View metadata, citation and similar papers at core.ac.uk brought to you by IfCORE

provided by Repositorio da Producao Cientifica e Intelectual da Unicamp

AI P i?)l::url?:t!l ?’fhysics i/

Shallow impurities in semiconductor superlattices: A fractional-dimensional space
approach
E. Reyes-GOmez, L. E. Oliveira, and M. de Dios-Leyva

Citation: Journal of Applied Physics 85, 4045 (1999); doi: 10.1063/1.370309

View online: http://dx.doi.org/10.1063/1.370309

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/85/8?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Commensurability effects in lateral surface-doped superlattices
Appl. Phys. Lett. 78, 2175 (2001); 10.1063/1.1362283

Pressure sensors based on silicon doped GaAs—AIAs superlattices
J. Appl. Phys. 87, 2941 (2000); 10.1063/1.372282

Single-electron effects in slim semiconductor superlattices
Appl. Phys. Lett. 73, 1982 (1998); 10.1063/1.122342

Intense field effects on hydrogen impurities in quantum dots
J. Appl. Phys. 82, 1236 (1997); 10.1063/1.365894

Theoretical calculation of the miniband-to-acceptor magnetoluminescence of semiconductor superlattices
J. Appl. Phys. 81, 6234 (1997); 10.1063/1.364411

AI P [ -Lopuglri‘:é cI;fhyﬁics

Journal of Applied Physics is pleased to
announce André Anders as its new Editor-in-Chief



https://core.ac.uk/display/296714935?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1573473978/x01/AIP-PT/JAP_ArticleDL_082014/AIP-2161_JAP_Editor_1640x440r2.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=E.+Reyes-G�mez&option1=author
http://scitation.aip.org/search?value1=L.+E.+Oliveira&option1=author
http://scitation.aip.org/search?value1=M.+de+Dios-Leyva&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.370309
http://scitation.aip.org/content/aip/journal/jap/85/8?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/78/15/10.1063/1.1362283?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/87/6/10.1063/1.372282?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/73/14/10.1063/1.122342?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/82/3/10.1063/1.365894?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/81/9/10.1063/1.364411?ver=pdfcov

JOURNAL OF APPLIED PHYSICS VOLUME 85, NUMBER 8 15 APRIL 1999

Shallow impurities in semiconductor superlattices:
A fractional-dimensional space approach

E. Reyes-Gomez
Departamento de Bica, ISPJAE, Calle 127 s/n, Marianao, 19390, Havana, Cuba

L. E. Oliveira®
Instituto de Fsica, Unicamp, CP 6165, Campinas,dSRaulo, 13083-970, Brazil

M. de Dios-Leyva
Department of Theoretical Physics, University of Havana, San Lazaro y L, Vedado, 10400, Havana, Cuba

(Received 23 June 1998; accepted for publication 15 January) 1999

A thorough detailed study of donor and acceptor properties in doped G&AsAl)As
semiconductor superlattices is performed within the fractional-dimensional approach, in which the
real anisotropic “impurityrsemiconductor superlattice” system is modeled through an effective
isotropic environment with a fractional dimension. In this scheme, the fractional-dimensional
parameter is chosen via an analytical procedure and involvesis@tz and no fittings either with
experiment or with previous variational calculations. The present fractional-dimensional calculated
results for the donor and acceptor energies in GdB&s;Al)As semiconductor superlattices are
found in quite good agreement with previous variational calculations and available experimental
measurements. €999 American Institute of Physids$$0021-897809)04408-4

I. INTRODUCTION well to barrier widths. Also, Helnet al!! have performed a
far-infrared spectroscopy study of minibands and confined
Semiconductor heterostructures, such as quantum wellggnors in lightly doped GaAgGa,AlAs SLs, together with
quantum-well wires, quantum dots, and superlattic®ss), 3 yariational calculation via hydrogenic-like functions for the

are unique man-made systems with physical phenomena ngf, ) ity trial wave functions, and found good agreement be-
typically accessible in naturally occurring solids. In particu- .
tween experiment and theory. Moreover, Ivchenko and

lar, the understanding of the role played by impurities in . 19 . . .
semiconductor heterostructures is an area of considerabﬁsrav,0 kin'” have used the mlnlband. gﬁectlve-mgss approx-
mation and allowed for nonparabolicity effects in the calcu-

scientific and technological relevance. For example, the proéﬂn i R } ;
pects for building physical devices based on selectively@tion of the donor binding energy in short-period SLs, and

doped semiconductor heterostructures opens up a number @ptained qualitative agreement with results reported by Lane
possibilities in the development of semiconductor system&nd Greené.

