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Confinement and interwell coupling effects in Ge double quantum wells pseudomorphic
to a Si (001) substrate
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We present a theoretical study of the electronic properties of two coupled Ge quantum wells separated by a
variable number of Si monolayers, epitaxially grown on a(®)1) substrate. We adopt the real space
decimation-renormalization method ang@d®s" nearest neighbors tight binding Hamiltonian for the descrip-
tion of the electronic states of bulk Si and Ge crystals. Strain, band offsets and spin-orbit interactions are
properly taken into account. From the Green’s function of the multilayer structure considered, the energy
spectrum and partial and total densities of states projected on each layer and orbital are obtained. This has
allowed us to investigate the nature of the valence and conduction confined states and the effect of interwell
coupling on the optical properties. In particular we show that position and red shift with Ge width of the
experimental no phonon luminescence line of these structures are well interpreted by the present calculation
and that additional luminescence lines are predicted.
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[. INTRODUCTION then the main tool for the determination of eigenvalues and
densities of states. Spin-orbit interactions, strain effects, band

During the last two decades a continuous interest has beesifsets are properly taken into account. We are thus able to
devoted to the electronic properties of Si/Ge quantum wellsnterpret luminescence experimental data obtained for such
(QWSs and superlattices due to the task of fabricating effi-structures and to control the effect of coupling of Ge wells
cient light emitting devices exploiting the Si-based integratecbn the optical properties.
circuit technology:™ The lattice mismatch between pure Si From the results here reported we evidence the great po-
and Ge is about 4% and pseudomorphic multilayer depositentiality of the tight-binding renormalization method to
tion of SiGe structures on Si or Ge substrates has been posolve with high accuracy the Schrédinger equation of
sible if a maximal thickness of the structure was not ex-multilayer systems of arbitrary length and composition. The
ceeded so that the mismatch could be completelynethod has been applied here to group IV devices but it can
accommodated by uniform lattice strain. be easily implemented to handle structures with different at-

For pure Ge on Si001), the case we discuss in this paper, oms in the “anion” and “cation” positions. The importance of
this critical thickness is about six Ge monolayebsit it can  exploiting very accurate one-electron microscopic Hamilto-
increase significantly in the case of SiGe alloys on Sinians which incorporate spin-orbit, alloy and strain effects is
substrate or by surfactant mediated growthDue to this  evidenced. We are thus able to provide a detailed description
limitation only a few experimental studies have been dediin real andk space of the states of the device in a wide
cated to pure Ge QWS] while the main effort has been energy range, overcoming limitations typical of the envelope
devoted to SiGe alloys QWsee, e.g., Refs. 1-4 and)1Ge  function formalism(see for instance the discussion in Ref.
on Si buffer undergoes biaxial compressive stress in thag).
growth plane and its bulk electronic structure is consequently In Sec. Il we present the geometry of the multilayer struc-
distorted: The fundamental indirect energy dag., the dis- tures studied and the essential lines of the theoretical
tance between the bottom of the conduction band @nd  method. Section IIl contains the results for double QWs of
the top of valence band &Y of strained Ge is reducedee, Ge and a comparison with the experiments. The conclusions
for instance, Refs. 1, 11, and )1@nd cubic degeneracies of are reported in Sec. IV.
eigenvalues are tetragonally resolVéd® Besides strain,
also confinement of the electronic states in the created Si and
Ge QWs contributes to modify the band offsets and thus the Il. SYSTEM AND METHOD DETAILS
energy gaps, leading to a great variety of effects on optical
and electronic properties of these structures with large pos- We have studied the electronic properties of samples com-
sibilities in band engineering. posed by two QWs of Ge pseudomorphic to(801) sub-

