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Stability of electron-hole plasma in type-I and type-ll GaAs-GaAlAs single quantum wells
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We calculate and compare energies of the electron-hole plasmas and ground-state excitons in type-I and
type-Il GaAs-GaAlAs single quantum wells with various structural conditions. Calculations are performed
with a flexible and numerically stable method using realistic material parameters. We confirm that the exciton
states are stable in type-I quantum wells for well widths up to 250 A, as described in previougGy@kW.

Bauer and T. Ando, Phys. Rev. 84, 1386(1986]. We find that the electron-hole plasma becomes stable,
particularly in narrow type-Il quantum wells, e.g., about 2.5 meV below the ground state exciton in GaAs-AlAs
quantum wells whose widths are 6 and 4 monolayers, respectively. Moreover, calculations including electric
fields reveal two different conditions of the stable electron-hole plasma: one is that electrons and holes are
separated and the other is that they are confined in the narrow regions. The results suggest the possibility of
observing the electron-hole plasma as the lowest excited state in the GaAs-GaAlAs quantum well.
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[. INTRODUCTION eration of the anisotropic effective masses of electrons in the
X state X electron. Here, the structures are stacks of GaAs
The stability of the electron-hole plasni@HP) compared and AlAs layers whose widths are in the range of 4—10 ML
to the ground state @ exciton in semiconductor two- and 4-35 ML, respectively, so that tikeelectron states re-
dimensional(2D) structures has been a target of theoreticalmain in the lowest conduction-band state. It is found that the
interest:~’ Experiments on EHP have also been performedEHP is stable in type-Il QW's for heavy effective mass of the
extensively®~%in particular, quantitative comparisons have X electron, enhancing the effect of the exchange-correlation
been done between experimental results of luminescend&XC) interaction, which is the only factor to stabilize the
spectra and theoretical calculations in type-1 GaAs quantunEHP. Additionally, we find that the EHP is stabilized by nar-
wells (QW’s).2° Owing to these detailed studies, Refs. 7 androwing the wells in both type-I and type-Il QW’s because the
8 provide us with the common conclusion that the EHP isconcentration of the carriers into the narrow well also en-
unstable relative to the slexciton state in type-l GaAs- hances XC interaction. However, the type-1 EHP turns out to
GaAlAs quasi-2D systems. However, there are no theoreticdle unstable even though it is stabilized to its maximum.
discussions on the stability of the EHP in type-ll GaAs- Effects of external electric fields on the stability of EHP
GaAlAs systems, except in Ref. 7, while there are experiare also studied. By applying strong electric fields to QW's
mental observations of the EHP in type-Il structut&g? to separate electrons and holes, the binding energy ofghe 1
In order to study the stability of the quasi-2D EHP and toexciton can be reduced for spatial separation between the
clarify its mechanism, we calculate the total energies of theharges. Thus, the EHP is relatively stable compared to the
EHP and lowest & exciton, in this case, theslheavy-hole exciton in this situation. Moreover, the type-Il EHP is also
exciton, in type-l and type-ll GaAs-GaAlAs single QW'’s. found to become stable by applying the electric fields to
With the computational method presented in previousmerge electrons and holes. In this situation, ke pairs are
studies'®!’ we can perform quantitative, numerically stable, gathered to strengthen the effect of the XC interaction, simi-
and flexible EHP calculations under various conditions, e.g.lar to the case of narrow QW’s. We found that the difference
QW structures, charge densities, and applied external electrlmetween the energy of the merged EHP and theexciton
fields. Moreover, a method is developed for calculations obecomes about 2.5 meV, which also implies the stable for-
excitons, including many-body effects of carriers. Our calcu-mation of electron-hole liquid.
lations are not exact ones for neglecting the effects of image The outline of this paper is as follows. We describe the
charges and band nonparabolicity, but the estimated exctheoretical models for calculations in Sec. Il. EHP amsl 1
tonic binding energies are in good agreement with previougxcitons are formulated in Sec. Il A and Sec. Il B, respec-
works within a difference of-1 meV 18- tively, and material parameters used in the calculations are
Results of calculations on type-I QW'’s show that the low-listed in Sec. Il C. In Sec. Ill, we present results of the cal-
est 1s exciton states are stable up to a QW width of 250 Aulations on the type-l and type-lIl GaAs QW's, as well as
[=90 monolayergML)], which is consistent with the con- physical discussions of the results involving the effects of
clusion in Ref. 8. Calculations are also performed on variougxternal electric fields. Finally, we summarize the results and
structures of type-Il GaAs-AlAs QW's with correct consid- discussions in Sec. IV.
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Il. THEORETICAL MODEL whereeX© ands [ are the XC energy densities for an elec-
tron and a hole, respectively. The XC energy densities are
functionals of carrier density distributionsn,(z)

1. Hamiltonian of the system [=|¥.(2)|?]. Here, we can use the XC energy density func-
tional, which is often expressed by the following well-known

Here, we formulate the EHP in QW’s grown in tledi- ¢ | di he local-densi imation in th
rection to calculate the properties of EHP. In the formulation, ormula according to the loca gﬁ?zgs'ty approximation in the
density-functional theoryDFT):

it is assumed that the electrons and holes occupy only th
lowest subband levels of the conduction and valence bands,

A. Electron-hole plasma

respectively, and that the total number of electrons and holes et mk 9\ U3
per unit area in thay plane is equal and fixed to a constant X(r)=——- —2“(— (T) 5 —0.0666
value Ng. The Hamiltonian of the system perh pair is 32m°h® € s
given as followd"?® as a functional of electron and hole 3
. ) e 1.4 1 rg
wave functiong ¢(z) andyy(z)], which are supposed to be X4l 1+ In{ 1+ + =
normalized: 114 Fs 2114
r« \2 1
52 —( S) ——J), &)
Ely]= 2 | d2¢0(2)| = 5— A +0Vo(2) | 4al2) 114 3
a=eh a

