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Effect of magnetic field on excitons in bulk and heterostructure semiconductors
containing disorder
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A theory of exciton formation is developed for double-layer semiconductor systems in which electrons and
holes are spatially separated by a potential barrier in the presence of a magnetic field. The effect of disorder due
to interface roughness of the double-layer structures is included. Use is made of a lattice-gas model to calculate
electron, hole, and exciton densities. Kinetic processes are neglected because they are negligible when strong
disorder is present in the system. The theory is applied to type-Il AIAs/GaAs quantum wells and to bulk GaAs
in which electrons and holes are spatially separated. It is predicted that the formation of excitons in spatially
separated electron-hole systems is enhanced by the presence of a magnetic field.
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I. INTRODUCTION processes have negligible effects in the presence of strong
disorder. We restrict our formulation to magnetic fields
Electron-hole coupling in double-lay¢bL) systems has Wwhere the linear Zeeman terms are important. Therefore,
been studied with much interest in semiconductor quanturfonlinear terms B%) are neglected in the present calcula-
wells (QW’s) in which quasi-two-dimensional electrons and tions. We have applied our theory to type-ll AlAs/GaAs
holes are Spa“a"y Separated by a potentia| ba}‘ﬁ%Mag_ QW,S. It is found that the exciton denSity increases with
netoexciton spectra have been studied by several researfifpgnetic field for excitons with total spin projecti®=0,
groups®’ Lerner and Lozovik first calculated the excitation Whereas it decreases f8y= *1 excitons. However, the total
spectrum and the correlation energy of a two-dimensionagXciton density increases with increasing magnetic field.
electron-hole system with a strong transverse magnetic field.here is a qualitative agreement between our theory and ex-
Lozovik and Rubinskfl also calculated the exciton spectrum Perimental results. Numerical calculations are also per-
in a strong magnetic field for different Landau levels for formed for bulk GaAs’ where electrons and holes can be
arbitrary QW separations. Butost al. studied the indirect spatially separated for example by the application of an ex-
exciton luminescence in type-ll AlAs/GaAs QW's, and ternal electric field. In this case, the density$=0 exci-
showed that the probability of generating excitons is in-tons decreases whereas the densitySpt1 excitons in-
creased by applying a magnetic fiéld theory of magne- creases with magnetic field. The total exciton density once
toexcitons taking into account valence-band mixing effects2gain increases with magnetic field.
in QW’s was developed by Bauer and AntfoDzyubenko
and Bauet calculated the low-temperature transport of a di- IIl. THEORY

lute exciton gas in type-Il AlAs/GaAs QW's. Experimental  The random potential barrier in QW’s may come from
evidenc@ was reported for a stable excitonic ground state iNgisorder which is usually due to interface roughness and
a strong magnetic field which favors the stability of the ex-thjickness variations of the QW's unavoidable in the course
citonic phase The search for a stable excitonic phase ingf faprication. In a strong disorder, excitons are localized.
these systems is motivated by the possibility of Bose-the separation in space of the electron and hole systems
Einstein condensation of excitons in QW'She critical con- greatly enhances their recombination lifetime. We use a
ditions for exciton condensation are improved by applying gagtice-gas model in which the lattice-gas within the system
magnetic field” , is divided intoN unit cells, and thdth unit cell contains
The aim of the present paper is to study the effect of "’hg(l) electrons andh: (1) holes. The signs *” and " —"

magnetic field on the formation of electron-hole paesci- correspond to spin-up and spin-down. respectivelv. Here we
tons in DL systems with disorder. We consider the case of P pin-Lp b : resp Y-

; - ) _ consider the case where each unit cell can have no more than
strong.dls.order in which the maximum v_alu_e of the randomone electron and one hole. In the presence of a magnetic
potential is greater than the exciton binding energy. Thig|q the |attice-gas model Hamiltonian is written as
guestion addressed in this paper relates to the influence of a 1

magnetic field on these_syst(_ams. The quantum-m_echanlcal H:E Ve(|)i§9eMBB nj(l)+2 V(1)
problem of charged particles in a strong random disordered = =
potential is very complicated even for noninteracting par- 1

ticles. To study such complex systems in the presence of an IzghMBB
interaction which forms bound states, we used an effective
lattice-gas model where the electron-hole system is divided
into unit cells'? The lattice-gas Hamiltonian includes the in-
teraction of carriers within each unit cell and between the
unit cells. We have neglected kinetic processes such as hop- — 2 Egﬂ[ng(l)nﬁ(l ’)+nﬁ(|)ng(l N1, @
ping or tunneling of particles to other sites, because kinetic 1 e, p==*

n,?(l)—l_a%:i EgPna(nf(l)

- > E¢ng(hnZ(1")

