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Energy levels ofD® and D~ confined in graded quantum wells of GaAs{GgAl,As structures under
magnetic fields are investigated in detail by the variational method. Binding energies as well astBp71
transition energy foD® andD ™ in a square well calculated from the same trial wave functions are shown to
be in good agreement with existing Monte Carlo calculations and with experimental data. An interesting
guantum shape effect is revealed by studying the ratd ofransition energy to its binding energy. A detailed
study of D% andD ~ states in graded quantum wells shows fl@D ~ binding energies first increase with the
magnetic field and then decrease when the field increases fuftheéor a given well gradient, the singlet
s-like state binding energy peaks at a much lower field strength than the toipille¢ states, producing the
energy level crossing phenomenon, gopD ~ will be dissociated into &° and an electron when either the
field or the gradient increasgsS0163-18206)06548-4

I. INTRODUCTION 3D. In a narrow SQW, the increasing magnetic field in the
growth direction changes from ~0.1 to ~0.3.

Stimulated by the interest in fundamental research and Although extensive studies on various aspects of impurity
technological applications, a great variety of low-dimen-states in multiple-quantum-well systems and superlattices of
sional semiconductor microstructures have been fabricatedifferent combinations have been made in the past, they are
and investigated in recent years. The properties of impuritie§iainly concerned with impurities in a square quantum well.
doped by various doping schemes are of particular imporAn observatiof’ of a transient electrical polarization phe-
tance in the design of devices. Energy levels of a neutrafomenon in sawtooth superlattices of GaAs/Gal,As in
hydrogenic donor oD° in GaAs/Ga_,Al As quantum wells 1983 has attracted much attention to the electronic structure
and transitions betweensland np levels under arbitrary @nd related phenomena of graded-gap microstructures with
magnetic fields have been investigated for2,3,41 The their possible device appl|cat|ons in mfﬂi It is expected
negatively charged dondd ~, a bound state of an electron that the break of reflecthn symmetry in such structures can
and D°, has also been identified in multiple-quantum-well give rise to a number of interesting new phenomena. In par-
structures recently® Since then a large amount of work, “CU"%‘“ it has been f(_)und that the elec_tron-phonon scattering
both theoretical and experimental, has been carried dditt rate in an asymmetric quantum well differs remarkably from
is found that forD~ situated at the square quantum-well that in symmetric wells due to the applied field and changed

S he bindi for the | inal ephonon modes, which is useful in devices.
(SQW) center, the binding energy for the lowest singlet stat The electronic structures in graded quantum-w&lQW)

is much larger than that for the lowest triplet stafeand that  gystems with or without the external electric field have been
the.nu'mbesrgof bound states increases under the applle(c)i Magvestigated in great detail. For example, in order to achieve
netic field™” As is well known, the binding energy dd high on-off ratio and low operation voltage, a GQW struc-
increases with increasing magnetic fields. The same behavigfjre has been proposéd;??in which both the conduction-

of D~ binding energy is easily understood. The ratiof D°  and valence-band edges in the well vary linearly along the
andD " binding energies approaches a constant and freezegowth direction. In this paper, we investigate the effects of
in the high-field limit!’ A recent stud}? reveals that in high the broken reflection symmetry on the energy levelD8f
fields o depends strongly on the dimensionality. NumericalandD ~ confined in a quantum well, and attempt to calculate
calculations show that~0.055 for three dimension&8D), energy level schemes in GQW structures with and without
~0.1 for 2D,~0.2 for 1D, and~0.3 for 0D, depending upon the magnetic field.