In this paper we have analyzed theoretically the electronistrate separated by a variable number of monolayers of pure
states of double Ge QWs separated by a variable thickness 8i. Luminescence properties for such systems have been ex-
Si, epitaxially grown on a Si001) substrate. Our approach is perimentally investigated as function of the Ge wells thick-
based on the tight binding formalism and exploits theness(2, 3, or 4 monolayepswith interwell separation of 17
decimation-renormalization proceddiféo reduce the origi- or 20 Si monolayer&? For these samples two main lumines-
nal multilayer structure into an equivalent quasi one dimen<ence lines have been identified: A no-phoridiP) funda-
sional manageable chain system. The Green’s function imental line and a TO-phonon replica.
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To study theoretically the electronic states of isolated{e Cw=0-1271|——|¢|—| e . r

double QWs, we have constructed an ideal long period su{| 7/
perlattice with primitive cell, in the growth direction, made
by the two Ge QWs embracing a number of Si layers ranging
from 5 to 80, followed by a thick region of pure 8ve have P
inserted up to 1000 monolaygrahich isolates the double VBO=0.74 &V 'l':f )
QW structure from the neighboring ones. We have thus in-|a h2 I
vestigated a system which is perfectly periodic both in the S sGo s1 sGe S
growth direction and in the orthogonal planes: This has al-

lowed us to exploit the tight-binding renormalization ap-
proach which has proven very efficient for the study of pe- FIG. 1. Schematic band structure potential of the Si/Ge super-

i ; ; 20
riodic mgltllqyer str.uctures of arbltrary. 'eng*h- lattice. ag is the length of the primitive cell in the growth direction:
T_he first ingredient of the. calculat|qn is the bulk elec- |y .ontains two Ge QWs 2-10 monolayer thick, embracing a Si
tronic band structures of the isolated Si and Ge crystals; fOFegion of 5-80 monolayers, and a long Si spacer region thick
tHh:mv'\?teorr:%Vne:?k%ptﬁ?réﬁ%j bt'g?;r?(':récti'2?;??'6?5;?25‘: enough to make isolated the double QWs structlge.1.17 eV is
! lan, 'l u y : IS SU the energy gap for the silicon slab and 0.557 eV is the energy gap of

neighbors parametrized_HamiItonian includes spin-orbit "_"the strained Ge crystal. The meaning of the confiogdnd c;3
teraction and well describes the valence and the conductiofyngyction levels is specified in the text. Energies are not in scale.

electronic eigenvalues and densities of states of the bulk
semiconductors in a wide energy range around the funda-
mental gap. Moreover (k) can be easily modified to include
hydrostatic and uni-axial strain effects through appropriat
scaling laws of the parametétsand modifications of the

EQ(s-Ge)=0.557 eV EQ(S)=1.17 &V

G

On the chain model system so obtained the iterative real-
Space renormalization procedure can be applied, and the
Green'’s function of the superlattice is then evaluated. From it

geometrical phase factors which are linked to the spatial po€ €nergy spectrum and the densities of states projected on
sitions of the atoms in the crystal lattice. each orbital in each layer of the system are obtained. The

The Si substrate remains in the cubic structure with latticd®"0C€ss we adopt consists in the recursive decimation of each

constantag=5.43 A; the unstrainedcubid lattice constant Internal layer of the primitive cell; at each step the decima-
of Ge isag.=5.65 A. In the(001) Si-Ge structure consid- tion of a generic layer gives rise to appropriate self energies

ered, the Ge regions are lattice matched to the substrate [Af the adjacent surviving layers and to a new effective in-
the planes(001) (i.e., a(Si)=a,(Ge)=5.43 A) while the teraction between them. This procedure is iterated until all

macroscopic lattice constant along the growth direction ethe Iayﬁrs n thde celrl1 are ex_au(ssted, bu'; the _f|rst ?nre], and this
pands due to Poisson efféit. eventally provides the matrix Green’s function of the super-

In addition to the chemical difference between Si and GeIatt|ce. Projected densities of states are available from partial

the macroscopic strain is essential for the evaluation of thgaces of the Green's functions of each layer. It is worth

energy bands lineups at the Si-Ge interface. We have tak ticing that the numerical code we have implemented, ex-

from the literaturé® the valence band offs¢vVBO) value of P OiF"‘g _nearest neighbo_r interactions, is ab_le t(.) peffo”‘? the
gemmatmn—renormallzanon process considering a single

0.74 eV at the interface between pure Si and pure straineI ; d to handl d4d ber of | .
Ge: Within this result we also qualitatively account for ayer at time, and to handle even or odd number of layers in
Hwe geometrical configuration of the system.

