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The photo- and electro-luminescence of strained Si; —.Ge,/Si heterostructures on Si(100) substrates from 77 K
to 300 K has been investigated both experimentally and by quantitative modelling. The key experimental features
are very broad linewidths and an exponential drop in the luminescence at high temperatures, with a larger Ge frac-
tion corresponding to a higher temperature before the drop begins. These phenomena were accurately explained
by an electron-hole plasma from high carrier densities in the quantum well and by an excessively low effective life-

time in the silicon cladding region.
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1. Introduction

Low temperature ( <20 K) photo-luminescence (PL)

of band-edge excitons in strained Si,-.Ge./Si hetero-
structures on Si(100) substrates has now been studied
by many groups.'”¥ Future light-emitting devices in
this material system will require an understanding of
the luminescence at higher temperatures. In this
paper, the photo- and electroluminescence (EL) of
these structures has been investigated at temperatures
up to 300 K. Models are presented to explain both the
shape of the PL spectra at high temperatures and also
the temperature dependence of the magnitude of the lu-
minescence.
"All samples used in this study were grown by rapid
thermal chemical vapor deposition'” on silicon (100)
substrates using dichlorosilane and germane as source
gases in a hydrogen carrier. The silicon layers were
grown at 700°C and the Si,-.Ge; layers at 625°C, Fur-
ther growth details are in ref. 13.

2. Experimental Results

Low temperature (2-4 K) photoluminescence from
Si;-.Ge. layers in strained Si,—.Ge./Si heterostruc-
tures on Si(100) substrates has several characteristic
features."™ At these temperatures the luminescence is
typically due to excitons bound to shallow impurities
(Fig. 1). The characteristic features include a three-
fold splitting of the transverse optical (TO) phonon
replica due to the different 5i-Si, Si-Ge, and Ge-Ge
nearest neighbors, and a no-phonon (NP) recombina-
tion line which is mediated primarily by the alloy
randomness and which persists to higher temperatures
(>20 K) when the excitons are no longer localized. At
2 K, the linewidth of the NP line is typically on the
order of 3-7 meV.

From 2 K to 77 K, there is little absolute change in
the PL intensity, but there is a substantial broadening
of the spectra, so that the three TO replicas are no lon-
ger distinguishable (Fig. 1). The NP peak is still clearly
visible, however. In Fig. 2, the luminescence spectra

for single z=0.2 and z=0.35 Si;-.Ge./Si quantum
wells are shown for various temperatures above 77 K.
The pump was a multimode green Ar”* laser with a pow-
er density of ~10 W/cm®. There are two key features
to note. First, the linewidths increase rapidly at high
temperature. For example, while the linewidth
(FWHM) of the SiGe NP line in the z=0.2 sample is
~bmeV at 2K, it is ~27 meV at 77 K, and the NP
peak is barely resolvable from the TO replica by 140 K.
Second, the luminescence intensity decreases sharply
at high temperatures, with PL from the z=0.35 sample
persisting to higher temperatures than that for z=0.2.
These two features will both be explained by quantita-
tive modelling in the next two sections.

3. Electron-Hole-Plasma Effects

At temperatures sufficient to release excitons from
the shallow impurity trapping sites ( >20 K), free exci-
ton luminescence should classically exhibit an E Ve =547
lineshape. However, at 77 K and higher temperatures a
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Fig. 1. 2K and 77 K photoluminescence of ten isolated 3-nm 51/
strained SiyGey /51 quantum wells {ref, 12).
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.Fig. 2. Photoluminescence spectra for various temperatures of

single (a) z=0.2 and (b) z=0.35 Si/Si,.,Ge,/5i quantum wells.
(Pump power ~10 W/em®. ).

much broader lineshape is observed for moderate pump
power levels (~1 W/cm?) even when the intrinsic low
temperature linewidth is included in the expected
lineshape.' For example, with a free exciton model,
one would expect a FWHM from the NP line in the
SiGe photoluminescence of ~15 meV at 80 K, whereas
experimentally a FWHM of ~30 meV is observed for a
pump power of 10 W/cm? near this temperature for the
samples of Fig. 2. That this broadening is not due to
sample heating can be shown by fitting the silicon lu-
minescence lineshape in the same sample to that of a
classical free exciton, Rather, this broadening is
thought to be due to the higher carrier densities collect-
ed in the 5i,-.Ge./Si layers.

