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Type II Band Alignment in Si12xGexyyySisss001ddd Quantum Wells: The Ubiquitous Type I
Luminescence Results from Band Bending
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We present experimental verification of type II band alignment in a coherently strained
Si0.7Ge0.3ySis001d quantum well by studying photoluminescence energy shifts under external strains.
A recent determination of type I band alignment from a similar experiment is shown to result from
band-bending effects due to high excitation. In high quality samples, the type II luminescence can be
observed in the absence of external stress by using extremely low excitation. The type II luminescence
differs from the well known type I spectrum in a dramatic but as yet unexplained change in the relative
intensities of the phonon replicas. [S0031-9007(97)03558-8]

PACS numbers: 73.20.Dx, 78.55.–m, 78.66.Db
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The growth and properties of strained Si12xGex , and
more recently Si12x2yGexCy heterostructures on (001
Si has attracted intense interest, not only because of
technological promise of combining band gap engineer
with a materials system compatible with standard Si p
cessing, but also due to the fact that this is the prototyp
indirect band gap heterostructure system. Until recen
little was known about the optical properties of such stru
tures, compared to the exhaustively studied direct g
heterostructures, but the discovery of well-resolved ne
gap photoluminescence (PL) [1,2] led to a speedy ada
tion of PL as a standard assessment tool, and to a r
increase in our understanding of the physical proces
involved [2–7]. As in bulk, relaxed, Si12xGex alloys
[3], the PL of typical samples is dominated by impurit
bound excitons (BE) at liquid He temperatures, and “fre
excitons (FE) at higher temperatures [2], remember
that these FE move in a random potential due to al
disorder whose width exceedskT at low temperatures
Related to this, localized excitons (LE) associated with
cal band gap minima have been discovered and show
have much higher PL quantum efficiency and longer li
times than BE (dominated by Auger recombination [4,5
While most descriptions of the now ubiquitous PL spec
of these systems limit discussion to the BEyFE species,
the long carrier lifetimes make it easy to reach high e
citation conditions in the quantum well (QW), and th
importance of biexcitons and electron-hole plasmas in
PL processes under normal excitation conditions has b
demonstrated [6,7].

One of the remaining contentious issues regarding
physics and optical properties of these systems invol
the band-edge alignments. While it was known early
that the majority of the band gap difference was taken
in the valence-band (VB) discontinuity, the only certain
regarding the conduction band (CB) edge was that the
0031-9007y97y79(2)y269(4)$10.00
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continuity was small. Theoretical studies have predict
both type I band alignments [8,9], with electronssed, and
holesshd localized in the Si12xGex , and type II alignments
[10,11], with h localized in the Si12xGex ande in the Si.
Some PL studies claimed evidence for type I behavior,
ing line shifts [12] and hydrostatic pressure effects [13
respectively. Optically induced band-bending effects
sulting in excitation intensity dependent shifts of PL ene
gies were cited by Baieret al. [14] and Wachteret al. [15]
as evidence for type II alignment. However, studies of t
effects of compressivef001g uniaxial stresses by the sam
group produced results which were only consistent w
type I alignment, although that conclusion was not expl
itly stated [16]. More recently Houghtonet al. [17] ex-
tended that approach and, based on Si12x2yGexySis001d
QW PL shifts under appliedf110g and f100g uniaxial
stresses, concluded that the band alignment was ind
type I. A surprisingly large CB discontinuity of at leas
10 meV for x  0.15 was quoted, based on the absen
of any indication of a turnover to type II PL up to th
highestf110g tensile stresses studied.

