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Infrared-absorption spectra associated to transitions from donor states
to conduction subbands in GaAs-(Ga,Al)As quantum wells
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The infrared-absorption spectra associated with transitions from donor states to conduction
subbands in GaAdGa,Al)As quantum wells are systematically studied. The absorption spectra are
calculated within the effective-mass approximation and with a variational procedure for evaluating
donor energies and envelope wave functions. Calculations are presented for incident radiation
polarized both in the growth direction and in the plane perpendicular to it. Theoretical results are
analyzed for different quantum-well widths and-1,2 conduction subbands, and compared with
available experimental measurements. 1@96 American Institute of Physics.
[S0021-897€06)01112-1

I. INTRODUCTION subject*19. Oliveira and Lpez-Gondadr theoretically
studied the acceptor-related photoluminescence spectra of
In the past years there has been a considerable interest@aAs{Ga,A)As QWs, whereas Oliveira and de
the physical properties associated with semiconductor supebios-Leyva?® considered the effects of shallow acceptors in
lattices and heterostructurkhis is connected with the po- the QW photoluminescence process under steady-state exci-
tential device applications of these systeérmsOne of the  tation conditions, and calculated carrier densities, electron
aspects of fundamental interest is the study of impurity stateand hole quasi-Fermi levels, and various radiative decay life-
associated with semiconducting heterostructures. Bastardimes as functions of the cw laser intensity, well widths,
was the first to study the properties of shallow hydrogenidemperature, and acceptor distribution in the well. Although
impurities in quantum well§QWSs). He considered an infi- there is quite a considerable amount of experimental and
nite QW and studied the optical-absorption spectra assoctheoretical work on hydrogenic impurities in QWSs, there are
ated with transitions involving valence subband“donor-  still some theoretical aspects to be considered, and experi-
impurity band” and “acceptor-impurity band” —  mental work is not complete.
conduction subband. His work was followed by more de-
tailed investigation§-1° Greene and Baj&jstudied the ener- || THEORY
gies of the ground state and a few excited impurity states ) ) i
taking into account the finite barrier at the GaAs QW inter-  1he present work is concerned with the infrared-
faces, whereas Mailhiot, Chang, and McGitlonsidered absorp_Uon s_pectra associated with tra_nsmons between the
both the effects of the dielectric-constant and effective-mas@0nor-impurity band and the conduction subbands for a
mismatches at the interfaces. Tanaka, Nagaoka, anﬁaAs—G@,xAles QW. We assume that the temperatqre IS
Yamabé& considered impurity states in finite QWs with low enough <100 K) such that each donor state is filled

asymmetric barriers, and Masselink, Chang, and Morkoé’vith an electron. The Hamiltpnian of a shallow hydr_o_g(e_n!c
studied the effect of the complex valence-band structure Ogonor in a GaAs layer sandwiched bgtween two sem|-|.nf|n|te
the shallow acceptor states in GaA&a,A)As QWs. Ol- slabs of GaA;—GngAIXAs may be written, in the effective-
iveira and Peez-Alvare?° analyzed the optical-absorption MasS approximation, as
spectra associated with shallow impurities in GaAs— h2v? e?
(Ga,A)As  QWs. Experimentally, the observation of H=—-5 5~ 60[p2+(z_zi)2]1/z+V(Z), @
acceptor-related features in the photoluminescence spectra of . i i
GaAs<Ga,A)As QWs was reported by Milleet al,** and I which the barrier potential(z) is taken to be a square well
properties of donors in those QWs have been studied b f heightV,, and widthL. The ;izevp of.the barrier is taken
Shanabrook et al!>'® (see also the reviews on the {0 be 60% of the band-gap discontinuityE, (eV)=1.24%,
in the GaAs—Ga_,Al,As heterostructure for the conduction

