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ABSTRACT

The exact binding energies of excitons in novel type-II In;_.Ga;As/GaSb;_. As, quantum well materiais in the
effective mass model are evaluated by diffusion quantum Monte Carlo sinmlations. The resulis support the experi-
mental interpretation that a stable excitonic ground state can exist in spatially separated electron-hole systems. The
electron(hole) correlation effects and quantum confinement are shown to enhance the binding of the excitons. The
calculated results for various magnetic fields provide a guide for further experiments in accurate determination of
the binding energies, which is important in the opteelectronic application of novel quantum well materials.

1. INTRODUCTION

Research activities in excitons experienced a sharp rise after Esaki and Tsu’s seminal work on quantum well
structures in 1970.[1} These structures display several interesting features, such as the enhancement of the bindirg
energy of excitons and optical absorption over their bulk values, which resuits in well-defined exciton-absorption lines
at room temperture. The majority of the study so far has been focused on the GaAs/Ga;_; Al As system.[2] With
£<0.40, this system is a type-I quantum well in which electrons and holes are essentially confined in the same spatial
regions. Dignam and Sipe[3] produced excitons in the “confinement-induced” type-11 GaAs/AlAs superlattice, where
electrons and holes are separated in different layers. The drawback of this eystem is that it is a confinement-induced

type-1I structure and hence is only type-II for a certain range of layer thickness with the GaAs layers thinner than
35 A and the AlAs layers thicker than 20 A.

In this paper, diffusion and variational quanturn Monte Carlo simulations of excitons in the type-II semiconductor
quantum well system In; .. ; Ga, As/GaSby_, Asy are performed for a wide range of composition (0,0)<(z, y)<(0 62,0.64)
and well width 254< I <200A under the applied magnetic field. The exciton binding energy is found to increase
with the decrease of the layer thickness and with the increase of the composition. The calculated results suggest

that a novel semiconductor-excitonic insulator (Bose condensate)-semimetal transition should be observable in this
system.

2. DIFFUSION MONTE CARLQ TECHNIQUE

The diffusion quanturm Monte Carlo (DQMC) approach employed in tlns work is very sirilar to that of Reynolds
et al.{4]. It starts with the Schrédinger equation in imaginary time, r = q,

BYRT) = DVIY(R,7) - (V - Eo)¥(R,7) (1)
~-H¥(R, 1)

Il
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where H=T+ (V- Ey) and D = -2%
By choosing a probability density function f(R&, 7} = S(RIU(E, 7), , where ®(R) is a trail wave function, we have

SR = DER)VPU(R, 1) + BEod(R)¥(R, ) - Ve(R)¥(R,r) @

= D®(R)V*¥(R, 1) — DV?*&(R)¥(R, 7) + (Fo — EL)2(R)¥(R,T)
Here Ey, = @‘I(E)Hé(fi) is the local energy. Determining F(R) = 2VIn &(R) as a drifting velocity imposed on the
diffusion, one can get

DV*f(R,t) - DV - [fF(R)] = D[-¥(R,7)V ®(R) + #(R)V?¥(R, 7)) (3

Combining eqs.(2) and (3), therefore, we convert the imaginary-time Schrodinger equation(1) of ¥(R,7) into a
diffusion equation of f: 5

5 = DV = V- [FF(B) + [Eo ~ Bi(B)f (4)

This equation resembles a diffusion plus a branching process, but now there iz a drift veloacity imposed on the diffusion,
The singularities in the branching factor are now almost gone, since Ej (unlike V) is almost a constant. In fact, as
% — ¥, Er approaches a constant. Furthermore, the drift term now guides the walk preferentially into the region
where the wave function is large.

In equation(4),¥(R, ) will approach the true ground-state wave function as long as ®(R) is not orthogonal to
the exact ground state of H, and the time-dependent expectation value

- (MBHN(R, 7)) _ [dRf(R,7)EL(R)

B (B(R)¥(R, 7)) ~ [dRf(R,T)

(5)

will become the exact ground-state energy Eg as 7 — oo, In general, the statistical error of the Monte Carlo data is
given by the total simulation time. The time step interval is chosen so that the error introduced will be within the
statistical error of the data.

In type-II In;_;GaxAs/GaSb;_,Asy, quantum wells shown in Fig.2, the exciton is formed by photoexciting
electron-hole pairs, where the zero point of the energy is at the bottom (top) of the quantum well for the electron
(hole). In the presence of an applied magnetic field along the growth direction, the Hamiltonian of an electron-hole
pair can be written as

H(7,,Th) = H(7) + H(7a) + V(Fer) + Ue(2.) + Up(2a) (6)
Where 7, and 7}, are the electron and hole position, respectively. The kinetic and magnetic energies are
H(7,) = ——[~ihV, = SAP, o= {e,h} (7
o zma -4 c L ¥
where )
A, = 3B %7 (8)
The Coulomb energy is
2
. e
V(Fen) = (9)

" dreoe|te — Th|
where ¢ = ,/£1¢; is the average static dielectric constant of the two materials. The quantum well potential for the
electron and the hole are respectively written as

U(Z) = V.0 2| - nd - 22, (10)
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and d I
Ua(Zn) = VaO(|Zn - 5|~ nd — T") T

Here 8(z) iz the step function (B(z) = L for z > 0; B(2) = 0 for ¢ < 1), and V. (V},) is the magnitude of the
conduction(valence) band discontinuy.