with prescribed properties appropriate for technological ap- In the last few years, a simple method, based on the
plications. Shallow-impurity properties in GaA&a,A)As  concept of fractional-dimensional spadehas emerged and
quantum wells have been extensively studied in the last feween successfully used in the study of the excitonic and im-
years;”® whereas theoretical and experimental work inpurity properties, and the optical spectra of anisotropic semi-
GaAs—{Ga,A)As doped-semiconductor SLs have receivedconducting  heterostructuré§?®>  In  the fractional-
considerably less attentidn:? dimensional space approach, the Sdimger equation is

Lane and Greeﬁehgve studied the effects of finite-width 5464 in a noninteger-dimensional space, where the interac-
barriers upon the binding energies of shallow donor states iHons are assumed to occur in an isotropic effective environ-
GaAs<Ga,ADAs SLs, by using an expansion in Gaussian . o

ment. In this scheme, the fundamental quantity is the param-

functions for the variational donor envelope wave function:s.t D that defi the fractional di . iated to th
Results of their calculations have shown that, for the groun(? er at defines he fractional dimension associated to the

state, the strongest effects occur for donor impurities near thgffective medium and to the degree of anisotropy of the in-
semiconductor interfaces or within the barrier regions,teraCt'O“S- In particular, a systematic work has been made in

whereas the lowest excited states can show relatively largde study of excitonic states and absorption sp&tttain
effects due to neighboring wells for all donor locations. Thesemiconductor quantum wells, quantum-well wires, SLs, and
vertical transport in semiconductor GaA&a,A)As SLs  double quantum wells, in which one assumesaasatzfor
probed by miniband-to-acceptor magnetoluminescence wake choice of the fractional dimension. Moreover, the
studied by Skrommet al° in magnetic fields up to 13 T, fractional-dimensional formalism has been recéfithpplied
applied either parallel or perpendicular to the layers, within the understanding of some exciton-complex properties and
experimental results obtained for SLs with different ratios ofin the study of the complex dielectric constant of low-
dimensional structures. Recently, de Dios-Letaal 1%~
dElectronic mail: oliveira@ifi.unicamp.br have proposed a systematic and unambiguous procedure to
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determine the appropriate fractional dimensionality of the

isotropic-effective space which would model the real

Reyes-Gomez, Oliveira, and de Dios-Leyva

As an application, if one is interested in evaluating the
impurity binding energy, which is associated with trelike

semiconductor-heterostructure system, and it has been suground-state energy¥,s, one choosespe=¢;_o in EQq.
cessfully used in the study of some excitonic and shallow{2.1), whereg;_, is the Is ground-state exact solution of the

impurity properties in semiconductor quantum wells.
This work is concerned with an extension of the

D-dimensional Hamiltonian, i.e¢>j:0=¢1s(r):e*”, with
A=2[a5(D—1)], whereaf is the effective impurity Bohr

fractional-dimensional scheme in order to include periodicityradius. One then obtaiffrom Eq. (2.1)] the following tran-

and barrier-penetration tunneling effects in the study ofscendental

shallow-impurity properties in semiconductor SLs. Within
the fractional-dimensional scheme, one is able to obtain, in

very simple way and with quite good accuracy, the ground-
state impurity binding energies in good overall agreement

with availablé=1! theoretical and experimental data. Also,
this procedure avoids either @msatzfor the D fractional-

dimensional parameter or a prior variational calculation of

the impurity binding energy that would involve previous and
extensive numerical work.

equation to be solved for the fractional-
dimensional parametd,
a

dL(Of,Zi)
(B—Dl(a,z)—a—5-—=0, (2.2
wherea=2\, 3=3-D, and
L(a,z)= fx[h(ziJrr)Jrh(zi—r)]e*ar dr, 2.3
0

or, equivalently,

The work is organized as follows. In Sec. Il we present

the theoretical framework of the fractional-dimensional

scheme appropriate for the study of impurity properties of
semiconductor SLs. Theoretical results are compared with

previous theoretical work and experimental data in Sec. llI
and conclusions are in Sec. IV.

