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Binding energies of ground and excited donor states bound tX valleys
in GaAs/AlAs type-Il quantum wells
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We calculate the binding energies o, 12s, 2p,, 2py, and 2, donor states bound td valleys in type-II
GaAs-AlAs quantum well structures using an anisotropic variational method that enables us to take into
account the effective-mass anisotropy and the quantum confinement. These binding energies present a strong
dependence on the effective mass and the valley symmetry. Intradene2( transitions energies are shown
to be up to 1000 cm!, which is well above the energies usually observed for donors in type-l quantum
structures[S0163-18208)04635-9

I. INTRODUCTION AlAs where the effect of valley mixing or central-cell cor-
rection can be neglectédWe consider the effective-mass
Type-ll quantum well structures, where the lowest energyanisotropy and the quantum confinement in the growth direc-
transition is indirect in real space, have attracted considerttion and vary the impurity position along the AlAs layer.
able attention in recent years due to their distinguished eled-attice-mismatch-induced strain should have little effect on
trical and optical properties. For instance, such structures caft€ donor binding energies and, for simplicity, is not in-
be obtained with AlGa,_,As/AlAs quantum wells where cluded in this calculation. _
the T states in the AlGa,_,As layers are higher in energy A recent hlgh—ma%?etlc cyclotron resonan@R) experi-
than theX states in the AlAs layers by an appropriate choiceMenNt by Goiraret al: measureX-valley effective masses

of Al concentrations and layer thickness. Therefore, the elecf-Or AlAs that are much heavier than the commonly used

; ; 116,17
trical and optical properties of type-ll structures are veryValues obtained from Faraday rotatitiR) studies,*"’ see

. . ! “Table I. It is still being debated if there is a camel’'s back
different from their type-I counterparts. In particular, substl-ener structure alona the direction®® in which case each
tutional shallow donors will not be linked to thevalley, but gy 9 X

he | vinaX vallevs® Furth h f set of effective masses would belong to closely spaced
to the lower lyingX valleys.” Furthermore, these Valleys ar€ minima in theX direction® We present our results for both
no longer degenerate, but the and X, , valleys will split

) i ¢ > ; sets of effective masses for a comparative study.
into different energies due to the quantum confinementinthe |4 order to form a type-Il GaAs-AlAs quantum well we
growth (z) direction and due to biaxial strain effects. need GaAs layers narrow enough in order to have the con-

Theoretical studies on shallow impurities in quantumfined T' state(in the GaAs layer higher in energy than the
wells used mainly var_|at|onal techmqu%%_whwh have com- confinedX state(in the AlAs laye). Any electron in thisl’
pared successfully with measurements in several experimegtate will thus be transferred within picoseconds into the
tal situations}® and were concentrated mainly on lower lying X state!® While the quantum wells formed by
GaAs-AlLGa _,As type-I quantum wells. Since the success-the T" valleys may interact strongly for sufficiently narrow
ful growth of n-type Si-doped GaAs-AlAs structureshe  AlAs layers, the quantum wells in the valleys are essen-
calculation of these binding energies has become importanially isolated due to the heav}t masses involved. There-
for the understanding of bistable shallow-deep silicon donors
in GaAs-AlAs? silicon interdiffusiont! and photolumines- o units of octive Bobr radiiin A). and effect
cence spectra such as those obtained by dted!? So far, massegin uni s o mo), effective onr ra fiin A), an  etiective

. . Rydberg energie§in meV) and relations between longitudinal and

few attempts have been made to understand theoretically im)- ;

.. . . . transversal values and the y, andz components for differenk
purities in type-1l quantum well; for instance, da Cunha

TABLE I. Transversal and longitudinal values of effective

Lima et al® considered the effect of type-I to type-Il tran- valleys.