1 p(2) (2 where the first coefficient is the Rydberg factor for the con-
+ —j dz—f dz'(z—2")p(z')+E*®, (1)  version of energy units from rydbergRy] to joules[J]. In
2 €(2) ) -« : X ;
the above expression, the density paramefés an average
where q,, is the charge on a carridthe suffix a(=eh) distance between carriers scaled by the effective Bohr radius

indicates an electron and a hole, respectij/elys a variable s in the medium,
for the spatial position in the growth direction of quantum

wells, and e is an effective dielectric constant in media, 4reh?
which in general depends on the position. The total charge- ap=—7T 5 (4)
density distributionp(z) [=NgZ 4—enla|¥.(2)|?] is intro- m,€o

duced in the above expression for notational simplicity. In
Eg. (1), m, means the quantization effective mass of thewheree, denotes the elementary electric charge. When con-
carrier under consideration. Care is needed in the calculatiosidering the position dependence of the dielectric constant
of holes (the lowest heavy-hole state in this papand X  and effective massg andrg become functions of position
electrons in type-Il systems, because the quantization arithus, the XC energy density is finally reduced to a function
parallel masses are different in the anisotropic states. of z

Equation(1) indicates that the HamiltoniaB consists of The XC energy densities for an electron and a hole are
three terms: the kinetic and fixed potential-energy term, thelefined with Eqs(3) and (4) by substituting the effective
Hartree interaction energy term, and the XC energy term, irmasses of electrons and holes, respectively. Here, it is noted
order corresponding to the right-hand side of Et. The that the effective masses in Eq8) and (4) relate to the
kinetic and fixed potential energy term is simply a quadraticestimation of the carrier density. Thus, by considering the
form of the wave functions, i.e., the “linear” components of symmetry, the effective mass should be chosen as that for the
the total energy. It is also noted that the fixed potentiglz) xy direction (i.e., parallel mass especially when we study
is a sum of potentials due to the band edge and externanisotropic states such as the heavy hole Xredectron?®
electric field. On the other hand, the Hartree energy term The approximation of Eq(2) for the XC energy is differ-
represents the Coulomb interactions between electron-holent from the Vashishta-Kalia approximation in Refs. 8 and 9,
electron-electron, and hole-hole that depend on the wavehich is stated to be valid when the densities of electrons
functions of carriers through the carrier density distributions.and holes are sufficiently similar. However, because of the
Finally, the XC energy term, which is a contribution of quan-need to study the type-ll system where the electrons and
tum many-body effects related to the fermionic nature ofholes are spatially separated, we use the approximation of
carriers, plays a significant role in the EHP. Further discusEq. (2). In the following section, it is shown that this ap-
sions are necessary to determine the explicit expression @iroximation gives consistent results with Ref. 8 also in
the XC energy term. type-l systems.

2. Exchange-correlation energy 3. Total energy and chemical potential

In this paper, we use an approximation for the XC energy  As a result of the minimization, the expectation value of
to express as a sum of XC energies per electron and per hojge system’s HamiltoniafE) is also obtained together with
in a single-component plasma, i.e., the physical wave functions. The total energy of EHP is then

calculated by adding the in-plane kinetic energyetoHere,
XC_ XC XC the in-plane kinetic energy is taken into account as the band-
E jdz{ne(z)se [ne(2]+m(2en Tn(2)]} () filling effects: when the total carrier number per unit area
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(No) is given, the 2D density of state is definedras/ 7#2, EHP while the energies themselves are large values, small
and thus the chemical potential due to the in-plane motiorgorrections on subband levels appear to be relevant to the

(u,) becomes stability of the EHP. In this sense, a small effect such as the
complex valence-band structdf@ppears to modify the rela-
Noh? tive difference between those two energies. Nevertheless, we
Ma= o 5 can estimate the band-mixing effect on the filling phenomena
a of hole subbands to be ignorable for the following reason:
For average in-plane kinetic energy per carrier given aghe band-mixing effect appears significantly in the lahye
.12, the total EHP energyHgyp) finally becomes region where the Fermi level of the hole is closed to higher

valence-band levels. However, the EHP becomes most stable
_ in the relatively smallNy region, where the Fermi level of
Eenp=E+ (et ). ®)  the hole state is at most a few meV higher from the bottom

_ ) ~of the lowest valence-band state, as shown in a later section.
We note that the effects of effective-mass mismatch in difThjs is also true for the exciton, because the minimum en-

ferent m:ﬂeria are taken into account as the weighted_spati@pgy of the exciton is achieved in the limit b,—0.) There-
average Kn,) in the actual calculation. The definition of,  fore, we can validate our model to neglect the band-mixing
is given in the Appendix. effect.

Another important quantity is the chemical potential, We can easily develop a procedure for the practical nu-
which is an energy necessary for adding one particle to thenerical computations from the above formulations. The es-
state under consideration and is defined by using the Kohrsence of the numerical procedure is the discretization of
Sham(KS) eigenvalues in DFT. The chemical potential is wave functions based on the finite-differential approach.
also needed for studying the formation of the electron-holednce the wave functions are discretized to a set of values on
liquid.” By formally applying functional derivatives to the the discrete points in the direction, the Hamiltonian func-
total Hamiltonian according to wave functions and settingtional [Eq. (1)] is reduced to an ordinal multivariate function
the functional derivative to zero, we can obtain the corre-of components of the discretized wave functions. This ap-
sponding effective one-particle Schlinger equation, usu- proach has the virtue that the physical states are obtained by
ally referred to as the KS equatiéh: applying a nonlinear minimization procedure, for example,
the conjugate gradient method, to the total energy even if the
total energy includes nonlinear interactions. Moreover, in the
practical calculation, position-dependent parameters are
taken into account, such as the effective mass and dielectric

=Eatha(2), () mismatch in the different materia. Details of the calculation
whereV,(z) is a fixed electric potential term in E¢L) itself, ~ Method are described in Refs. 16 and 17.
i.e., a summation of a band-edge potential and a potential
due to the external electric field. In additiold,;'(z) and B. Ground-state exciton
Vﬁc(z) are a Hartree potential and an XC potential, respec-
tively. It is also noted that, is a KS eigenvalue, i.e., an
energy eigenvalue of the effective one-particle Sdhnger
equation for statex. The Hartree potential is defined as a
functional derivative of the Hartree energy teréag™),

2

_ H XC
2 A 4Vo(2) + AV V@) [ va(2)

There are many studies on the calculation of exciton bind-
ing energies in GaAs QW¥-2031-34are we adopt the
variational approach in Refs. 31 and 33, which is one of the
simplest; nevertheless, it effectively represents the ground-
state properties of the system under consideration.

