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Binding energy of neutral bound excitons in GaAs-AlGa; _,As quantum wells
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The binding energy of an exciton bound to a neutral doidt,X) in a GaAs-ALGa, _,As quantum well is
calculated variationally by using a two-parameter wave function. There is no artificial parameter added in our
calculation. Our results agree fairly well with previous experimental results, except that our position of the
binding energy maximum is at about 15 A, not at 100 A as shown by Reyetlds[Phys. Rev. B40, 6210
(1989]. [S0163-18207)05703-3

There is a great amount of experimental data about donor- 2 2 2
bound exciton D°,X) states in GaAs-AlGa; _,As quantum  H=—ce(Vi+V3) —ChVi— = =+
wells (QW's).1=3 The original report of donor-related com- \/Pl+21 \/P2+Zz \/Pa+23

plexes in QW’'s was first proposed by Shanabrook and

Comas® Reynoldset al.’ reported sharp lines observed in + 2 — 2
the photoluminescend®L) associated witlD°, X transitions Vpiot (21— 2% plat (21— 23)2
in nonintentionally doped GaAs-AGa; _,As multiple quan- )
O g
tum wells_. D", X transitions are also reported by Nomura, e Vg + Vet Vg, 1)
Shinozaki, and Ishtiin Si-doped GaAs-AlGa;_,As single \/p23+(22—23)2

QW’s (SQW's). Liu et al.2 observed transitions in PL asso- ) .

ciated with excitons bound to neutral and ionized donordvhere 1, 2 are the electrons and 3 is the hglejs the
located at the center of the quantum wells. The results rélative coordinate to the origin in the two-dimensiof)
ported by Nomurat al. or Liu et al.2 both reveal that the plane,pij is the distance between tiéa and the_] th particles
value of the binding energy db° X decreases as the well " 2P plane,Ce=Mew/Me , Ch=Mey /My, Mey iS the effec-

size is increased. Reynoles al.® observed the binding en- gﬁic?\?essmgfsg%??rl:gt(l:%molelﬁ(t:igﬁneIlgct?@atféﬂﬁe(;?/h)-r:(s)l)?ne
ergy of D% X as a function of well size from 75 to 350 A Y

when donors are located in the center of the well ,orGaAS or AkGay As. The potential wells for the conduc-
at the edge of the well in the interface region, jn tion electronVey, Vep and for the heavy-hold/ys are as-

| 's. Thev found the bindi . sumed to be square wells of width Here we have chosen,
GaAs-AlGa, _xAs QW's. They found the binding energies \ it any loss of generality, the origin of the coordinate
increased as well size was reduced until about 100 A, aﬁeéystem to be the center of the GaAs well. The values of the
which they decreased. As far as we know, however, thergential-well heights/, andV;, are determined from the Al
have been few theoretical studies Df,X states in QW's. concentration in AlGa, _,As.
Some authofs’ calculated the binding energy &° X in In our calculations, the units of distance and energy are
bulk (e.g., GaAj, and only KIemmaﬁcalchated the binding  the electron Rydberg and Bohr radius in GaAs, respectively,
energy of D% X in SQW’s. Using the six-parameter wave j.e., ag= €,1%/€°Mqy,, Ry=e2/26WaB, wheree,, is the di-
function of Brinkman, Rice, and BellKleinmarf calculated  electric constant in GaAs.

variationally the binding energy of the biexciton af, X as For theD? X we use the wave functin
a function of well thickness in an infinite semiconductor oL
(e.g., GaAs quantum well. The wave function used by W= (p1,p2,p3)fe(21)fe(Z2) Fr(2z3), 2

Kjemmar? is good for calculating the binding energy of the \heret () andf,(z) are taken to be ground-state solutions
b|OeXC|_ton. As regards calculating the binding energy ofut o electron and a hole for the finite square-well potentials,
DX in SQWs, although his results agreed with the experi-regpectively. To simplify the calculation we have not in-
mental results? very well, an artificial parameter had to be ¢jyded an expliciz dependence i®. The Hamiltonian of

added in his calculating the binding energy®?,X (other interest is then jusH, which we write in dimensionless
than variational parameters completely determined by reform

qguirement of maximizinge), or a bound state could not be
found with his wave function. So, it is necessary to make Her= —Ce(V3+V5) — V53— 2(Usp+Uzp—Usgp
further theoretical study for the binding energy @f,X in

SQW'S. - U12+ u 131 U23)! (3)
In the effective-mass approximation, the Hamiltonian ofwherece=mg,,/Mg|, Ch=Mg, /My . Mg (My)) is the effec-
D% X in SQW'’s can be written tive 2D mass of the electrofthe heavy holg which can be
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calculated from Ref. 10U,p, U,p, Ugp, Ug,, Ugg, Uyg,  Calculation is made for the impurity state, from which we
which come from the effective 2D Coulomb interaction, gain theyp(d) shown in Table II.

