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The binding energy of quasi-two-dimensional electron-hole liquid (EHL) at zero tem-
perature is calculated for type-II (GaAs),, /(AlAs),, (5 < m < 13) quantum wells
(QWs). The correlation energy is evaluated by adopting a random phase approxima-
tion of Hubbard. For comparison, we calculate the binding energy of EHL for type-1
(GaAs)m/(AlAs),, (14 < m < 20) QWs. It is demonstrated that the EHL in type-II
GaAs/AlAs QWs is more stable state than exciton and biexciton at high excitation
density, while the EHL is unstable in type-I GaAs/AlAs QWs.
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1. Introduction

The metallic electron-hole liquid (EHL) has attracted our attentions for a long time as an
appearance of new condensed phase'™® in bulk semiconductors such as Ge and Si since the pre-
diction by Keldysh.?) Recent advance in both a noble ultrafast laser technique and a thin film
growth method has opened a new stage of research for the EHL in semiconductors. The progress of
mid-infrared pump-probe spectroscopy with high power laser reveals quite recently the existence of
metastable EHL in direct-gap semiconductor CuCl.5) They have also found very high critical EHL
temperature (165 K) of diamond by using the time-resolved luminescence measurements.%) Associ-
ated with new techniques in the crystal growth such as molecular-beam-epitaxy (MBE) method is
a confinement of the EHL in semiconductor quantum-wells (QWs).”:8) The high optical excitation
effects such as a band-gap renormalization and a stability of quasi-two-dimensional (2D) EHL have
been studied experimentally®) and theoretically®'%) in type-I QWs in which electrons and holes are
located in the same confinement layers. The short-period (GaAs)m/(AlAs)y, (m < 13) superlattices
exhibit type-II structure in which electrons and holes are separated spatially.!!) The formation of
EHL in type-Il GaAs/AlAs QWs is expected much because of the spatial separation of electron
and hole, in addition to the indirect nature of energy gap in k-space as in Ge and Si. Such favorable
condition to observe EHL stimulates intensive photoluminescence studies under high excitations
so far.12:13) Recently, the evidence of exciton condensation in GaAs/AlAs coupled QWs has been
observed in photoluminescence and transport measurements in a strong magnetic field.! 15) Lerner
and Lozovik!®) and Kuramoto and Horie!”) have suggested theoretically that the critical condition
for exciton condensation in QWs is enhanced by applying a magnetic field perpendicular to the
2D plane. It is quite intriguing that evidences of both EHL and exciton condensation have arisen
in photoluminescence spectra from GaAs/AlAs QWs with high density (~ 102 cm~2) and low
density (< 101° cm~2) of electron-hole (e-h) pairs, respectively.

Theoretical study of the liquid phase in type-II structures!® with high e-h pair-density is still
scarce, because it seems that the correlation energy calculation requires the numerous effort. One
of the persuasive method to calculate the correlation energy of EHL in previous studies is to adopt
a random phase approximation (RPA) of Hubbard.!? First attempt to evaluate the correlation
energy in a RPA of Hubbard in bulk Ge and Si was done by Brinkman and Rice.2%) Their results
have led to a stable EHL and were in good agreement with experiments for the equilibrium density
and the binding energy. Kuramoto and Kamimura?!) have adopted this approximation for the
correlation energy calculation for the layer-type semiconductors in the limit of 2D, and further
Kleinman? has studied the correlation energy in RPA of Hubbard for type-I QWs with finite width,
using the effective modeled Coulomb interaction among electrons, holes and between electron and

hole.
In this paper we present the gfound state energy calculation of quasi-2D EHL in type-II
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(GaAs)y, /(AlAs), QWs with m = 5 to 13 monolayers, assuming the high-density e-h pairs.
The correlation energy is evaluated by adopting RPA of Hubbard. The main difference of type-1I
GaAs/AlAs QWs with type-I structure is the partial confinement of electrons and holes into the
wells which are separated spatially. It may produce the characteristic contributions to the e-h cor-
relation as well as the electrostatics. In order to demonstrate the non-local nature of such charge
neutrality, we examine the layer-thickness dependence of ground state energy of the EHL. In addi-
tion to these, we explore the stability of the EHL through the calculation of the binding energy in
type-I and type-II (GaAs),/(AlAs),, QWs by changing m (layer-thickness). Our results indicate
that the EHL in type-II QWs is more stable state than the exciton and biexciton, while the EHL
is unstable in type-I QWs.