At temperatures of 77 K or higher, most of the
carriers generated in the substrate can travel to be col-
lected in the Si;-.Ge,/Si layers,'” so that high carrier
densities in the quantum well can result. For carrier
densities above ~1%107 em™ at 77 K and ~5x 10"
em ™ at 300 K, the formation of an electron-hole plas-
ma (EHP) in the Si;,_.Ge./Si is then favored over that
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of free excitons because the carrier densities are above
those for the Mott transition.'*'® (Note this electron-
hole plasma is not to be confused with the electron-hole
liquid phase, sometimes seen in Si at low tempera-
ture,'” which we have not observed to date.) The result-
ing high carrier densities push the quasi Fermi-levels
into the bands so that a population inversion can easily
result. A consequence of this band-filling is that the
carriers participating in PL no longer need be at the
band edges, with the result that a broader linewidth
can result (Fig. 3). Also note that the peak PL intensity
will shift to a higher energy than the fundamental
bandgap.

The actual PL lineshape was modelled by starting
with a low temperature spectrum I r(E) to account for
the intrinsic linewidth and the relative strength of the
various phonon replica processes. This spectrum was
then modified by first allowing the NP strength relative
to the phonon replicas to vary as an adjustable
parameter (taking a single value >77 K for each sam-
ple) since the NP strength for free excitons (or an
EHP) would be different than that for bound excitons,
and second, adjusting the phonon replica intensities ac-
cording to the expected phonon populations at elevated
temperature. This modified spectrum, I{7(E), was
then convoluted with all possible electron-hole transi-
tions to yield the high temperature spectrum, uyr(E):

f..ftf::-{ wnta.n-gnts.}[: aE,-£,(E,)
% gp(By) 1 fr( E—Ep—Ep). (1)

E, and E, are the electron and hole kinetic energies, g«
and g, are the electron and hole densities of states, and
f+ and f, are the Fermi occupation functions. Although
only holes are directly confined by a band offset in the
Si(100)/strained Si,-:Ge; system, it was assumed for
simplicity that Coulomb attraction would result in an
equal number of electrons and holes in the Si;-.Ge:.
(The effect of the electrons on the lineshape was small
compared to that of the holes in any case, however: for
Si;-:Ge, strained on Si(100), the conduction band is
four-fold degenerate at the band edge versus a single
valence band, so that the hole quasi-Fermi level is
much larger than the electron quasi-Fermi level for
equal electron and hole densities.)

Shown in Fig. 4 are the results obtained by this
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Fig. 3. Schematic diagram illustrating how band-filling effects lead
to broad luminescence linewidths. A direct bandgap is illustrated
cnly for simplicity.
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model fitting photoluminescence spectra of the
z=0.35 sample at 88 K and 216 K from Fig. 2. A
carrier density of 3 x10"™ cm™® was assumed, which,
combined with the pump power of ~10 W/cm® and well
widths of 10 nm, corresponds to a reasonable carrier
lifetime of ~2 us. A very good fit is obtained in both
cases, showing the suitability of the model. In Fig. 5
the above electron-hole-plasma model has been applied
to the electroluminescence spectra of a p-i-n structure
consisting of ten 6-nm SipesGepss quantum wells.'”
With a device area of 60 X 60 um’, the drive currents of
10 mA and 15 mA at cold finger temperatures of 80 K
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Fig. 4. Modelled photoluminescence spectra of the x=0.35 sample
of Fig. 2 at 88 K and 216 K. A carrier density of 3% 10" 'cm ™ was
used in the model.
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Fig. 5. Modelled and experimental (ref. 18} electroluminescence
spectra of a 10 quantum well 81781, 5 Gey 34/51 p-i-n structure, Fora
cold finger temperature of 80 K (10 mA drive current) and 300 K
{15 mA drive current), the fitting parameters were temperatures
'6F 110 K and 350 K, respectively, and a carrier density of 1 210"
em ™ (both cases).
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and 300 K correspond to current densities of 280 A/
cm’ and 410 A/em?, respectively. Note that both the 80
K and 300 K (cold finger temperature) data could be fit
very well. The TO emission from the Si cladding was
not included in the model. For the two cases, fitting
parameters of T=110 K and p=n=1x10"cm ™ and
350 K and 1 %X10" cm ~* were used, respectively. That
the fitted device temperatures were above the cold
finger temperatures may have been caused by poor
thermal contact between the cold finger and the device
and an excessive power dissipation in the device due
to a high series resistance.

4. Temperature Dependence

As noted earlier, between 2 K and 77 K there is little
change in the integrated intensity of the PL from the
Sii-:Ge; (less than a factor of two change). At higher
temperatures, the PL drops exponentially, with higher
Ge content corresponding to a larger temperature be-
fore falling. This data of integrated PL intensity from
the SiGe (including both the NP line and phonon repli-
cas) vs temperature (and inverse temperature) is shown
in Fig. 6. In this section a quantitative model for the
temperature dependence of the PL is developed.