H In general, the total exciton wave function is expressed
SE o} z
)= —= "% "(z—27' ! approximately as
ANE@= 5| 47(z=7)p(z), ©  approxmately
which actually corresponds to a potential of charge sheets on W(r,Ze,2n) = el Ze) Un(Zh) Pen(T , Ze— Zp) (11
an infinite plane. Similarly, the XC potential is defined as
SEXC XC(n ) in the variational formalism, wherz, andz, are the position
VXC(z)= —X%[n (2)]+n,(2)—= (9 of the electron and hole in thedirection, respectively. In Eq.
“ ong(z) ~* ¢ “ dn, (12), ¢, represents the relative motion between the electron

and hole and is referred to as an envelope function of the
a1axcit0n. As our purpose is to study the ground-state proper-
ties of 2D QW'’s, only the lowest exciton state, i.e., the 1
state, is considered in the following. Based on this assump-
penp=Eot Ent pet mn . (10)  tion, the trial envelope function can be chosen as the follow-
ing form with variational parametersand\:
It is noted thatt,+ &, gives a “band gap” shrunk by the XC
P+ (3(ze—2p)°

interaction.
¢e.h<r,ze—zh>=exp[ - . . (12

whose explicit form is obtained by substituting E) into
the above expression. Now, the total chemical potenti
(menp) Of the EHP system is finally defined as

Because the discussion on the stability of EHP depends on
the small difference between the energies of the exciton and
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wherer?=x?+y?, for angular momentum in the 2D space B —ow
of the 1s exciton is zero. According to Ref. 33, the trial T Baiad Q x=0.15
function Eq.(12) agrees well with the true exciton envelope Z
function. The total Hamiltonian of the exciton is also defined EllE
. e
as . :;n 10 -
~ ~ ~ ~ 43| -
Aexc=Fet+Ap+ Aoy (13 5
N N g 8=
whereH, andH,, are the one-particle Hamiltonians for the E .
electron and hole, respectively, i.e.,
6 | ] ]
. B2 g2 0 50 100 150 200
Hen= +Ven(Zen), (14) Quantum Well Width (&)

Zme,h (9Z§’h
. _ _ _ FIG. 1. Binding energies of dexcitons in type-l GaAs QW's
and Hey, is the Hamiltonian corresponding to the relative calculated with the present method. The calculations are performed

motion between the electron and hole, i.e., for different alloy ratios of Al compoundx=0.15, 0.30, and 0.40
in Ga_,Al,As barriers. For comparison to previous studiRefs.
. h2 [ 92 92 ) e(z) 18-20, the signature of the binding energy is reverted.
Aen=— — |- :
L 2 2 (21 (5 5.2 ) _
2M=\9x"  dy"]  AmeNrT+(Ze=2zn) (15 Mmeans that excitons are formed by the electrons and holes in

the subband states under mean electric fields from other car-
In the above expressioM* is a reduced in-plane effective riers. Strictly speaking, the envelope function actually influ-
mass, i.e., M‘=1/m;+1/m}. The expectation value of ences the electron and hole subband, tgus the exciton states
the Hamiltoniar( Hgyc) is obtained by using Eq$12) and s?fouid be :ﬂetet[rr?lnef sel\f/—cor&ssterzﬂy? H:)W;evder, these dt
(13), considering the operator action of the Hamiltonian on®"cCtS are 1ess than 1 mev-and can be hegiected compared to

the wave functions. Following the derivation in Refs. 31 andOther significant _contrlbutlons. . -
o For the bosonic nature of the exciton, the statistical effects
33, (Hexc) becomes

can be neglected, especially in the small density region
where the exciton energy reaches a minimum. Additionally,
_ calculation of the minimum exciton energy without XC in-
f dap@[G(a)=J(a)] teraction gives reliable values, for the Gunnardson-Lundgvist
formula, Eg. (3), becomes inaccurate in the low-density
limit.?” Thus, the exciton energy is calculated without the XC
interaction in this paper.

. In summary, the procedure to calculate the éxciton
where E, |, represents the energies of electrons and h0|e%nergy becomes the following:

respectively, ang(a) is the uncorrelated probability of find-  gtep. 1Calculate the electron and hole subband energies
ing an electron and a hole separated by a distanicethez  5ccording to the method in Sec. Il A without the XC inter-
direction: action term.
Step. 2Apply the nonlinear minimization procedure to
p(a):f dZ | pe(z+a) || Yn(2) |2+ | (2|2 (2 +a)|?]. (Hexc). I this step,ie, are fixed to those obtained in the
17) previous step and the minimization is performed on the
variational parameters/(and).

2
(Hexc)=(Ee+Ep) +

2M+

e2
—4—7‘T)J dap(a)K(a), (16)

Moreover, G(a), J(a), and K(a) relate to the relativez Step. 3Calculate the total energy of the exciton by using
motion, xy motion, and Coulomb interaction, respectively. the variational parameters determined in the previous step.
The explicit expressions dé(a), J(a), andK(a) are given In the actual calculations, the variational parameters are

in the Appendix. Equatiofi16) denotes that the exciton total scaled or reparametrized to improve the stability of the mini-
energy consists of subband energy, relative kinetic energynization procedure.
and potential energy. Among these three components, a sum- Figure 1 shows binding energies of g&xcitons as a func-
mation of relative kinetic and potential energy gives an ex+ion of the width of type-l QW's obtained with the present
citon binding energy, which is always negative for the boundmethod. The results show good agreement with other works
state. within a difference of~1 meV8-2°Results in Fig. 1 show
Usually, the Hartree interaction is neglected when calcusomewhat smaller values than those in Ref. 34 because the
lating the exciton binding energy, but it has significant ef-effects of image charges are not considered in our model.
fects, especially in type-1l systems, because the chargBecause of the neglect of the image charge effect, the present
screening does not sufficiently work for the spatial separaealculation seems to have difficulty calculating the absolute
tion between the opposite charges. In this study, the effectsnergy values; nevertheless, it is still effective for the relative
of the Hartree interaction are taken into account as changemmparison between EHP and the exciton by neglecting the
of subband energies of the electrons and hols,f. This  image charge effect commonly in the calculation of EHP and
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TABLE |. Material parameters used in the calculations. The ef- A. Type-I quantum well

fective masses are given in the unit of the electron mass in free . . .
space [ny) and the dielectric constants are in the unit of the dielec- Electron and hole wave functions obtained in the EHP

tric constant in vacuume). Heavy-hole effective masses are cal- calculations are shown in Fig. 2, which help with the physi-

culated by using the Luttinger parametefRef. 42 (,S*s  cal interpretation of calculation results. In Figsa2-2(c),

