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p-type é-doping quantum wells and superlattices in Si:
Self-consistent hole potentials and band structures
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The hole-subband and -miniband structures of periodically accéptlmped quantum wells and superlat-
tices (SL’s) in silicon are calculated self-consistently within the effective-mass theory and the local-density
approximation. The full six-band Luttinger-Kohn effective-mass equations are solved, together with Poisson
equation, in a plane-wave representation. Nonparabolicities due to couplings between heavy, light, and spin-
orbit split bands are fully taken into consideration. To account for exchange and corré€kdipaffects within
the multicomponent hole gas, a parametrized expression for the XC potential energy is adopted. Hole band
structures, Fermi levels, and potentials are presented for a sepeypé 5-doping SL's, varying the acceptor
doping concentrations, periods, and doping spreads. The inclusion of the spin-orbit split band is reflected
essentially in nonparabolicities, and it starts to play an important role already for intermediate concentrations.
For acceptor doping concentrations abovexi10'* cm™2, the split-off band is populated for SL periods in
both SL and isolated well regimes. A comparison with the available experimental data shows fairly good
agreement. Particularly, the data reported on admittance and infrared spectroscopies can be reasonably inter-
preted if one assumes indirect transitions between subbands, as is the pdagpad-doped GaAs.
[S0163-182608)00747-4

l. INTRODUCTION in the calculations fop-type 5-doping systems in GaA%:3
In Si, these simplifications are expected to be even less reli-

5-doping of semiconductor materials is a powerful toolable than in GaAs. Indeed, in Si, the coupling between
for creating confined carrier gases of high concentrations anfeavy- and light-hole bands is more important than in GaAs
mobilities> 3 Due to their importance for device applica- Pecause the splitting between heavy- and light-hole subbands
tions, most of thes-doping studies have been carried out oniS vVery small, owing to the fact that the masses of the two
GaAs and Si. In Sip-type 5-doping has been achieved with types of h_oles in th€001] direction(the normal direction of
layer concentrations up to ¥0cm 2 (Refs. 4—16and layer € 6-doping planepare very close to each oth€d.29 and
widths down to 12 A® Various methods have been applied 9-20 for heavy and light holes, respectivlly Moreover,
to investigate the hole gas of these layers experimentall)Pand anisotropies are stronger becaus_,e th_e Luttinger param-
such as, for example, transport measuremétitsinfrared etersys, v, have a larger difference in Shg—y,=1.44
spectroscopy?~** photoluminescence studi€sand admit- —0.39) than in GaAs {3~ y,=2.9-2.1). Finally, band
tance spectroscop{.Confinement effects of holes due to the NOnpParabolicities due to the fePU'S'O”;’f thg heavy- and
ionized acceptor wells have clearly been demonstrated iHght-nole band by the spin-orbit split; band are already
these measurements. Moreover, experimental data have belgtPortant for energies as small as 44 meV, the spin-orbit
obtained on the energy spectra of the confined holes. splitting energyA of Si*! As the binding energiegg of

Much less work has been done, however, on the theorefoles in Sip-type 5-doping wells are expected to be in the
ical understanding of-type 5-doping wells in Si. While the range of 100 meV, the spin-orbit split band must be in-
energy band structures ofi-type’ 2’ and p-type?®3*  cluded. IfA was even smaller compared i, the spinless
5-doping wells in GaAs and those aftype 5-doping wells ' description of the valence band would be sufficient. But
in Si (Refs. 35—-3Y are well known from self-consistent in Si this is not the case. This material forms an “interme-
envelope-function calculations using realistic bulk banddiate” case which requires that, first, spin and spin-orbit in-
structures, no such calculations exist fotype 5-doping  teractions are taken into account, transforming the spinless
wells in Si. So far, these wells have been studied only byl';s band into thd'g andI'; bands, and second, that besides
means of one-band effective-mass calculatioié;!*8-44n  theI'g band, also thd'; band is considered. The latter will
which couplings between different hole bands due to themanifest itself in two different ways. First, as has already
S-doping perturbation potential is omitted. Moreover, bandbeen mentioned, it results in essential nonparabolicities in
nonparabolicities were neglected and anisotropies were eenergy regions where the confined states are formed. Hence,
ther considered in an approximate Wa'%%8or omitted an effect onT'g-derived confined states exists even if
entirely2°#°The spin-orbit split band was taken into accountI';-derived confined states are not occupied by holes. Sec-
in Ref. 14 and left out in Refs. 13,16, and 38—40. The un-ond, as we will see below, for sheet doping concentrations
coupled effective-mass equations were self-consistentigbove 1.k 10" cm™2, theI';-derived confined hole states
solved with regard to exchange-correlation eff€tté*®or  are partially occupied, i.e., additional states occur in the oc-
without 16:3940 cupied part of the energy eigenvalue spectrum. Simulta-

Results based on the above simplifications cannot be exeously, these states affect all other states because they
pected to be quantitatively correct, as has been demonstratetiange the self-consistent potential.
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The need to consider thE; band implies that the full H=Hy+V(x), (1)
six-band Luttinger-Kohr{LK) model must be used in a con-
sistent theory op-type §-doping structures in Si, unlikp-  whereH, means the one-particle Hamiltonian of the unper-
type S-doping structures in GaAs for which only the four- turbed bulk crystal and/(x) the perturbation potential in-
band LK model based on thEg suffices?®®3* A general  duced byp-type 5-doping. The hole eigenstateg(x,s) and
method for solving the four-band LK effective-mass equa-eigenenergie, of the SL are determined by the one-
tion for p-type S-doping structures has been developed inparticle Schrdinger equation
Ref. 32. The method relies on the supercell concept, which
means considering a superlatti¢6L) of 5-doping layers [Ho+V(X) )¢ (X,8) =E, )\ (X,S). 2
rather than an isolated layer. The isolated layer case is ob-
tained by making the SL period sufficiently large. The SL We assume an infinite extension of the SL in all directions,
periodicity of the system allows one to represent thewhich allows us to apply periodic boundary conditions for
effective-mass equation with respect to plane waves of disthe solutionsi,(x,s) of Eq. (2). With an even number of
crete wave vectors. In Sec. Il of the present paper, thi$i-Si bilayers per SL unit cell, the corresponding periodicity
method is generalized in order to solve the six-band LKregion may be taken as tetragonal with side ler@id par-
effective-mass equation frtype 8-doping structures. Since allel to the[001] SL axis(which is taken to be the axis of
exchange-correlation effects are expected to be as importaatir Cartesian-coordinate systgrand side lengtiG(a/ V2)
as in GaAs? **these effects have to be taken into accountin the two perpendicular directiorfs10] and[110]; here
in an appropriate way. This is accomplished by generalizings, andG, are large integers aralis the host lattice constant.
the procedure developed for GaAs in Ref. 32 to the case of In effective-mass theory, the one-electron Sdimger
Si. In Sec. lll, the generalized method is used to calculatequation(2) is represented with respect to the Bloch states
self-consistent potentials, subband and miniband structure&sl)\k) of first order k- 7 perturbation theor§®** The