The amount of integrated PL from the SiGe depends
on two factors: the fraction of the carriers generated by
the pump that are collected into the SiGe ( fsic.), and
the ratio of the radiative and non-radiative recombina-
tion rates. The PL efficiency (n) is then

E=Lﬂ'fsm, (2)

Trad

where 1 is the internal PL efficiency, Tuoma is the non-
radiative lifetime, and 7.4 is the radiative lifetime in
the 5i;-;Ge;. The radiative lifetime is due to the NP
process (due to alloy scattering) and phonon-assisted
transitions (predominately TO). For temperatures of
300 K or less, these rates are both expected to depend
little on temperature because the phonon energies are
relatively large (e.g. ~58 meV for the Si TQ). At tem-
peratures above 20 K, at which carriers are mobile and
not localized as bound excitons or otherwise, the
dominant nonradiative recombination mechanism is
recombination at deep levels for low carrier densities
and Auger recombination at high carrier densities.
Since the radiative lifetime in strained 5i,-.Ge. quan-
tum wells has been measured to be in excess of 1 ms,*
the non-radiative processes are expected to dominate
over the radiative processes (TpumiS ). Both Auger
recombination and trap-assisted recombination are not
strong enough functions of temperature to directly ex-
plain the exponential drop in photoluminescence inten-
sity at high temperature, however. This apparently
leaves fsige as the only term which might depend ex-
ponentially on the temperature and explain our high
temperature luminescence decay.

Although most of the carriers generated by the
pump laser are generated in the substrate (absorption
depth ~1 um) and not directly in the Si,—.Ge, layers,
which are within the top 0.1 pm of the surface, by 77 K
most of the generated carries have sufficient mobility



2332 Jpn. J. Appl. Phys. Vol. 33 (1994) Pt. 1, No. 4B
e : - |
|
10¢ i . |
s T ———a 1
z k)
§ | \ \ |
£ el
| \
o .
- 1t -.II -'
5] i
& \
? : 1
E « x=035 l
& x=020
oo )
‘50 100 150 200 250 300
Temperature (K)
(a)
10F -
1 1
2 ]
7] )
: P
z i
E 1
|
% 1F "( 1
% I( x=035 |
E,? x=020 ]
1= model =
uj i i i i i L i i
4 6 8 10 12 14
1000/T
({3

Fig. 6. Integrated SiGe photoluminescence intensity vs (a) tempera-
ture and (b) inverse temperature for the =0.2 and £=0.35 sam-
ples of Fig. 2. The pump power was 10 W/em®. The 'solid lines
represent the model discussed in the text.

to be collected by the Si—:Ge; layer before lu-
minescencing.'” Therefore we can assume that at tem-
peratures over 77 K, the redistribution of carriers
occurs faster than the luminescence, and that an ap-
proximate quasi-equilibrium distribution of carriers is
established between the SiGe well, the capping Si lay-
er, and over some effective distance in the 5i substrate.
This assumption implies that the carrier populations
over these regions of interest can be described by fat
quasi-Fermi levels and a thermal distribution. Further-
more, since the conduction band offset is much smaller
than the valence band offset for strained Si;-.Ge. on
Si(100),*" the confinement effects on holes in the SiGe
will be far in excess of that for electrons. Assuming
holes attract electrons to yield a material that is close
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to neutral in charge density so that band-bending can
be neglected, the fac. can then be expressed as:

Wiige
.fﬂlﬂlz WSIGe+ WSjE_'ﬂE'RT 1 (3}

where Wag, is the width of the SiGe, Wy, is the width of
the Si region over which the carriers are distributed
(cap thickness plus effective width in the substrate),
and AE, is the valence band offset. For the samples
from which the data of Fig. 6 was generated,
Wag, =10 nm. Wj; can be approximated by a minority
carrier diffusion length (estimated at +Dr=
Y10 em?¥5-10""s=3%10"%em). (The Si cap thick-
ness of 10-20 nm does not significantly contribute to
this thickness.) If this simple model is compared to the
data, poor agreement is found. For example, for
r=0.2, assuming a valence band offset of 160 meV, at
100 K and 200 K one would then prediet fa,~1.00 and
0.91, respectively. This implies that even at 200 K
91% of the carriers would still be confined to the
Siy-:Ge; layer. Experimentally, however, the integrat-
ed PL from the SiGe is observed to decrease by nearly
two orders of magnitude from 77 K to 200 K. A similar
result is found for the z=0.35 sample. Although eq. (3)
ignores the effect of carrier degeneracy in the Si,—.Ge,,
this effect is not nearly strong enough to account for
the discrepancy between the simple model and the
data.