=6.85,$%°=2.10, yA'**=3.45, andys*°=0.68) and interpolated Wave functions alN, for the minimum EHP energy are dis-

according to the alloy ratio of AGa, ,As. played, while in Fig. &d), wave functions in high-density
EHP are shown, although the EHP is not stable at that den-
Values in Ga_,Al,As sity. Furthermore, it is noted that the assumption of single

subband occupation is reasonable around the minimum EHP

0.067+0.08%? . . . .
2F 1.30-0.2¢ energy conditions. This is because the chemical potentials
mf 0 '2}0 64<° (dotted lineg in Figs. 2a)—2(c) are close to the lowest sub-

X ) ' band levels, indicating that carriers cannot occupy the upper
my 0.377+0.10X . ; .
mt 0.112+ 0.19% states. In addition, Figs.(8& and 3b) show typical results

h ‘ ' for the EHP and & exciton energies in 50 ML GaAs QW
N 12.53-2.4% surrounded b I s (40 ML) barriers with and
AV (V) 1424+ 1504+ (1310 0.127K(x ~ 1)’ without electriz f%%(? ?ggA ectively. It is noted that Figa)3
AVy (eV) 1.900+ 0.125(+0.1432° > [ESPECUVELY.

corresponds to previous studie$.

aReference 36. To begin with, we review characteristics of the Hartree
bReferences 37 and 38. and XC interactions. In the EHP system, the XC interaction,
‘References 38 and 39. whose contribution is always negative, is the only factor to
YReference 40. stabilize the EHP. Here, the XC energy itself depends weakly
°Reference 41. on Ny and does not change greatly due to a local change of

charge distributions unless the deformation of wave func-
ftions is so large that the peaks of the charge distributions
ary by more than an order with the saidg We can, there-
ore, estimate the XC interaction equally in both flat-band
and weakly biased conditions. Contrarily, the Hartree inter-
action term is always positivEEq. (1)] and becomes zero
only when the electron and hole distributions are strictly the
same. Hence, when electric fields are applied, the Hartree
C. Material parameters energy increases as the difference between electron and hole
distributions also increases g becomes larger, even if the
harge neutrality is totally satisfied.
" By considering these characteristics of the Hartree and
XC interactions, the behavior of the band gaps in Fidga) 3
And 3b) can be explained. In the flat-band conditiffg.
3(a)], the charge screening effect cancels the Hartree interac-
tion, hence band-gap shrinkage due to the XC interaction is
clearly observed in largé&y regions. On the other hand,
Swhen biased with the electric fields, the unscreened Hartree
Snteraction produces a significant contribution. In this case,
the Hartree energy, which depends quadraticalliNgneas-

ﬁ)§ overcomes the weak dependency of the XC energy on
No. Consequently, the band gap starts to increase around
No~10'%cn? in Fig. 3b). However, if Ny is further in-
creased, the external electric field can be canceled with small
deformations of the charge distributions, so the wave func-

The EHP and & exciton energies are given as functionstions retrieve the symmetry as shown in Figd)2 In these

of the e-h pair density (y). To discuss the stability of EHP regions, the system behaves similarly to the unbiased type-I
according to the 4 exciton, the minimum energies of the QW and the band gap starts to shrink for each increment of
EHP and & exciton pere-h pair are calculated and com- N.

pared in various conditions, e.g., QW structures and external Based on the behavior of the band gap, we can discuss the
electric fields, in this section. In the following discussion, formation of EHP. In the flat-band type-1 QW, the band gap
Egnp and Egyc are used to indicate the minimum values of shrinks due to the XC interaction the lardég becomes. At
Eenp and Is exciton energies, respectively. For all calcula-the same time, the kinetic energy of the in-plane motion
tions in this study, the division number of tledirection is  increases, i.e., the chemical potential due to the in-plane mo-
fixed to 20 points/ML, which is a sufficiently fine division tion (x, = uet up) increases monotonically in proportion to
for the purpose of this study. No. Thus, the total chemical potential of EHP has a mini-

1s excitons. Additionally, the calculated binding energies o
type-ll excitons are also in good agreement with the result
in type-l QW's3® Therefore, we can conclude that the
present method gives reliable values for exciton binding en
ergies.

It is important to clarify the parameters in calculations
because the choice of material parameters has significant ef
fect on the EHP and g exciton binding energy to the order
of a few meV. Table | summarizes the material parameter
used in the computations. In the tabdey is the direct gap
between thd'g valence and’ conduction band® whereas
AVy is the indirect gap between thg valence and X con-
duction band! The effective masses and dielectric constant
are linearly interpolated between those in GaAs and AlAs t
take the material dependency into accoftfrit.is also noted
that the conduction and valence-band offsets are chosen
0.67 and 0.33, respectively.