Uip, U,p, andU,p are defined b Sanders and Yia-Chung Chany’spresented the wave
function of the bound exciton in bulk and calculated varia-
f2(ze) 1— e YDPe tionally the binding energy of the bound exciton. In our ef-
UD(P):I 7,2 5dze= : (4)  fective 2D bound exciton system;,=mg /my is about 0.6.
PetZe Pe Therefore, it is reasonable that we use a wave function in the
andU,,, Uy3, andU,; are defined b effectivg 2D bound e>_<citor_1 system, which has a similar form
as that in bulk materials, i.e.,
V() ”fé(ze)fﬁ(zh)d Q2= (8)  Dlpyais) =Nl (5 be(Ro9 bz + (1:2)]
= - s :—! 1 1 = <~ H]
x(p m 2,07, P P1,p2:P3 p(P1) Pc(R23) Px(p23 ©

wherez=z,—z;,, p=pe— pp, is the relative coordinate in the whereN is the normalization constaniip(p)=e~ " and

2D plane,yp*, yx ! is a measure of the well widtti/ag . In éx(p)=e~*x* are Slater & orbitals describing the effective

Egs. (4) and (5), we have chosényip=7y20=730=Yp. 2D donor and exciton, respectively, add is a wave func-

Y127 Y187 Y237 VX - _ tion describing the center-of-mass motion of the effective 2D

_ In order to obtain the values ofy, we follow a varia- oy citon. §23:(me\|l;2+th53)/(meH+mh\\):(0'52+53)/

tional “approach and use the uwial wave funct!on,(1+ o) is the center-of-mass coordinate for the effective 2D

Yy="1a(zo)frh(zn)g(p,z,¢), to seek out the binding energies . > - s . .

of an exciton in SQW. For the functiog(p,z,¢), we have SXCiton, andp,3=p,—p3 is the relative coordinate of elec-

chosen the simple formg(p,z, b)=Axexp(-ApZ+ 72, tron anq hole in the effe_ct|ve 2D exciton. The symbol
d_(1<—>2) in the above equation represents the exchange term,

where\ is a nonlinear variational parameter, which is ad-; . . )
. o . : in which the roles of particles 1 and 2 are interchanged. The
justed to minimize the energfy is the normalized constant. .

energy of the bound exciton system

The variational binding enerdyyg of the 1s exciton state
is obtained by subtracting the enerBy of the exciton sys- [®*H o Dd7
tem from the lowest electron and hole subband energies :—62,
(Ee andE,)). We assumed an infinite mass for the donor. A J1®[*d7
similar calculation is made for the impurity state in SQW's,

from which the binding energ¥pg of the 1s impurity state assumeds,(R) =R R, wherea and g are the nonlinear

is obtained. variational parameters, which are adjusted to minimize the

In our callculat|on, we have used the varying values forﬁnergyE of the bound exciton system. Using the values of
the conduction- and valence-band mass parameters and the

dielectric constants in GaAs and /a; _,As. We find that gi%c’jirclyx ’enTaDr’ ):;Boogtamed previously, we obtained the
our results, the binding energies of excitons and impurity 9 9y 1
states in SQWSs, agree fairly well with those of the Ev —E—E-nE 11
predecessors? 13 XD ps— Exs- (11)

The exciton in SQW's can be described by the effective  The material parameters used in the calculation are listed

2D exciton in the plane perpendicular to thexis™'° The  j, Table I. Both the heavy-hole mass along thelirection

(10

wheredr=d?p,d%p,d%p is the total volume element. We

eigenequation of its Hamiltonian is and the reduced mass corresponding to heavy-hole bands in
2 the plane perpendicular to the axis can be expressed in
— x(l ipi+%iz —2Uyx(p) |E(p, ) terms of the well-known Kohn-Luttinger band param-
pdp dp p° P eters y; and y,.'* The complete results fob% X in a
GaAs-Al s SQW as a function ofl are given in
~ExaF(p. ). (6 SaSHoaBrhs SQ g
Here cx=me, /|, pj=mMg My /(Mg+my) is the 2D re- We discuss our results as follows:
duced mass. The effective-mass mismatch between the well (1) In comparison with the theoretical results obtained by
and barrier materials is taken into account. Kleinman? (i) It can be seen from Fig. 1 that the binding