the detailed shape of confinement potentials. Since strong The organization of this paper is as follows. In Sec. Il we
magnetic fields serve the purpose of confinement for chargdescribe the Hamiltonian of the problem. The procedure of
carriers,o increases from~0.055 with the increasing mag- calculation is briefly outlined in Sec. Ill. Energy levelsDf
netic field and approaches0.2 in the strong field limit in  andD ™ in a SQW are obtained in Sec. IV as a function of
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the well width for given magnetic fields, and compared nu-lindrical symmetry, exact solutions dfl, with the well-
merically with existing results from the Monte Carlo defined magnetic quantum numb®rcan be obtained by a
calculatior? as well as with experimental measureméfith ~ series expansion method similar to the quantum dot
Sec. V the ground-state energy as well as tee2p~ tran-  problem?® If the ground state o, is s-like (m=0) and the
sition energy are calculated f@° and D~ in GQW's in  first excited state isp~-like (m=—1), the corresponding
arbitrary magnetic fields. Results for a few particular fieldeigenfunctions can be written asi(z)yy(a,n.p) and
strengths are presented as a function of the field strength fa#(z) ,(a,\,p)e '?. The energy levels and hence the
various spatial gradients of the GQW. A few concluding re-1s—2p~ transition energy foH(p,¢,z) can be found by a

marks are also discussed in this section. variational calculation.
Let E(D° m) denote the energy level & in the statem,
Il. THEORY then the binding energy in this state is given by
Consider a donor in a GaAs quantum well of Eg(D%m)=E(e,0)—E(D%m), (5a

GaAs/Ga_,Al,As structure with a magnetic field applied
in the growth direction. If the impurity is situated &f from
the center of the well, the Hamiltonian can be put in the form

whereE(e,0) stands for the ground state of an electron in a
guantum well in the magnetic field of strength The
1s—2p~ transition energy is given by

H __ 1 J L& 7 AE(D%=E(D°1)—E(D°0) (5b)
(p¢,2)= p 9p Pap 02 9p2 922 - ' )
) In a similar fashion, we rewrit€3) for D~ as
Y o
B \/EQJF(Z—_Z())Z+V(Z)+ZP tk, @ H=Ho(A1,81,h2,82) + Hin(N1,81,02,87),  (6a)
where the 3D position vectar=(p,z), the effective Rydberg Ho(N1,A2,a1,82) =Hg(N1,@1p1,01,21)

Ry* =e?/2ea*, and the effective Bohr radius* =e#?/
m*e? are taken to be the energy and length units, respec-
tively. The magnetic field is measured in the unit
vy=ehB/2m* cRy* =% /2 Ry* with the cyclotron frequency =Y +H’ + _
w, . It is noted that in obtaining Ed1), we have ignored the Aim=H'(As,20) +H'(A2.27) [p*+(z1—2,)°]"
polarization and image charge effects, as well as the Zeeman (60)
spin energy which has no influence on the binding energyysing the exacb® eigenfunctions given above, we can eas-
The confinement potential is taken to be ily construct the trial functions?,, of Chandrasekhar typé
with the well-defined total magnetic quantum number
= Vo for |z/=L/2 ) M=m;+m,. Thus we have the trial functions
R(L/2+2) for |z|<L/2,

whereR is the constant gradient of the potential well. The Vo= Ao(1+Cp1) h(21) h(Z2) [ ho(N1,81p1) Yo 282, p2)

GQW pecomes a rggular SQW whBs=0. V, andR can pe . + o(N1,a1,p2) Yo(Np,a0,p1)] (73
determined by a fixed ratio of the band-gap discontinuity . i
which depends on the aluminum concentration in the sampld©r the lowest singles-like state, and
The Hamiltonian for &~ center atzy in the QW is given +
0 Q J Wi =A1(1+cp1)(z1) P(z,)

by
2 X[l/lo()\laal!pl)l/ll()\Z!aZ!pZ)e_ipz

[plpt (21—2,)%1Y% *Yo(N1,81,p2) ¥1(N2,82,p1)€ 1] (7b)

3 for the singlet(+) and triplet(—) p~-like states. We have
wherep;,=|p;—p,|. To solve the problem, we start with Eq. introduced one more variational parametein Egs. (7). A;

+Ho(N2,87,p2,¢2,2), (6b)

V(z)

H=H(p1,¢1,21) +H(p2,92,2,) +

(1), which can be rewritten as and A, are normalization constants.
H(p.#.2)=Ho(M.a.p,¢.2) +H'(A.3), (4a) lll. METHOD OF CALCULATION
19 d 1 0 28 & We are now in a position to calculate thi2~ energy
Ho(Ma,p.¢,2)=— pap\Papl D22 pra a2 eigenvalue€(D~,0), E"(D,1) andE™ (D ~,1) for the sin-

glet s-like, and singlet and triplep-like states, respectively.

