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We report both experimental and theoretical studies an ,&e, /Si multiple quantum wells. A self-
consistent calculation is employed to model the excitonic transition. It shows that, in the large conduction-
band-offset region tha ,—heavy-holghh) exciton is the lowest transition, while in the small-offset region the
A 4-hh exciton is the lower. From an analysis of the data, a type-II conduction-band-offset ratic- 8280s
concluded.

Silicon germanium/silicon heterostructures have attractethickness were measured by cross-section transmission elec-
great attention in recent years for their potential applicatiortron microscopy. The details of the growth conditions and
in the monolithic integration of Si-based optoelectronicsample characterization have been described by Chang
devicest? Intensive research has been done to study the furet al? A summary of the sample structure is listed in Table
damental physical parameters of this system, such as effet-
tive masses, mobility, and in particular the band Luminescence was excited by optic fiber using a diode
alignment—> laser at intensity levels of around 10 mW/nin the region

In previous studies of the band alignment of the SiGe/Siwhere Thewaltet al. have observed low-intensity-limiting
system, both type-l and type-Il structures have been sugsehavior'® The emission was collected by a fiber bundle and
gested by analyzing photoluminescen@d.) energy from dispersed by using a 0.5 m spectrometer and a North Coast
quantum well$~® Recently, Houghtonet al,’ have em- germanium detector. The measurements were performed at
ployed an externally applied uniaxial stress to probe the band.2 K.
alignment. A type-| structure was concluded based on the All three samples showed strong PL from both Si and
energy shift of the no-phonon PL under external uniaxialSiGe quantum wells. The luminescence spectra of the nar-
stresses in thg110] direction. By employing a similar tech- rower well samples N1 and N2 are shown in Fig. 1. Several
nique but varying the excitation power of the laser, ThewaltPL lines can be seen in a wide energy range between 850 and
et al’® have observed both type-I and type-Il PL behavior at1200 meV. These features come from two groups of lines
high (I=101,) and low (<10°l,) laser power (=10 originating from the bulk Si and the Si,Ge, quantum
Wi/cn¥). The type-l behavior was shown to result from wells. On the high-energy side of the spectra, a family of
charge transfer from the Si to the SiGe layer leading to subSi-related transitions are observed at peak energies of
stantial band bending. A type-II structure was demonstrated155.9, 1136, and 1098.9 meV, corresponding to the no-
at low excitation power based on the observation of a redphonon(NP), transverse acousti@A), and transverse opti-
shift of the PL energy under external stress. Due to the comeal (TO) mode phonon replicas. These are in good agreement
plications of the conduction band in this system, the bandwith previous work® In the low-energy regime, several
offset ratio therefore is still not clear and it has recently beerstrong QW features are also observed as marked by the solid
suggested theoretically that the ground state for excitons magrrows in the Fig. 1. These lines are assigned as the NP, TA,
have either aA,—heavy-hole(hh) or A4-hh character de- and TO transitions. The transition energies are summarized
pending on the amount of type-ll offset occurring for thein Table I. In addition to the main features, the TO-phonon
SiGeA, level ™ In this paper, we present both PL measure-replica is broadened and split into several lines due to the
ments and a theoretical treatment to study the band aligrdifferent possible modes of the phonons, including mainly
ment of this system using multiple-quantum-wéllQW)  the Si-Si, Si-Ge, and Ge-Ge vibratiols'®> For the wider
structures. A self-consistent excitonic model taking into acwell width sample the quantum-well-related emissions are
count the Coulomb interaction between electron and hole isnuch weaker, indicating a degradation of the quality of the
used to analyze the PL energy. From the analysis of theamples due to the onset of strain-induced dislocations. The
ground-state transition, it is concluded that there is a relastrain, for the structures studied here, is almost all accommo-
tively large type-ll conduction-band-offset ratio of 88%.  dated in the SiGe as biaxial compression, whereas the Si

The samples were grown on(801) substrate by hot-wall layers are not strained due to the lattice match with the buffer
ultrahigh vacuum chemical vapor depositi0dHV-CVD) layer, although this will begin to break down as the number
system and molecular beam epitaylBE). The samples of quantum wells increases.
consist of a thick buffer layef2000 A) of Si, followed by a To quantitatively interpret the interband optical transition
ten-period Sj_,Ge /Si multiple quantum well. The precise energies of the excitons, a self-consistent calculation of the
alloy composition was determined by high-resolutionexcitonic energy level is performed. This model is in a simi-
double-crystal x-ray diffraction measurement. The layerdar spirit to the variational self-consistent treatments reported
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TABLE |. Summary of sample structures and the transition energies of the no-pliNRpntransverse

acoustig(TA), and transverse optical' O) lines.A,—

A, is the energy splitting of the two conduction bands.