as well as Fermi-level positions for a series pype  gigenstatesy, (x,s) considered here are composed 1o
S5-doping quantum wells in Si. To compare with experimen- | band stat E K 31 qT
tal results, the doping layers are taker{H30) planes and the valence-band statesxs|; Mg k), Mgp==*5,%5 and I'y

doping concentrations are varied betweew 1D*2 cm 2  valence-band statesg|zmyk), my,=+73. Thus we may
and 2x 10" cm™2. The spread of the doping layers is also write

varied to investigate its effect on the hole band structures.

These studies are mainly performed on large period SL’'s N ,

corresponding to isolated weltéto which most of the ex- %(X:S):% ijj(k)(xsljmjk), ©)
perimental results refer. A few short period SL's with !

coupled wells are treated for comparison. The calculated p A =(im.
QuhereF j(k) (Jka|¢>\) are the components af, (X,S)

tential wells and band structures are compared with previou\.7vith resjmect to the approximate Bloch statess|[m;k)
theoretical and available experimental results. P pp 1

The paper is organized as follows. In Sec. Il we present(nown as envelope functions. They obey the effective-mass

the calculation method. Section 1l is devoted to the presenEequatlons
tation and discussion of the results. Section IV summarizes ) L, ) e ,
our conclusions. > [Swe (imKIHIj 'm k) + (jmk|V]j'm/k )F (K7
Il. METHOD j’mj'k’ !
A. Effective-mass equation - GAF]?\mj(k)- 4)
The one-particle Hamiltoniaid of the interacting hole
gas of ap-type 5-doping SL may be written as The 6x6 matrix (jm;k|H|j'm/k) is given by**
|
i
Q S R 0 —S —iy2R
V2
s T 0 R QT '\Fs
- (O-— /=
J2 2
R* 0 T S ' \/§5* | (Q-T)
_ —i/2 . (O—
N
i : )
0 R* -s* Q —i\2R* - =S
V2
. (Q-T) '\Fs V2R S(Q+T)-A 0
V2o 2 2 2
i V2R S ! (Q-T) ' s 0 1(Q+T) A
—i/= - —(O- — .l -
2 2 2 2
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where rows and columns are ordered in sequgrcg,my,  whereK means a vector of the reciprocal SL agds a unit
=3 ... j=3%m,=—3, andQ,S,R, T are defined as vector in thez direction. The Fourier coefficient"sj”n?,j(K) of

42 the SL Bloch function are determined by the effective-mass
Q= 5l (rt W) (EHI) + (ri—2y)kE], (6 auaton(). One obtains

i2 2 2 [ (jmja+KeH|i'm/a+K'e)
T=— 5 [(n= 1) (G K) +(71+27)K], (D) K
+(jmq+KelV]j'mig+K’e)IF /" (K')
12 ‘
S=i——3ya(ke—iky)ks., 8) =E,qF i (K). (14)

m.

R h? \/§[ (%= k) — 20 ok k. ] © B. Coulomb potential
=—— —kg)—2i .
2m VY2 y 73 Within effective-mass theory, the off-diagonal elements

The potential term of the effective-mass equation is com—Of the Coulomb potential matr|x1(njq+KeZ|VC|J m;a

posed of the Coulomb potentil,(x) of the ionized accep- +K'e,) with respect tojm; ,j'm; are neglected, hence
tor atoms, added to the Hartree potentigl(x), and the .. - Tay— S , /
exchange-correlatiodyc(x) of the interacting hole gas. The (imjg+Ke,Veli'miq+K'e,) 6"5mimi(K|VC|K )
distribution of the ionized dopant atoms along the SL axis is (15)
approximated by a Gaussian, centered at the nominalith (K|V¢|K')=(K—K’'|Vc) as Fourier coefficients of
6-doping layers. Parallel to the layers, the dopant charge i¥(z). The latter obey Poisson’s equation
homogeneously smeared offibr a justification of this ap-

proximation, see Ref. 37Thus, the ionized dopant distribu- 47e?

tion N,(z) depends only oz and is given by the expression (K|VclK") =~ P m[Klp(Z)— Na(2)|K']

» (16)
Na(Z)=N, > g~ (z-nd)?20?, (10)  with

n=-o \ 270

: : 1 1
whereN, means the sheet acceptor doping concentration Ofp(z)zZ 2 — [ d3X|,q(x,5)|4 1—
a dopant layer and- is the variance of the Gaussian distri- s Qola, v elEva EFl/kT L q
bution. The square root of the variance, represents the 17)

rTllean d|starr1]cef ollf a.(;:l?glng T‘to;;n ”Om the nfor:]unal dOIOIngoeing the hole concentration averaged with respect to a bulk
plane. For the full widthAz at half maximum of the Gauss- it cell of volume(,, e the static dielectric constant, and

ian, one hasAz=2y2 In2 0=2.355 0. Because of the E_ ihe Fermi energy. Charge neutrality ensures that
form (10) of Na(z), the ionized acceptor potential is a func- [K|p(2)—NA(2)|[K]=0.  The true SL eigenfunctions
tion V4(2) of z only. The Hartree and exchange-correlationw (x,s) follow by means of Eqs(3) and (13). One has
potentials also depend only anbecause their fluctuating ag?)roximately

parts which depend ox,y, are omitted in the effective-mass
approximation. Using the abbreviation

1
—_—  Ai(g+Key-x vq im.
a8 == 2 2 Fin (K)0cslim;0),

(18)
f_or the total Coulomb potential, the total perturbation poten—where the Bloch factors of the bulk Bloch functions
tial V(x) may be written as

