PHYSICAL REVIEW B

VOLUME 33, NUMBER 12

15 JUNE 1986

Subbands and excitons in a quantum well in an electric field
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The effects of an electric field on the subbands and excitons in a quantum well are discussed with
the use of an infinite-potential-barrier model. It is shown that for increasing electric fields the ener-
gy of the lowest subband state becomes lower, while that of higher subband states becomes slightly
higher initially and then decreases. This behavior of the subbands affects excitonic properties for
which a model variational calculation of the energy and the oscillator strength is performed. It is
found that (1) the exciton energy shift depends strongly on the electron and hole subbands with
which the excitons are associated and that (2) for large electric fields, oscillator strengths for usually
forbidden excitons with different electron and hole subband indices become similar in magnitude to
those for allowed excitons. These results agree well with the main features of optical absorption ex-

periments.

I. INTRODUCTION

The effects of electric fields on the optical properties of
quantum well (QW) are attracting much attention.!~!! In
the optical properties of QW systems, excitons yield
strong peaks in the spectra and play an important role.
For absorption spectra in electric fields, we find that (1)
exciton resonance remains resolved even for very high
fields (~50 times the classical ionization field),2 (2) the
forbidden transition in zero field can be observed with
large electric fields*® and (3) the exciton energy shift is
very different between the lowest subband excitons and
higher subband excitons.>® In luminescence spectra, a
lifetime enhancement for excitons is observed for larger
electric fields,”!® although some experiments show a de-
crease.5!!

As yet, discussion has been focused mainly on the
lowest subband excitons. In the present work we pay at-
tention to exciton states with higher subbands and per-
form a model variational calculation, based on the
infinite-potential-barrier model (IPBM), in order to dis-
cuss the main features of experimental results for excitons
with various electron and hole subband indices. In the
following, we discuss subband states in the presence of an
electric field and then calculate and discuss excitonic
properties.

II. SUBBAND STATES IN AN INFINITE
QUANTUM WELL IN AN ELECTRIC FIELD

We consider a particle, with charge e (>0) and mass
m,, in a quantum well under an electric field F. The field
F is applied in the z direction, i.e., perpendicular to the
material layers. The Schrodinger equation of the system
is given by

H,(z)=(H,g—eFz){Y(z)=Ey(z) , (1)
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where the Hamiltonian without an electric field, H,, is
written as

Pl
H,,= R‘ 4+ Veont(2) . (2)
Here z and p, are the z components of the position and
the momentum of the particle, respectively. For the
IPBM the confinement potential V. (z) is zero for
|z| <L /2 and infinite for |z | >L /2, where L is the
well width. The Hamiltonian H,, has an eigenenergy
E{O=(m#il)*/(2m_L?) and the corresponding wave func-
tion ¥{°z)=V2/L cos(wlz /L —a,), where I (=1,2,...)
is a subband index and a;=0 (7/2) for odd (even) values
of L
We look for the solution of Eq. (1) in a similar way as
in Ref. 2 with the use of the Airy functions Ai(x) and
Bi(x). Introducing the new variable

1/3
S L 3)
(e#iF)? ’
Eq. (1) for |z | <L /2 is converted to the new equation,
2~ —~
dd \Z) _z§z)=0. @)

Then, the wave function of the I/th solution of Eq. (1) is
written as

W(2)=9(Z)) =cyAl(Z)) +¢Bi(Z)) , (5)

where Z; is given by the right-hand side of Eq. (3) with
E =E,, which is the Ith eigenenergy. The boundary con-
dition ¢¥;(—L /2)=v;(L/2)=0 determines the coeffi-
cients ¢; of the wave function ¥;(z) and the eigenenergy
E;: the energy E; is the Ith solution of the following
equation:

S(E)=Ai(Z;")Bi(Z;)—Ai(Z;)Bi(ZT)=0, (6)
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where Z;* (Z;") is given by the right-hand side of Eq. (3)
with E=E; and z=L/2 (—L/2). It should be noted
that, as shown in Ref. 2, using the normalized energy
E,=E;/E\® and the normalized field strength F
=eFL /E; ‘0’ allows Eq. (6) to be expressed by only two
quantltl&s, E, and F through the equation Zi

—(mw/F)3E;+F/2). This means that the solution of
Eq (6) is universal and can be used for both electrons and
holes with the replacement of E\”
values.