charge redistribution at the interface. Only the valence ban
offset is considered as fixed external parameter; all the other
energies in the bands profile result from the tight binding
parametrization and the corresponding scaling laws. In Fig. 1
we report the schematic profile of the potential experienced Figure 2 shows the electronic band structure around the
by the carriers at th&' point of the two dimensional Bril- two dimensional Brillouin zone center, for the superlattice
louin zone. The resulting type Il confinement shows thatcomposed by 4 monolayers thick double QWs of Ge embrac-
electrons and holes are confined in spatially separated réag 20 monolayers of Si. We have verified that a spacer of
gions. We have also verified that type | alignment is obtaine®00 Si monolayers is sufficient to make the double wells
with QWs made by Ge rich SiGe alloys on SiGe substrites. structure not affected by the periodicity of the superlattice.
The superlattice so obtained has then been treated as aWe see in particular that four energy bands of the super-
multilayer structure in the(001) direction expanding the lattice are confined in the Ge regiofss shown schemati-
Hamiltonian H(k) on the basis of two dimensional Bloch cally also in Fig. }; on the other side for a single Ge QW on
sums as shown in Refs. 24 and 25: For each two dimension&i (001) we have obtained that only two levels are confined,
wave vectorq the original system is thus mapped exactly originated from the Ge heavy holéh) and light hole(lh)
into an equivalent linear chain structure with on site matrixbands, respectively. In the present geometry made by double
energies and nearest neighbors matrix interactions. The dRWs, the confined levels are doublgthl, hh2 and Ih1, Ih2
mensionN of the tight binding Hamiltonian is given by the due to the tunneling interaction between the adjacent Ge
number of atomic orbitals within each layer in the primitive wells. This can be verified plotting the energy separation of
cell (20 orbitals per layer, including spimultiplied by the  each doublethh1-hh2 and Ih1-lhRas a function of the num-
total numbers of layers, thus reaching the vaNie 10* or  ber of Si layers interposed between the wells. If the above
more. interpretation of the two doublets is correct we expect that

Ill. RESULTS
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FIG. 4. hh and Ih doublets separation as function of the Ge well

width. Solid lines are the numerical results, dotted lines are the
solution of the analytic model, see text. The interwell separation is

) of 20 Si monolayers. The square symbols belw0 are the con-
FIG. 2. Valence and conduction band structure of the Ge/Stinyum of valence states, also reported in Fig. 21 atoint.

superlattice presented in Fig. 1, around the two-dimensional Bril-
louin zone center. The 10% of the segmehtX and I'-T are
reported.

interpolated the results with a quadratic fitting in an interval
of 0.4 eV. We have found that in the two zones the effective

. . . . . . masses are quite similar, with values (hh)=2.02m, and
this separation vanishes in the limit of large number of mter-m*(lh)_2 0 26 \We have then studied the confinement of
well Si layers. This is exactly what happens as shown in Fig, e _Bno. . ) : .

e states in a single, isolated square QW of width given by

3. The insets suggest that an exponential law satisfactori(ljg number of Ge layers. For the hh states the bottom of the
describes the doublet separation energy decay in agreem . Al X
b 9y y g well is at E=Eygg While for the Ih states the bottom is Bt

with the tunneling interaction hypothesis. = . . .
A deeper understanding of the valence states confined in Evso—A whereA=0.1501 eV is the energy separation be-

the two Ge QWs, can be obtained from the solution of the\tx/veen the hh and the Ih bands of strained Ge afl tpint.

single particle Schrédinger equation with appropriate effec~ © helxve found Ithar: i lthe We!\i\’i(m IS geTLrower than 10 Ge
tive massesn'(z) for the wells (Ge) and the barriergSi) monolayers, only t e owe$n-_ ) an states_ are con-
ined in the well, while the higher ones merge in the con-

zones. For this, we have first evaluated numerically the enf—. £ val Fi The Schrodi
ergies of the heavy and the light hole bands in Si and strainefhuum of valence statdsee Fig. 2 The Schrodinger equa-
, for the double well model, can be solved as outlined by

Ge around the center of the Brillouin zone and we have'©" . . .
Bastarc?’ One finds that the ground-state eigenvafusplits