) band®% In Eq. (1) z is the position of the impurity with
40n sabbatical leave from Departamento deida, Instituto Superior Peda- respect to the=0 origin chosen at the center of the well
gogico Enrique Jos&/arona, Ciudad Libertad, Marianao, Habana 11400, P > 211/2 . 2 N12 . ’
Cuba. r=[p°+(z—z)*]"4 with p=(x“+y)™4 is the distance
YElectronic mail: oliveira@ifi.unicamp.br from the carrier to the impurity sites;=12.35 is the static
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dielectric constantm* =0.0665n, is the effective maséve  and of the QW widthL. In the case of transitions from the
assume the values of the dielectric constant and effectivdonor-impurity band—n=2 conduction subband, a similar
mass to be the same as in GaAs for all regions of the heter@xpression to Eq.3) may be obtained.
structurg, andmy is the free electron mass. In calculating the For the case of a donor located at the center of the QW,
donor energies we use a variational procedure and an impan analysis for the donorn=1 conduction subband tran-
rity trial wave function which is allowed to penetrate into the sitions using the expressions f#if andJ3 in Egs.(3)—(5) (or
Ga _,Al,As barriers, i.e., we use as the donor ground-statesimilar equations for the donern=2 conduction subband
envelope wave function a simple one-parameter variationatransitiong shows that for an incident radiation with polar-
1s-hydrogeniclike wave function times the ground-stateization e,#0 and/ore, #0, with ,=0, the transition is al-
g1(2) solution for the QW without the impurity potentidl, lowed (forbidden, whereas fore,=e, =0, with e,#0, it is
and one readily obtains the donor energies and envelogerbidden(allowed.
wave functions, for each impurity position, by minimizing Finally, we consider the total transition probability per
the Hamiltonian with respect to the variational parameter irunit time, for a distribution of impuritie$(z) inside the
the 1s-like part of the envelope wave function. For the con-QW, and we have
duction miniband one uses the usual envelope wave function L2
gn(@explik, -p) [94(2) is the solution for the QW without W(w):J dz P(z)W (7 ,). (6)
the impurity potentigl wheren is the quantum number as- -L2
sociated to the specific conduction miniband in consider-
ation. Ill. RESULTS AND DISCUSSION

For a single impurity located at=z, the transition
probability per unit time for the donor state conduction
miniband transition is proportional to the square of the ma
trix element of the electron—phot&ftinteraction between the
wave functions of the initia(donop and the final(conduc-
tion) states,

To carry out the numerical calculations, we considered a
30% Al concentration in the barrier, and both the cases in
‘which the polarization vector of the electric field of the inci-
dent radiation is either in the plane perpendicular to zhe
growth axis(i.e., e,=0), or the incident radiation is polarized
along thez axis (e,=1). For simplicity, we have assumed an

27 [ eAy )2 homogeneous distribution of impuritigse., P(z)=1/L in
W (z,0)= 7(%) > [(fle-pli)|25(Es—Ei—fiw), Eqg. (6)] within the QW.
ky.s 5 Figure Xa) shows thee,=0 infrared-absorption spec-
2 trum W(w) (in units of W) corresponding to donor-to-
where s means summation over spim,is the polarization ground conduction subband transitions for a homogeneous
vector in the direction of the electric field of the radiatipn, distribution of donors in a. =10 nm GaAs—-GgAly As
is the momentum operatod,, is the photon vector potential, QW (solid curve. Also, the contributionsW(z;,») are
and the other symbols have their usual meaning. For &hown for two different impurity positions, on edgeotted
GaAs—Ga_,Al,As QW of width L, the transition probabil- curve and on cente(dashed curve As expected, there is no
ity per unit time(associated with a single impurity located at absorption foriw<E(L,z;). A comparison of the absorption
z=1z,) for the donor—n=1 conduction subband is therefore spectra associated with transitions from the donors to the
given by n=1 conduction subbangolid curve and to then=2 con-
duction subband (dashed curye for a L=10 nm
GaAs—-GgAlgAs QW is presented in Fig.(h). It is appar-
ent that the absorption for transitions to the 2 conduction
subband is very weak in comparison to the absorption for
whereY(x) is the step functionN= (1/ | ¢>)1/2 is the nor- trangitions to then=1 subbgnd. This is due to the poor over-
malization factor for the impurity wave function, amé is  !apping of the wave functions of the donor states with the
the normalization factor for the wave function associated?=2 Subband states in comparison with the overlap with

NZ(NO)Z(JO)Z
g | Y@L @

kl(w)