(xs|jm;k) in Eq. (3) have been replaced by the Bloch factors
_ _ (xs|jm;0) at k=0. Evaluating expressiofiL7) for p(z) by
VOO=V(2)=Ve(2) +Vxe(2). 12 eans of Eq(18) yields
Because of the independence of the perturbation potential 1
V(x) of the position vector componerf parallel to the lay- (2)= — el (K=K zpvax (nypra ()
ers and because of the SL periodicity\fz), the envelope P szq g ernJ I, ( ij(
function Fj*mj(x) in coordinate space may be written as the

Ve(2)=Va(2)+Vy(2) (11

product of a plane wave having a wave vedapparallel to x| 1— ; ) (19

the layers and adependent Bloch function of the SL having elEra Eel/kT 1

a certain quasi-wave-vectoy, of the first SL Brillouin zone

and a certain SL band index. Thus, setting\=vq, the C. Exchange-correlation potential

envelope functionﬂ;:}’rﬂ_(k) in k space may be written as : . .
i The exchange-correlation potential matrix

(imjkK|Vxclj'm/kK") has off-diagonal elements both with

vq ()= vq A .
Flmj(k) 5KQ+KezFlmj(K)’ (13 respect tojm;,j'm/, andK,K’. Neglecting any exchange-
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correlation induced couplings between the three different e2 2
types of carriers involved, i.e., heavy and light holes and Vie(z)=— = )
spin-orbit-split holes, the (86) exchange-correlation ma- 2eag mary(z)

trix of the LK model decomposes into the X44) block for

heavy and light holes and the ¥2) block for spin-orbit- _
split holes. For the latter, the §22) exchange-correlation 2eay
potential matrix is diagonal with respecto,,,m;,,. In the

local-density approximatiofLDA), the diagonal elements

may be obtained by means of the exchange-correlation pdvhere ag’=e(mg/mgjag is the effective Bohr radiuse
tential of a homogeneous electron gas. Parametrized expres-(4/9m)*® is a numerical constant, andr(2)
sions for the latter have been proposed by various authorsz[(4/3)ag’ %.(2)]1 Y is the dimensionless screening ra-
We use the expression given by Hedin and Lunddist. dius.

Screening the electron-electron interaction potential by Expression(20) cannot directly be applied to the heavy-
means of the static dielectric constant of Si, and replacing thand light-hole gas of thé'g valence band. How one may
free-electron mass and density by, respectively, the effectivproceed in this case has been shown in our previous ork
massmg, and densityps(z) of the spin-orbit split holes, one where the exchange-correlation potential matrix has been de-

e2

2 ) r{ 21 )
—10.03681 1+rs(—z) , (20

T

obtains rived for the (4x4) LK model. It has the general form
|
Qxc(k,k")  Sxc(k,k")  Ryc(k,k") 0
(3 k|V |3 ’ Kk ) S;C(k’k,) TXC(k!kI) 0 RXC(klk,) (21)
_m —m ! = )
2 1113721 XCl| 2111372 ;C(k,k,) 0 TXC(k,k,) _ch(k’k/)
0 xe(Kk)  —Ske(k,k")  Qxce(k,k")
|
where the matrix elements are expressions in terms of the 1 [2m.)%?
exchange-correlation potential?(z) andV¥.(z) of heavy PedZ)= —2( = w2 o(u(z)-A), (29
and light holes, respectively. The actual form of these ex- 3m°\ h

pressions has been given in Refs. 32 and 33, assuming that _ o _ _

band warping does not affect the exchange-correlation intewhere ¢ is the Heaviside step function. The chemical poten-
action considerably. The heavy- and light-hole exchangetial w(z) is determined by the total hole density

correlation potential/i(z) andV¥-(z) themselves are de-

fined _in ago analogous. way as t'he exche_mge—correlation P(Z)=Pri(Z) + Ph(2) + Psd 2)- (24)
potential Vyi(z) for spin-orbit split holes in Eq.(20).

Thereby, the spin-orbit split masmso_is repliced by the | w(z)<A or, equivalently, ifp(z)<p, with

isotropic heavy- and light-hole masses,, andm, (we take

the experimental values of Ref. }&and the local bulk spin- 1[0\

orbit-split hole densityp.(2z) is substituted by the local bulk e 324+ m3/2) A 32 2
densitiesp,(z) andpy,(z) of heavy and light holes, respec- P=g 2l 2 (M + M) 3
tively.

The three partial hole densities need to be known in ordegefined as the threshold density at which the spin-orbit-split
to apply the exchange-correlation matrix specified above. Tg4nq begins to be filled, thew(z) is given by the expression
determine these densities in a rigorous way, the SL envelope

eigenfunctionﬂzj”n‘lj(k) have to be projected onto the various

hole eigenstates, and the squared moduli of the components w(z)=
have to be summed up upon all occupied SL bdfidsere

we use an approximate procedure. We calculate the total hole

densityp(z) by means of the SL eigenfunctions, as in theForp(z)>p;, no closed analytical solutiop(z) of Eq. (24)
context of Poisson’s equation above. The distribution ofeXists anymore. Ifps(z)<p(z), an approximate solution
holes upon the three hole states is obtained by the Thomagiay be obtained in closed analytical form. It reads
Fermi approximation, i.e., by introducing a local chemical

(377_2)2/3 o o -
> hz(mﬁ{]2+ mﬁ]/2) 2/3p(z) 2/3. (26)

potentialu(z). In a parabolic approximation one has (37223
p(2)= ——hA(mt+mipd) "2 p(2) - py2) 17,
— 2
o= 2| e qont, 2 *
@ 3q2\ 52 | M ' o where
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1 [ 2m 3/2 TABLE I. Experimental and theoretical Luttinger parameters of
p’(z)= _2( 230) Si from different sources quoted in the text.
37\ h
(37223 312 Ref. v1 72 73

X R M+ min) " p(2)#3-A | Dexter and Lax(1954) expt. 48 4.00 055 1.18

Dresselhaugt al. (1955 expt. 49 4.00 055 1.10

(28)  Dpexteret al. (1956 expt. 50 4.00 055 1.30

The accuracy of this solution is better than 10% for all den-Hensel and Fehel963 expt. 47 426 038 1.56

sitiesp(z) abovep;. Balslev and Lawaet#1965 expt. 51 4.27 032 1.46

Lawaetz(1971) theor. 52 4.22 0.39 1.44

D. Bulk properties Chelikowski and Cohei1974 theor. 53 4.10 0.44 1.40

Hensel(1982 expt. 54 4.285 0.339 1.446

The four parameterd, v,, y», andys of the six-band
LK model are crucial for our band-structure calculations of
p-type S-doping SL’s in Si. While the spin-orbit splitting
energyA is well known,A=44 meV* there is a consider-
able uncertainty with respect to the Luttinger parameters in

the fliterature. The experimental values by Hensel an he actual heavy-hole—light-hole splitting in Si is consider-

