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Thomas-Fermi approximation in a tight-binding calculation of é-doped quantum wells in GaAs
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We present a tight-binding calculation of the electronic structuré-dbped quantum wells in GaAs. A
self-consistent potential obtained in the Thomas-Fermi approximation is considered as an external potential in
our tight-binding model. A spin-dependesip®s* basis is used and nearest neighbors are considered to treat
GaAs bulk crystals doped with Si or Be. We change the semiempirical Hamiltonian matrix ¢0@ie
direction in each atomic layer, adding the value of the self-consistent external potential in this layer to all
diagonal elements of the matrix. The inhomogenedwoped finite region is matched with two semi-infinite
homogeneous GaAs barriers within the framework of the surface Green-function matching method. We com-
pare the tight-binding results with the results obtained in the envelope-function approximation and with the
experimental data available for the Si- and Be-doped GaAs.
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The doping of semiconductors down to atomic resolutionwhere 8= — «? if the dopants are type or 8= a? if the
(6 doping has become possible recently due to the developelopants aren type, mqq is the density of states mass, which
ment of the modern crystal growth techniques. Two types otlepends on the type of doping, is the GaAs dielectric
5-doped structuresn( type'=* and p type’~ have been in- function and
vestigated experimentally and theoretically to understand
their subband spectra. These structures allow one to study 26,03\ 1P
the physics of the doping at extremely high carrier densities, o:< )
and have potential technological applicatigrisFET (Ref.

10, etc]. The Thomas-Fermi approximation applied to
5-doped quantum wells permits one to obtain an analytical
self-consistent potentidl® Previous theoretical works about dopan

these systems have been done mainly in the envelope- Semiempirical tight-binding calculations have been con-

function approximationEFA). ducted recentf/'? to treat the electronic, optical, and

In the literature, to our knowledge, there is no tight- | ical . f I
binding consideration of-doped systems. We believe that a electro-optical properties of some quantum-well structures.
y To take into account an external constant electric field ap-

i?g?ﬁég;ﬂ;%&fﬂgIggmca}g:til?ﬁg%‘;gr'ésti?;vg;ﬁ?sejve plied to a planar heterostructure in the growth direction, one
9 P as to add the value of the external potential to all diagonal

have at the present for these systems, and could also enrigh, 1 i of the Hamiltonian matrix in each atomic |atfer:
the interpretations of the existing experimental data. In the '

present work we propose a way to trextdoped systems

()

’7TeD2D

PZD is the two-dimensional density of impurities in the
o-doped layer i, for n-type dopant and,p for p-type

within the framework of a semiempirical tight-binding TB;i(n)=TB;i(0)+neF. (4)
scheme.
A calculation of the energy spectrum &fdoped quantum We have used in Ed4) the discrete variable, instead of

wells in the Thomas-Ferm(iTF) approximation is presented the continuous variable, to label the atomic layers in the
in Refs. 1 and 5. The envelope-function approximation degrowth direction. The zero of the external potential is in the
scribes the band bending ftrdoped quantum wells by the atomic layem=0, e is the electron chargé; is the magni-
solution of the Poisson’s equation. One finds this solutiortude of the constant electric field applied along to the growth
with a carrier concentration obtained in the TF appoxima-direction, andTl B;; are the diagonal tight-binding parameters
tion. Here and henceforth we assume to be in the low{i being the atomic orbitals ind@XWe consider this approxi-
temperature limit. As a result of self-consistent calculationsmation a reasonable one, at least as a first step, and will not
for an ideal and uniform electron gas, one obtains change the nondiagonal tight-binding parameters. Equation
(4) shows that we shift the energetic positions of all atomic
orbitals in a given atomic layen with the potential drop
B neF of the field potential. There is experimental evidence

V(z)= (a|z|—+z)4’ D that justifies this shift, the Stark ladder phenomena in
0 superlatticed? This kind of parametrization has given very
good results for bulk GaAs when a constant electric field is
applied along the growtk001) direction® An energy shift
a= E& ) of the projected density of states for each layer has been
€ 15743 found in accordance with the electric-field potential drop.
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TABLE I. The tight-binding parameters used in the present pa-Boykin et al!® are applied. The values of the diagonal tight-
per. The effective mass values obtained with these parameters apinding parameters and the parametéyg, V. are the same
plying the formulas of Boykin etal. (Ref. 18 are m} as in the work of Priestest all®
=0.068n,, m,=0.62mo, andmi,=0.081m,. First we present the results for a Sidoped GaAs quan-
tum well.