A more satisfactory model can be constructed by as-
suming that the non-radiative lifetime is not uniform in
all of the structure, as was implicitly done above, but
rather by assuming a substantially lower effective life-
time in the 5i regions compared to the 5i;-.Ge, layers.
If one simply considers bulk recombination, this might
seem unlikely given that the SiGe was grown at a lower
temperature than the Si. However, the Si region con-
tains both the top silicon surface and the original
substrate interface, at both of which one might expect
excessive recombination. In this case the overall non-
radiative recombination rate for the entire sample can
be modelled by an weighted average lifetime, Too.cad avg:

fai \ Ssice

-] P
T non-rad,avg = T - T {4}
Toon-rad 8i T non-rad,5iGa

where the fs and Toemds are the fraction of carriers
and effective non-radiative lifetime in the Si and
T non-rad SiGe 15 the non-radiative lifetime in the SiGe. The
term ‘‘effective’ is applied to the silicon lifetime since
it is not a strict bulk lifetime, but includes the effects of
surfaces and interfaces. It can easily be shown that if
the above 7oy 18 substituted for the Tuwma in eq.
(2), eq. (2) can still be used to model the overall SiGe lu-
minescence intensity even if the non-radiative lifetime
varies across the structure. Substituting from eq. (3)

T non-ead 810 = Wai ;
i I ‘—.Ir_" Full L
[ ¥ mapermad, S5 SHGe ] {5}

”_'5_{__". + ”"-h-i AEET
Combining this with eq. (2) gives a dominant tempera-
ture dependence for the PL as

Wsice

T woe-rad, 5iGe

T ncsn-rd avg
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. (6)
1+ e 4BAT

where

T non-rad, 3iGe * WSI

C= (7)

T now-rad,5i ° WEIH:'- R
This expression was fit to the data of the £ =0.2 sample
in Fig. 6 using AE, =150 meV and C=3 % 10° with a
good agreement as shown (Fig. 6). That C is much
larger than the expected Ws/Wsig, =30 pm/0.01
pm=3000 implies that the effective non-radiative life-
time in the Si is indeed much lower than that in the
SiGe. Using a similar C (6 % 10*), the £=0.35 data was
fit using AE, =280 meV and again good agreement was
achieved (Fig. 6). That the deactivation energy for the
511 -:Ge: luminescence closely matches that expected
for the valence band offset shows that a large offset
(and hence large Ge content) is important for obtaining
high temperature luminescence. The conclusion of this
section of the work is that the high temperature decay
is not due to most carriers leaving the Si,-.Ge; layers,
but rather only a small fraction. This fraction however
has a disproportionately large effect on the lumines-
cence because of a lower effective lifetime in the silicon
layers, possibly due to the top surface.

This model for the temperature dependence of photo-
luminescence can also be compared to the results of
electroluminescence (EL). In Fig. 7, peak EL intensity
is shown from 80 K to 300 K, along with the PL model
predictions for integrated intensity, for the same
z=0.35 multiple quantum well (MQW) diode described
earlier in Fig. 5 at 80 K and 300 K." Data is also includ-
ed for a similar MQW electroluminescent diode at
£=0.2 from the work of Robbins et al.,'” also with
maodel results. In both cases the EL persists to higher
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Fig. 7. Electroluminescence peak intensity vs temperature for
£=0.2 and x=0.35 8i,-,Ge, multiple quantum well structures,
and the PL model of the text. The z=0.2 data is from ref. 19, and
the £=0.35 data is from the same sample as reported at 80 K and
300 K in ref. 18.
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temperature than the PL for the same composition.
For example, from 100 K to 275 K the peak EL inten-
sity for the z=0.35 sample changed by less than a fac-
tor of two, whereas the integrated PL decreased by a
factor of five. (The origin of the feature near 200 K in
the £=0.35 device is not understood). If the true
device temperature were even higher due to internal
heating effects as suggested in section 3, the discrepan-
cy between the PL model (which accurately models the
PL results) and the EL would be even more striking. A
similar effect of much weaker temperature dependence
of EL compared to PL has also been seen in 5i/Ge short
period superlattices.?® The reason for the superior per-
formance of EL at high temperature is not known, but
it appears that the decay mechanism present in PL is
suppressed in the EL structures, possibly because
recombination at the top surface is reduced in the p-i-n
structures. Further numerical modelling and device
simulation is in progress to investigate this effect,

5. Summary

In this paper the photo- and electro-luminescence
from 77 K to 300 K of Si,-.Ge./3i heterostructures on
Si(100) substrates has been investigated. Because of
high carrier densities and resulting electron-hole plas-
mas, the linewidth becomes very wide at high tempera-
tures, so that the NP line and TO replicas may already
be indistinguishable by 150 K. Furthermore, at high
temperatures the photoluminescence decays exponen-
tially with temperature, with a large Ge fraction
(£~0.3) and bandgap offset from Si required for room
temperature luminescence. The decrease in efficiency
at high temperatures is caused by a lower non-radiative
lifetime caused by inereased recombination in the Si
cladding layers.
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