Feher!’ reproduced in Ref. 41y;=4.26, y,=0.38, andy; . . e
=1.56, were our first choice. Self-consistent band-structur&2lY Smaller than one expects if the experimental, direction-

calculations forp-type 5-doping SL's employing these val- ally averaged, isotropic masses of 0.54 and 0.15em®ne-

; : ously) used.
ues could be carried out without any problems for large SL The band structure obtained from the LK model with the

periods, but, surprisingly, did not converge for small per'OdS'Luttinger parameters by Lawa&#ds plotted in Fig. 1 in the

After a long search for the reason for these difficulties, we, : 7
realized that the choice of the Luttinger parameters was ret_hree high-symmetry directioi01], [ 111], and[110). The

sponsible: For small SL periods, wave vectorg 110] be- dashed lines depict the parabolic approximation. As one can

come increasingly important. The bulk band structure in thigS®: nonparabolicities occur already closé'dor hole en-

direction, as predicted by the LK model with the Luttinger ergies of the order of magnitude 10 meV. The nonparabo-

parameters of Ref. 47, is qualitatively wrong. For energies!'c't'es may be characterized as repulsion between the spin-

small compared ta, the three bands, i.e., the heavy- andorbit split band and the heavy- and light-hole bands, which

. . ; ; ushes the former down and the latter up. The up-shift is
light-hole bands and the spin-orbit split band, bend down, aQushe: : R

expected, but, surprisingly, for higher energies compared tgegllglble for heavy hole§ n th[é)O_l] and[111] dlreqtlons,
A, the heavy-hole band starts to bend up. The expression for these cases, parabolicity applies over the entire energy

i ; L ~ rtange of 200 meV shown in Fig. 1. The fact that the heavy-
Lr}(;igg?;?lggoclte)nr:;:ri%{ttlﬂ in the[110] direction for en hole band behaves parabolic in th@01] direction but ex-

hibits nonparabolicities in thgl10] direction will affect our

band-structure calculations fprtype 5-doping SL's below.

P v (299 We will come back to this point later.

1T YT 9Ys In the estimation of hole concentrations for setting up the

reveals the reason for this unphysical behavior. In fact, if theexchange-correlation potential, we used an isotropic para-

inequality bolic approximation of the entire bulk band structure. Al-

though this approximation is too crude to be used in the

Y1+ v2—3y3>0 (30) kinetic energy term of the effective-mass equation, hole en-

is violated, as it happens for the above set of Luttinger pa_ergie§ up to 120 meV are still reproduced fairly well. A
rameters ,+ y,—3ys=—0.04), the heavy-hole mass be- Fermi energy of 120 meV corresponds to a total hole den-
. 1 . _ 0 73 . . .

comes negative and the heavy-hole band must bend up. sity of_p—loz cm =, Wh'c.h puts an upper limit for.the
Relation (30) imposes a condition on any reasonable sefSOrOPic parabolic approximation to be employed in the

of Luttinger parameters for materials with small spin-orbit ©Xchange-correlation potent’?l. Assuming %20 average hole

splitting energyA. For largeA, this condition may not be confinement length of 100 A, the valye=10" cm™* is

applicable because energies large compared tmay al- r_eagﬁed 1‘92r a sheet acceptor doping concentrafign

ready lie outside of the range of the LK model. Inspecting_1 cm =

the sets of Luttinger parameters from the literature repro- _ o _

duced in Table I, one notices that all other &351ulfill the TABLE II. Effective masses of holes in Si _for energies small

consistency te€0), although they differ appreciably among compared t(A,. calculated by means of the Luttinger parameters of

each other. We take the set of Ref. 53=4.22,y,=0.39,  Ref- 52. In units ofm,.

and y;=1.44. For energies small compared A¢ this set

Rieger and Vogl(1993 theor. 55 4.31 0.34 1.43
Persson and Lindefe{t996 theor. 56 4.61 0.39 1.54

eavy-hole—light-hole splitting in Si as compared to GaAs.

M| 110]=

yields the effective masses shown in Table II. Since, in ex- (200 [111] [110
periment, thes-doping layers ar¢100 planes, the confined m,, 0.29 0.75 0.59
states are mainly determined by th@01] masses. In Si, m, 0.20 0.14 0.15
unlike GaAs, these masses are very close to each other faf_ 0.24 0.24 0.24

heavy and light holes. This will result in a much smaller
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FIG. 2. Self-consistent potential wells of a prototype N,
=5x10" cm 2, period of d=800 A, large enough for the
S5-doping wells to be isolated. The doping spreealis set equal to
23 A

the same for heavy and light holes, and coincide with the
total potential barriers because the exchange-correlation po-
tential parts vanish inside the barriers, due to the vanishing

0.00 0.02 0.06 0.08

0.04
k(2n/a)

carrier densities there. The barrier for the spin-orbit split

holes is shifted down by the spin-orbit splitting enedyy

FIG. 1. Valence-band structure of Si calculated within the six-

The depths of the wellsyy, Vi, andVs,, amount to

band LK model. The parabolic approximation is shown by dashedi52 meV, 148 meV, and 122 meV for heavy, light and

lines. Luttinger parameters given in Ref. 52.

lll. RESULTS

The results are presented in the next subsections. First, we
discuss the characteristic features of self-consistent potentials
and band structures of isolat@etype 5-doping wells in Si,
taking a particular SL as an example. Then we discuss the
changesof potentials and band structures with sheet doping
concentratiorN,, doping spread\z, and SL periodd. Fi-
nally, we compare our results with previous theoretical and
experimental findings.

