well with results obtained by spectral photocurrent measure- pgﬂ?"( e)zf de'Den(e)f(e — egh)

ments performed on the same diodes. 0

XL(€e' —eTen(e"), (A5)
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APPENDIX: SPECTRAL FUNCTION OF LIGHT For broadening of the electronic states due to the energy
EMISSION N ELECTRON—HOLE PLASMAS uncertainty, the Lorentz distribution function:
The spectral dependence of the NP emission can be writ- | (¢’ — ¢ I',,(¢'))= L . l;e'h(é ) —, (A
ten as: ’ m (€ —€)*+[Tegp(e’)]

- . w (oo ) can be used in EqA5). The broadening parametEy, ,(€)
Ve (hv,Eg)~ fo JO decdenM“pe(€e)pn(en) S(€et€n  optained for carrier relaxatiort @ K by Auger effect! has a
complicated form. A simplified polynomial one is usually

+E} —hv), (A1) taken This can be written in the equivalent form:
with the carrier distribution functions: I ()T h{l € 1-0.22 € (A8)
ehl€)=1g" | 1= ~cn —0.229¢7|.
pen(€)=Den(e)f(e— e, (A2) € €
whereD.(e.) andD(e,) are the density of states for con- Using Fourier transform procedures, the spectral depen-

duction and valence bands;f(e—ef)=(1+exp( dence in Eq(A6) can be transformed into:
—¢))/kT) ! is the Fermi function for energy and quasi- o
Fermi leveleg; E; is the renormalized gap; th&function q;E‘LP(h,,,Ea)Nf f dedenpe(€e) prl€n)L (€t €n
assures the energy conservation law. All energies are relative 0Jo
to the bottom of the corresponding band. The matrix element *
M of the transition probability involving the initial state in +Eg —hv.T(ee,€n)), (A9)
the conduction band and the final state in the valence band igherel' (e, ,€,) =T o(€e) + ' (€p,) is the sum of broadening
considered to be weakly dependent on the energies of thearameters of the conduction and valence bands given by Eq.
initial and final states and is taken outside of the integral inNA8). Equation(A9) shows that the Landsberg broadening
Eg. (A1). The broadening of the maxima due to alloy andcorresponds also to the exchange of théunction in Eq.
thermal fluctuations is neglected, parabolic bamige), (A1) by a Lorentz function.
Dp(€)~ Y2 are supposed in EGAL). In the case of the initial state broadening, the Fermi
For the light emission with phonon participation, the function appears outside the integral in E&5) and the
renormalized gafEy in Eq. (A1) must be replaced b equivalent carrier distribution is
phononw Where Epono is the energy of the emitted
phonons in-type phonon replica. The total emission is given PN e)=TF(e— €@ )f de'Dgp(€’)
by the superposition of NP and all phonon replicas: &

\I,tEOEa|(h ) E \PEIE hV E* iphonor)u (A3) XL(G G,Fe’h(f )) (Alo)
For the simplified case of the constdhwalue, the con-
with r; the relative intensity phonon/NP emission. volution of the Lorentz function with the density of states
The spatial neutrality condition must be also satisfied indistribution [Eq. (A10)] has an analytic form for parabolic
an uniform EHP system: bandsDg ,~ '/
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