This paper is organized as follows. In § 2, the model and energy of the EHL will be described.
In § 3, we will clarify the layer-thickness dependence of ground state energy of EHL and make
a comparison of the EHL in type-II and type-I GaAs/AlAs QWs based on the numerical results.
Final section § 4 will be devoted to concluding remarks.

2. Model and Energy of Electron-Hole Liquid

We model (GaAs),/(AlAs), QWs as that the well widths for electron and hole are determined
by the number of monolayers (m), and the barrier height for electron and hole is given by V, and
Vh, respectively, as shown in Fig. 1. The z-axis is chosen along the growth direction, and the origin
of the z-axis is taken at the center of the well for electrons. It is known that electrons occupy the
X state in AlAs layer and holes the I' state in GaAs layer in type-II (GaAs)m/(AlAs),, QWs,
while the electrons are in the I' state of GaAs layer in type-I QWs.!!) The electron energy surface
at the X, state of AlAs layer is an ellipsoid of revolution with a two-fold degeneracy so me,, and
e zy being the longitudinal and transverse electron effective mass, respectively. The in-plane 2D
dynamics of electrons is determined by me zy, and the motion in a confinement potential along the
z-axis is described by me .. For simplicity of formulation and discussion for type-II QWs, we ignore
the two-fold degeneracy of electrons associated with the X, states and adopt a single valley model
for electron and hole as that the lowest conduction and heavy-hole valence subbands are occupied
by electrons and holes with pair-density N, respectively. We will calculate the Coulomb energies
in which the extent of the wave functions in QWs along z-axis is taken into account.

The total energy per e-h pair Ey, relative to separated electrons and holes at rest for the

zero-temperature is written as

Eiot = Etin+ Ex + Ey + Ec. (1)
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The average kinetic energy per e-h pair Ej;, is

K2 f. fi2 fh )

Ekm = _(2m
e zy

(2)

where fy, (fe) is the Fermi wave number of hole (electron) and my, is the heavy hole effective mass.
The exchange energy Ex in eq.(1) is

Ex =EQ + EY. (3)
The exchange energy per hole Eg') can be calculated by
B =N [ [ dcdivom (k- 1), (4)
k|, [k’[</h :

where k=(kz, ky), and vpy,(g) denotes the Fourier comi)onent of Coulomb interaction between holes.

The Coulomb interaction components among electrons, holes, and between e-h are written by
27"3 +oo t —gqlz—2'| 2 2 P4
vij(‘]) dz dZ € th(z)l hbj (z )l (Z’J =6 h)) (5)

with dielectric constant ¢ and the wave function of the lowest subband ;(z). The exchange energy
for electrons ng) has a similar form with eq.(4), and is evaluated.%

In bulk and type-I structure, the Hartree energy is negligibly small because of the local charge
neutrality between electrons and holes. But in type-II structure, this energy plays important role.

The Hartree energy Eg in eq.(1) becomes
400
w= N [ dez)ete), (©)
—00

where the electrostatic potential ¢(z) is obtained by solving the Poisson’s equation with use of the

charge density
p(z) = —eN([¢e(2)* — l¥n(2)?)- ()

We will evaluate the correlation energy Ec for QWs by adopting RPA of Hubbard,!®) which

fi 00 [ ld)\ _ '
Ec=—m/ qu/ dwf —Im[6 Yq,w)]