sitions for shallow donors at thié valley in GaAs quantum m* a* at R* *

wells and in a previous paper we obtained the ground states - ” - ” - ”

for donors in type-Il structure¥. CR experiment 044 261 12.03 2.02 59.86 356.47
In this paper we calculate the binding energy of hydro-FR experiment  0.19 1.1 27.85 4.81 25.85 149.7

geniclike excited donor states bound to g, andX, val- X, valley me, M axy ;. RGy R}

leys in type-ll GaAs-AlAs quantum wells using an aniso- X, valley me, my ay, & R}, Ry

tropic variational method. Our calculation is expected to bexy valley ms, m ay, ar R:, R

appropriate for substitutional group-IV donors such as Si in
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with

a,o=[x%a2 +y?b? +(z—z)%c?,]"?, 3

where the impurity positior; is centered in the AlAs layer
along the growth direction and=1s,2s,2p,,2p,,2p,. We
have labeled these trial function in accordance with their
bulk hydrogenic limits, although they should not be identi-
z, fied with actual hydrogenic states since the donor wave func-
tion is modified by the barrier potentiaThe trial function is
the one-electron wave function of the quantum well without
impurity times the hydrogeniclike part

— . T VoaX YD =N DG (DTu(xy. 2, (@)
FIG. 1. Schematic diagram for th¥-valley donor impurity exf kg, (z+L/2)], z=-L/2
binding energy and th& (dashed linesandI" (solid lines bulk é,(2)=1 a,coqky,2), —L2<z<L2 (5)

band alignments. Also shown are the interband transitions from the
heavy hole subband to the firBt confined stateKr) defined as a

type-I transition and to the first confined stateEy) defined as a gpn(g
type-Il transition. The impurity positior; is centered at the AlAs

layer. K, =[2m,(Vg—E,) 1Y%, (6)

exﬁ:—ka(Z— L/2)]1 ZB—L/Z,

fore, in order to calculate electron energy states in GaAs- kw, = (2M,E,) Y1, (7)
AlAs type-1l quantum wells it is reasonable to consider these . :
X quantum wells as isolated even for narrow GaAs layers. with £, being the quantum well ground state for the valley

This paper is organized as follows. In Sec. Il we describg(v'

the main aspects of the theory used in our calculations. In We consider three vanatlon.al parameters , bv‘." and
Sec. Il we present our numerical results and discussions. Ifj*e that enable us to take fully into account the anisotropy of

: ffective masses as well as the quantum confinement in
Sec. IV we draw our conclusions. € eftectiv . . X .
the z direction. The adimensional paramefers obtained by
requiring that the & and X hydrogenic parts of the trial

Il. THEORY functions are orthogonal.
For each of the three valleys,, X, andX, we need to The binding energy is obtained by minimizing the ex-
write an independent Hamiltonian, which can be written in aP€cted energy
single form
g E (a b C ):<¢U(T|HU|¢IU(}'> (8)
e vorTeerTee <110U0'| wl)0'>

v

* 2

B2 1 % 1 # 1 4
v dy? my Jz°

with respect to the three variational parameteys, b,,,,

— —+
2\mf ox> m  the lation
andc,,. The binding energy is written as

eZ

B Ame[X>+y?+(z—1z)%]Y?

+V(Z)a (1) EBE= Ev_Evu—(avU!bvoicva’)' (9)

The calculation of(,,|H,|#,,) is a straightforward but
wherev=x,y,z (i.e., X,=X,,Xy,X;) andm, , , are the ef-  tedious procedure and will not be shown here. Unlike type-I
fective masses along the,y,z directions. Unlike type-l quantum wells, some terms cannot be calculated analytically;
GaAs-ALGa _,As quantum wells, in our caseis centered most notably the impurity potential related term
in the AlAs layer, i.e., at the center of thé quantum well