A. General characteristics of isolatedp-type é-doping wells
in Si

We consider a SL with a typical sheet doping concentra-
tion of No=5% 10" cm 2 and a period ofl=800 A, large
enough for thes-doping wells to be isolated. The doping
spreadAz is set equal to 23 A. For the static dielectric con-
stante we used the value 124 The self-consistent potential
wells and the band structure of this SL are shown in Figs. 2
and 3, respectively. Three different potential wells are de-
picted in Fig. 2, each corresponding to a particular type of
holes, together with the total Coulomb potential wé&l;,

200

| With SO
(@)

Without SO

-0.2 A Zr A 0.2

FIG. 3. Band structure of the SL of Fig. 2 along three symmetry

due only to the ionized acceptor charge density plus the HaflinesT'-Z,A,A" shown in the insetta) with the spin-orbit interac-
tree contribution. The zeros of the heavy- and light-hole po+ion taken into account an@) setting the spin-orbit splitting energy
tentials are fixed at the Coulomb potential barriers. These arg to .
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spin-orbit split holes, respectively. The differences are due tqyith increasingk, +Kqe, K turns over from the cubic
the different densities and, consequently, different exchangg-001] direction through011] into the cubic[010] direction
correlation potentials for the three types of holes. As no spinthere we assumd along[010]). This implies that the sub-
orbit split bands are populated in the SL under consideratiorband nonparabolicities on thi line are due to the nonpara-
the exchange-correlation potential is zero for the spin-orbibolicities of the bulk band along11], and that the turnover
holes, so that the differencéé,,—Vs,=30 meV andV|, into a parabolic regime at larde is due to the parabolicity
—Vs=26 meV represent the exchange-correlation part obf the bulk band structure along a cubic direction. As the
the hh and Ih hole potentials, respectively. nonparabolicities of the bulk bands are caused by the repul-
The heavy- and light-hole wells are shallower for thesion of the heavy- and light-hole bands from the spin-orbit
abovep-type §-doping SL in Si than for an identical doping split band, one may also say that the nonparabolicities of the
structure in GaAs, mainly because the occupied light-hol&ubbands are caused by the spin-orbit split band. The nonpa-
Ihl subband states exhibit stronger confinement in Si than irabolicities should decrease if the spin-orbit splitting energy
GaAs. This means stronger screening of the ionized acceptiricreases. That this in fact happens may be seen from Fig.
sheets and shallower potential wells. 3(b), where we plot the band structure of the same Sl (
The band structure of the SL is plotted in Fig. 3 along the=5x10'® ¢cm~2 and period 800 A but artificially setting
three symmetry linek-Z, A, andA’ of the SL BZ shown in  the spin-orbit splitting energi to . The nonparabolicity is
the inset of Fig. 8). The bands are labeled as “hh,” “In,” reduced although not completely removed. The remaining
and “so” according to the bulk states which give the domi- nonparabolicity is due to the anticrossing of heavy- and
nant contribution to their formation. Of course, none of thesdight-hole subbands which is well known from Gapsdype
bands is of pure bulk hole type since the bulk hole states arg-doping SL’s>2~>*In Si p-type §-doping SL's, an anticross-
not eigenstates of the SL. ing behavior between heavy and light holes also exists for
The most characteristic feature of the band structure inhe correct valueA =44 meV, but it is smaller and super-
Fig. 3(a), which is typical for allp-type 5-doping SL’s in Si,  imposed by effects of the bulk band nonparabolicity due to
is the distribution of bands into two groups, one group at lowthe spin-orbit split band discussed above.
energies consisting of the hhl and |hl ground-state bands,
and a second group of bands at energies close to the barrier
and beyond, containing all other bands, among them bands
derived from the spin-orbit split bulk band spin orbit. While  In Fig. 4, subband structures are compared for SL’s of
the hhi-lhl splitting energy dt is only 7 meV, the hhl- period 800 A and three sheet doping concentratiigs- 3
hh2 energy splitting aF amounts to 75 meV. This reflects, X102 cm 2, 3x 10" cm 2, and 210" cm 2. For the
on the one hand, the small difference between the heavy- artd/o lower concentrations, one has two well separated sub-
light-hole effective masses in tH®01] direction, 0.29 and band groups, the hhl and Ih1l ground-state subbands on one
0.20, in units of the free-electron mass, respectively, and, ohand, and the group of all higher subbands on the other hand.
the other hand, the relativelymall values of these masses For the highest concentrationx2.0** cm~2, the ground-
which give rise to relatively large confinement effects. Thestate spin-orbit split subband sol has moved out of the sec-
hhi1-lh1 splitting was even smaller if it was not enlarged byond group and staysetweenthe two subband groups, well
exchange-correlation effects. The latter deepen both sulseparated from each.
bands, but the hhl band more than the Ih1l band because of RaisingN,, the subbands become more parabolic. The
the larger density of heavy holes as compared to light holegeason for this transformation is the same as in the nonpara-
The Fermi levelEg lies between the two band groups, bolicity analysis of the preceding subsection: For higher con-
thus only the two ground-state heavy- and light-hole bandsentrations, the potential wells are steeper and the ritge
are partially populated by holes. In the hhl bafg is  of reciprocal SL wave vectorK necessary for their plane-
67 meV above the band bottom, and in the lhl band it isvave representation becomes larger. This turns the effective
only 60 meV above. bulk wave vectorst Kye,+ K into the cubid 001] direction
No miniband dispersion along thE-Z line occurs, as where the band structure has only small nonparabolicity.
expected for the large period of 800 A considered here; one The variations with doping concentrations of the various
has isolated wells. Solely the highest hh4 miniband has norsubband energy levels Bt of the potential well depthg,,,
zero width. The subband dispersions aldngparallel to the V), Vg, and of the Fermi enerdgir, are shown in Fig. 5in
SL layers, are more pronounced. It reflects features of thenore detail. The energy zero is again fixed at the potential
bulk band structure in this plane. Closeltp the dispersions barriers. The acceptor concentratibiy was varied from 1
of the various subbands differ and exhibit pronounced nonx10*2 cm™2 to 2x10* cm™2. The well depths increase
parabolicities. For larger wave vectors on theline, the rapidly with the increase oN,, reaching about 280 meV
subbands become parabolic and tend to be parallel to eadbr Vy,, 260 meV forV,,, and 210 meV forVy, at Na
other. This subband behavior close to and away fioris  =2x10" cm 2. For the lowest concentratiomN,=1
understandable if one realizes that bulk states entering the Sk 10'? cm™ 2, the potential well depths are about 31 meV
subband states have wave vectérs, +k , whereK is a  for Vy,,, 26 meV forV,, and about 16 meV fo¥g,. The
reciprocal SL lattice vector ankj denotes the wave-vector ground-state subband levels hhl, Ih1, and sol essentially fol-
component along. Let |K,| be the range of the dominating low the trend of the well depths. Unlike the former levels,
SL wave vectorskK in the plane expansion of the self- the excited levels hh2, 1h2, and hh3 are approximately
consistent SL potential. Then the relevant bulk wave vectorpinned at the barrier foN, ranging from 1x10'? to 5
of an SL subband state of wave vectgrare =Koe,+k;. X 10" cm™? with the hh2 and Ih2 levels shifting slightly up