We have carefully reexamined this situation, and com
to the surprising conclusion that the band alignment
Si12xGex on unstrained (001) Si is, in fact, type II,even
though PL observed in all of the previously publishe
literature is type I. Band bending produced by type
II charge separation makes it energetically favorable
move e into the Si12xGex above a given excitation
level. Because of long recombination times inherent
a structure which is indirect in bothk space and real
space, significant band bending (enough to overcom
small type II CB offset) can occur at remarkably lo
excitation levels. The effects off110g uniaxial and (001)
biaxial tensile stress should be to increase the type
CB offset, and thus to increase the excitation level
which the PL switches from type I to type II. We hav
© 1997 The American Physical Society 269
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verified this for several samples, and seen clear evide
for type II PL at zero external stress in one very hig
quality sample. This can only be explained by a type
band alignment, since for zero CB offset the energy w
be minimized by having bothe and h in the QW. An
interesting and unexplained detail is a dramatic incre
in the intensity of the TA phonon replica for type I
PL, which in hindsight can be seen in the PL spectra
separate-confinement heterostructures engineered to
type II transitions [18].

The 3 nm wide Si0.7Ge0.3ySi single QW which formed
the focus of this study was grown on (001) Si using
new ultrahigh vacuum chemical vapor deposition (UH
CVD) system [19]. PL results at 1.6 K were obtained
either a BOMEM DA8 Fourier transform interferomete
or a 0.75 m monochromator in conjunction with aLN2

cooled Ge photodiode array (EG&G). The (001) biax
tensile stress experiments used a novel wafer bend
apparatus [20]. To facilitate direct comparison with t
earlier findings of Houghtonet al. [17], PL measurements
under f110g uniaxial tensile stress were also perform
using their linear bending method.

Our results are summarized in Fig. 1, which sho
the energy shifts of the Si12xGex no phonon (NP) line
vs stress for a wide range of excitation intensities,
measured relative to the position of the NP line at ze
external stress and the lowest excitation level used.
inset shows schematically, for zero CB offset, the ty
I/II transitions (solid arrows) for zero external strai

FIG. 1. Energy shift of the SiGe NP line over a wide range
excitation densities versus applied tensile strain. Energies
relative to the NP line at zero external strain and illuminati
with 1027I0, sI0  10 Wycm22d. Solid (dotted) lines are
theoretical predictions for the strain dependence of type-I
transition energies for a Si0.7Ge0.3ySis001d QW. The inset
illustrates the effects of external strain on type I/II transitions
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in which case the transition energies are equal, barr
small excitonic corrections which will lower the type
energy. Tensilef110g uniaxial or (001) biaxial strain
reduces the band splittings in the QW while removin
the band degeneracies in the Si (dashed horizontal lin
thus raising the energy of type I transitions while lowerin
those for type II (dashed arrows). Note that for the typ
I transitions the stress effects on both the CB and V
add to produce a large blueshift, while for the type
transition the redshift is due to the difference between t
large decrease in the Si CB edge and the smaller incre
in the VB energy in the QW.

The results of our detailed calculations of the strain d
pendence of the type I/II transition energies are shown
the body of Fig. 1 as solid and dashed lines, respective
Our values were obtained following Laudeet al. [21], us-
ing deformation potentials and elastic constants interp
lated from literature values for Si and Ge [22–25]. No
that only the slopes of the lines are significant; the ty
I and type II curves were shifted vertically to match th
high and low excitation data, respectively. For both typ
of stress, the high excitation data shows good agreem
with the blueshift calculated for type I transitions, whic
also is in agreement with the results reported in Refs. [1
and [17] and is consistent with the relatively high exc
tation levels used in those earlier studies. However,
the excitation level, and thus the charge accumulation
lowered, we observe a strong deviation from type I b
havior above some characteristic stress which decrea
with decreasing excitation. This signals the changeov
from type I to type II PL. The1025I0 data shows a type
I blueshift only at very low stress, and then shifts dow
in energy as predicted for type II PL. At1027I0 the PL
is redshifted for all nonzero stresses, which strongly su
gests that the actual band alignment is type II.