004 T 004 — into two levelsE, ,, due to the interaction between the two
hh T Lh T adjacent wells
0.03 - 0.03 =
0.02 u - 002 = - t s
Fo 1 Fo 1 Ei,=Ex —+ —, 1
0ot o - oo . 1.2 1+r 1zr @
§ 0__ ‘-:v_gn_.g_.a_.,,ﬂ_ﬂ_B.G.B,a_a_,_ 0__ k _::::E::E:B:E:ﬂuﬂuﬂ.ﬂ,ﬂ..n,..__
5 & E 1 where r=(x;(@[x2(2), s=(x2(2IV1(2)|x2(2)), and t
5 wr- g i 7 =(x1(2)|V1(2)|x2(2)); xi(2) are the eigenstates of thsolated
o0k f Qo St W well i, andV;(2) is the potential profile of the well 1. The
- [ = 1 ombin wt® 4 1] results for the double well model are represented by dotted
L E D R e i lines both in Fig. 3 for several separations of the Ge wells,
004 . e I and in Fig. 4 for different well widths and fixed interwell
- 0, 0 2046080 005;_' L0 204060 80 ] separation. For comparison the results obtained by the com-
' 20 40 60 80 20 40 60 80 plete numerical calculation on the real system are reported in
number of interwell Si layers number of interwell Si layers

the same figures by solid lines.

FIG. 3. hhi-hh2left) and Ih1-Ih2(right) doublets energy sepa- From Figs. 3 and 4 we can see that the analytic model
ration as function of the Si monolayers between the Ge four mono€orrectly reproduces splittings and trends of the confined va-
layers thick QWs. The logarithmic energy scale in the insets show4ence states, mainly if the two wells are not too close. In fact
the exponential behavior of these separations as function of intethis splitting is evaluated by means of a perturbative ap-
well Si width. Dotted lines indicate the results obtained from theproach on the isolated QWs. We also notice that the mono-
analytic model, see text. tonic trend of the plots in Fig. 4 is explained considering that
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increasing the number of Ge laydfsr fixed interwell sepa- clude that the bound states in the Ge QWSs are mainly com-
ration), the confinement energies decrease and then theosed byp, and p, orbitals with smaller contribution from
bound states rise in energy. dy, andd,, orbitals.

We show in Fig. 5 the total square magnitude of the hhl, The comparison with the NP luminescence lines experi-
hh2, Ih1, and lh2 superlattice wave functions projected onmentally detected,involves also the evaluation of the con-
the layers of the primitive cell, calculated with the renormal-duction states of the superlattice. As schematically shown in
ization method for the case of QWs composed by 4 Gd-ig. 1 the lowest conduction band is BE1.17 eV in the
monolayers, separated by 20 Si monolayers. The spatial cotarge Si spacer region while higher energy confined conduc-
finement of these states is evident, moreover, the overlap dion states in the Si region between the Ge QWs are expected
the wave functions confirms a tunneling interaction betweerdue to the conduction band offset. We report in Fig. 8 the
the wells. superlattice wave function components amplitude projected

The corresponding analysis of layer and orbital resolvedn the layers of the primitive cell, corresponding to the low-
density of states reported in Figs. 6 and 7 allows us to apest 16 conduction bands eigenvalues atlthmoints(see Fig.
preciate with high numerical precision, the invariance of the?). As already noticet? the presence of doublet states with
results undek« y transformation. In particular we can con- oscillations characterized by a period of about three atomic
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XZ | FIG. 6. Square amplitude of
the hh1 wave function on different
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of the superlattice, projected on
the basis orbitals. The Ge quan-
tum wells profiles are reported
with dotted lines.
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layers is evidence of the interference of Bloch eigenfunctions This can be confirmed also comparing the numerical val-
corresponding to the equivalent valleys at +0.85/&2 We  ues of the conduction eigenvalues reported in Fig. 2 with the
notice that the lowest conduction stafélse couplesl and  eigenvalues obtained from a model calculation fosirgle

c2) are located in the large Si spacer region and do not perguantum well whose width is given by the width of the Si
etrate the region between the Ge QWSs. The next couple dfpacer region 1 or by the width of the Si interwell region 2.
eigenvalue$c3 andc4) can be interpreted, from its nodes, as With the longitudinal effective masm;i:O.GEmO evaluated
the first excited state of the large Si spacer well, and so orfrom the energy fitting of the bulk crystal electronic structure
At higher energies these excited states start penetrating in ttegoundA,,i,, in thez direction, we obtairE;=1.1705 eV and
region within the two Ge wells. The thirteenth conduction E;=1.2039 eV for the lowest energy states in the regions 1
state is almost completely confined in region between the@nd 2, respectively, in excellent agreement with the values
two Ge wells and can be interpreted as the fundamentdE+E)/2=1.1704 eV and,,3=1.2050 eV. The compari-
eigenstate of the Si quantum well defined by the Ge conducson can be further extended; we cite, for example, the first

