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We compute the electron level structuretype) and the hole subband structupetype) of doublej-doped GaAs (DDD) quantum wells,
considering exchange effects. The Thomas-Fermi (TF), and Thomas-Fermi-Dirac (TFD) approximations have been applied in order to
describe the bending of the conduction and valence band, respectively. The electron and the hole subband structure study indicates that
exchange effects are more importanpitype DDD quantum wells than in-type DDD. Also our results agree with the experimental data
available.
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Calculamos la estructura de niveles elénicos (tipon), a3 como la de huecos (tipp)y de pozos canticosé-dopados dobles (DDD) en
GaAs. Se han tomando en cuenta los efectos de intercambio en el estudio. Las apomamdei Thomas-Fermi (TF) y Thomas-Fermi-
Dirac (TFD) han sido implementadas para describir el doblamiento de la banda de condudeivalencia respectivamente. El estudio de
la estructura de niveles eleatricos y de huecos revela que los efectos de muchos cuerposasamportantes en los pozos DDD tipaue

en los DDD tipor. De la misma manera nuestros resultadoaresh buen acuerdo con los datos experimentales disponibles.

Descriptores: Pozosi-dopados; estructura elegtica; efectos de muchos cuerpos.

PACS: 73.30; 73.61; S5.11

1. Introduction zero at infinity, a physical requirement dadoped quantum
wells. The situation drastically changes when the carriers, re-
NowadayS, control and precision in growth and d0p|ng techsponSible of the conduction, are holes, because the effective
niques allow the fabrication of systems where the impuritymasses are negative and this avoids the algebraic origin of the
deposition is made with atomic resolution. A two dimen- above mentioned problems. As a consequence, the solution
sional electron (2DEG) or hole gas (2DHG) is formed if the i this case is SC and satisfactory [18].
impurity doping is made in an atomic plan&doping tech- On the other hand, from the theoretical point of view,
nique), in such a way that the impurity density be enougtenly a few works in DDD quantum wells are reported in
to the effective Bohr radii between donors-type) or ac- Refs. 19 to 21. DDD quantum wells are very interesting as
ceptors p-type) overlapped. The foremention situation wasfar as the device industry is concerned, since by the interlayer
firstly proposed by Wood [1], and later brought it about by distance between wells and the impurity density varies, an
Ploog [2]; calling it as-doped quantum welh- or p-type, ~ improvement in the transport properties is achieved [22-24].
depending on whether we are working with donors or accepThe present paper is devoted to the subband structure study
tors. Thed-doping technique is a useful tool in the fabrication in both n- and p-type DDD quantum wells. TF and TFD
of high power devices, and also for its possible technologi@pproximations are implemented in order to accomplish the
cal applications ir5-FET [6,7], and ALD-FET [8] (where a level structure calculation. The many-body effects are also
s-doped quantum well is used as a channel between the teicluded to discern their relevance in the electron and hole
minals of the transistor). There are several worka-ifi3-8] level structure. A comparison between both systems is given,
andp-type [9-15] single’-doped quantum wells (SDD). in the same way that our results are confronted versus the

Thomas-Fermi (TF) and Thomas-Fermi-Dirac (TFD) ap_experlmental Qata.avallable. ,
proximations have demonstrated to be useful tools in the the- N€Xt Section includes mathematical models followed
oretical treatment of-doped quantum wells [16-18]. The With results, and finally with conclusions.
main advantage of these approximations is the possibility of
obtaining an analytical solution to the Poisson equation.' Thi  Mathematical Models
allows us to avoid a long and troublesome self-consistent
(SC) calculation. When the exchange effects are taken intp 1. TF theory applied to n-type DDD GaAs quantum
account explicitly in the TF energy density functional, we wells
are concerned with the TFD theorye., the generalization
of the TF approximation. It is important to mention that the Consider a GaAs matrix doped at atomic precision with a
TFD theory is not applicable to describe the conduction bandlonor densityn,p of Si atoms in two of its planes, located
bending because the electron density) does not tend to at a certain distanck(the same impurity density is assumed
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in both planes). The effective potential created by the 2DEGwherep(z) is the hole densityy, p is the bi-dimensional im-
and the ionized impurities causes a conduction band bendingurity concentration,
We have used the TF theory in order to obtain an analytical

solution for this potential [20]. 2/3
P [20] ) Med = Mhh {1 + (mun/mpn)>/? = MppMa,
a
Vi —p=— 1
H=H (a|z4+1/2] 4+ 205 )% (1) w=myp/Mpp,  af = Grh2/62mhh, RZ = 62/26,«@8,
wherea = 2/157, andzg,, = (a®/7nap)'/°.