B. Changes with sheet doping concentration



15682 ROSA, SCOLFARO, ENDERLEIN, SIPAHI, AND LEITE PRB 58

40 100 240

3x10%cm™® 3x10"%m?
800A 800A

hh1 80

hh1

200

160
60

120

40

80

20

Energy (meV)

40

-10F
20

-20 -40 -80
-0.1 A T A 0.1 -0.15 A Zr A 0.15 -0.25 A Zr A 0.25

FIG. 4. Band structures for SL’s of period 800 A and three sheet doping concentratigagx 102 cm 2, 3xX 10 cm 2, and 2
X 10 cm™2.

while the hh3 shifts slightly down. For concentrations above
300 1x 10" cm2 the excited levels show a steeper increase
o v . with the increase oN, .

800A " The Fermi levelEr also follows the increase of the well
2504 Az=23A ,;j?' depths with raising doping concentratioNg, however with

3 some delay. The delay results from the increasing band fill-
ing with raisingN,. This causes an upshift &g which
competes with the downshift due to the lowering of all sub-
band levels. It is this competition that, at low concentrations,
causes the Fermi level to stay almost constant with respect to
the barriers. For concentrations above B0*3 cm™2, higher
bands are increasingly populated, thus the available density
of states is larger and the Fermi level is almost fixed with
respect to the subband bottoms. Their downshifts with in-
creasingN, are almost completely transferred Ey. At
approximately 1.x10'* cm 2, the Fermi level crosses the
sol subband level, meaning that above this concentration the
spin-orbit split band is partially populated.

C. Changes with doping spread

1 10 100 It is known from n-type -doping SL'’s in GaAs(Refs.

N (10120m'2) 17-27 and Si(Refs. 35—3Y and p-type §-doping SL’s in
A GaAs (Refs. 28—3%that the width of thes-doping profiles
FIG. 5. Variations with doping concentratidt, of the various ~has an essential effect on the self-consistent potential wells
subband energy levelsolid lineg atT', of the potential well depths and band structures of such systems. We have performed a
Vin:Vin:Vso, and of the Fermi energie (dashed lines systematic study of this effect, taking a SL of period 800 A
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FIG. 7. Band structure of p-6-doping SL with acceptor doping
20k concentratioN,=1x10'® c¢cm~2 and periods 300 A and 100 A.
] 1 I 1 1 1 1 1
10 20 30 40 50 60 70 80 90 100 above the barrier. The three below-barrier minibands hhi,

AZ(A) Ihl, and hh2 are dispersionless. Considering these latter
bands, the SL behaves like a sequence of isolated wells. The
FIG. 6. Potential depthgy,,, Vi, Vs, the Fermi energie, and  hole gas, which populates hhl and Ihl bands, is quasi-two-
the lowest subband levels Btas a function of the doping spread dimensional. For the 100 A SL, dispersion is observed for all
Az. minibands, including the partially occupied minibands below
the Fermi level. The hole gas is no longer two-dimensional
and sheet doping concentratidfh,=3x 10" cm 2 as an  but three-dimensional.
example. The results are depicted in Fig. 6, which shows the Because of their dispersion, some of the minibands cross.
potential depths/,,, Vi, andVg,, the Fermi energyeg, As a rule, minibands of different hole types are allowed to
and the lowest subband levelsIai@s a function of the dop- Ccross while minibands of the same hole type show an anti-
ing spreadAz (for a definition of Az, see Sec. )l Over the  crossing on thd’-Z line. The subbands on thé and A’
entire range ofAz plotted in Fig. 6, the potential wells be- lines may only anticross.
come flatter. Starting from 130 meV Az=23 A, V,;, de- How the miniband dispersion of short-period SL'’s is in-
cays down to 65 meV foAz=80 A. The changes of,, fluenced by the doping concentratibiy is illustrated in Fig.
andV, are comparable. Faxz larger than 80 A, one notices 8. Shown is the band structure of a SL witk=200 A and
a slight deepening of the wells which reflects an interferenc&loping concentration as high as<20* cm™2. The poten-
between neighboring-doping layers. tial wells are rather deep in this case and, due to this, none of
The ground-state subband levels hh1 and Ih1 follow théhe below-barrier minibands hhi, Ih1, sol, hh2, Ih2, and hh3
flattening of the wells, which is plausible because they have

their main probability amplitudes there. The two excited hh2 300

and |h2 levels shift in the opposite direction because they 2 x 10™em®

penetrate into the barriers, which become less effective for 250 | 200A

the confinement if\z increases. Strong changes of potential hht | M1
depths and subband levels, as obtained here for a prototype 200 b

SL, occur for other SL’s as well. This means that the doping
spreadAz is an important structural parameter pftype

150
5-doping SL’s in Si. It has to be known within 20 A, at least, %
for a comparison between calculated and measured sublevel £ 00
positions to be reasonable. =
@ 50
w

D. Changes with SL period

If the SL period decreases, the overlap between hole
states localized in differenf-doping wells increases, and a
wave-vector dispersion of the minibands starts to develop.
This may be seen in Fig. 7, where we plot the band structure 100
of two SL’s with a fixed sheet doping concentratibia =1 -0.95 A 2T A 0.95
X 10* cm™2 and periodsi=300 A andd=100 A, respec- : :
tively. For the 300 A SL, a miniband dispersion is observed FIG. 8. Band structure of p-5-doping SL with acceptor con-
for the hh3 and Ih2 hole bands and all other bands close to @entration 2< 10 ¢cm~2 and a period of 200 A.