The excitation level dependence of the transition ener
at fixed strain seen in Fig. 1 is exactly what would b
expected for a band-bending induced changeover fr
type II to type I PL in a system having a type II CB offse
which increases with increasing stress. Considering
behavior at high (001) stress, we see that at low excitat
the energy is not strongly dependent on the excitati
level, since the electric fields are still small. Then, a
the type II/I changeover is approached, the energy ris
rapidly for small increases in excitation, and levels o
again when we are in the type I regime. This is because
the much smaller band bending once extrae are allowed
to enter the QW, together with much shorter lifetime
for the type I situation. We have verified that whe
we observe type I PL (with or without strain), the P
lifetime is in the ms to sub-ms region, as is typical for
Si BE and normal Si12xGex QW PL. However, when
type II PL dominates, the observed PL decay time w
in the ms region, up to 10 ms at the lowest excitatio
These very long experimental PL decay times emphas
the need for extremely low excitation levels in order
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avoid the effects of band bending—with a 10 ms lifetim
and assuming 100% carrier collection into the QW, on
4 mW cm22 are required to produce ane-h pair density
of 1011 cm22, which can cause substantial energy shi
[14,15].

Figure 2 shows spectra at an (001) biaxial tensile str
of 180 MPa for different excitation levels. The tw
highest excitation spectra, which still fall on the type
curve, are typical Si12xGex PL spectra, indistinguishable
in their features from the zero stress spectra of t
sample at all but the very lowest excitation levels. B
“typical” we refer to the small amplitude of the TA replic
relative to the TO, and the splitting of the TO into thre
features characteristic of Si-Si, Si-Ge, and Ge-Ge mod
In decreasing the excitation a factor of 10 fromI0 we
see very little change in the spectrum. In going fro
1021I0 to 1022I0, however, there is a dramatic downshi
and, in fact, two components can be seen in the1022I0
spectrum, which may reflect a charge accumulation wh
is not completely uniform across the sample. Below t
excitation level the PL again shows little shift or chan
over a very large range of excitation density.

What is also seen in the lower excitation, type II P
spectra in Fig. 2 is a pronounced change from the typ
PL seen in the high excitation type I regime. The T
phonon replica sharpens and its intensity is remarka
enhanced compared to the NP and TO transitions
note that this “enhanced” TA replica is not being confus
with the NP LE transition seen in thicker QW at low
excitation [4,5], since there is no evidence for an LE T
replica at the appropriate energy). At present we ha
no explanation for the TA enhancement, other than
suggest it must be related to charge separation across
SiySi12xGex interface present in type II recombination

FIG. 2. PL spectra at 1.6 K from a Si0.7Ge0.3ySi QW under a
biaxial tension of 180 MPa. The NP, TA, and 3 TO phon
replica transitions are labeled in the high excitation spectr
sI0  10 Wycm2d. At this stress, the type I to type II PL
changeover occurs near1022I0.
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Also evident in the type II spectra of Fig. 2 is a chang
in the TO replica, which is now almost solely compose
of the Si-Si mode. This is readily understood if th
momentum-conserving phonon transitions predominan
involve scattering due toe, rather thanh. In the type I
regime the recombining (x, y valley) e are in the QW, and
except for leakage of their wave functions into the Si, the
sample the distribution of Si-Si, Si-Ge, and Ge-Ge bon
in the alloy. In the type II regime thee wave functions
are predominantly in the Si (note that while the CB offs
for the x, y valleys may be quite small, the offset for th
z valleys is much larger, due to their high energy in th
Si12xGex), and hence the TO replica is dominated by th
Si-Si mode.

The type II band alignment at zero external strain su
gested by the lowest excitation results of Fig. 1 is strong
supported by the observation of these same characteri
PL changes in the unstrained sample, shown in Fig.
The solid and dashed curves correspond to excitation l
els of 1022I0 and5 3 1028I0, respectively. Also shown
is the PL spectrum from a 36 nm Si0.75Ge0.25ySi QW
grown by conventional CVD (dotted line). To assist i
visual comparison of the spectra, the1022I0 and 36 nm
QW spectra have been downshifted to align all three N
lines. It is immediately obvious that the5 3 1028I0 spec-
trum shows all of the features of type II PL, namely,
strongly enhanced Si-like TA replica, and suppressed
Ge and Ge-Ge TO replicas. The1022I0 (type I) spectrum
looks more typical of previous Si12xGex spectra, but its