2 Since theD? states in quantum wells under arbitrary mag-

2
+V(z)+ 2P ol (4b) netic fields have been well investigated, both experimentally
and theoretically;>*>*®we can check our calculations with
2 existing results as a test of our choice of trial wave functions.

2\
H'(\a)=
p

, (40 It turns out that the above trial wave functions yield ver
Ta [p2+(Z—Zo)2]1/2 y y

good results compared to the Monte Carlo calculaficas
where we have introduced two parametarand a to be  we shall see later.
determined by the variational principle. Because of the cy- To describe the method of calculation, it is most conve-
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nient to illustrate the procedure by considering a specific TABLE I. Comparison ofD® and D™ binding energies with

case. Let us calculate the eigenenergy Monte Carlo results. Energy is expressed in the unit.Ry

(UI|H|P ) =(¥|H(\1,a1,0,a)|¥]) Impurity 0% L (A) This work Monte Carld
0

(W HOA,a) +HOA,,a,) | P] D 100 2.096 2.09

(P H(\ 1,8, (N\2,a)| W) 0 200 1701 174

_ 2 _ 1 100 2.894 2.92

NV L r o) (8) 200 2.441 2.52

3 100 3.858 3.89

The first two terms of the energy eigenvalue can be evaluated 200 3.242 3.36

in a straightforward manner by making use of the expansion p- 0 100 0.252 0.29

200 0.214 0.23

1 Z m=1jn pl 100 0.736 0.77

P12 m=e. [2ml piI F(m+3,5m+1p2/p%) ! 200 0.641 0.65

o 3 100 1.082 1.13

x elm(e1~e2), (9) 200 0.910 0.94

where F(a,b,c,x) is the hypergeometric function, arhe error bars of the Monte Carlo calculation are estimated at two

p<=min{p;,p}, and p.=maxp;.p,}. The last term of(8) units of the last digit in the data as shown in Ref. 5.
involves five-dimensional integrals of the type

- _J’ A(N1,81,p1,M2,8,,p2) €M 0%(2)) YA(2,) FMN:J A(N1,81,p1,M2,82,p2)Gun(p1,p2)dp1dp;
" [Pt (21-2)*] (13
X dz,dz,dp,dp,de, (100 and can be carried out without difficulty.

After E(D,0) andeE™ (D ~,1) are found, the binding en-
whereM =+1,N=0,1,2, andp stands for the angle between ergy of the singles-like state follows directly as
the position vectors of the two electrons. The functibn

represents the integrand in the Coulomb and exchange inte- Eg(D~,00=E(D°0)+E(e,0~E(D",0). (143
grals. More explicitly, we have Similarly, the binding energy of a triplgi~-like state is
A(N1,8,p1,82,82,p2) = P5(N1,81,p1) Eg(D~,1)=E(D%0)+E(e,00—E (D",1). (14b

X 3(Ny,a,,p2)p1p, (118  To determine the transition energies, we note that in addition
to the spin conservation, the dipole-excited transitions in

for Coulomb integrals and Faraday geometry obey the selection rlgl =*+1. TheD ™
transitions ofAM=+1 and—1 are analogous tosl-2p*
A(Ng,a1,p1,02,82,p2) = ho(N1,a1,p1) P1(N2,82,p2) and 1s—2p~ D° transitions, respectiveR® Since thep*-
andp ™ -like states are separated exactly by the cyclotron en-
Xho(N1,81,p2) ergy 2y for parabolic conduction bands, thes2:2p™ D~
transition energy is
Xlr/l()\ZIaZIPl)plf)Z (1lb) AE+(D_):AE(D_)+2’)/, (15a
for exchange integrals. where
In order to evaluate these multidimensional integrals, we
need an effective numerical method with high accuracy. This AE(D)=E"(D",1)—E(D,0 (15b)

is accomplished by introducing the functions ) o .
is the 1Is—2p~ D~ transition energy.