tion band potential profiles. excited state in the region 1 which is found at 1.1733 eV, to
2 T T T 2 T T 2 T T T n 2 T T T T
1 1 1 1r
o™i i L M A . oLl .
3 Sp 190 1?0 2(.)0 3 SP 190 1?0 290 2 Sp 190 1?0 2(.)0 5 5.0 1(.)0 1?0 290

FIG. 8. Total square amplitude
of the conduction band wave
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o
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=) functions on different atomic lay-
g 0 oL AL, A ‘ 0 ‘ ers in the primitive cell of the su-
= 550 100 150 200 , 50 100 150 200 , 50 100 150 200 , 50 100 150 200 perlattice, corresponding to the
= lowest 16 conduction bands eigen-
2] .
= values atl” (see Fig. 2 from top
g ! 1 ! 1 y left (c,) to bottom right(c,¢). For
2 sake of clarity the conduction po-
2 0 AL J 9 . o 0 . . tential profile is superimposed to
© 50 100 150 200 50 100 150 200 50100 150 200 50 100 150 200 . )
> T 7 2 T T T A the plot in the top left figure.
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e ' ' B SiGe cap layers which clad the QWs structure in the experi-
ot B am=e | | mental device.
e W e ] IV. CONCLUSIONS
< L B R ]
0.951 o® - A theoretical study of the electronic properties of two in-
- | ‘ T 1 teracting Ge QWs, separated by a variable number of Si
0.9 2 3 4 monolayers, pseudomorphic to a(8D1) substrate, has been

number of Ge layers presented. We have exploited a tight binding nearest neigh-
bor Hamiltonian with an orthogonap®d®s” set of orbitals
with appropriate scaling laws for spatial dependance of the
interaction parameters. The multilayer system considered has
then been processed by iterative renormalization methods
. _ which allow to evaluate the Green’s function of structures of
be compared with the numerical valu€Es+Ew)/2  rpitrary length. From it we have determined the energy
=1.1730 eV reported in Fig. 2. spectrum and partial and total densities of states. For pure Ge

Finally, Fig. 9 shows the experimental NP Iuminescencg\ﬁjells grown on S(001) the band alignment is of type Il and

lc'g(;'; d%%?ilggrL:r?(gc t?:\,:;g)%i:g;ﬁrnetnhc: Sti)itawfoenn 1t2?1c;0t\r/1\l: e have evaluated the confinement energies of valence states
1 9 in the Ge wells and of the conduction states in the Si regions.

h|ghest_hhl valence localized levels in the_Ge wells. OurAnalytic models based on the solution of the Schrodinger
calculations correctly reproduce the red shift trend of the

. : : . o equation confirm the numerical results of the real system. A
luminescence line with the Ge QWs width. In addition to the | /-1 agreement with the experimental measure of the funda-

fundamental NP luminescence line reported in Fig. 9, th‘%ental no phonon luminescence lifEy~Epy;) has been
energy levels obtained in this paper suggest possible inte%;— ¢t =hh

) L . ound and the existence of other transitions between the
pretations of other transitions between conduction and va-
lence states. In particular, the transition between the Iowes‘%
¢, conduction band and the hh2 band, split from the hhl b
the interwell interaction, is almost 50 meV higher in energy
than the NP fundamental one; while tbglhl transition is
almost 0.1 eV higher than the NP line. Both merge just into This work was supported by INFMProject No. PAIS
energy regions where transitions are experimentally detecte2D03-NANOCUR and by the National Enterprise for Nano-

and interpreted as originating from the Si substrate and th8cience and NanoTechnologMEST).

FIG. 9. E.—Ejy; energy transition as function of the Ge QW
width. Empty (full) symbols indicate theoreticééxperimental re-
sults. The interwell separation is 20 Si monolayers.

valuated conduction and valence states have been sug-
ested.
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