Table Il presents numerical values of the grouitt()
-8.3431 0.9252 -2.6569 3.5523 7.4249 6.6235 1.9546 -6.451&nd two excited Ec; andE(,) energy levels in a Sh-doped
GaAs quantum well for different two-dimensional carrier
concentrations,p. For each bound state, results of both
4.2022 5.6800 7.7000 4.8500 3.0100 0.0580 0.1400 calculations(EFA and TB are shown. We have used as in-
put parameters,q=m* =0.068n,, m, being the free elec-

) ] tron mass,e,=12.5,n,5 takes values in the interval 1
In the present work we consider the potentiglz) from X102 cm 2<n,p<1x 102 cm 2, and tight-binding pa-
Eg. (1) as an external potential applied to a finite region of 3 meters showed in Table I. For,p=1X 102 cm2 we
the projected bulk in the growth direction. Similarly to EQ. n5ve not found aC2 bound state in the EFA calculation

(4), we have while aC2 bound state appears in the tight-binding calcula-
TR tion. The differences between TB and EFA results obey the
TB;i(n)=TB;(0)+V(n), ©) following trends. For a given state the differences increase
where V(n) is the potentialV(z) from Eq. (1) written in  when the concentration increases. But these differences are
discrete notation. always less than 5 meV. The agreement is very good.

The tight-binding(TB) calculations in the present paper  Results are reported in Ref. 3 for the same system with
are made in spin-dependensp®s* basis (nearest n,p=3x102cm 2. We compare below the energy dis-
neighbor$'® at the center of the two-dimensional Brillouin tances between the ground st&6 and the excited states
zone for the(001) growth direction ofs-doped GaAs. We (C1, C2, C3 obtained from our TB calculations with the
have considered two different-doped quantum wells, same distances presented in Reftt® values in parenthe-
n-type (Si-doped GaAp and p-type (Be-doped GaAs In  ses. Eg;—Ecg=45(48) meV,Ec,— Ecp=59(62) meV,
both cases the size of the inhomogeneous doped rétlien andEc3— Eco=67(69) meV.
width of the 5-doped quantum wellis 500 ML. Outside this A Si 8 layer with a concentration,p=6.8x 10'? cm™? is
regionV(n) has practically zero valugsvith a precision of  studied experimentally in Ref. 2 by infrared excitations. The
10 ° eV) for all carrier concentrations considered in this parity-allowed transitions have energieEc;—Eco
paper. The finite inhomogeneous slab is matched with twe=82.4 meV ancEc;— Eco=126 meV. Our TB calculations
homogeneous semi-infinite GaAs barriers within the framegive for the same transitions values of 81 and 136 meV,
work of the surface Green function matchinGFM  respectively.
method"**° An algorithm presented in Ref. 15 has been ap- The photoluminescence spectrum is measured in Ref. 4
plied to calculate the Green function of the inhomogeneousor a periodic Si-doped GaAs with periadi=500 A and
part, while the usual transfer matrix approdchas been n,;=1x102cm 12 The distances between the peaks are
used to find the bulk Green functions of the barriers. 20 and 15 meV. From our TB calculations follovi:;

The tight-binding parameters we used in the present paper E.,=19 meV andEc,—Ec;=5 meV.

(see Table)l satisfy two conditions. They give good band-  Now we present the results for Bedoped GaAs quan-
structure values dt point for zero temperatur@® K) taking  tum well.

into account the spin. These parameters also give the com- Table Il shows numerical values of the grounBfo)
monly accepted effective mass values;=0.068n,, and two excited Epo and Enyy) energy levels in a Be
mp,=0.62m, and my,=0.081m, when the formulas of &-doped GaAs quantum well for different two-dimensional

Esa Epa Esc Epc Es*a Es*c Vxx Vss

ny Vsa pc Vsc pa Vs*a pc Vpa sc )\c )\a

TABLE II. Energy levels Ecq, Ec1, andEc,) in meV obtained by means of the tight-bindiitB) and
envelope-function approximatigiicFA) calculations for am-type Sis-doped GaAs quantum well, as func-
tions of the impurity concentration,p in units 132 cm™2.