Ill. RESULTS AND DISCUSSIONS
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400 |=(@) V =0 kV/cm | (b)) V=50kV/cm

——— 600
300 Np=9.62x10'%/cm? \ No=3.68 x10"/cm?
400 [~
200 |- FIG. 2. Electron and hole
wave functions(solid curve$ in
100 |- 200 |- , .
RN GaAs (50 ML) QW's with
o k= 00 S— > | GaysAlpaAs (40 ML) barriers.
The upper part of each figure
0 -100 shows the conduction-band profile
\/ 0 while the lower part shows the
100 = 100 D— valence-band profilga) Flat-band
200 200 = condition, (b) with electric field of
E 0 2|0 4|0 6I0 SIO 1(|)0 1;0 0 2|0 4|0 6I0 SIO 1(|)0 1;0 50 kviem, (c) with electric field
< of 100 kV/cm, and(d) with the
= same bias condition agc) but
£ 800 |- (c) V =100 kV/em 800 [~ (d) V = 100 kV/cm higher e-h pair density (e
No=1.98x10"/cm? No=1.40x10" /cm? =1.7x10" /cm?). Ngj, in (@-
600 600 — (c) are chosen so that they give
the minimum EHP energies. It is
400 \ 400 |~ noted that dashed lines and dotted
lines indicate the subband levels
200 [ 200 |F——"~=s=====of—— and chemical potentials, respec-
R tively, although they appear to be
single lines in(a)—(c) because the
=200 |= { -200 & Y chemical potentials are so close to
O % ) \J ]\ the subband levels.
200 I I I I |\|\ 200 I I I I I I
0 20 40 60 80 100 120 0 20 40 60 80 100 120
z (ML)

mum due to the competition between the XC potential andf the electron-hole correlation. Thus, the discussion in this
in-plane motion. The EHP energy also behaves similarly tgaper is valid at least semiquantitatively.

the chemical potential, as shown in FigaB because the
energy and KS eigenvalue of the X@nd Hartreg term
differ at most by a factor. In the case of a biased situation,

the Hartree interaction pushes up the band gap without ac- Figure 4 shows energies of the EHP ansl éxcitons in
counting for the in-plane kinetic energy. After all, the mini- YP&-l GaAs QW's of different widths without external elec-
mum of EHP energy must be realized at a smaller, i.e., a tric fields. The difference between the energies of the EHP

smaller Ny than in the flat-band situation. In fact, the de- ?nd jSTthCiéo':]AE (?)AEEHP_ EE|><q) iz ."’”quﬁShOV\tm in th
crease of\y for the minimum EHP energy by the electric \gure. The behavior ) IS €Xp alne, In ditterent ways for
field is observed in Figs.(@-2(c). wide and narrow QW'’s. In wide QW's, the kinetic energy is

X A . o so low that the Hartree and XC interactions significantly af-

.Anther important f.ac't in Fig. ®) is thatEexc IS M fect the electron and hole wave functions. This leads to the
mized in the smalN, limit where the band bending due t0 \4ye functions being determined mainly to minimize the
the carrier concentration in the quantization directib@., 2 iteraction energies, so the Hartree energy is small for charge
direction does not occur. This is always true in every con-sancellation and becomes insensitive to the QW width.
dition, which is consistent with the positive-definite nature of pmoreover, the XC energy changes little with the QW width
the Hartree interaction. Thus, when analyzing the behavior ofparticularly in wide QW's, for the XC interaction depends
the minimum exciton energies, the relative motion betweeyveakly on the density. However, the binding energy of the
the electron and hole plays the principle role. 1s exciton decreases significantly as the QW becomes wider,

It is also noted that the approximation of Hg) ignores  even for widths of over 50 MI(Fig. 1). As a resultAE is

the electron-hole correlation. The electron-hole correlatiorslightly reduced in wide QW regions.
becomes countable in type-l QW's rather than in type-Il On the other hand, the kinetic energy associated with the
QW'’s, because the spatial overlap of the electron and hole isiotion in thez direction is so large in the narrow QW that
too small to produce the significant electron-hole correlatiorthe wave functions are determined mainly to reduce it.
in the type-Il QW’s. However, we can estimate the effect toHence, we can suppose that the Hartree interaction is not
be sufficiently small in type-l QW's by comparing Figa@  sufficiently screened and that the EHP is destabilized by the
to the result in Ref. 8, which is obtained with considerationunscreened Hartree interaction. Here, for there is no anoma-

1. Effects of quantum well width
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(a) Type-IQW 50 ML, V=0kV/em / 140 & Type- 1 QW, V=0kV/cm
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. s
? ) T S gl > g
3| ~ - Exciton £ 80 '
~ = &
~ &n =
1o ~ 3 I3
~ g 60 = e}
Band gap ~ = @
| | h AN 3
5 1 1
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20 ; Exciton
(b) Type-I QW 50 ML, V = 100 kV/cny 20
0} /
0 | | | I
= 0 20 40 60 80
g Well Width (ML)
]
g FIG. 4. The minimum energies of EHRolid line) and 1s ex-
it citon (dotted ling for various well widths of type-l QW'YGaAs
QW'’s with 40 ML Ga sAlg.44AS barrierg. The difference between
\E —,t == Band the two energiesEg p— Egxc) is also shown to reveal small dif-
-30 |- xciton and gap ferences. Note that the-h pair densities to realize the minimum
+—1 1 s EHP energies are in the range of'¥@nm?—10' /cn?, while the
10° 10" 101 10" minimum 1s exciton energies are always realized in the low-density
Electron-Hole pair density (cm-2) limit.
FIG. 3. Energies of EHPsolid line) and 1s exciton(dash-dotted In any case, the result that theE is always positive in

line) with band gapgdashed lingand chemical potentialdotted  Fig. 4 means that excitons are always stable in type-l QW's.
line) in type-1 GaAs(50 ML) QW surrounded by GagAlo4As (40  There still remains the possibility of a stable EHP in wide
ML) barriers as functions of the-h pair density.(a) Flat-band QW’s; however, the QW picture becomes meaningless in
condition and(b) biased with the electric field of 100 kV/cm. Itis well widths above 100 ML, and the situation is outside the

noted that the band gap of bulk Ga#s424 eVf must be added to  interest of this study. Thus, we can conclude that the EHP is
each value for discussion of the luminescent band. The closed circlgqgt stable in flat-band type-l QW's.

shows the realization of the electron-hole liquid, where the chemi-
cal potential becomes equal to the EHP endRgf. 7). 2. Effects of electric field