We have solved Eq. (6) numerically. The results ob-
tained for the energies of the first three states / =1—3 are
plotted in Fig. 1. It is readily seen that the shift of the
subband energy due to electric fields is very different be-
tween the lowest / =1 state and the higher / =2 or 3 state.
For increasing electric fields, the / =1 state shows a large
negative energy shift, while higher />2 states have a
small positive shift for smaller electric fields and a nega-
tive shift for very large electric fields. This very different
behavior of the energy shift between the lowest state and
higher states reflects the change in the wave function
under electric fields. In Fig. 2 we have plotted the wave
function of the first three states for three different electric
fields (F=0, 20, and 50). We see in Fig. 2 that for
stronger electric fields the wave function of the lowest
1 =1 state has a larger amplitude in the positive region of
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FIG. 1. Normalized subband energy E;=E;/E\” for I =1, 2,
and 3 versus normalized electric field F=eFL /E{®. The solid
and dashed lines show the exact and second-order energy shifts,
respectively.
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FIG. 2. Amplitude of the normalized subband wave function
| #y(2)| % for I =1, 2, and 3 versus the normalized position z /L.
The normalized electric field is taken to be =0, 20, and 50.

z, reflecting the attractive force in the z direction. On the
other hand, although for higher subband states the wave
functions move to the z direction as a whole, they still
have a large amplitude in the z <0 region even for large F
such as F~20. This yields a positive energy shift for
1> 2 states.

In Fig. 1 we have also plotted the subband ener Y,
which is obtained from the second-order energy shift,'>!

2 221 4
AEI(2)= 2 |<¢'m|0er':/)/l)| — Im,e F°L
m (3D EI( )—-E,(,,) ﬁz
_Clﬂ; ZE(O) N

where C;=(127"—15)/(241*7*). It should be noted that
C, is negative, while C;’s for I >2 are positive (numeri-
cally C;~—2.1945Xx1073, C,~6.5441Xx10"*% and
C3~3.8987X10~%). As seen in Fig. 1 the second-order
energy shift can describe the exact energy shift for smaller
F rather well. In passing we note that the variational
method of Bastard et al.,'! which uses the simple varia-
tional wave function @ «cos(wz/L)exp(—pBz/L), yields
the similar result as the exact one for the / =1 subband
energy as shown in Ref. 2.14

III. EXCITONS IN A QUANTUM WELL
IN AN ELECTRIC FIELD

Now we discuss excitons in the presence of an electric
field. If we treat the degenerate valence bands as ellip-
soidal heavy- and light-hole bands,'® the Hamiltonian of
the system is written as
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Here H,, (H},) is given by H, of Eq. (1) with the replace-
ment of mass m, and charge e by electron mass m, (hole
mass my,) and charge —e (e). The third and fourth
terms of the right-hand side of Eq. (8) represent, respec-
tively, the kinetic operators of the center of mass motion
(mass M =m,+m,) and the relative motion [mass

p=(m.'+m;")~!] of an exciton in the x-y plane, being
parallel to the material layers. For the heavy-hole (hh) ex-
citon the hole mass m,, in the x-y plane and my, in the z
direction are given by m,=(y,+¥,)"'m, and
my, =(y1—2y,)"'my, respectively. Here v:’s are Lut-
tinger parameters'® and my, is the free electron mass. The
electron-hole Coulomb interaction is described by the last
term of Eq. (8), where r=(x,,z) is the electron-hole rela-
tive distance and € is the dielectric constant of the medi-
um.

We use a variational method to calculate exciton
states.>*1517.18 The following variational wave function
is chosen for the 1ls-type state, associated with the /,th
electron and /;th hole subbands,

¢=N1,1/J[¢(Z, )1/)1’.(2;, )¢1,(1‘) . 9)

H=H,+Hy+

(8)

Here we have dropped the center-of-mass motion in the
x-y plane. The normalized factor is denoted by N,.
¥, (ze )[z/;,h(z,, )] is the normalized I th electron (I,th hole)

subband wave function which can be obtained from the
procedure in Sec. II. ¢,(r) is given by

¢ls(r)=exp["[a%s(x2+y2)+ﬁ%s22]]/2} ’ (10)

where a;; and B, are variational parameters. Then, as
the energy of an exciton is given by
U,h) )
E "= min (®|H|P), (11)

(als'ﬁls

the energy shift of an exciton due to the electric field is
calculated from

,1,) (,,1,) Uy, 1)

AE " =E " —(E\f'* )roo (12)
and the binding energy is obtained from
Ev <% =Ef® LEM—E\"Y (13)

where E}:)(E}:)) is the /,th electron (l,th hole) subband
energy. Also the oscillator strength per unit volume is
given by® 18
A
fre'™ =By | $1,(0) | AN, /LF(0) (14)

where By =2|M_, |%/mofio. Here M, is the optical
transition matrix element between the conduction and
valence bands and fiw is the photon energy. The
electron-hole overlap function F(0) is given by

L2 2
FO=| [ dzg 2, . (1s)

Here we discuss rough criteria on the validity of the
present IPBM calculation. We consider an electron (a

hole) with the finite potential barrier V2 (V7). The effect
of the finite potential is important, unless the most of the
amplitude of an electron (a hole) is inside the well. This
yields the condition for the IPBM; for electron
(m#il,)2/2m,L? < V2—eFL /2, which can be rewritten as