Eq is the band gap of bulk §i,Geg, taken from Ref. 6.

Ge Well (barrien NP TA TO A,—A, Eq
Sample (%) A) (meV) (meV) (meV) (meV) (meV)
N1 16.3 46(93) 1028.5 1010.8 969.8 107.7 1037.5
N2 23 52(183 961.6 - 902 152.2 988.9
N3 28 75(85) 918.4 - 861.7 185.4 954.8

previously but with a Hermitian single-particle effective-
mass equations for the electron and hSIE¥. The details of
this method will be the subject of a future publication. Here

The total energy of the systenk) is obtained by minimiz-
ing the expectation value of the Hamiltonian with respect to

,the two variational parameters. Second, knowifdghe elec-

we describe the characteristic of the model. The excitonron (hole) wave functionf, (f), under the influence of

Hamiltonian |s written in cylindrical coordinates in the fol-
lowing form:*®

—h2%l1 9 (9+1 9? h? aZV
2p|p ap’ ap p2 a¢?| [2Mez g2 ¢
h? 92 e?
lome. 2 Yh|T 2 271/2 (1)
hz dz, Arrel p©+(2e—2,)7]

wherem,, (m,,,) is the effective masses of electrofmles
along the quantum confinement directiar) @nd y is the
exciton reduced effective mass in the SL layer plafgand
V,, are the square-well potential for electrons and holes. The
electron effective masses are taken from Ref. 11. The tran

verse and longitudinal mass of the heavy hole are derive
from the Luttinger parameters using a linear interpolation

between Si and G&.

There are two stages in solving E4), first the confined
states in the growth direction is solved by using the ground;
state wave function of(z,) andf(z,). This gives the en-
ergy eigenstate oE. (E;) [the solution of the second and
third brackets in Eq(1)]. Second, three-dimensional exciton

Hamiltonian is solved by the variational method using a

wave function of¢p=f(z) fr(zn)9( @, B,p,Ze—2). g is the
trial function chosen as the 1s-like hydrogenic function
exp{ — vVa?[ p*+ B*(ze—zp) %]}/ ag} wherea and B are the
variational parameters arak is the effective Bohr radius.
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Coulomb interaction, can be obtained numerically by solving
the following equation:

fé(ze) =fe(Ze)

<~/ | [ 2ndpaaituzotasp.z— 202
@

Given thef; (f{), the above two steps are repeated until the
total energy converges to a chosen accuracy of 0.1 meV. The
Rydberg energy K, the Coulomb binding energyis de-
rived from the expectation value of the Coulomb interaction.
Before interpreting the data, we briefly describe the band
tructure of strained $i,Geg, and discuss Coulomb effects
the SiGe/Si system. As discussed above, for the samples
studied here the strain is present in the SiGe. This lifts the
degeneracy of both the conducti@®B’s) and valence bands
(VB’s). For the CB, the siXA valleys split intoA, andA,4
bands with theA4 valleys having the lowest energy. The
energy splitting isE e, where=,, is the deformation po-
tential ande; is the lattic mismatch and is summarized in
Table I. For the VB, the heavy holéh) rises above the light
hole (Ih). Including all of the above factors we find that the
band gap of the strained SiGe is significantly larger than the
NP lines seen in Pl(see Table), suggesting strongly that
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FIG. 2. Calculated carrier wave functions for a quantum-well
system of SiGe/Si with a conduction- and valence-band offset of

FIG. 1. Photoluminescence spectra of samples N1 and N2. Dot6.2 meV and 237.2 meV, respectively, with and without the influ-

ted arrows indicate the transition originating from Si. The solid
arrows mark the transitions from the multiple quantum wells.