(see Fig. L e?
We use a standard variational method for the calculation = (4ol - 2. 2 2 1,2|l/fw> (10)
of X impurity states such as in Ref. 2 and we use an aniso- Amelx"+y +(z=2)7]
tropic hydrogenic part of the trial wave functions has to be calculated by a numerical integration. This triple
integration, the minimization of three variational parameters
Iy 1s(Xy,z)=e" s, (28 and other numerical integrals not shown here, accounts for a
heavy computational effort in order to calculate these donor
[y os(X,Y,2) = (1= By 25, 25)€ ™ 05, (2b)  binding energies accurately.
Ly 29, (X,y,Z) =xe w2, (20 lll. RESULTS AND DISCUSSION
T2 (X,Y,2)=ye %, (2d) In our calculations_we use, for AlAs, a dielectric constant
y e of 10.0 and a barrier height of 316 meV and consider a

o ay s band alignment of 35—65 %. The bottom of the bXIKAIAS
Uy 2, (XY 2) =28 %02, (29 pand edge is thus 145 meV above the blilkGaAs band
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FIG. 2. Binding energies of donors located at the cenigr (
=0) of the AlAs layer as a function of the layer widtta) X, and
(b) X, valleys calculated with CR effective mass gl X, and(d)
X, valleys calculated with FR effective mass. The [@nding en-
ergy is set as a dashed curve for clarity.

edge’”'* The actual values of the effective massef, , in
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FIG. 3. Binding energies of donors located at the edge (
=L/2) of the AlAs layer as a function of the layer widtf®) X, and
(b) X, valleys calculated with CR effective mass dietl X, and(d)
X, valleys calculated with FR effective mass. The l#&inding en-
ergy is set as a dashed curve for clarity.

binding energies. The most dramatic result is the 2tate

Eq. (1) depend on th& valley that is being considered. The for X, valley: If calculated with a FR effective mass it is

two sets of bulk AlAs effective massesn{ , m[) and the

unboundfor the range of AlAs layer widths considered,

Correspondenm;yvz masses used for each Va”ey are Sum_WhereaS it isboundwhen a CR effective mass is used. In

marized in Table I. For instance, fong valley the effective
masses to be used in E{) arem} =m}, my=my, and
m; =m7 ; if bulk AlAs massesm? | are taken from the FR
experimental values then we will be usimg; =0.19m,,
my =1.1my, andmj =0.19m,. For simplicity, we assume
AlAs effective masses for both the welGaAs and barrier
(AlAs), i.e., we consider no effective-mass mismatch.
We now may analyze our results in terms of in-plang (
andmj) and growth-direction 1fi;) effective masses. The

general, the B, state is unbound for small AlAs layers,
which is also observed in type-I quantum wéll€omparing

the different valleys, one observes that the ftate has a
smaller binding energy than thepg state forX,, while for

X, in general the opposite of true. For thg2state, the
lighter mass along the direction at theX, valley allows the
wave function to spread more freely along this direction,
becoming virtually independent from the quantum confine-
ment and hence from the AlAs layer width. Therefore, we
obtain an almost constant and small binding energy for the

first important consequence that we notice is that the in-plangpy state. For donors located at the edge of the quantum well

effective masses are isotropic for theg valley but are aniso-
tropic for the X, , valleys. Due to this anisotropy, thepg

(Fig. 3 we observe the same strong dependence on the ef-
fective mass. The explanation for these very different behav-

and 2, states of theX, , valleys are not degenerate. On the jors of the binding energies follows from a nontrivial inter-

other hand, the @, and 2o, states of theX, valley have the
same binding energy of thep? and 2o, state of theX,
valley, respectively. Therefore, we will discuss only kg

play between effective mass¢SR or FR), effective-mass
anisotropy, quantum confinement, and symmetries of the im-
purity trial functions. For instance, the lighter FR effective

valley, keeping in mind that this valley is equivalent to the masses allow the impurity wave function to spread over a

Xy by changingx«y.

larger region of the AlAs layer; as an immediate result the

In Fig. 2 we show the binding energies for a donor locatechinding energies are always much smaller than their CR ef-
at the center Of the AIAS |a.yer as a funCtIOI’l Of the Iayerfective mass Counterparts_ For th@ Va”ey the in_p|ane

width for X, and X, valleys. For theX, valley, the combined
quantum confinement and anisotropy of the in-plesjeand

mass is the lighter transversal mass of the bulkalley [see
Table | and Eq.(1)], which allows the wave functions to

my effective masses results into a complete splitting of thespread even more along the unconfimey plane, thus yield-