But our survey is engaged in the study of exchangeand
effects. The inclusion of the many-body effects is made
through the Local Density Approximation (LDA), thereby <(w) = 2712 + (1 — w?)[w?(aw + b)
the exchange potential is:

5 + c(4w® + 3w? + 2w + 1)] [18].
Va(2) = == (37 (a5)"n(2)) ° Ry, e

whereas — 2 /(e2m*), andR: = ¢2/(2¢,at) are the ef- Using the variational principl&(Errp — uN) = 0, with

fective Bohr radius, and the effectlve Rydberg constant. The
rest of the equations presented in this subsection will be in ef- N /
fective units. The exchange potential can be written in terms

of the Hartree potential, due to the relation betweén) and

Vi (z) [20]

we obtain

_ E 1/2 3m2pau (2 2/3 2
Val#) = = (0= Vi (2) V% @) = [pg/j )} PV —sw) 2 pffe), @)
Finally substituting (1) in (3) the total potential Ma

Vil ) wherepq, () = (af)°p(2), Vi = Vir/ Ry, andp® = pu/ .
V(z)=— @ S @ _. (4  Therefore resolving the quadratic equationz#d®, and tak-
(alz +1/2[+z0n)" 7 (]2 +1/2] +20n) ing into account the physically meaningful solution,

2.2. TFD theory in p-type DDD GaAs quantum wells

3

3.3 2( % *
Again, a GaAs matrix has been considered, but instead of p,,(z) = %{Ew) [1 — \/1 + w . (M
donor impurities, acceptor impurities are used to dope the s <*(w)ma
system. Two planes of the host material &@oped (located
at a distance), with an impurity densityp.p. The accep- The exchange potential is
tor impurities cause the presence of a 2DHG. Both ionized
impurities, and 2DHG are responsible for the valence band VE(z) = _g(w)g(gﬁz)uspus(z) @8)
bending, that in this case, we will describe it in terms of the “ ™ aw AT

TFD approximation. First of all, it is important to take notice . ) . .
of the hole ladders: the heavii/(), the light &), and the and using the direct relation betwegn, (z) andV};, we find
split-off (so) holes. In our study, only:h andih bands are
taken into account, since the potential depth never exceeds 262 (w)my 2 (u =V (2))
the energy distance to th% band for the range of impurity Vo (2)=~ T 1+W G
density considered hergyp < 1 x 10 cm~2). This is ’

shown in p-type SDD GaAs quantum wells [17].

The kinetic energy-density functional, the density func-
tional associated to the interaction between 2DHG, the im-
purity planes, as well as the density functional concerning to
the hole-hole interaction come as in Ref. 20. The exchange-dV;;(z) 8m $3(w) [1 \/1 N w2 (p* — V)

We can restrict taz < 0, since the potential is an even
function as in the case of-type DDD quantum wells:

energy functional is given by Ref. 18, adding the aforemen- .2 34 mas?(w)
tioned terms we hav&€rrp,
3 ) 2 2 +8mpapd(z +1/2). (10)
E = —
TFD Tome /p(z) [37T h p(z)] dz .