W (Z,0)=W,

with the first conduction subband. In E) eIectron. states associ_ated to thre 1 colnduction subbaqd.
In Fig. 2 thee,=0 infrared-absorption specti&(w) (in
A%w)=hw—E(L,z), (43 units of W,) are shown for donor-to-ground conduction sub-
band transitions, and GaAs—GAlyAs QWs of different
k (w)=[2m*A%(w)/A%]"?, (4b)  widths. Note that the narrower the QW, the higher the value
52 , for the absorption peak obtained, and that the energy corre-
Wo=e“Ag/iimec?, (40) sponding to this maximum as well as the threshold energy

increase. This behavior shows, for example, the importance
of using narrow QWs for stronger absorption.
Finally, Fig. 3 shows the,=1 infrared-absorption spec-
J°:(e§+e§)(J2)2+ 2e2(39)?, (5)  traassociated to transitions from the donor-impurity band to
the n=1 conduction subband considering an homogeneous
where\ is the impurity-wave function variational parameter, donor distribution within the =40 nm GaAs—GgAl /AS
ey, €y, ande, are the components of the polarization vectorQW. The theoretical results are in good agreement with the
e, andJ$ andJ$ are cumbersome functions af,\, k, (w), 63 cmi ! peak of the absorption spectrum measured by Helm

where E(L,z) is the donor binding energy. For
J3°=3%z .k, ()] in Eq. (3), we have
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0 b FIG. 2. Infrared absorption spectfim units of W) for transitions from the
Photon energy (meV) donor impurity band to the n=1 conduction subband for
GaAs-Gg/AlyAs QWs of different widths and doped with an homoge-
neous distribution of impurities. The incident radiation kgs-0 in-plane
polarization, i.e., the polarization is in the plane perpendicular to the growth
axis.
60 T . .
(b) , .
crete one, those infrared-absorption spectra from donor-
L=10nm,e,=0 impurity band to conduction subbands provide some
4r 1 information on the width of the donor-impurity band in
F GaAs«Ga,AAs QWs, as donor levels may strongly depend
= on the impurity position. Also, as we are treating donors in
) GaAs<{Ga,A)As QWs, we have used the standard
= 2 . parabolic-band model in the effective-mass approximation
X 105 (which has proved to be adequate in a number of physical
. situations of donors in QWsn order to obtain the impurity
J _____________ energy levels and envelope wave functions within a varia-
0 . tional procedure. Of course, if one is interested in treating the
0 120 160 similar acceptor problem, the complex structure of the va-

Photon energy (meV) lence band must be taken into account for a realistic descrip-
tion of the acceptor-related infrared absorption.

FIG. 1. (a) Infrared-absorption spectruitin units of W) for transitions
from the donor impurity band to the ground conduction subband for40
nm GaAs-Gg;AlyAs QW doped with an homogeneous distribution of
impurities (solid curve. The dotted curves correspond to the absorption
contribution due to on-edge and on-center dondsAbsorption spectréin
units of W) for transitions from the donor impurity band to the=1 con- 6 T !
duction subbandsolid curve and to then=2 first excited subban@iashed
curve for a L=10 nm GaAs—GgAlysAs QW. For both(a) and (b) the L=40nm, e, =1
incident radiation hag,=0 in-plane polarization, i.e., the polarization is in
the plane perpendicular to the growth axis. 4t

et al,?® which was then assigned to transitions involving the
conduction minibanda=1 andn=2. We believe our theo-
retical results in Fig. 3valid at low temperatured,<100 K)
indicate that the experimental feature around 63 ta7.8
meV, observed by Helrat al?at T=6 K (see Fig. 5 of Ref. 0
23) corresponds essentially to transitions from the ground-

state k-like donor states to the=1 conduction miniband,

and as the temperature increagese experimental data at FIG. 3. Infrared-absorption spect(@ units of W,) for transitions from the
T=20 K and T=60 K), the donors become ionized, the donor impurity band to the@=1 conduction subbansolid curvé and to
n=1 conduction subband becomes occupied, and tht#he n=2 first excited subband(dashed curye for an L=40 nm
n=1-—n=2 conduction transitions are then dominant. GaAs-Gg Al As QW doped with an homogeneous distribution of impu-

.. . . rities. The incident radiation is polarized along the growth axis, ég=1.
It is important to note that, in contrast to bulk diluted- the arrow in the horizontal axis corresponds to a peak in the experimental

doped materials, where the donor level is a sharp and disesults of Helmet al. (see Ref. 28

0 10 20 30
Photon energy (meV)
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