I,I";a=e,h;a,8==*
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wheren; (1) takes values 0 or 1. Hege= e for electrons and
a=h for holes.V,(l) is an effective random potential at the
unit cell . Egﬁ is the binding energy for an electron-hole pair
occupying the same unit ceIEg‘B is the Coulomb binding
energy between an electr@mole) in the unit celll and a hole
(electron in the unit celll + 1. Efﬁ is the Coulomb repulsion
energy between an electrghole) in the unit celll and an
electron (hole) in the unit celll+1. g, are the Landegy
factors, ug is the Bohr magneton, anB is the magnetic
field. Here we consider the Zeeman splitting of the electron-
hole energy levels and we restrict our formulation to mag-
netic fields where nonlinear term®{) can be neglected. 0.2 L L L L
The binding, attractive, and repulsive energies between elec- 0 0.2 0.4 0.6 0.8 1
trons and holes are taken to be independent of the applied
magnetic field. We consider the temperattiref the system
to be Sma”.compared tﬁgﬁ '.Thls IS a necessary Condltlor_] . FIG. 1. Relative exciton density,,/n, as a function oAE/E,
to form excitons. The energies are measured from the minig, type-1l AIAs/GaAs QWs. The meaning of the label®,c, and
mum value of the disorder potential which is taken as they s giscussed in the text. w
origin of the energy scale.

Following the method of Ref. 12 and using BEd) we 1 1
have calculated the average free carfEectrons or holgs af_ T (o@BoaByA_ 17> WByxP\2\A 4 T (e@Bs®B)2_ 1
density ns(B) and the average exciton density?(B) Ocx=gllepTer) = Lleg™xx)y + glley"er™) ™~ 1
formed from an electron with spia and a hole with spi8

Nex / Ne

AE/E,

X[(X$)?X5+x{(x5) e Py3.

as
1 1 (1dx,dx, (22— F) Do+ 220, The total number of excitons is written ags.(B)
Ne(B)=—— hj j x 5 , (9 =3,5-.n2f(B). Note thatn],” +n,” gives excitons with
B"VoVo/o Jo %2 2z°+F) total spin projectionS,=0, ng;“ gives excitons with spin
up 1 1 ridx,dx, (22— F)®28+220%5 S,=1, andn2, give; excitons with spirs,= —1. To ol_atain _
Nex (B)= e hf J X > the above expressions, we have assumed that the interaction
BVoVo/o Jo 2172 2z°+F) between carriers within each lattice cell is stronger than that
) petween the cellé.e., EgP>ELF, andESP>EMF). The cor-
where F=3,, .F% 0,=3,,..0¢°, y=ef*  relation effect due to disorder has been neglected. Therefore,
ggﬁ‘:eﬁESB, ggﬁzeﬁESB, gfﬁze—ﬁEfﬁ, x;  the correlation length is smaller than the lattice spacing.
=exp(+B[30emsB)X, X5 =exp(=B[30nusB)Xe,  X;
:e_ﬁve, X2=e_'BVh, 18: 1/(kBT)1 and % is the chem- Ill. RESULTS AND DISCUSSIONS

ical potential. Vg and Vg are the maximum values of dis- Equation(2) is used to calculate the chemical potential for
order potential for electrons and holes respectively. given carrier concentration,=n, . This chemical poten-
2(Ve Vi) =2, g s [ 1+ (X{ +X5)y+ (x§x5)y%e5”],  ®e  tial is then used in Eq(3) to calculate the relative exciton
:Ea’ﬁ:t%[x‘fy—}— ggﬁx‘fxgyz], (Dgf:%ggﬁx‘l"xgyzy and density (.,/n.) as a function of AE/E, [AE=(|g|
+|gn|) ugB] for a type-ll AlAs/GaAs QW. The numerical
results are presented in Fig. 1. The parameters are taken as
ge=1.9, 9,=2.3" E§P=E,, EfP=E*=0.0%,, and V§
=V8=V0. A typical exciton binding energ, is 2 meV for
+E[(sf'g)z—1][(x§‘)2+(x§)2]y2 type-Il heterostructurel.The temperature is taken &b

4 =Ey/5.8, which corresponds approximately to 4 K. The

maximum valueAE=E, corresponds t®=28.2 T. The up-

1
Fef=21(s5ei) "~ 11(s5 xix5) Py

2 )
+ —[(efP)2—1]xix5y%+ 3 [(efPeP)2—1] per curvesa and b correspond td/y=5E, while the lower

4 curvesc and d correspond tovy=10E,. The solid curves
> [(xf)2x§+xf(x§)2]835y3, correspond tmezo.omgz and the dotted curves correspond

to ng= 0.053;2. Hereag is the exciton Bohr radius with a
typical value ag=100 A. Therefore,n,=0.02a;% corre-
sponds tan,=2x 10" cm 2. Note from this figure that the
relative exciton density increases with the magnetic field.
This is consistent with the experimental finding of Butov
et al® These experiments were performed for samples with a
negligible random potential, but the overlap between elec-
tron and hole wave functions was controlled by an external
gate voltage.