A better trail wave function will make the simulations converge faster. The trail state used in this work takes the
form

&(7e, ) = F(Fen)g(7en) [] Qzo)w(po) (12)

e=eh

wheref(r) = exp[—ar/(1+br)], g(r) = expl~a'r?/(1 + b'r)],w(po) = exp[~pope®/(1 + Arpo)], and po? = 22, + 37,
The quantum confinement functions are written as

_ cos[k,(za- - ndl_Ll)] z,in well
Qzr) = { exp[—k olza - nd]—'-[| Zgin barrier (13)

The parameter &, and k(i = {e,h}) can be obtained by the solution of the standard secular equation:

—1

cos(gd) = cos(k, L.) cosh(k:,L;.) i sin(ksL.) sinh(k;.L;.), (14)

£
2
where &€ = komyy/ Iy oMy Here we adopt the commonly used boundary conditions that Q and @’ /mW(B) are

continuous at the interface. my;, and m} are eﬁ'ectwe masses in the well and the barrier, respectively. a is determined

by the cusp condition. The other parameters b, @', and b in Eq.(12) are optimized by the variational Monte Carelo
simulation first before ®{7.,7n} is used as a guide for the diffusion quantum Monte Carlo calculation.

Using equation (12), the drifting velocities in our problem are

B =20 —[o(r)(se — 71) + ev(e)ali
——[‘U(f‘)(ye yh) + Ju'euc(Pc)ye]J (15)
~[v(r)(z = ) + gt 2EEdR},

and . -
Fu(®) =2{ [v(r)(z. —zs) — prunlpn)zali _
—[o(r)(ve — ¥n) — aun(on)unls (16)
~fo(r)(ze — 2n) + gty 23R},
where
_ a a{br+2)
"= e Y Ay {17)
and 24 Asp
ua(Pa) = m (18)

3. EXCITONS IN QWs WITH MAGNETIC FIELD

It is understood that the exciton binding energy in quantum well structures depends strongly on the strength of
the applied magnetic field. In order to give a detailed study, six typical In;_,Ga,As/GaSb;_yAs, quantum wells
with various compositions (z,y): (0.00, 0.00)=A, (0.16, 0.15)=B, (0.25, 0.23)=C, {0.40. 0.35)=D, (0.55, (.45)=E,
and (0.62, 0.64)=F are used. The material parameters adopted in this work are taken from Ref.5. For example,
Fig.1 shows the results as the composition (z, y)=(0.16,0.15) and the quantum well width L=9CA. In this work, the
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confinement of holes are taken into account by using a realistic potential well with a finite depth. The resulting
enlarged overlap of the wave functions of two particles increases the binding energy. Our calculations show clearly
that Ep increases monotfonically with the increasing of the magnetic field. We also got the binding energies with-
out magnetic field. At I = 304, the calculated binding energies are 2.61 meV for InAs/GaSbh and 2.98 meV for
Ing 45Gag.55As/GaSbg s5Asg 45 - Our binding energy in InAs/GaSb is smaller than the two-dimensional limiting
value{~5meV}, but is about 3 times larger than the 0.9 meV given by Bastard et al[6]. Based on the cyclotron
resonance (CR)-X separation in a hydrogen-like model, an experimental estimation of the binding energy is about 4
meV[7).

The In, ,GayAs/GaSb;_yAs, system undergoes a transition from semiconductor state to semimetal state at
(z,y) < 0.25[8], wheretheconductionbandedgeofIn,_,Ga, As is lower than the valence band edge of GaSb,_,As,
due to size quantization effect. If the well width is less than or comparable to the effective Bohr radius of the exciton,
the reduction in the binding energy of excitons caused by the separation is not very large. With an appropriate
choice of materials, it should be possible to make |Eg] less than the exciton binding energy Eg, so that one can
observe the novel transitions among the semiconductor state, the excitonic insulator state with Bose condensate, and
the semimetal state in the system.

The band gap energy Eg can be written as
Eg=AE +¢2 +¢} (19)

where AF is defined as the energy difference between the bottom of the conduction band for In;_,Ga, As and the
top of the valence band for GaSby_yAsy. €] and ¢} are the ground subband energies of electron and hole in the
quantum wells respectively. Taking inte account the exciton binding energy, the criterion for the phase transition

can be written as

|Eg|— Eg < 0, excitonic phase, 20
>0, sericonductor phase, (

In Fig.2 we give the phase diagram of a In;_xGayAs/GaSb;_yAs, quantum well with (z,y) = (0.16,0.15) as a

function of L and v. Here v = 2"::% aad B is the applied magnetic field. It is clear that with an appropriate choice
¥

of materials one can observe a novel transition between the semiconductor state and the exciton state with Bose
condensate in the present systemn..

In summary, we have presented the quantum Monte Carlo simulation results of the binding energy of the ground-
state exciton in type-II In;_yGarxAs/GaSb,_;As, quantum wells under the applied magnetic field. For a wide range
of composition (0,0) < (z,y) < (0.62,0.64) and well width 254< L < 2004, we have studied the possibility of
the novel semiconductor-excitonic insulator (Bose condensate)-semimetal transition in the system. The accurately
calculated exciton ground state energies provide a reliable evaluaticn for a new type of excitonic matter, which is not
only of fundamental interest but also imnportant for practical device applications,
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FIG.1 The exction binding energy (Eg) versus the magnetic field v with compositions

{#,)=(0.16,0.15) and quantum well width L=90A, where v = heB/(2ucR",) and B is the
applied magnetic field.
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FIG.2 Phase diagram L — v of a type-II In; _ ,Ga,As/GaSbl_,As, quantum well structure
with (z,y) = (0.16,0.15), where v = heB/(2ucR,) and B is the applied magnetic field.
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