1(p1o)= f f 02 szr((zZzpzzz)zz)]l/z dzdz,, (123 IV. D° AND D~ STATES IN A SQW
12

To verify the validity of the trial wave functions as well
N M as the accuracy of the calculation we first compute the bind-
GMN(Plipz):f P12l (p1)€™ “de. (12D ing energieEx(D°,0) andEg(D ~,0) for D° andD ™ at the
well center of GaAs/GgAlg7As structure with well
Both functions can be found by evaluating the integrals nuwidths 200 and 100 A. The parameters we use are=Ry8
merically for a given set of parameters including the gradienmeV, a*=100 A, andy=1 corresponds t®=6.75 T. Our
R, the well widthL, and the barrier heigh?, which is de- results are posted in Table | along with the diffusion quan-
termined by the relative aluminum concentration in the welltum Monte Carlo resulfs for various magnetic fields. It is
and barrier of the system. With these functions stored nuelear that the present work yields consistently smaller bind-
merically in the computer, Eq.10) becomes essentially a ing. However, the differences are comparable to the statisti-
two-dimensional integral, cal fluctuations of the Monte Carlo calculation. Thus the trial



54 ENERGY LEVELS OFD° AND D~ IN GRADED. ... 16 789

TABLE Il. Comparison of 5—2p~ transition energies in SQW'’s with experimental data. The unit for
energy is cm™.

Well/barrier
widths
Transition energy B (T) L (A) Theory Experimenrit
AE(DY) 95 75.0 75
10 144 65.6 66
194 58.0 59
AEL(D%) 95/190 95 10
10 144/190 7.3 7
194/190 6.2 6
AE(D7) 95 47.9 48
10 144 434 44
194 40.2 40
95 37.8 38
5 144 35.0 35
194 32.1 33
aData are taken from Ref. 16.
wave functions we have assumed are reasonable and the nu- V. D° AND D~ STATES IN A GQW

meggz:nvgcglf I:yf:lucﬁlrggnrg:rfgﬁcrzztgnergies have been meag We ~now consider graded —quantum —wells of
. ) : : Ga,_,Al,As/Ga _,Al,As/Ga _,Al As structures. To be

surgd in GaAs/G@xAIXAs SQW s pf different ywdths. Ex- morey sypecific, we takevg=10 Ry, L=20*, and
perimental magneto-optical transition energy is found to INR=Ry*/a* =0,5,10. The aluminum concentratigr-30% in
crease with decreasing well width, in good agreement withpe parrier, whilex in the well changes linearly along the
the variational quantum Monte Carlo resuft3Ve compare growth direction from 0 to 7.5% and from 0 to 15% fRe=5
our results with those of Ref. 16 in Table Il, in which gnd 10, respectively.
1s—2p~ transition energiedE(D~) and AE(D®) at the In Fig. 1, we plot the binding energiégg(D% m) as a
center of SQW’s, and\E,,(D°) at the barrier centét com-  function of y for m=0 and 1 in GQW’s withR=0,5,10. It is
puted for various cases are listed along with available experiebserved that in general, the binding energies increase with
mental datad® That very good agreement is obtained in all the field but decrease with increasiRg It is also noted that
cases once more confirms the validity of the present treathe binding energy change is slower in the excited state
ment. =1) than in the ground staten=0) when y>1. This is not