The wave functionF(p,¢) can be written in simple energy of D%X obtained by us basically agrees with the
form'© for the lowest states:(p, ¢) =Ne~*x*. Changing the  results of Ref. 8. Because Kleinnfensed the model of the
nonlinear varational parameter, to maximize the energy infinite quantum well, his binding energies B°,X do not
Exg(ax) of the effective 2D exciton, we have the following have a maximum. But our results show that the peak of the

equations: binding energy oD% X in SQW’s appears, which is an in-
evitable outcome for SQW'’s with finite potential barriers.
ciay—8cyad—2cyExpaa+Esg=0, (7)  The position of the peak appears at arouhd15 A, this is
also the position of the peak for the exciton or the impurity
2CXa>3(—2EXBaX states. It is easy to understand, since the electrons and hole

8 are bounded by the same potentials both in the case of
DY X and in the case of the exciton or the impurity states.

By requiring that Egs(7) and (8) give the Exg obtained The peak value is about 3.1 meV, which is reasonalile.

previously, we gain theyx(d) shown in Table Il. A similar The two-parameter wave function we used has a clear physi-

Yx= EXB_ Cxai‘i‘ 4C¥X '
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TABLE |. Material parameters of GaAs and #-Ga, 75As used in the calculation.

Material AE4 (meV) AE./AE, Y1 V2 Me €

GaAs? 6.85 21 0.0665 12,5
311.88° 60%2

Al 2:Gag 7AS 5.49¢ 1.52¢ 0.0873¢ 119

3Reference 12.
bReference 13.
‘Reference 16.
dReference 15.

cal idea and a simple mathematical form, and incorporatesere doped over the central range in proportion of the well
important interparticle correlation effeci@i) When we cal-  sizes in Refs. 1 and 2. But in Ref. 3, the doping range in the
culate the binding energy @°,X, only the two variational wells was fixed. The samples for well widths ranging from
parameters in the wave function are determined completely5 to 100 A were doped over the central 25 A and for well
by minimizing the valueE of the total energy of the bound widths ranging from 150 to 300 A were doped over the cen-
exciton. The correct results have been obtained withoutral 50 A, thus, the doping proportion is different for differ-
adopting any adjustable parameters in our theory. Whereas &nt well widths. Since the influence of the proliferate extent
Ref. 8, if his artificial adjustable parameter had not beerof impurities on the narrow well width is greater than on the
introduced in the wave function to correct his calculated rewide well width, it seems that it is this influence that makes
sults, the bound states would not have been obtained. Therthe maximum value of the binding energy appear at about
fore we can conclude that our wave function has better abil100 A. We also note that the binding energy in Ref12
ity to describe the properties of a neutral bound exciton inmeV) is the same as that in Ref. 3 for the well width
SQW's than that in Ref. 8iv) The Haynes factof,8"is  d=80 A or so. In this case, the sample doped in proportion
calculated for 12 well thicknesses. It is reasonable that thén Ref. 2 is the same as that in Ref. 3, where the proportions
valuefy, is from 0.09 to 0.23. of doping are one-third of the wells. However,dt 150 A

(2) In comparison with experimentg) Our results agree or so, it is not clear why the binding energ¥.5 me\j in
rather well with the results observed by Nomura, ShinozakiRef. 2 is considerably smaller than ti{at95 meV in Ref. 3,
and Ishit and Liuet al.? (Fig. 1). And they also agree quali- although the doping samples are the safiiie. Our value is
tatively with those observed by Reynolds al.® (Fig. 1), in much smaller than those of the experiment for the wide
addition, though our values ranging from 90 to 300 A arewells, but there is hardly any difference for the narrow wells
smaller than those determined by Reynaddsal. 2 yet their
general changing tendency is nearly the safineThe maxi-

35

mum value of the binding energy &°,X in Ref. 3 is at well
sizes of about 100 A, which is considerably larger than that
of ours, about 15 A. We think that the reason for the binding
energy ofD? X reaching a maximum at well sizes of about
100 A is possibly due to the doping way of the samples, but
not caused by the finite potential barrier. The doping samples _
S
[

TABLE Il. Summary of the optimized results for the bound én
exciton in a GaAs-A} ,Gay 7As SQW.z; indicates the position of w™
the donor and the unit dEyp is meV.