Figure 5 shows the effects of electric fields on the EHP
lous behavior of the exciton binding energy in narrow QW'sand 1s exciton energies. A 50 ML QW width is chosen for
(Fig. 1), we can reach the conclusion thaE increases as clearly observing the effects of the electric field. Because the
the QW width is reduced. However, this perspective actuallyQW is not too narrow, we can explain the behaviot\d in
conflicts with the observation thatE markedly decreases Fig. 5 with a discussion similar to that given at the beginning
around the QW thickness of 10 ML. It is difficult to give a of this section.
guantitative picture of the behavior because the EHP in the The global decrease &fE is caused mainly by the de-
narrow QW is realized as the result of the subtle compecrease of exciton binding energies for separation of electrons
tition among the quantum confinement effect, Hartreeand holes due to the electric field. On the other hand, around
interaction, XC interaction, and filling effect due to the the weak electric field, the increase of EHP energy is ex-
in-plane kinetic energy. Nevertheless, by analyzing the EHRPlained as the increase in the Hartree energy due to the
energy in detail, we find that the XC energy is dominantcharge separation. In fact, the Hartree/XC energies are
(—15.2-17.5 meV), while the Hartree energy changes byl2 ueV/—10.28 meV, 0.7298 me\#9.759 meV, and
finite but negligible amounts (0.03—-0.07 meV), and the2.440 meV/-8.444 meV for electric fields of 0, 20, and 40
chemical potential due to the in-plane motion also changekV/cm, respectively, in agreement with the physical picture.
little. Therefore, the behavior AE around a well width of It is expected that stronger electric fields on wider QW's
10 ML is phenomenologically assigned to the enhanced X@an achieve a stable type-lI EHP. Actually, calculation on a 90
interaction due to the carrier concentration within the narroML QW under an electric field of 120 kV/cm results in
QW. When the QW width is further reduced, the exciton Egyp— Egxc=—3 meV. However, the EHP will not produce
binding energy increases while the Hartree and XC energielsiminescence because of a lagth separation, and it is not
do not change significantly, resulting in the relative increasehysically interesting as quasi-2D states.
of AE. The behavior ofAE in narrow QW’s is also dis- After all, the quasi-2D EHP is less stable than the 1
cussed in Sec. Il B 1. exciton in type-1 GaAs QW's, regardless of whether the ex-
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FIG. 5. The minimum energies of EHRBolid line) and 1s ex-
citon (dotted ling in type-1 QW’s (50 ML GaAs QW's with 40 ML
GaysAlg.44AS barrierg as functions of electric fields. The differ-
ence of both energieAE=Egp— Egxc) is also shown to reveal
small differences. It is noted that the electric fields above 1500Us discussion in Sec. Il A. A result in a biased condition
kV/cm cause tunneling of carriers out to the QW’s.
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ternal electric fields are applied. The main reason for the
unstable EHP is possibly the small effective mas$ aflec-
trons, which also reduces the effects of the electric fields.

B. Type-ll quantum wells

Here, we investigate the stability of EHP in type-Il GaAs-
AlAs QW's, where the lowest electron state is tKestate in
the AlAs layer. We focus our attention on the stability of the
EHP according to the structural conditions of the type-Il
QW’'s and electric fields. Calculations are performed on
GaAs-AlAs type-ll single QW'’s, which are sandwiched be-
tween 40 ML GgsgAl.4AS barriers.

As examples of EHP calculations, wave functions and
band-edge profiles under typical type-ll conditions are
shown in Fig. 6 for supporting the physical picture. Results
of the type-1l EHP and & exciton energies as functions of
N, are also shown in Figs(& and qb). Chemical potentials
and band gaps are also shown in the figures, which present
similar behavior to those in Ref. 7. In Fig(aJ, the band
gap starts to increase in the high-density region, which is
assigned to the effects of Hartree interaction as in the previ-

is also shown in Fig. (), which shows similar behavior to

400 Mia) Type-IL QW(8/30) V = 0kV/em 600 (b) Type-IL QW(8/30) V =100 kV/em
No=5.66x10"%cm? | 400" No=2.77%x10'" /cm?
200 - FIG. 6. Typical electron and
200 |- Sm hole wave functiongsolid curves
0 ~=<1 in type-ll GaAs-GaAlAs QW's.
The upper part of each figure
ol I—— -200 M shows the conduction-band profile
- \L/f while the lower part shows the
200 L/ o valence-band profile. It is noted
that the conduction-band profiles
200 |- are those for theX electron. (a)
400 - GaAg8 ML)-AIAs(30 ML), flat-
% ; 1 I ; ; 400 |- 1 ; 1 1 ; band condition;(b) GaAg8 ML)-
E 0 20 40 60 8 100 120 O 20 40 60 8 100 120 AlAs(30 ML) with external elec-
% tric field of 100 kV/cm; (c)

5 400 E GaAg8 ML)-AIAs(15 ML) with
3] (c) Type-Il QW(8/15) V = 100 kV/cm (d) Type-IlQW(6/10) V =0kV/em external electric field of 100 kV/
400 ‘\,\ No=7.64x10%%/em? No= 153 101 /cm? cm; and(d): GaAg6 ML)-AlAs(8

wpE ] ML), flat-band condition. All fig-
200 |- m /\L ures are aeé-h densities where the
) 0F — EHP energies are minimized. As
2200 in Fig. 2, subband levels and
_ Y [— chemical potentials are indicated
0 m{\/f |~ as dashed lines and dotted lines,
200 \L/ respectively; however, they ap-
pear to be single dashed lines,
200~ which means that the subband fill-
400 = ing effect is small atN, for the
400 |- I I i I I I I I minimum EHP energy.
0 20 40 60 80 100 0 20 40 60 80
z (ML)
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Electron-Hole pair density (cm-2) FIG. 8. Variation of the difference between the minimum EHP

and 1s exciton energiesXE=Egp— Egxc) according to the QW
FIG. 7. The minimum energies of EHRBolid line) and 1s ex-  Width in type-Il QW's with 40 ML G s¢Alo.4/AS barriers.(a) AE
citon (dash-dotted lingfor various electron-hole pair densities in for various widths of the AlAs layer with the GaAs layer fixed at 8
typical type-l GaA$8 ML)-AIAs(30 ML) QW's with ML; the inset shows the results for AlAs layers of less than 10 ML
Gay s6ASg 44AS barriers:(a) flat-band condition an¢b) with external ~ With 6 ML GaAs layers, andb) AE for various widths of the GaAs
electric field of 120 kV/cm. Chemical potentials and band gaps ardayer with the AlAs layer fixed at 30 ML.
also denoted as dotted and dashed lines, respectively. The intrinsic

band gap between the heavy hole in GaAs andXfelectron in g5 e difference between the energies of EHP and the 1
AlAs (1.642 eV} must be added to each value for discussion of the