Il. THEORETICAL FRAMEWORK

1 d
L(a,z)= mfo [h(zi+r)+h(z—r)]e * dr,

(2.9

Wwhered is the SL period. Once the fractional-dimensional
parameter is obtained, the impurity binding energies may
then be obtained in a straightforward way throtight Eg
=4/(D—1)?Ry*, where RY is the impurity effective Ryd-
berg, either for donors or for acceptors. Finally, we would

In this work, we are concerned with the properties of alike to stress that, in the above scheme, the fractional-

shallow impurity in a semiconductor GaA&a,AAs SL,
grown along thez direction. We adopt a parabolic-band
scheme, and consider the impurity located at the posiion
in the SL. Both the dielectric constaatof the SL material
and the conductiontor valence) band effective mass* of

dimensional parametdd is chosen via an analytical proce-
dure[cf. Eq. (2.2)], and involves naansatzbased®® frac-
tional dimension, or fitting with experimeftor previous
variational calculation$® Of course, the procedure proposed
here is not aimed to compete with some very accurate varia-

the impurity carrier are assumed constant throughout the hetional schemes; rather, it is intended to provide a simple and

erostructure and equal to the GaAs bulk value.

physical procedure which gives quite satisfactory agreement

Within the fractional-dimensional scheme, the systemyith both experimental and variational results, and avoids

“shallow impurity+semiconductor SL” may be realistically

tedious computer calculations.

modeled by an equivalent isotropic hydrogenic system in a

fractional D-dimensional space, a problem which may be

solved analytically. The theoretical extension for SLs of the”l' RESULTS AND DISCUSSION

framework developed by de Dios-Leyed al?° in the case As a first application of the fractional-dimensional
of quantum wells is straightforward. For a given state of thescheme to impurities in a semiconductor SL, we consider the
anisotropic system, one may choose Ehparameter in order ground state of a donor impurity in a periodic GaAs—
to map the actual system into an equivalent isotropidGa,Al)As SL. The periodic dependence of the ground-state
D-dimensional space via the condition binding energy with the impurity position in the semiconduc-
tor SL is clearly seen in Fig. 1. Also, a strong dispersion
follows due to the large SL periodd&4af) as compared
with the effective-donor siza} ~100A. On the other hand,
where we have used the same notation as de Dios-Leyuwahen calculations are performed for well and barrier widths
et al,?° except that now the confining potential is a SL po-small compared with the effective Bohr radius, the donor-
tential, andf(z) is the periodic electronthole)-envelope position dependence of the binding energy is flat, reflecting
wave functiodt! corresponding to the bottoftop) of the first  the three-dimensional character of the “dom@&L” system.
conduction(valencg miniband for the SL in the absence of Of course, the impurity binding energy is larger for donors at
the Coulomb potentialthe functionsw andh are define®®  the well center(cf. Fig. 1), as expected due to the larger
in terms off and the parameteD). In the aboveE is the  confinement of the donor-electron wave function. A larger
shallow-impurity energywith respect to the bottorttop) of  confinementdue to the anisotropy caused by the SL poten-
the first conduction(valence miniband, ¢g is the corre- tial) than in the isotropic hydrogen three-dimensiof@D)
sponding impurity eigenfunction, ang; and E; are the case corresponds to a fractional-dimensional paranigter
eigenfunctions and eigenvalues of Bedimensional Hamil- <3, as is the typical case of donors confined within the
tonianHp . GaAs well, i.e., anisotropic situations with a “larger-than-

f hr2sin6¢EWe,; dr d6=0, (2.1
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isotropic” 3D confinement lead to an “effective” isotropic 4
medium with dimensioD < 3. On the other hand, for donors E
at the barrier region, the donor-electron wave function be-
comes partially trapped in the well regidfar from the im-
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purity nucleusg leading to a smaller confinemetand bind- Well width (A)

ing energy than in the 3D situation, and to a fractional-
dimensional parametd& >3, i.e., anisotropic situations with FIG. 3. Well-width dependence of the fractional-dimensional theoretical

a “smaller-than-isotropic” 3D confinement lead to an effec- results(full curves for the ground-state donor energy levels of an impurity
; ; : : : : in the center of a GaAs quantum well in a periodic GaAsy-B& As

D> 3. - . . . : :
tive isotropic medium dimensiob >3 superlattice with barrier widths=50 A [(a)] andb=11 A [(b)]. Results by
Helm et al. (see Ref. 11 are shown as dotted linegr) displays the
fractional-dimensional parameter. The origin of energies is taken at the bot-
tom of the conduction band of bulk GaAs.