Zi= 0 Zi= d/2
d @A) Yb Yx Exp Yp Yx Exp
8 5.91 5.06 2.684 5.88 5.06 2.683
10 6.32 5.49 2.906 6.25 5.49 2.875
15 6.83 6.01 3.091 6.60 6.01 2.993 L
20 6.97 6.10 3.037 6.43 6.10 2.734 o5 Lt o1
30 6.95 5.96 2.847 5.66 5.96 2.387 0 50 100 150 200 250 300
50 6.64 5.52 2.521 4.21 5.52 1.737 :
d (Angstrom)

80 5.92 4.83 2.094 293 4.83 1.261
100 .45 4.41 1854 242 4.41 1.085 FIG. 1. Binding energyExp of excitons to neutral donors lo-
150 451 357 1.39% 167 3.57 0.828 cated at the center of the well as a function of well thickness
200 3.84 3.01 1106 1.28 3.01 0.700 GaAs. The solid curve is our result and the dashed curve is the
250 3.37 2.63 0.915 1.04 2.63 0.624 previous result of Ref. 8. Squares indicate the experimental values
300 3.03 2.36 0.790 0.89 2.36 0.580 of Ref. 1 and triangles indicate the experimental values of Ref. 2.

Circles indicate the experimental points of Ref. 3.



1352 BRIEF REPORTS 55

(Fig. 2). This is because our wave function is made up of thedonors are located at the center of the well for the same
product of the envelope function and the 2D wave functionmaterial and well size, our results are qulitatively reasonable.
and in fact, this is an adiabatic treatment. This approximatiorii) So far there have been few reports about the experimental
is reasonable for narrow wellls but it may produce a greatedata of the binding energy when donors are located at the
error for wide wells.(iv) For well width ranging from 75 to edge of the well. The binding energy obtained by us may be
90 A, the binding energy obtained by us is much greater thasmall, for the well width ranging from 100 to 300 A, when
that of the experiment, when compared with RefFg). 1), compared with those observed by Reynadsal.® Our bind-
this is because our model is a single donor bound exciton iing energy maximum is not the same as that in Ref. 3 at well
the center of the finite SQW’s, but the sample at test is dopedizes of about 100 A, but at about 15 A, which is about 2.99
over the central range in a certain proportion. meV. Yet their basic changing tendency is almost the same.
(3) The binding energy oD° X when the dopant was In conclusion, we have determined the binding energy of
located at the edge of the wel) We have calculated the D% X in GaAs-Al,Ga;_,As SQW’'s and calculated the
binding energy oD% X when donors are located at the edgechanges when the dopant was located in the center of the
of the well in the interface region. The binding energies arewell, at the edge of the well. This was calculated as a func-
investigated as a function of well siz&able Il). Theoreti- tion of well size from 8 to 300 A, which yielded an increase
cally, since the binding energy d° X, when donors are in binding energy as the well size was increased to about 15
located at the edge of the well, is smaller than that wher®, after which the binding energy decreased.

1y. Nomura, K. Shinozaki, and M. Ishii, J. Appl. Phy58, 1864 SW. F. Brinkman, T. M. Rice, and B. Bell, Phys. Rev.831570

(1985. (1973.
2. Liu, A. Petrou, B. D. Mecombe, J. Ralston, and G. Wicks, ""C. Prister, G. Allan, and M. Lannoo, Phys. Rev.3, 7302
Phys. Rev. B38, 8522(1988. (1984.

11 : ;
3D. C. Reynolds, C. E. Leak, K. K. Bajaj, C. E. Stutz, R. L. Jones, R. C. Miller, D. A. Kleinman, A. C. Gossard, and O. Munteana,

. Phys. Rev. B25, 6545(1982.
K.R. Bvans, P.W. Yu, and W. M. Theis, Phys. Revi@ 6210 12p, B. Tran Thoai, R. Zimmermahn, M. Grundmann, and D. Bim-

o 1989, berg, Phys. Rev. B2, 5906 (1990.
B. V. Shanabrook and J. Comas, Surf. Sei2, 504 (1984 13Ronald L. Greene and Krishan K. Bajaj, Solid State Comrdi.

D. C. Reynolds, K. K. Bajaj, C. W. Litton, P. W. Yu, W. T. 825 (1982.
Masseliuk, R. Fisher, and H. Morkoc, Phys. Rev28 7038  14Ronald L. Greene, Krishan K. Bajaj, and Dwight E. Phelps, Phys.

(1984. . Rev. B29, 1807(1984.

°G. D. Sanders and Yia-Chung Chang, Phys. Rev285887  15¢. Mailhiot, Yia-Chung Chang, and T. C. MeGill, Phys. Rev. B
(1983. 26, 4449(1982.

"A. C. Cancio and Yia-Chung Chang, Phys. Rev4B 13246  16The Luttinger parameters are obtained by linearly interpolation
(1993. between the values given in Ref. 12.

8D. A. Kleinman, Phys. Rev. 28, 871(1983. 73 R. Haynes, Phys. Rev. Lett, 361(1960.