At this point, it is important to stress that in order to take
// 2 — /| ded?’ — (w )3%( )I/SRZ’ gdvantage of the present mode_l, we discard modifications
27 in the form of the Hartree potential due to the exchange ef-
. e fects, while in the level structure and the charge density, these
/p(z) PBdz + —P2p /P(Z){|Z +1/2|+|z—1/2|}, (5) changes are available. Under these conditions the solution for
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TABLE |. Paramount features of-type DDD GaAs quantum wells in the low, intermediate, and high density limit: degeneracy distance
laeg, quantum well deptti, and degeneracy-energy difference between excited electron states and the basiHeve: Ey — Ei,

AFEo; = Ey — E», etc., the superscriptsandz denote omitting and considering exchange effects respectively ( the energy is in meV, the
distance inA and the impurity density in units af0'? cm—2).

n2p lgeg l;eg AEG AEG AEG, AL, Ve Ve
Eo E1 E2 EO El E2
400 700 360 640 —18.9 —22.3 —50.7 —61.7
4 250 400 570 230 280 530 —57.1 —61.6 —75.9 —83.4 —153.9 —172.9
10 160 250 380 160 240 360 —113.1 —118.7 —155.8 —165.3 —318.9 —346.4
V7 is of the form1/f4(z), wheref(z) is a linear function difference that the width of the SDD quantum well in-
of z [20], creases as interlayer distance of the DDD does. There-
) fore the wave functions look like the wave functions of
Vi -t =— p (11) a SDD quantum well (Fig. 3).

(Blz+1/2] + zo0p)* .
e The drop of the electron levels halts at a certain dis-

with 3 = 2m2/2/157ﬂ andzg, = (8°/mpap)'/. tance, depending on th_e energy level considered, and
Hence the total potential* = V;; + V" is then the DDD characteristic onset surmounts the SDD
ones, as a consequence, the energy levels go up.
Ve B 23 (w)my
(Bl + /2] + 20p) 2 o

0

72 32 ]

" [1 ) % T 2w, G| 1D

-40
The last equation allows us to avoid a long and trouble-

some SC calculation. In this way, it is possible to solve two -60 4

uncoupled Sclidinger-like equations. -

V(z) (meV)

-100—-
3. Results

-120

3.1. n-type DDD GaAs quantum wells

-140 4

The starting parameters fartype DDD quantum wells are: 160 : : : : : ,
m*=0.067, €,=12.5, and1x10"2<ny,p<1x10'3 cm2. In 400; 800 -2000 <100 g 100 2000 800 400
Fig. 1, the potential profile and the square of the wave func- z(A)
tions are presented. The impurity density considered is 01
nap = 4 x 10'2 cm2, first omitting the many-body effects -
(Fig. 1a), and after taking them into account (Fig. 1b).

From Fig. 1a and 1b, it is possible to see the relative im- ]
portance of the exchange effects, since when many-body ef-  -60+
fects are considered, the depth of the wells increases as wels
as the energy of electron levels does. In Fig. 2, the electron g
energy levels are sketched as function of the distance betwee@
wells, without (a), and with (b) exchange effects. The impu- =
rity concentration in this caseis,p = 1 x 10'2 cm~2. The
main features of the energy levels are:

-40 -

-80—-
-100-
-120—‘
-140-

-160

e Forl = 0 the energy level structure corresponds to a  .1g0 ., .
SDD quantum We” -400 -300 -200 -100 O° 100 200 300 40C
Z(A)
e As the impurity planes get apart, the electron energyrigure 1. Potential profile and electron eigenfunctions fietype
levels go down energetically,e., the DDD quantum DDD GaAs quantum wells, (a) without and (b) with exchange ef-
wells behave like a SDD quantum well, with the only fects (ap = 4 x 10*2 cm™2).
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. @ In Table | the degeneracy distandg.(), depth of the
5 \ quantum wells ¥;), and the degeneracy-energy difference
] e ———— between excited states and the ground levg} - F,
-104 Ey — E», etc) are given. We study three different impurity
densities with £) and without ) exchange effects, in order
15 to analyze the low, intermediate, and high density limits
= From Table | we can give a more general description:
£ -20
= 1. Increasing the impurity density, the quantum well
251 E, depth also augments. Thereby it is possible to bound
\// more electron levels.
-30 4
1 2. lgeq diminishes as the impurity density is increased.
-85 4 T 2 T 4 T T T ¥ T T T T 1
0 100t 200 3001 400 5000 600 wOC 3. The many-body effects are more important in the low
. I o density limit.
_10_' & 4. The exchange effects have also relevance in the estima-
] E, tion of the degeneracy-energy difference between the
-15 4 excited states and the ground level.
207 In Ref. 25 a Si é-layer with a concentration
= 25 nap=6.8 x 10'2 cm~2 is studied experimentally by infrared
E ] excitation. The parity-allowed transitions have energies
w80+ E, — E;=82.4 meV, and F5 — E; = 126 meV. Our cal-
35 E, culations (=0) give for the same transitions values &
] and143 meV, respectively. The subband densitieg (nea-
40 sured are4.7, 1.7, and 0.2 x 102 cm=2. Our results are
sl - no=4.3, ny=1.7, andny=0.7 x 102 cm—2. Self-consistent
0 100 200 300 400 500 600 70¢ one-electron calculations were performed [26], in which the
I(A) input parameter was the experimental two-dimensional den-
FIGURE 2. Electron states versus the distance between the impuSity Of electrons in each level. By,p=3 x 102 cm™?
ity planest, for an impurity density ofiep = 1 x 102 cm2, the difference between the levels afg — Ey=49 meV,
without (a) and with (b) many-body effects. E, — Ey=64.3 meV and E3 — E;=71.5 meV. In our cal-
culation (=0) Fy — Ey =498, F,— Ey=67.1, and
0- E5 — Ey=76.6 meV. The sub-band densities measured are
] 2.25, 0.5 and).1 x 10'2 em™2. Our outputs [ = 0) are
-10 no = 1.2, ny = 0.7, andn,=0.2 x 10'2 cm~2. Mag-
netotransport measurements were made in Ref. 27, with
-20 nap = 3 x 10'2 cm~2. The sub-band densities reported are
_ 2.05 and0.7 x 10'2 cm~2. Our results { = 0) are2.1 and
E 30 0.7 x 10'2 cm~2, respectively. A tunneling experiment was
= ] performed by Zachau and coworkers [28]. The basic level
S 401 obtained is181 meV (nap=8 x 10'? em~2). Our calcula-
] tions givel86 meV ((=0). Kim et al.[29] measured subband
507 densitiesyo=2.7 andn;=0.7 (in units of 102 cm~2) with
nep=(3.3 = 4) x 10'2 cm~2. We obtain {=0) ny=2.5 and
507 n1=0.6. In all cases considered above our results are with
400 300 200 100 O 100 200 300 400 exchange effects.
z(A)

FIGURE 3. SDD behavior ofr-type DDD quantum wells, the im-  3-2-  p-type DDD GaAs quantum wells

purity concentration consideredigp = 1 x 102 cm™2 (with

exchange effects). In this case, the input parameters arei,;, = 0.52myg,

myp, = 0.087myg, €, = 12.5, andl x 1012 < pyp < 1 x 10'3
e The energy levels go up, until the degeneration occurgm 2. In Fig. 4a and 4b the hole levels are given as function
and the level structure again corresponds to a SDD. of the interlayer distancke
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TABLE Il. The same as in Table I, but now fprtype DDD quantum wells, WittA Enno1 = Enno — Enniy, AFEnioo = Enno — Eino,
AFEnho2 = Enno — Enne, etc.

P2D lgeg lgeg AER 01 AE} 01 AEp 00 AEj; 100 Vo Vo
Ewno  Eino  Erni Ewno  Eino  Erni
340 230 —8.1 —2.7 —4.6 —14.4 —21.9
4 150 440 400 130 350 340 —15.9 —22.6 —9.1 —12.6 —43.6 —58.8
10 90 300 260 90 270 220 —-31.0 —40.8 —18.9 —34.8 —82.2 —105.9
0- (@ (a)
0+
1hQ 104
-2
.20_
. 3
a4 g
hhQ -40 -
_50_
-6
; i . r . r i r . ) -60 T T T T T T T T T T T 1
5 it e 5 0 e -300 -200 -100 ((3&) 100 200 300
. z
I{A) " (b)
0 .
2
-10 4
1ho
-4
_20_
SN
o g %
7 hho N |
\// = o
10 ]
-12 X T 5 T 5 T ¥ T J 1 =07
0 100 200 300 400 500
I(A) -60 d T r T . T v T d T i 1
-300 -200 -100 0 100 200 30¢
z(A)