; ; exciton,AE, is shown for various widths of the AlAs layer,
luminescent band. The closed circle shows the energy of the . . . .
electron-hole liquid as in Fig. 3. where the ele_ctrons are confinellE is also shown in Fig.
8(b) by changing the widths of the GaAs layer. In Figag
Fig. 7(a), except that the electric field improves the stability calculation results are shown for AlAs widths of over 10 ML
of EHP. The effect of the electric fields is discussed in thehecause the&-electron states in narrow AlAs layers of less
following section. than 10 ML exceed th&-electron state in the 8 ML GaAs
In our calculations, the energy of a type-I§ Bxciton is  |ayer and the system changes into type I. To investigate the
increased according td, as shown in Fig. 7, which is con-  stability of the EHP in narrow type-ll QW's, calculation re-
sistent with the behavior of the Hartree energy in laMie  sults in the narrow AlAs layers of less than 10 ML with the
regions® It is also noted that the total binding energy of the 6-ML GaAs layer are shown in the inset in Figag
exciton is not as small in type-Il QW'’s as expected because |n Fig. 8a), we can observe that the EHP is stable in the
the Hartree interaction is small for the separation betweemype-Il GaAs-AlAs QW’s and that the stability is enhanced
e-h pairs. However, the kinetic energy of relative motion is by narrowing the AlAs layer. According to the discussion in
also reduced due to the large effective masX efectrons®®  Sec. 11l A 1, the enhanced stability is mainly due to the in-
For example, the binding energy of the type-Il exciton in acrease in XC energy due to the condensation of the carriers
GaA98 ML)-AlAs(30 ML) QW is typically —9.391 meV, in the narrow region. Indeed, the concentration of carriers
which is the sum of the kinetic (4.233 meV) and potentialaccording to the widths of QW’s is observed in Fig. 7.
(—13.624 meV) energies. On the other hand, the type-l ex- Figure 8b) also shows that the EHP is stabilized by re-
citon in a GaA§22 ML) QW has a similar binding energy of ducing the widths of the GaAs layer from 10 ML to 6 ML.
—9.353 meV,; however, the kinetic (6.75 meV) and poten-The change ofAE is smaller than that in Fig.(8) because
tial (—16.103 meV) energies are very different from thosethe hole in the GaAs layer is already concentrated suffi-
of the type-Il exciton. ciently at a width of 10 ML and the effect of narrowing the
GaAs layer is saturated. Thus, the inset of Fig)8showing
the results in the 6-ML GaAs layer, presents the possibility
The stability of the type-Il EHP is studied as a function of of the most stable EHP in the GaAs-AlAs type-Il QW's,
the QW width in Fig. 8 under the flat-band condition. In Fig. which lies about—2.5 meV below the & exciton state.

1. Effects of quantum well structures
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120 order to study the effect of the electric field, because the
Type-11 QW: 8 ML/30 ML

— 00 effect is too small to be observed clearly in AlAs layers of
04 less than 15 ML.

0.8 The behavior oAE is similar to that in type-l QW'{Fig.

-1.2 5): the EHP is stabilized under strongly positive electric
fields due to the reduction of the excitonic binding energy,
and also stabilized under negative electric fields due to the
enhancement of the XC interaction and suppression of the
Hartree interaction.

To summarize, calculation results on the energies of the
EHP and & exciton in type-l and type-ll QW's have been
shown and discussed in this section. It is noted thafs
showed similar behavior in type-l and type-Il QW'’s, but that
the amounts were very different. The difference was assigned
to the effective masses of theandX electrons in type-l and
type-Il QW’s, respectively: the effects of the effective mass
appear in the Rydberg factor and density parametér Eq.

(3). When the effective mass becomes large, these effects
-50 0 50 100 commonly enhance the XC interaction to reduce the total
Electric Field (kV/cm) EHP energy. Additionally, the large effective mass reduces

FIG. 9. The minimum energies of electron-hole plastsalid the chemical potential due to the in-plane kinetic motion,

line) and 1s exciton(dotted ling for various strengths of the exter- which also sta.blllzes' the. EHP' .

nal electric fields in type-ll QWGaA<8 ML)-AlAs(30 ML) From Fhe d|scus§|on |n_t_h|s section, We_have found that
QW's surrounded by GagAl,.As (40 ML) barrierd. The differ- the quaS|-2D EHP is stabilized by separating th_e electrons
ence of the energiesAE =Egyp— Eexc) is also shown to reveal and holes d_|sfcantly to reduce the excnor_uc binding energy,
small differences. Negative electric fields mean the direction t@Nd by confining them to the narrow region to enhance the

merge electrons and holes, while positive fields mean the directiontC interaction. In particular, we showed the EHP lying be-
to separate them. low the 1s exciton by more than 2.5 meV in the negatively

biased narrow type-Il QW. This also implies the EHP is pos-
ibly more stable than the biexciton, whose energy esar
Eair is smaller than that of theslexciton by at most a few