2(2 / dqvee(q) + vnn(g)] — Ex. (8

is written as

The inverse dielectric function e~1(q,w) in eq.(8) is related to the proper polarization of electrons

and holes Wj; (i = e, h) and the screened Coulomb interactions V;; as follows,

(@) = 1 — e[Veo(y60) Wee(ts0) + Vin(t2) Wan(, )] ©)
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The functions V;; accord to the coupled integral equations which are transform into the following
algebraic Dyson’s equations depicted by the diagrams in Fig. 2. They are given by

(vee(q,w) Ven(a,) )= ,\( veela)  ven(9) )+

Vhe(q,w)  Vhn(q,w) Vhe(q) vhn(q)
A ( vee(q) ven(q) ) ( Wee(q,w) 0 ) ( Vee(qyw)  Ven(q,w) ) (10)
vhe(q) vnn(q) 0 Whn(q,w) Vhe(q,w)  Vhn(q,w)
In order to take the exchange correction into account, we replace W by W' as

' _ I/Vii (Q) w)
Wilqw) = 1+ Gi(g)Mvii(q)Wii(q,w)’ -

where Gi(q) (i = e, h) denotes the so-called exchange correction suggested by Hubbard,'?
Gi(q) = vu((¢® + f1)/?)/2vii(q)- (12)

For calculation of Ec we assume the isotropic Fermi surface of electron with effective mass me. So

finally we can cast into E¢ as

h oo 00 ld/\
EC_41r2N_/ qdq/ d“’/o_,\'

x5S + vl Zal 0 + @B, (13)

where

=1+ {(Ge — L)veoAe + (Gt — 1)onnAn}A
+{(1 = Ge)(1 — Gn)veethn — v& }(AeAn — TeZh) A2,
B = {(Ge — 1)veeZe + (Gn — 1)vnnZn}A
+ {(1 = Go)(1 — Gi)veethn — v }H(AeZe + AnEn)A%,
S = (vesAe + vhnAn)A + {(Ge + G — 2)Vee¥nn + 207 }H(AeAn — ZeZn) A%,

(14)

In eqs.(13) and (14), Ae (An) and Ze () are the real and imaginary parts of the 2D ‘electron
(hole) polarizability in RPA, respectively, as

Ai(gw) = [(m' +5 )\f (2m23ﬁqﬁq2)2

- (G- )\/ - (i —a) (15)
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Silgw) = ——[, [z - (B¥ L 2 fp2_ (WY _ 9

where i = e, h (me = Mmezy) and /£ = 0 when z < 0. In the above E¢, we account e-e, h-h and

e-h correlation effects in the RPA of Hubbard. In type-I QWs,? the exchange correction for e-h

system are considered for £ + X}, and A, + Aj, because the Coulomb interactions are approximated
by the same form, and the integral over ) is evaluated easily. However, since in the present case
vij (i, 7 = e, h) differ each other, these remain explicitly in the integration over A.

To proceed the numerical studies of the EHL, we define the minimum in E,, as a function of

e-h pair density as the ground state energy E¢ per e-h pair i.e.
Eg = —min[E;,(N)). (1n

The corresponding equilibrium pair-density is set to be No. Further we introduce the binding
energy of the EHL Ej;,, to discuss the stability of the EHL as

1
Eyin = Eg — Bx — §Bxx (18)

where Bx and Bxx are the binding energy of exciton and biexciton, respectively. It is known that
the many-body effect reduces significantly the band-gap. This so-called band-gap renormalization
(BGR) Eggr is defined as

Epgr = d[N(Ex + Ey + Ec)]/dN. (19)