FIGURE 4. Hole subband structure as a function of the interlayer
distance between wells, omitting (a) and taking into account (b) FiGure 5.Hole eigenfunctions and potential profile, for-
exchange effects withp = 1 x 10°° cm™~. type DDD quantum wells considering exchange effects, for dif-

ferent interlayer distances: (a) 108 and (b) 280 A, with
By and large, the behavior of the hole levels in terms of Pzp=4x10"% cm™?.

is the same as in the casersfype DDD. However, two level ) )

ladders appeanh(: andlh) and their degeneracy distances areSquare of the wave functions for two distances between the
very different as we can see from Figs. 4a and 4b. This dempurity planes, (a)00 A and (b)280 A.

pends directly on the effective masses, since the heavy hole Thep-type DDD quantum wells is less deep than the
mass is greater than the light hole mass, the degeneracy dige DDD. We can see this comparing Fig. 4a and 4b to
tance diminishes fakh levels as is shown in Figs. 4a and 4b. Fig. 1b. Besides the hole energy levels are totally degener-
While for Ik levels, the degeneracy distance resembles whated in Fig. 4b with respect to Fig. 4a.

happens when the carriers involved are electrons, because the In Table Il the main characteristics pftype DDD are
effective mass of is approximately the same as for the elec-drafted. From this table, we have found that many-body ef-
trons. Figures 5a and 5b sketch the potential profile and thiects are more important ip-type DDD with respect to the

Rev. Mex. 5. 50 (6) (2004) 614619



SUBBAND STRUCTURE COMPARISON BETWEEN- AND P-TYPE DOUBLE DELTA-DOPED GAAS QUANTUM WELLS 619

n-type system (see Table I). In the low density limit, a dif- Gilinsky and colleagues [33] reported the PL spectrurp-in
ference of90 Abetween the degeneracy distance, with andtype Bed-doped GaAs layers fof x 10'2, 1.8 x 10'3, and
without exchange effects is found, for the ground statefof 3.6 x 10'2 cm~2, obtainingE},,0 — Eino = 8, 20 and30 meV,
while in n-type system this difference i$ A. Increasing the respectively. With the TFD theory & 0) we obtain12.5, 35
impurity density we can bound more hole levels, predomi-and55 meV. The discrepancy, as we can see from the high
nantly hh, becauseéh levels are more de-localizede., the  impurity concentrations, may be due to the impurity spread-
screening and localization is less effective far(as in the  ing.
case of electrons) compared with.

The p-type Al,Gay_,As/GaAs/Al,Ga;_,As quan-
tum wells were grown in Ref. 30, with,,=8x10~2em~2. 4. Conclusions
They reported a subband separatiod®fmeV. Although our
calculations{ = 0) refers to a simpler system, we find an en- As a final comment, we can say that TF and TFD approxi-
ergy difference between first and secdridevels of37 meV. ~ mations are very useful tools in the study of semiconductor
Be §-doped GaAs quantum wells were grown by Damen andystems, such as- andp-type DDD GaAs quantum wells.
coworkers [31], withpap = 6 x 1012 cm2. The energy dif-  These theories permit us to obtain analytical expressions for

ference between the Fermi level and basic levél2isneV.  the potential that represents the corresponding conduction
We obtain { = 0) an energy difference of abo@t meV. and valence band bending. The electron and hole subband

PL spectroscopy study is performed in Ref. 32. Also Scstructure calculations reveal the main features.ofind p-
calculations withp,p = 8 x 10'2 cm~2 were performed. type system. Itis shown that exchange effects take more rel-
SC results are:Enng — Eino = 15.1 meV. According to  €vance inp-type DDD, since the screening is more effective,
PL spectroscopy measurements this differenc&9isneV. and the holes are more localized than in the case of electrons.
Our calculation { = 0) gives20 meV. We obtainl4 meV  Besides it is important to stress that the TFD theory is only
with pop = 3 x 10'2 em—2, whereas the experimental re- applicable inp-type systems. Also our results agree with re-
sult reported id 1 meV for the same impurity concentration. SPect to the experimental data available.
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