ence of Coulomb attraction. The inset shows a schematic diagram
of the band alignment.
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FIG. 3. Calculated interband transition energy
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Conduction band offset ratio (Q,)

we require a type-Il band alignment with the electrons con-Note from the figure that the two transitions have very simi-
fined in the unstrained Si layers. This will lead to the twolar energies but cross over at a moderate conduction-band
lowest transitions from tha ,-hh andA4-hh excitons being  offset [V (A,)~14 meV]. In the large conduction-band-
quite close in energy as thk, state has a higher effective offset region the\,-hh exciton is the lowest transition while
mass but thel, state “sees” a lower barrier height in the in the small-offset region tha ,-hh exciton is lower. This is
SiGe. The Coulomb effects are illustrated using the sampl@ttributed to the enhanced binding energy due to the small
structure of N2 with a type-II band alignment and the exci-pang offset for ther, valleys. Considering only the transi-
tonic states for thel, valleys. The band profiles are set 10 {jon energies it is difficult to distinguish the two transitions
Ve(A4)=56.2 andVy(hh)=237.2 meV, corresponding t0 & pt poth require a values @,~0.30=3% to fit the data
conduction-band-offset ratid;) of 0.31, as defined below.  ¢5 1 samples N1 and N2. The main uncertaittheyond the
Figure 2 shows that, vy|th9ut .the. seIf—conS|stent_ proc_edure“newidth) in the assignment of the offset value comes from
the electron wave function is distributed symmetrically in thethe uncertainties in the input parameters. The higher Ge con-

region of the Si layer, as indicated by the dashed line. In- . . . .
cluding the Coluomb attraction, the wave functiori§)(are tent(and thinner Si laygrsample N3 s better described by a

modified and are pulled toward the Si/SiGe interface as plotyalue 0fQc=0.25 to fit thed, band, but this may be influ-

ted by the solid line. A similar behavior is also found for the E"¢€d bY the onset of strain relaxation in this sample, which
hh state. The electron-hole wave-function overlascillator would lead tq the presence of some S”'C."” n th_e Si Ia_lyer.
strength is thus enhanced and the binding energy increase In ConCIL.‘S'On we can say that there IS growing ev!dencg
(E, shifts from 5.5 to 6.4 meY/ or the assignment of a type-Il band ahgrg)ment in SiGe/Si
. . l

We now discuss the interband transition energies. For guantum wells_. Inl the study of TTlewwt al, " PL measkure—
type-ll structure, the band offset is determined by the bandn€nts on a singie quantum well suggested a weak type-Il
gap of the two materials. The CB and VB offsets areStructure but with the lowest state _dut_aAq electrons. By
[E4(Si)— E4(SiGe)]Q, and[Ey(Si)— Ey(SiGe)l(1+Q,) as taking into account thel Coulomb binding, Peemal._have
illustrated schematically in the inset of Fig. By(Si) and suggested that these single-well results can be reinterpreted

; . ; : as due to emission from th®,-hh exciton with a relativel

Eg(SIGe-) are the band gaps of Si anc_i SIG. Is the_ arge type-Il offset of order 20 meV for the specific samy le
conduction-band-offset ratio. In determining the strameoJ g€ qu . P P
bulk band gap of Si ,Ge , the main source of error is due sFu@ed.. In th'TQ‘ study of MQW structures we are not able to
to the differences in the strain coefficients that have beeﬁ“s’tInguISh which Of. the two vglleys is lowest but data on a
reported in the literature. In this report we have used thdange of samples give a consistent value for the ban_d offset
experimental values taken from Ref. 6. Knowing the poten_mdependent of the valley assignment for several different
tial profile, the interband transition energy is given By allooy compositions. A _conducnon_-band qffset ratio of 30
— E,(SiGe)[E,(Si)— E4(SiGe))Q.+E.+E/—E. To +3% is concluded, which is consistent with the value con-

g 9 9 c’Te —h ~b- luded by Penret al!! for the single quantum well studied
model theA,-hh transition an energy ¢ ,er is added to ciu y ' geq ua

10
obtain the potential for thé, band. The calculated transi- by Thewaltet al.
tions for theA,-hh andA ,-hh excitons are plotted in Fig. 3 One of us(H.H.C) thanks Professor F. F. Fang for help-
for all three samples. This shows that both transitions ardéul discussions. Financial support from the National Science
strongly dependent on the band-offset ratio and decreageouncil (Taiwan, R. O. ¢ and National Taiwan University
with increasingQ., reflecting a type-ll band alignment. are gratefully acknowledged.
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