N2p Eco (TB) Eco (EFA) Ecy (TB) Ec, (EFA) Ec, (TB) Ec, (EFA)
1 -29 =27 -10 -8

2 -51 -49 -18 -16 -8 -6

3 -72 -70 -27 -24 -13 -10
4 -92 -90 -36 -33 -17 -14
5 -110 -110 -45 -42 -22 -19
6 -129 -128 -54 -51 =27 -24
7 -147 -147 -64 -60 -32 -29
8 -164 -165 -73 -69 -38 -34
9 -181 -182 -82 -78 -43 -39

10 -198 -200 -91 -87 -49 -44
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TABLE Ill. Energy levels Enno, Enni, @andEy,g) in meV obtained by means of the tight-bindiGgB)
and envelope-function approximatidgFA) calculations for gp-type Be §-doped GaAs quantum well, as
functions of the impurity concentratigoyp in units 132 cm™2.

P2p Enno (TB) Enno (EFA) Epns (TB) Enn1 (EFA) Eino (TB) Eno (EFA)
2 13 8 8 3

3 16 11 9 4

4 19 15 11 6

5 22 18 12 7

6 25 22 13 9

7 28 25 7 2 15 10
8 31 28 7 2 16 12
9 34 31 8 3 18 13
10 37 34 8 3 19 15
20 63 65 13 9 33 30
30 88 93 20 16 47 45
40 113 121 26 24 62 60
50 136 148 33 31 76 75
60 159 174 40 39 90 89
70 181 199 47 48 105 103
80 203 225 54 56 119 118
90 224 249 62 64 134 132

carrier concentrationp,p. We present results of TB and ~ Damenet al? have studied Beé-doped GaAs. They have
EFA calculations. The new input parameters in this case argbserved that in this system there are two levels digy

m;,=0.62my, m’=0.081mj and Meg=M5[1  =6x10"2 cm 2 The Fermi level lies near to the last level.
+ (mi/mi5) 32125, The energy zero is at the top of the GaAs A difference of ~21 meV between the Fermi level and the
valence band. ground level has been measured in Ref. 9. Only within the

We have not found hhl bound states for concentration§B calculation have we found a hhl bound state for this
P,p=5 and 6x 102 cm™2. For all concentrations there is a concentration, which gives a difference of 25 meV between
large divergence between TB and EFA results for the energthe Fermi level and the ground level.

Enny, While the coincidence foE,q is quite good. The rela- In general, we can say that the results from the TB calcu-

tive differences betweeR,, (TB) and Eyo (EFA) for the lations are closer to the EFA results for &idoped GaAs

whole range of concentrations is about 27%. quantum well than for B&S-doped GaAs quantum well.
Wagner etal” have grown Al_,GaAs/GaAs/ We have compared self-consistent EFA calculations with

Al;_,GaAs guantum wells in which they place a Be doping semiempirical TB calculations for Sp-doped and Be
spike with an intended dopant density 0k80?cm 2 at  §-doped quantum wells in GaAs. It is still too early to make
the center of the GaAs layer. If the energy difference be-a conclusion about this comparison. We need more calcula-
tween the two subbands is just given by the peak energtions for several systems.
difference, they have found a subband separation of 36 meV. We have considered the self-consistent potential of
Our calculation refers to a simpler system, but we have obé-doped quantum wells obtained in Thomas-Fermi approxi-
tained an energy difference of 26 mé#FA) and 24 meV mation as an external potential in a semiempirical tight-
(TB) between the first and second hh levels, which gives #inding model. The numerical results obtained for Si
plausible approximation. 6-doped GaAs and B@é-doped GaAs are satisfactory. We
Richardset al® have studied the subband structure of athink that a further development of this scheme is possible.
guasi-two-dimensional hole gas formed at a single Be
5-doped layer in GaAs by means of photoluminescence
spectroscopy. For an acceptor concentration of 8 This work was partially supported by National Fund for
x 102 cm™2, they have obtained the differenc&E.,,  Scientific Investigations, Bulgaria through Grant No. X-646.
=Enno— Eno=19 meV. Our result for this difference is 16 S.V. is especially indebted to the CONACyMexico) for
meV (EFA) and 15 meV(TB). support.
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