3. Results and Discussion

8.1 Layer-Thickness Dependence of Ground State Energy in Type-II GaAs/AlAs QWs

We calculate the total energy of quasi-2D EHL for type-II GaAs/AlAs QWs according to
formulae in § 2. We employ the standard parameters of type-II GaAs/AlAs QWs such as me; =
1.1mg, Me gy = 0.19mp, my = 0.51my, € = 11.17, Ve = 300 meV and V}, = 550 meV. The lattice
constant is assumed to be a = 5.6533A. To see various contributions in E;, we plot Eyin, Ex, En,
E¢ together with Eg, as a function of pair-density N for type-II (GaAs)19/(AlAs);p QWs in Fig.
3. The layer-thickness dependence?®? of Eg is found by changing the number of monolayers. In Fig.
4, Eyo is shown as a function of N in type-II (GaAs)m/(AlAs)y QWs for m =5, 7,10 and 13. It is
evident that Eg appears at the lower equilibrium pair density with smaller magnitude (i.e. smaller
|Eg| ) as the well thickness is increased. This is due to an increase of Ey, a decrease of |Ex| and
|E¢|, and iﬁdependence of thickness in Ej;, when the thickness is increased. The increase of By
is understood by the Gauss’s law. The reduction of |Ex| is due to that the Coulomb interactions
vee and vy, become strong as the width of wells increases. It should be noted that |E¢c| does not

contribute to the determination of Np almost because of its weak N-dependence, while it reduces

Etot Signiﬁcantly.
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Figure 5 exhibits the BGRs versus N in type-II (GaAs)y/(AlAs)y, QWs for m = 5(a), m =
7(b), m = 10(c) and m =13(d). The BGRs for m = 5(a) and 7(b) decrease monotonously as
N increases. However the BGRs for m = 13(d) decreases gradually in low density region as N
increases, and it reaches a minimum value and then starts to increase. This tendency is seen also in
the curve (c) for m = 10. The behavior of curve (d) is ascribed to the increase of Ey at high density
region. At high density, Hartree field will compensate the confined potential and the band-gap will

increase with e-h pair-density.

3.2 Comparison of EHL in Type-II GaAs/AlAs QW with Type-I Structures

In order to demonstrate the characteristic of the EHL in type-II structure, we plot Ey for
type-II and type-I QWs by changing layer-thickness in Fig. 6. The lines (a), (b) and (c) stand
for E,, as a function of N for (GaAs)jo/(AlAs);o QWs and (GaAs),/(AlAs), QWs with m =
17 and 20, respectively. We have used m, = 0.067mg, my = 0.51me, € = 11.17, Ve = 1060 meV
and W, = 550 meV for type-I GaAs/AlAs QWs. It is quite interesting that Eg and Np change
dramatically from type-II to type-I QWs. This is mainly attributed to the increase of Eji, due to
the light effective mass of electron in type-I QWs. In the present results, the e-e and h-h Coulomb
interactions play a similar role for both type-I and type-II QWs and the difference of Fermi surface
between type-II and typ-I structures does not produce a large change in the summations over k
and k’ in Eyx, so the exchange energy does not change much consequently. Eg is almost zero in
type-I QWs, since the local cancellation of charges between electrons and holes takes place. We
note that |E¢| becomes small in type-I structure compared with that of type-I1, it does not depend
on N almost, and plays a minor role to determine Np.

According to our definition of Ey in eq.(19), the EHL will be formed if Ep;y, is positive. Epin
in (GaAs);/(AlAs),, QWs with m = 5-13 for type-Il QWs, and m = 14,19, and 20 for type-I
QWs are plotted by closed and open circles, respectively, in Fig. 7. Bx and Bxx in eq.(19) are
calculated by the quantum Monte Carlo method.?32%) Since type-Il QWs appear when m < 13,
and the systems become type-I structure for m > 14, it is expected that the quasi-2D EHL will be
formed apparently in type-II GaAs/AlAs QWs, while it does not be formed in type-1 QWs. Here
we point out that the steep drop in Epn from type-II to type-I QWs is attributed to the decrease
of |Eg| as is seen from Fig. 6 because Bx and Bxx do not change much between structures in
type-I and type-Il QWs.