2p degeneracy into @,, 2p,, and 2, states. However, for ing the smallest binding energies. Such a behavior is ob-
the X, valley the in-plane effective masses are isotropic anderved in type-I structures for quantum wi®sr dot$* with
therefore the P, binding energy is degenerate witlp2, a  applied electric or magnetic fields. In our case this is due to
fact that we denote by labeling these binding energies athe strong anisotropy of the effective masses and for the
2pyy - Note that the different effective masses consideredype-l quantum wires and dots it is due to the strong asym-
have important qualitative and quantitative effects on theametry of the wave functions caused by the external field.
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FIG. 4. Binding energies of donors for a 20-A AlAs layer width
as a function of the impurity position in the layer.(@ X, and(b)  agreement with our previously calculated binding energy of
X valleys calculated with CR effective mass ag#iX, and(d) Xc 97 mey forX!® and 102 meV foiX™® and indicates that, for
valleys calculated with FR eﬁe‘.:t've mass. Trefiinding energy is these measurements, the heavier CR effective masses may
set as a dashed curve for clarity. - .
represent more adequately the measured binding energies.

The dependence of the binding energies on the donor im-
purity positionz; is shown in Fig. 4 for a AlAs layer of 20 A. IV. CONCLUSIONS
The bm_dmg energy B, state forX, valleys and CR effectl\_/e Our results show that the two sets of effective masses
mass[Fig. 4(@)] increases as the donor approaches the inter-, ~.~ .~ . ) . S X
s T i . studied in this work provide very different binding energies
face, which is similar to the behavior of the2in type-I

L . for ground and excited states of donors linkedxtwalleys
guantutrln wegé. Fodr the othte rlthreet S'tt;: atllotn SfStUd)%% tm}éz and that these binding energies are quite sensitive to the ef-
IS MOstly unbound, except close 1o the interface an fective masses that are used in the calculation. Also, the cal-

XSR' : . . culated binding energies are remarkably deep when com-
In Fig. 5 we show the transition energies fos%2p  nared to the type-l dondrsand indicate that even if the

transitions for donor located at the center of the AlAs layer.gaas-AlAs structure is of type | there may bevalley do-
These energies lie in the range 200-1000"&mwhich is  nors at lower energies than the confiredtates of” valley
much higher than intradonor transitions in any type-I quanygnors. ForX, , valleys a complete lifting of the 2 degen-
tum structurgeven wires or dots, provided there is no strongeracy is obtai'r){ed that is not observed in unperturbed type-|
magnetic field*~* Furthermore, the 4 2p transition en-  quantum wells. We believe that the present work may be
ergies have a strong dependence on the vagyo( X,) and  yajuable for further experimental studies ¥rvalley donors

on the effective mass considered. This suggest that a cleagq may be helpful in order to clarify the issue of the differ-

observed with careful infrared absorption measurements.

At the moment we are not aware of measured excXed ACKNOWLEDGMENTS
valley donor binding energies for GaAs-AlAs type-Il struc-
tures. However, for thed state the photoluminescence mea- G.W. acknowledges financial support from FapéSpn-
surements by Leet all? revealed a binding energy of 104 tract No. 95/9437-2 CNPq(Contract No. 522789/96)pand
meV for a large AlAs layer of 131 A, which is in good Pepci/USF.

1E. R. Glaser, T. A. Kennedy, B. Molnar, R. S. Sillmon, M. G. 4Y -H. Chang, B. D. McCombe, J.-M. Mercy, A. A. Reeder, J.

Spencer, M. Mizuta, and T. F. Kuech, Phys. Rev¥® 14 540 Ralston, and G. A. Wicks, Phys. Rev. Leitl, 1408(1988.

(1991). 53, Huant, W. Knap, G. Martinez, and B. Etienne, Europhys. Lett.
2G. N. Carneiro, G. Weber, and L. E. Oliveira, Semicond. Sci. 7, 159(1988.