100

80

60

40

Energy (meV)
(Aoun) OXd7y - dHA g

20

20 | | |

However, the EHP becomes unstable when the width o

the GaAs Iayer_ is reduced to less than 6 ML, which is SIMi- a4 although more detailed calculations are needed to
larly observed in the narrow type-1 QW(Sec. Il A1). The  onfirm this.
analysis of the EHP energy reveals that the Hartree and XC \ye note that the minimum energy of the EHP is always
energies are saturated and increase the energy of the EHyse to the energy of the electron-hole liquid, as observed in
only by small amounts as the GaAs layer narrows from 6 MLrjgs. 3 and Tindicated as closed circles in both figuxesnd
to 4 ML: the XC energy increases by about 0.1 meV, whilehence that the above discussions on the EHP are also effec-
the Hartree energy decreases by about 0.05 meV, the sum @e in the electron-hole liquid. Moreover, considering that
which does not match the change in Figh)8 Nevertheless, the radiative lifetime of the type-1l EHP luminescence is long
the binding energy of theslexciton increases significantly, thanks to the indirect nature of the type-II transition, we can
supplementing the stability of the exciton. The saturation ofexpect the formation of electron-hole droplets in type-Ii
the Hartree and XC energies is physically explained as thaBaAs-AlAs QW'’s.
the hole wave function does not concentrate further by nar-
rowing of the GaAs QW'’s below 6 ML. This explanation can
be applied to the case of narrow type-1 QW’s, but it should
be noted that th&' electron mainly suffers from the effect of In this work, we developed a numerically stable method
the narrowing in type-l QW’s. Here, the subband level of thebased on the quantum-mechanical variational principle with
I" electron is pushed up easily because of its small effectiv@onlinear interactions and performed quantitative calcula-
mass compared to the heavy hole, hence the type-I exciton {#§ns on the EHP andslexciton in type-I and type-Il GaAs-
stabilized in a somewhat wider QW~@ ML) than the GaAlAs single QW's in order to study the stability and
type_“ exciton’ as seen in F|g 4. mechanism of the EHP. By Comparing the energy of the EHP
and 1s exciton in various conditions of QW structures and
electric fields, we found that the quasi-2D EHP is not stable
in type-1 GaAs QW's, but that the EHP becomes stable com-
Figure 9 shows the effects of the electric field on the EHFpared to the § exciton in type-ll GaAs-AlAs QW'’s. We also
and 1s exciton in type-ll GaA& ML)-AlAs(30 ML) QW's.  found that a stable EHP is realized in two situations; when
The signature of the electric field is defined so that the posithe electron and hole are separated, thus the excitonic bind-
tive electric field is directed to separate the electrons anthg energy is small, and when the electrons and holes are
holes. The width of the AlAs layer is chosen as 30 ML in confined in the narrow QW's so that the XC interaction

IV. SUMMARY AND CONCLUSION

2. Effects of external electric fields

165316-10



STABILITY OF ELECTRON-HOLE PLASMA IN TYPE} . .. PHYSICAL REVIEW B 69, 165316 (2004

works dominantly to stabilize the EHP. The estimated maxi- 1 ¥2(2)

mum stability of the EHP according to thes Bxciton is at :zf dz——. (A3)
least—2.5 meV pere-h pair, suggesting the possibility that Mg Ma

the EHP becomes the lowest excited state in the narrowin Eq. (A3), the weighted spatial average of theh re-

type-Il GaAs-AlAs QW. duced mass is defined asvly = 1/m.+ 1/m;,. The averaged
effective mass introduces changes of a few percentage points
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APPENDIX: EXPLICIT EXPRESSIONS —
FOR CALCULATION OF EXCITON ENERGY X ex;{ - —1_§ a E— u) (A4)
N u '

In this appendix, we present explicit expressions for cal-
culations of exciton binding energies. Although the expresin this expression, we only consider the case ef{3<1.
sions were previously provided in Refs. 31 and 33, they are To count the dielectric mismatch in different media, we
again given here for the self-contained formulation and toapply a rough approximation that the Coulomb energy be-
clarify the original modification in this paper. tween the electron and hole in different dielectric media is
The definitions and the final forms for calculation of given as an average of energies in uniform media. In this
G(a), J(a), andK(a) are listed as follows. For relative approximation, the total Coulomb energy becomes
motion of ane-h pair in thez direction,G(a) is given as:

el K(a) (A5)
= Aon(r,Ze—2 2 2| da=—,
G(a)zf 2 rgr| LPenlZe”2) Am €(a)
0 9Ze z,—z,=a
e Zn where
2w{%a? (1 2al1 1—u?
- fd“exp[_gT ‘*”) 2y’ - =f , SOV a2
AS e 4 Hu(d+ud) «a) 2e(z)e(z+a) e h
(A1)
_ _ o o +|Ye(2)?yn(z+a)|?] (A6)
while J(a) for the relative motion in they direction be- . . . .
comes is an uncorrelated average of the inverse dielectric constant.
It is noted that the effect of image charges is not considered
w0 2 2 here.
J(a):f 27der¢e-n<—+ _) bon In the actual computations, the total energy of tlseek-
0 x> ay? citon must be explicitly normalized. In Refs. 31 and 33, the
L normalization factor\ is defined as
—-1
(a1 2¢a 27T£aJ1 u? N= [ dap@F@ (A7)
TN T2/ ) T S dv T
o where
2 a all
x| 2 exp[—% iy (A2) F<a>=f2wrdr Ben(r.a)?
—+u
u /r2+ §2a2
) ) o =27rf rdr exg —2—————|. (A8)
As seen in Eq(16) in the text, total kinetic energy for rela- A

tive motion ofe-h is given as an integral d&(a) andJ(a) Thus, we can obtain the total energy of the dxciton per

with “weight” p(a) multiplied by %/2M" . When the effec- ¢ " yair asE_. /A7 by using the expressions given in this
tive mass mismatch between different materials is ConSidéppgndix. excl by using P g

ered, the Weighted spatial average of the effective mar;$ ( Partial derivatives of(a), G(a), J(a), andK(a) ac-
presents a simple but effective treatment. The definition otording to the variational parametefsand\ are needed in
m, is given as(also seen in Ref. 25 the variational minimization to determine the envelope func-
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tion. The derivatives are simply obtained by applying partial (a) f(a) f(@)  ag(X,a)
differentiation without any care for the order of integral and o =79(f(a)-a)+J dx——,
differential, because the integrals are replaced with finite

sums in the practical calculation. Care is needed only fowhere we defind («) as follows with two functionsf(«)
calculatinggK(a)/d{ because parametéris also included andg(x,«), both of which are differentiable according 49
in the upper integral region, as seen in the right-hand side of

(A9)

Eq. (A4). However, the partial differentiation is performed ()= Jf(a)dxg(x @) (A10)
easily by using the relation e
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