Finally we compare our calculation of Ey, with previous result in type-I GaAs/Gaj_zAlzAs
QWs with well width 145 A.19 Qur calculated energy for z = 0.3 is Eg = 8.4 meV for Ny = 1.55

x 10'! em~2. These are close to the Eg and Np in ref. 8.
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4. Concluding remarks

We have explored the ground state energy of quasi-2D EHL for type-II GaAs/AlAs QWs
in comparison with that of type-I GaAs/AlAs QWs by adopting the RPA of Hubbard for the
correlation energy. It is concluded that the quasi-2D EHL is more stable state than exciton and
biexciton at high e-h pair density in type-II (GaAs),,/(AlAs), QWs (5 < m < 13) while the EHL
is unstable in type-I QWs (m > 14). Associated with these conclusions is that the binding energy
and the equilibrium density of EHL are changed drastically when a switching from a type-II to a
type-I structure takes place in (GaAs),,/(AlAs),, QWs at a critical thickness.

In the present paper, we assumed that the EHL in type-II QWs consists of both the electrons at
the X.-point in AlAs layer and holes at the I-point in GaAs QW, whereas the electrons at I'-point
in GaAs QW contribute to the formation of EHL in type-I case. In the near vicinity of critical
thickness, the more complete consideration of the band structures in GaAs/AlAs QWs should be
required to calculate the EHL energy. As was described at first, the single-valley is assumed for
electron and hole. The many-valley effects were ignored in the present correlation energy calculation
because the electron population at many valleys will lead further complexity, so that we neglected
these in the other energy calculations for the sake of consistency. To examine effects of many-
valleys, we estimate numerically Ey = Ej;, + Ex + Ey for type-II (GaAs),,/(AlAs),, QWs by
taking two-valley effects into account. It is found that the minimum value of our calculated Ep
increases a little compared with the results in single-valley model (the increment of Ep is about 1.4
meV (m = 5) ~ 0.4 meV (m = 13)), so that the corresponding density at minimum Ey exhibits a
small decrease. The reduction is about 1.5 x 10'2 cm=2 (m = 5) ~ 0.5 x 102 cm~2 (m = 13). Since
the numerical evaluation of Ec is difficult for many valley structures even for two-valleys case, and
it was pointed out already by Vashishta et al.) that |E¢| increases slightly when the many-valleys
effect is considered, so we believe that our conclusions obtained in the present approximation do
not be changed much even if many-valleys were taken into account. Finally, we comment recent
observations of condensation of indirect excitons in biased coupled AlAs/GaAs quantum wells in a
strong magnetic field.!4!%) This exciton condensation corresponds to the k-space ordering, while
our EHL occurs in the real-space. In the Hubbard approximation for a high density e-h system,2?)
we did not take into account the multiple e-h scattering in higher-order correlation which leads to
the formation of excitons. So the connection between the EHL and excitonic condensation is not
clear. However, this suggests us that the e-h pair fluctuation which was partially contained in our
calculation as a dynamical screening in the Hubbard approximation may play important role in the
transition from dilute to high density regime of e-h pair density. It is strongly expected that the
many-body interaction among particles in e-h system should be studied in a controlled manner in

type-1I quantum wells.
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Fig. 1. Schematic view of type-II QWs.

Fig. 2. Summation of polarization diagrams in the RPA. v;; and V;; denote the bare Coulomb
and screened interactions. W;; displays the proper polarization part. ,

Fig. 3. Ekin, Ex, Ey, Ec and Ey vs e-h pair-density N in type-II (GaAs);o/(AlAs) 9 QWs.

Fig. 4. Eyp; vs N in type-1I (GaAs),,/(AlAs),, QWs with m = 5, 7, 10 and 13.

Fig. 5. Epgr vs N in type-1I (GaAs);,/(AlAs), QWs with m = 5 (a), m = 7 (b), m = 10 (c)
and m = 13 (d) .

Fig. 6. Ey vs N in (GaAs),;/(AlAs),, QWs with m = 10 (a), m = 17 (b) and m = 20 (c).

Fig. 7. Binding energy of EHL Ey;, in (GaAs);,/(AlAs), QWs for numbers of monolayers m.
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