Technol.10, 41 (1995. 5p. W. Barmby, J. L. Dunn, and C. A. Bates, J. Phys.: Condens.

3A. Latge N. Porras-Montenegro, and L. E. Oliveira, Phys. Rev. B Matter 6, 751 (1994.
51, 2259(1995. P.W. Barmby, J. L. Dunn, C. A. Bates, E. P. Pearl, C. T. Foxon,



PRB 58 BINDING ENERGIES OF GROUND AND EXCITED ... 7833

A. J. van der Sluijs, K. K. Geerinck, T. O. Klaassen, A. van (Springer-Verlag, Berlin, 1982
Klarenbosch, and C. J. G. M. Langerak, J. Phys.: Condens. Mat8L. Hsu, S. Zehender, E. Bauser, and E. E. Haller, Phys. Rev. B

ter 6, 7867(1994. 55, 10 515(1997).
8R. Chen, J.-P. Cheng, D. L. Lin, B. McCombe, and T. F. George°A. M. de Paula and G. Weber, Appl. Phys. Lé&5, 1281(1994.
Phys. Rev. B44, 8315(199)). 204, Latge N. Porras-Montenegro, and L. E. Oliveira, Phys. Rev. B

9T. Schmiedel, L. P. Fu, S. T. Lee, W. Y. Yu, A. Petrou, M. Dutta, 45, 9420(1992.
J. Pamulapati, P. G. Newman, and J. Boviatsis, J. Appl. Phys?!C. A. Duque, A. L. Morales, A. Montes, and N. Porras-

74, 2100(1993. Montenegro, Phys. Rev. B5, 10 721(1997).
0p, sellitto, J. Sicart, and J. L. Robert, J. Appl. Phys, 7356  2?R. L. Greene and K. K. Bajaj, Phys. Rev. 3, 913(1985.

(1994. 23N. Nguyen, J. X. Zang, R. Ranganathan, B. D. McCombe, and M.
1p_ sellitto, P. Jeanjean, J. Sicart, J. L. Robert, and R. Planel, J. L. Rustgi, Phys. Rev. B8, 14 226(1993.

Appl. Phys.74, 7166(1993. 24Q. X. Zhao, A. Pasquarello, P. O. Holtz, B. Monemar, and M.
125 7. Lee, A. Petrou, M. Dutta, J. Pamulapati, P. G. Newman, and Willander, Phys. Rev. B0, 10 953(1994.

L. P. Fu, Phys. Rev. B1, 1942(1995. 253, M. Shi, F. M. Peeters, and J. T. Devreese, Phys. Ré&0,B5
BA. T. da Cunha Lima, I. C. da Cunha Lima, and A. Ferreira da 182 (1994).

Silva, Phys. Rev. B5, 15 420(1997. 26T, Kuhn, G. Mabhler, J. L. Dunn, and C. A. Bates, J. Phys.: Con-
14G. Weber, Appl. Phys. Let67, 1447(1995. dens. Matteis, 757 (1994).
M. Goiran, J. L. Martin, J. Leotin, R. Planel, and S. Askenazy,?’M. El-Said, Physica B202, (1994.

Physica B177, 465(1992. 28p_D. Emmel, J. R. Leite, and I. C. da Cunha Lima, Phys. Rev. B
8B, Rheinlader, H. Neumann, P. Fischer, and G.Hfi Phys. 43, 9265(1991).

Status Solidi B49, K167 (1972. 293, V. Branis, G. Li, and K. K. Bajaj, Phys. Rev. 87, 1316

sSemiconductors: Physics of Group IV Elements and Ill-V Com-  (1993.
pounds edited by O. Madelung, M. Schulz, and H. Weiss, *°E. R. Mueller, W. D. Goodhue, D. M. Larsen, J. W. Bales, and J.
Landolt-Banstein, New Series, Group Ill, Vol. 17, Pt. a Waldman, Phys. Rev. B4, 1754(199J).