Fig. 3. PL from the Si0.75Ge0.25ySi QW at two different
excitation densities without external strain. The ——s- - -d
curve corresponds to an excitation density of1022I0 s5 3
1028I0d. The dotted curve displays typical SiGe PL from
thick (36 nm) Si0.75Ge0.25ySi QW grown by conventional CVD.
The 1022I0 and thick QW spectra have been downshifted
align the three NP peaks. The inset shows the intensity ra
of the TA peak to the Si-Si TO peak over a wide rang
of excitation densities. Curvesa, b, and c correspond to
zero, 90, and 170 MPa of external (001) biaxial tensile stra
respectively.
271
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TA replica differs significantly from that of the 36 nm
QW. Analysis of the TA replica for the thin QW in the
type I regime reveals two distinct components, one at t
energy of the strong TA replica seen in the type II spe
trum, and the other at the energy of the TA replica in th
thick QW. These energies are readily understood: T
153 cm21 component, the only one seen in the type
spectrum, corresponds exactly to the TA energy of pu
Si, demonstrating that it is due to the scattering ofe whose
wave functions are in the Si, and excluded from the QW
The 1022I0 (type I) spectrum shows both this Si-like TA
component, as well as the123 cm21 TA replica typical
of Si0.7Ge0.3 [3]. This alloy TA replica is all that is ob-
served for the thick QW, since there band bending ensu
that bothe andh are well localized within the QW. For
the thin QW, even at high excitation, there is substant
penetration of the electron wave function into the Si sin
the only confining potential is the electrostatic field of th
confinedh, and thus a Si-like TA replica is also observe
The TAyTO intensity ratio can be used as an indicator
the band bending induced type I/II PL change, as sho
in the inset of Fig. 3, which plots that ratio versus excit
tion density for zero strain and two nonzero strains.

At this point we consider why, even with our sensitiv
PL apparatus, it has been so difficult to find sampl
showing clear type II PL in the absence of an extern
strain enhancement of the CB offset. We emphas
that the type II behavior has been observed for oth
samples with external strain, and that one other multi-Q
sample showed signs of type II PL without strain at th
lowest excitation for which PL could still be observed
It seems likely that the type II PL will be very difficult
to observe in thicker QW, since there the band bendi
at a given carrier density is much larger, and so ev
lower excitation would have to be used (also in thick QW
at low excitationh are not even free to collect near th
interfaces, and tend to become trapped at local minima
the random alloy fluctuations throughout the QW [5]). A
well, if the Si is even weaklyp-type, there will be band
bending due to the transfer ofh from acceptors in the
Si into the QW, even in the absence of excitation, whi
may easily be sufficient to overcome a small type II C
offset. A rough estimate shows that for a backgrou
boron concentration in the Si of only1014 cm23, a hole
concentration of2 3 1010 cm22 will accumulate in the
QW. In any case, it is not necessary that all samples h
observable type II PL without external strain to prove th
the band alignment is type II; it is enough that the ve
high quality UHV-CVD samples do so.

In conclusion, we have clearly shown that the ban
alignment of Si0.7Ge0.3 on unstrained (001) Si is type II,
and that the ubiquitous type I PL from this system
all previous studies results from the cancellation of t
small CB offset by band bending resulting from charg
accumulation in this long-lifetime system. An interes
ing and unexplained characteristic of the type II PL
272
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a large enhancement of the TA phonon replica relat
to the TO. This merits further study, and we note th
we have preliminary evidence that the NPyTAyTO inten-
sity ratios are significantly different for PL emitted e
ther perpendicular to or in the growth plane, and that
PL emitted in the growth plane, the ratios are polariz
tion dependent. Thus while the band alignment cont
versy has been settled, interesting physics remains to
sorted out.
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