To further study the dependence of the transition en-  difficult to understand, because the excited-state wave func-
ergy on the well width and applied magnetic fields, we com-tion is more extended than that of the ground state, resulting
pute the ratiop=AE(D " )/Eg(D~,0) along withAE(D ™) in a much stronger effect & on the Coulomb energy in the
in SQW's of GaAs/Gg,Alg7As systems for various well ground state as we shall discuss later.
widths and magnetic fields. Table Il listss+2p~ transi-
tion energies calculated fdd ~ at the well center fot. =0, TABLE Ill. Variation of AE(D™) and » in a SQW with the
100, and 200 A in fields=0,1,3,5,10. The fact tha$>1.0  well width and external fields.
for all cases implies that the - (p™-) like excited state lies

above the Landau lev&l=0 (N=1) and hence is not bound. L (A % AE(D7) (Ry*) 7
In general, one finds that the transition energy increases with

the increasing field strength when the width is fixed, but 0 0 0.454 1.00
decreases with the increasing well width for a given field. 1 1.251 113
The ration decreases with the increasihgor a given field. 3 2.196 1.25
On the other hand, the variation gfwith the field depends 5 2.879 132
strongly on the well width. It is monotonically increasing 10 4.030 1.38
function of y in the 2D casdL =0), but peaks at certaity 100 0 0.252 1.00
value depending on the well width. An interesting quantum 1 0.888 121
shape effect may be noted from the data and is perhaps worth 3 1.369 1.27
further investigation. As the confinement in the plane due 5 1.628 1.24
to the magnetic field is of the order of the quantum-well 200 0 0.214 1.00
confinement ire direction, we find that the ratig is close to 1 0.735 1.15
1. Hencen may be regarded as a shape-dependent parameter 3 1.047 1.15
characterizing the confinement. The higher symmetry the 5 1.220 1.11
system has, the closer is its value to unity. It is expected that 10 1.396 1.05

7 is closest to 1 in a spherical dot.
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FIG. 1. Variation of the binding energEB(DO,m) for states FIG. 3. Variation of the §—2p~ transition energy forD°

m=0 (solid lineg andm=1 (dashed lineswith the magnetic fieldy  (solid line) and D~ (dashed ling with the magnetic fieldy in
in GQW's of depthV,=40 Ry*, width L=2a*, and gradient(a) GQW's of depthV,=40 Ry*, width L=2a*, and gradienta) R=0,
R=0, (b) R=5, and(c) R=10 Ry*/a*. (b) R=5, and(c) R=10 Ry*/a*.

D states in the same GQW system are also calculated direld strength that yields the largest binding is a decreasing
the trial wave functions given by Eqé7). Figure 2 depicts function of R. The most interesting feature of this study is
the binding energie&z(D ~,M) as a function ofy for dif- perhaps the level crossing phenomenon in GQW's. For
ferent gradientsR. Here we find that the binding energy R=10, it is clearly seen that the crossing occuryat1.65.
variation with the field for the singlet-like (M =0) state is  This means that ths-like state becomes less bound than the
quite different from tripletp-like (M =1) states wherR in- p-like states when the field ig.>1.65. The corresponding
creases. Curves marked byrepresent the case of zero gra- field for R=5 is y,=7.5. Furthermore, we find that all the
dient (R=0) and indicate that the binding energy increasesD ~ states in a GQW may become unbound when the mag-
monotonically with the magnetic field in SQW’s. The situa- netic field is sufficiently strong. In Fig. 2, this occurs for the
tion changes foR+0, as is shown by curvels andc for  s-like state aty=4.85 for R=10. Thus a strong magnetic
which the binding energies increase with the magnetic fieldield can dissociate @~ into an electron and @ in
to a peak and then decrease wheincreases further. The GQW's.