1
Og =7 [(er el = 11(e5 xxE)2y*
1 apy2 ay2,,2 1 afy2 ay,By,2
+ 512 =11x)%y%+ Z (o552~ 1Ixixby
1 aB_ aB\2 a2\, B ary,B\27 . aBy,3
+Z[(8b g ") = 1][2(X]) X5 + X1 (X3) ]eg"y”,
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FIG. 2. Relative exciton density witB,=0 andS,==*1 as a FIG. 3. Relative exciton density witB,=0 andS,==*1 as a
function of AE/E for type-Il AlAs/GaAs QW'’s. The meaning of function of AE/E, for GaAs. The meaning of the labedsb,c,d,
the labelsa,b,c,d, ande is discussed in the text. ande is discussed in the text.

To understand the physical behavior of Fig. 1, the differ-Nex/Ne decreases when the random potential increases,
ent population:Z£/n, of the relative exciton density have Which is consistent with our previous wotkThis happens
been plotted as a function &fE/E, in Fig. 2. Curvesa, b, ¢ because, in the presence of disorder, it is more likely for an
d, and e correspond ton,,/n, (total, n., (S,=0)/n electron and hole to occupy lower-energy positions which
nlze; S,=1)/ng, nZ, (S,= —elx)/rfe, and ﬁgx’e(XSZ=0)/ne re. May be spatially quite far apart and the number of bound
spectively. Note than,,’ (S,=0)/n. increases with mag- ele‘lqggr;)-rr:aoslgnrt)?gzo(:sﬁge:lzﬁsépplied to bulk GaAs materials
QET": é:rl]dbaeng;g:ﬁs'io'zdla;gefgmwstqit :frr?ang};/n%tt?f;igﬁjw?r? where electrons and holes are spatially separated. The values

degenerate electron and hole energy states split in spin- = 1,0.44 andg,=1.0 are taken from the work of Snelling

. all* Datta et al® found an exciton binding energg,
and spin-down states due to Zeeman effect. In the case %55 meV for the spatially separated electron-hole pair in

electrons, the state with spin-down has lower energy than th&aAs The exciton density is calculated in Fig. 3. Curves
state with spin-up, while in the case of holes the state witha b c.d and e correspond ton../n, (tota) 'nzl(
spin-up has lower energy than the state with spin-down. Ac-">7""" P Lo X Toosx Sz
; C e : =1)/ng, ngy (S,=0)/ng, ngy (S,=0)/ne and ng, (S,
cording to the Fermi distribution function, there are more 1)7’ ex ivel eN texth ¢ onl ":h ‘ gﬁ(sz
electrons occupying the state with spin-down than that of~ ~ +)/Ne respectively. Note that only the termp,
spin-up. Similarly, there are more holes occupying the stat&® 1)/Ne (curveb) increases with magnetic field whereas the
with spin-up than that of spin-down. Therefore, the Iorobab"_o_ther_terms decrease W|th magnetic field. This is the reverse
t o form exionsn, () from lecttons i sin- SN of it we otaned for e AsciCan Qu
own and holes with spin-ugcurve b) is larger than the . X : '
probability to form excitons from any other combination of 2::2382 g;?;g\yvitsfgasteirvl\ilttjr(])v?/ﬁml:luo?/vSVg(r)V\t/hlgvgeirnﬂ;ail’;t':i?lat :ff
spins. The termsn2!(S,=1) (curve c), nZ (S,=—1) P ' ’ pin SpItUNg

(curved) andnZ,"(S,=0) (curvee) do not contribute sig- the hole states remains similar to that of type-Il AIAs/GaAs

L . : 2 QW's. Therefore, in this case, both electron and hole popu-
mﬂcantly to the tqtal ex_cr;on density. As th_e magnetic field lations with spin-up increase at the same time so that the
increases, the spin splitting energy also increases. Hencej . N

e . X o Ngy (S,=1) exciton population is larger than any of the other
Nex (S,=0)/n, increases with magnetic field, whereas the e . 2

, . N ; ne and it increases with magnetic field.
other density terms decrease with magnetic field. It is found®
that the rate of increase of,,"(S,=0)/n, with magnetic
field is larger than the rate of decrease of the other density
terms combined together. Hence the total exciton density in- One of the authordM.R.S) is thankful to NSERC of

creases with an increase of the magnetic field. Note thaCanada for financial support in the form of a research grant.
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