-50
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TABLE Ill. Heavy-hole subband levels dt, potential depths, TABLE IV. Infrared absorption data extracted from Refs. 14
and Fermi-level positions for isolatqutype 5-doping wells in Si and 38. We denote the absorption edge at low energl by that
with No=1.4x 10" cm 2 andAz=35 A, calculated by means of at high energy byP-. , and the absorption band maximum By,,.
a one-band effective-mass equation. The first row shows result§he parameters of the samples are the sheet doping concentration
extracted from Ref. 38, and the second row displays our results. IN,, which is given below, and the spreakiz=35 A, which is the
the third row, we present results from our approach but with thesame for all samples.
six-band set of effective-mass equations reduced to a single one=

band effective-mass equatideee text for details The values of N, (10" cm™2) 25 5 10 14 20
the last row have been calculated by adopting the progranm-for Ref. 14 Ref. 38 Ref. 14 Ref. 14 Ref. 14
type 6-doping SL's of Ref. 37 to heavy holes. The zero of energy is
fixed at the potential barrier. All energies are given in meV. P. (meV) 130 120 150 200 220

P_ (meV) 350 350 400 550 600
Vi, Er hhl hh2 hh3 hh4 hh5 Prax (MeV) 210 205 260 360 390
500 422 259 120 50 Ref. 38
252 37 172 57 4 Present work We also compare the results of our simplified calculations
400 5 375 33 267 174 60 Simplified  with results which follow by adopting a program developed
570 5 48 310 152 56 13 Ref. 37 for n-type 5-doping SL's(Ref. 37 to heavy holes. The re-

sults are shown in the last row of Table Ill. As expected, they
- . . . . are in fairly good agreement with the results of our simpli-
agldb't;nz Sr:fapﬁgilaogés-rihsé;q%?sei?tt\:\%-\:jvi(ran":n?szsnaallmgzgpl)?g ﬂ{(i)aed _calculations.. In both cases, the_ Fermi level is cI_ose to the
ShOI"[, period of 200 A K arrler,_much h|gher than in the rigorous calculatlons_. The
' small discrepancies could be due to the fact that while the

simplified calculations(performed within the six-band LK
model with an appropriate choice of parametafs indeed

As has been mentioned before, in all previousminimize the light- and heavy-hole coupling, they do not
calculation$®*41638-4Q/arious simplifications on the set of completely eliminate it.
six-band effective-mass equations have been made. One- In conclusion, the discrepancies between the present and
band effective-mass theory has been used, even if heavprevious calculations are in fact due to the simplifications
light, and spin-orbit split holes were distinguished. As a con-nade previously on the effective-mass equations. The main
sequence, nonparabolicities of bulk bands and any couplingaffect of these simplifications is an underestimation of the
between bulk bands due to tiéedoping potential were left density of state$DOS) of the lowest subbands. In the rigor-
out. Nevertheless, it is interesting to compare the results ofus calculations, these bands are much flatter and, conse-
these calculations with our results. For comparison, we takguently, their state densities are much higher than the sim-
a large-period SL withN,=1.4x10* cm 2 and Az plified calculations suggest. The small DOS values of the
=35 A, whose heavy-hole sublevelslathave been calcu- simplified calculations push the Fermi level considerably up
lated in Ref. 38. The results reported in this reference an@nd cause states to be populated by holes which are rather
our own results are compiled in Table Ill. One notices thatdelocalized and ineffective for screening of the ionized ac-
the levels of Ref. 38 are much deeper than ours. Similageptor sheets. Thus, the potential wells and all sublevels be-
discrepancies exist between our results and those reported @@me deeper than in our calculations. The Fermi level is
other paperd®1416:3%44n 3| cases the previously calculated close to the barriers in the previous calculations, a result
sublevels are much deeper than the ones calculated here. which is clearly ruled out by PL measurementsee

To check if these discrepancies are actually caused by tHeelow).*®
simplifications of the effective-mass equations, rather than
by other reasons such as, for instance, the use of different F. Comparison with experiment
sets of expansion functions, we artificially introduce these
simplifications into our calculations. Exchange-correlation
effects are omitted, as in Ref. 38. The spin-orbit splitting
energyA is set too, the Luttinger parameterg, andy; are
taken to be equaly, is set to 500, and/,= y5 to 498. This
choice yields the same heavy-hole massn}J001])=0.3
as in Ref. 38. The light-hole mass is extremely small,
(1/my,[ 001]) =0.001. This small value ensures that the light-  Infrared absorption spectra have been measured on a va-
hole levels are very shallow and not populated by holes. Theety of p-type 6-doping SL's*?~**38The periodd was 300
latter fact allows us to compare our simplified calculationsA in all cases, and the sheet doping concentratipnand
with those of Ref. 38, which do not take light holes into width Az of the doping layer were varied. Each spectrum
account. The results of the simplified calculations are showishowed one broadband, originating from optical transitions
in the third row of Table Ill. The potential well depi¥,,is  between subband levels occupied by holes as initial states
very deep, as in Ref. 38. The differences are probably due tand subband levels empty of holes as final states. We denote
the slightly different heavy-hole masses parallel to the laythe absorption edge at low energy By , that at high energy
ers; while we assumed 0.3, a value of 0.4 was used in thby P~ , and the absorption band maximum By,,,. These
above-mentioned previous calculations. energies are summarized in Table IV, together with the pa-

E. Comparison with previous calculations

We compare our results with experimental data obtained
by means of three different methods: infrared absorption
spectroscopy, admittance spectroscopy, and photolumines-
cence spectroscopy.

1. Infrared absorption spectroscopy
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100 TABLE V. Experimental activation energids,. from admit-
tance spectroscopy of Ref. 16 and calculated band separation ener-
gies AE extracted from our band-structure calculations for three
p-type 6-doping samples.

S

[

E Ny (108 cm™?) Az (A)  E.q (MeV)  AE (meV)

>

S 2.4 12 110 95

& 6.0 30 300 150
10.0 50 340 250

parallel to the-doping layers. The peak position is the
weighted average of the transition energies at varibys
rather than the transition energy Bt But this does not
change the theoretical peak positions considerably since the
band separations in Fig. 9 are almost independenkof
Owing to the latter fact, the absorption bands should be
rather narrow, contrary to what has been observed experi-
mentally.