The phenomena observed in Fig. 2 may be understood

15 . . . . : qualitatively as follows. For a don@® or D~ located at the
’ well center, the reflection symmetry break due to a nonzero
R shifts the wave function towards the deeper side of the
L - well. Since the Coulomb and exchange integrals are deter-
mined by the mean value §p>+2z2]~ 22, and since the-like
orbital is more localized than the-like orbital, it is easy to
understand that for a fixeg¢t the binding energy for the
orbital is more sensitive t& than that of thep orbital be-
cause the magnetic field reduces the mean giznd the
gradientR changes the meanvalue. Hence th®° binding
for a givenR always increases with increasing but for a
fixed y decreases with increasiiy On the other hand, the
mean distance between the two electron®in decreases
with increasingR, the repulsive energy therefore results in a
decrease®d ~ binding and eventually leads to the dissocia-
tion. This effect is enhanced as the magnetic field increases.

The transition energieAE(D®) andAE(D ) are plotted
in Fig. 3 as a function ofy again forR=0,5,10. The mag-
netic field dependence of the transition energy Bt and

Y D™ in the low-field region are qualitatively different from
one another. This is not surprising and can be seen from

FIG. 2. Same as in Fig. 1 except for singlet(solid line) and  Figs. 1 and 2. The rate at whidg(D°,1) increases withy is
triplet (dashed ling states. much faster tharEg(D°,0) at the beginning unti~1, and

Binding energy (Ry*)
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then the trend starts to reverse gradually. On the other handjven in Table Il. This is easily understood because the elec-
E(D,0) increases much faster withat the beginning and tron in the well is on the average far from its parent donor in
starts tapering off aftep=1. Moreover, it is also clearly seen the barrier. In practice, the transitionAE(D~) and
from this figure that for a giveR in sufficiently strong fields AE,(D°) are often discriminated by doping in the barrier
(y>1), AE(D™) depends much more sensitively grthan  farther away from the interface. When the field increases,
AE(D®) and the two transition energies approach each othenowever,AE(D ") and AE(D®) gradually become compa-
slowly as the field increases further. For a fixgdwe find  rable. Therefordd® andD ™ transition lines in the well can
that the difference between the two transition energies deeasily be distinguished from the transition line@f in the
creases slowly with increasin@®. This implies that the barrier by observing the field dependence of the transition
greater the gradient, the more difficult to distinguish the twoenergy?®
transitions in experiments, but there is still a difference of In conclusion, we have found from our study Bf and
about 0.15 Ry for the worst caséR=10 Ry*/a*, y=6) in D~ states in GQW's that the reflection symmetry break has
the plot. It is most interesting to note from Fig. 2 that for profound effects on the electronic structures and optical
R+0, the singleD ~ binding energy decreases with increas- properties. The most remarkable change is the occurrence of
ing y. This means that thB ™~ state energy increases with the the level crossing phenomenon amddg states. While the
magnetic field in GQW'’s, so that eventually it becomes un-magnetic field raises impurity binding energies monotoni-
bound for ay value depending oR. This peculiar feature is cally in a square well, this is not always the case in GQW'’s.
in sharp contrast to what can be found in the literafaté, As we have seen in Fig. 2, the binding energyDof states is
and provides us with an unambiguous way to identifyfhe  raised only to a peak by the magnetic field and then de-
transitions in GQW'’s. It is subjected to experimental verifi- creases when the field keeps increasing. Thastliee level
cation in the future. reaches its peak at much lower field than thdike level
Finally, it should be interesting to point out that the results in the level crossing which never occurs in SQW's.
1s—2p~ transition energyAE,(D°) of a D® impurity situ-  This field dependence of the binding energy also implies that
ated in the barrier4,>L/2) may not be easily distinguished all D~ states in GQW'’s eventually become unbound for suf-
from the correspondin@® ~ transition in the well. This situ- ficiently strong fields. Furthermore, we note that the concept
ation may also exist even whdR+#0. On the other hand, of the freezing effect ofo- is no longer valid in GQW'’s
AE,(D°) is usually much smaller than the correspondingbecause thé ™ binding energy may decrease as a conse-
AE(DY) in the well in weak fields. Some particular cases arequence of the symmetry break.
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