:; .
X 20 ]
> | ) Lane-Greene The overall agreement between theoretical results for the
g ) position-dependent donor binding energies within the
® 45! a=a, i fractional-dimensional approach and those obtained by Lane
% b=2 ao’ and Greentvia a variational procedur@y using an expan-
o sion in Gaussian functions for the donor envelope wave
£ 1.0} function) is clear from Fig. 2 for two different GaAs—
'g ) (Ga,AlAs SLs. Fractional-dimensional theoretical results for
E this work _— both the well- and barrier-width dependences of the well-
""" centered £,=0) donor energies in GaA$Ga,Al)As SLs are
0'50.0 0:5 1.0 also found in quite good agreement with the work by Helm

et al,'* who used hydrogenic-like functions for the varia-
Donor position (a _*) tional donor envelope wave functions, as indicated in Figs. 3
0 and 4. Notice[cf. Fig. 3c)] that for large well widths, the
FIG. 2. Ground-state donor binding energies calculated within theSyStem “donor-SL”  exhibits essentially a three-
fractional-dimensional formalism vs impurity position for a periodic dimensional behavior, whereas for decreasing well widths, as
GaAs—Gg-Alg AAs superlattice with well widtta and barriet; full curves  the donor wave function is increasingly confined, the system
e e S e e e g mEnon Aifishes Up 0 g el wih fo which
b; Lane and Greenesee Ref. § The ioosition is measured from the GaAs ihe wave fu_nCtlon begins to rapu_jly mc_rea_se Its peHEtratlon
well center(at z=0), andz;=0.5a} corresponds to the well-barrier inter- N0 the barrier, and the system dimension increases with the
face. eventual recovery of the three-dimensional behavior. Of
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ground-state donor energy levél{b)] of an impurity in the center of a GaAs w® 20 / \
quantum well in a periodic GaAs—G#l( sAs superlattice with well width

a=300 A. Results by Helnet al. (see Ref. 11lare shown as dotted lines in

(b). Origin of energies is taken at the bottom of the conduction band of bulk 10

GaAs. 0
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acceptor position (A)
course, In t.he small-barrier CaSb.:é 1 A)’ the tunnellng IS FIG. 5. Ground-state acceptor binding energiasl curves within the
more effective and the system dimension start to increase fQfactional-dimensional formalism as a function of impurity position for vari-
a larger value of the well width than in the case of a widerous GaAs<{Ga,Al)As superlattices. Dotted lines correspond to the acceptor
barrier (0=50 A) A similar analysis may be done in Fig. binding energies associated to the peak position in the photoluminescence
4(a), where one sees that, for a fixed well width, the Systen{nea_su!'ements by Skrorr_lmae al. (see Ref. 1D The superlattice potential
. . . . . e profile is also showrinot in scalg.

dimension increases up to the three-dimensional limit for
diminishing widths of the barrier, as the donor wave function
tunneling becomes more effective. energies provides a clear physical picture of the zero-

We have also performed calculations for three differentnagnetic field experimental measurements. For the wider
acceptor-doped GaA$Ga,A)As SLs studied by Skromme 540 A well[Fig. 5(c)], the barrier is small enough that most
et al* via miniband-to-acceptor magnetoluminescence. Weyf the acceptors essentially behave as “bulk” well-centered
used the fractional-dimensional approaCh to calculate thgcceptorS, and the experimenta] b|nd|ng energy agrees very
impurity-position dependence of the acceptor binding enerye|l with the well-centered calculated acceptor binding en-
gies in GaAs<Ga,AlAs SLs, and compare our theoretical ergy. On the other hand, when tunneling effects become im-
results with the experimental measurements by SkrommSOrtant[Figs. Ha) and §b)], the profile of the acceptor dis-
et al,*in the case of vanishing applied magnetic fiésée  tribution becomes important and transitions to off-well-
Fig. 5. One should notice that the experimefftaldotted  centered acceptors obviously begin to contribute to the
lines) acceptor binding energies, obtained after taking intophotoluminescence line shape.
account the temperature-depend&raAs band gap and
both the con_du_ctlon and valence minibands confinement €N CONCLUSIONS
ergies, fall within the calculated acceptor band, as one would
expect. Of course, a detailed quantitative account of the ex- In conclusion, we have performed a quite detailed study
perimental data should involve a full calculation of the of some donor and acceptor properties in doped GaAs—
acceptor-relatedconduction miniband to acceptor transi- (Ga,Al)As semiconductor SLs, within the fractional-
tions) photoluminescence line shape, together with the actualimensional approach. In this scheme, the actual anisotropic
acceptor distribution along the SL and temperature effects otimpurity +semiconductor SL” system is modeled by an ef-
the population of acceptor states. Nevertheless, the presefgctive isotropic environment with a fractional dimension. In
fractional-dimensional calculated profile of acceptor bindingcontrast to previous studies using the same scheme, the
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