The above considerations rely on direct optical transitions
with conservation of the wave-vector componént There
are good reasons, however, to assumekhabnservation is

FIG. 9. Calculated band structures of two SL’s, with a period oforoken ins-doping SL’s, because of the short-range fluctua-
300 A, those with the lowest and highest doping concentrationstions of the impurity potential. In fact, experimental PL spec-
2.5x10"% cm 2 and 2<10" cm 2, in Table IV are shown ifa)  tra from p-type 5-doping SL’'s in GaAs could only be ex-
and (b), respectively. Some possible intrasubband transitions arglained if k” conservation was released.If indirect
indicated by dashed arrows. transitions are considered in the infrared spectra-tfpe

6-doping SL's in Si, the absorption bands become much
rameters of the sampleN, andAz, from which they were  proader and their maxima reach much higher energies. This
measured. is indicated in Fig. 9; the indirect transitions which could be

Calculated band structures of two of the SL’s, those Withresponsib|e for the experimenta| absorption maxima are
the lowest and highest doping concentrations, 2.9narked by dashed arrows. Thus, assuming indirect transi-
X 10" cm™2 and 2<10* cm 2, are shown in Figs.@ tions, there are at least no more contradictions between the
and 9b). For the first SL, the hh1, Ihl, and hh2 subbands arexperimental absorption spectra and the calculated band
partially populated; these bands may act as initial states, anstructures. To make a more detailed comparison possible,
all higher bands as final states. For the second SL, the hhipsorption spectra have to be calculated. This task will be
Ih1, sol, hh2, Ih2, and so2 subbands are partially filled andolved in a forthcoming paper.
are possible as initial states, while all other subbands may
function as final states. Ideally, the envelope eigenfunctions
of the subbands have defined paritylat thus only transi-
tions between initial bands of evéndd and final bands of In admittance spectroscopy, activation enerdigg; for
odd (even parity are symmetry allowed. In reality, the po- exciting carriers from bound states into mobile states are
tential well is not ideally symmetric, due to nonzero back-determined by means of capacity measuremttsr p-type
ground and surface charge densities. Thus, all transitions wib-doping SL’'s in Si, such measurements have been per-
give nonvanishing contributions, although the strongest tranformed on three different samples in Ref. 16. The parameters
sitions should be those between hhl and hh3, and betweef the samples and the measured valbdgg are reproduced
Ih1 and Ih3, due to a larger overlap between the wave funcin Table V. Assumingk conserving transitionsz,.; should
tions. The corresponding direct transition energie¥’ are  be the differencé\ E between the highest occupied hole sub-
80 meV and 65 meV for the first SL, and about 200 meVlevel and the lowest above-barrier sublevellat The AE
for the second SL. These energies are considerably smallgalues obtained from our calculations are shown in the last
than the experimental peak positions of 210 meV andolumn of Table V. While for the sample with the lowest
390 meV, respectively. This discrepancy has already beedoping concentratiod E compares fairly well wittE ., AE
noticed by the authors in Ref. 13, and attributed to manyis considerably smaller thaf,; for the two samples with the
body corrections such as depolarization and excitonlike efhigher concentrations. This resembles the above discrepancy
fects. However, analyzing the absorption spectra, one has teetween experimental infrared absorption peaks and calcu-
be aware that the level separationlatcannota priori be  lated direct band separations. Obviously, indirect transitions
identified with the position of the absorption peak. Due to theare also involved in the activation processes of admittance
cubic bulk symmetry of Si, all of the intersubband transitionsspectroscopy. The fact that the discrepancy is the smallest for
are dipole forbidden af’, and their oscillator strength is the lowest concentration is also plausible: breakingkpf
proportional to the square of the wave-vector compoment conservation is the weakest in this case.

Energy (meV)

-0.25 A ZTr A 0.25

2. Admittance spectroscopy
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3. Photoluminescence spectroscopy mation. Hole band structures, potentials, and Fermi-level po-

Experimental PL data op-type s-doping SL's in Si are sitions were studied as functipns of the acceptor doping con-
rare in the literature. We are only aware of the work byCentrations, superlattice periods, and doping spreads. The
Buyanovaet al® The indirect fundamental gap of Si and, subband dispersions show a strong anticrossing behavior,
consequently, the involvement of phonons of variousdue to the small splitting between heavy- and light-hole lev-
branches in the radiative transitions, causes many spectréls. The inclusion of the spin-orbit split-off band results in
features not related to the Q2D hole gas of #heoping pronounced nonparabolicities whose effects on the heavy-
wells. Nevertheless, in Ref. 15, the Q2D emission bandind light-hole-derived states are present even if the split-off
could be uniquely identified. The width of this band is deter-band is not populated. These findings reinforce the fact that
mined by the position of the Fermi leve\Ex, with respect the full 6X6 Luttinger-Kohn Hamiltonian must be solved in
to the bottom of the hhl subband. For a sample with  order to provide realistic descriptions of the hole band struc-
=1x10" cm 2, an experimental value of 25 meV has tures. For acceptor doping concentrations above 1.1
been estimatetf and for Ny4=5x 10" cm 2 we extract <10 cm~2, the spin-orbit split band is occupied. The su-
AEr=55 meV from the spectrum shown in Ref. 15. Our perlattice regime with interacting wells is reached for su-
band-structure calculations for SL’s of the two concentra{erlattice periods<200 A, for doping concentrations vary-
tions, assuming isolated wells and a doping spréad ing between 18 and 16* cm 2. Exchange-correlation
=30 A, yield AEF=28 meV andAEF=58 meV, in good effects, as inp-type s-doping GaAs, are found to play an
agreement with the experimental values. We consider thignportant role in thep-type §-doped quantum wells in Si.
comparison to be a crucial test because the Fermi level may The comparison of our results with the available photolu-
be determined from the experimental spectra rather directlyninescence data aftdoped Si quantum-well samples shows
without any underlying assumptions on the type of opticalexcellent agreement. As wave-vector nonconserving transi-
transitions. Such assumptions are necessary to extract ttiens are likely to occur in5-doping structures, since direct

subband levels, as discussed above. transitions within the valence band are parity forbidden, the
admittance and infrared experiments can be only interpreted
V. CONCLUSIONS by assuming indirect transitions.

We have presented hole subband and miniband structures
of p-type 5-doped quantum wells and superlattices in silicon
calculated self-consistently within a full six-band Luttinger-
Kohn model, in which heavy, light, and spin-orbit split hole  The authors would like to thank FAPESP, CAPES, and
bands are included. Exchange-correlation effects were takdfINEP (Brazilian funding agencigdor partial financial sup-
into account in the framework of the local-density approxi- port.
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