L.=l,mag[uR, /me(VO eFL/2)]'*<L. Here ap
(=€t /pe?) and R, (=pe*/2€*#*) denote the Bohr ra-
dius and Rydberg energy of an exciton, respectively.
Similar consideration for the hole yields the condition
Ly=lymag[pR,/my,(Vy—eFL/2)]'Y*<L. Also we
have assumed that the electron and hole subband indices
are good quantum numbers for excitons. This is valid
when @, <(w*#/2uLd)[1*—(1—1)?] for 1=1I,=1I,>2,
which can be rewritten as L <mV2l —1ag.'® These are
rough criteria for the validity of the IPBM. In passing we
remark that the IPBM may simulate the finite potential
barrier model (FPBM), to a certain degree, by adjusting
the well width. Miller et al.? found that by the use of the
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FIG. 3. (a) Energy shift AE ,‘ h? and (b) binding energy
E‘,’,(" n’ of excitons, associated with the I, th electron and /;th
hole subbands versus the electric field F.
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effective well width L., which is adjusted to yield
correct zero-field energies, good results for energy shifts
for the lowest subband exciton under electric fields can be
obtained. We have performed a numerical calculation for
the hh exciton in GaAs with the well width L =120 A.
Physical parameters are m,/my=0.067, y,=7.65,
Y2=2.41(my /mq=0.099,  my,/my=0.353),"  and
€=12.9. Calculated results for excitons with
(L,1;)=(1,1), (1,2), (2,1), and (2,2) are shown in Figs. 3
and 4.

Now we discuss the results in Figs. 3 and 4 with experi-
mental results. It should be noted that our comparison
with the experiments is in a qualitative or semiquantita-
tive nature because the finite potential barrier may affect
the result in the experiments done so far. Figure 3(a)

represents energy shifts of a 1s exciton AE,S'* due to
electric fields. The figure clearly shows the strong sub-
band dependence of energy shifts. As seen in Egs. (12)
and (13), energy shifts of excitons arise from energy shlfts

1
of the electron and hole subbands, AE,( ¢ and AE,, ), in

T T L) L) B

bs

= 4r (a)
o

2
Q

o
=
L4

o
o
I

K

0

S
w

0.4} -

0.2 (1,2),(2,1)
il I '
(o] 2 4 6
F (10% v/cm)
. . )
FIG. 4. (a) Oscillator strength of excitons f,f* and (b)

electron-hole overlap function F(0) versus the electric field F.
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addition to the change of the binding energy. The binding

energy E fs el is shown in Fig. 3(b). We can see that,
while the change in the binding energy also depends on
the subbands, it is not large in the present region of F.
Thus, the energy shift of excitons in Fig. 3(a) mainly
comes from shifts of the electron and hole subband ener-

gies. Looking at detailed values of AE,( i (i =e or h) for
the present hh exciton, we find the following points. The
shift for the first subband AE/" is negative, while that of
the second subband AE{? is positive and is small com-
pared to | AE{" |, as expected from the result in Sec. II
The magnitude of the shift for the hole | AES” | is much
larger than that for the electron | AE!”| because of the
larger hole mass my, =0.353m, compared to the electron
mass m,=0.067m,. The above points explain how the
subband dependence of the energy shift arises in Fig. 3(a).
In the experiments of the optical absorption®® we find the
strong subband dependence of the energy shift. For ex-
ample, from Fig. 1 and Table I in the work of Yamakaka
et al’ for GaAs-Gag ¢6Alg 14As with L = 105 A we may

obtain roughly the following values for AE Is ) in meV:
at F=6.5x10* V/cm (1.1X10° V/cm), —7(—20) for
(I,1,)=(1,1), —5(—15) for (2,1), —3(—9) for (1,2), and
0(—5) for (2,2). This result of the strong subband depen-
dence is in a good agreement with the presently calculated
results qualitatively (or semiquantitatively if we consider
L =120 A to be the effective well width L.4). For the
further agreement (especially for higher subband excitons)
the use of the finite potential barrier model (FPBM) seems
to be necessary.

So far we have discussed the hh exciton. We have per-
formed a similar calculation for the light-hole (1h) exciton,
which has mass values my=(y;—¥,) " 'my=0.191m,
and my, =(y,+2y,)"'m;=0.080m,. Energy shifts for
1h excitons are smaller compared to those for hh excitons,
because of the smaller mass m,,, and have a similar sub-
band dependence as for hh excitons in a qualitative agree-
ment with the experiment.’

Under electric fields, an electron and a hole, which con-
stitute an exciton, receive the forces in the opposite direc-
tions. Then, the change in wave functions will appear
directly in the oscillator strength. In Fig. 4(a) we have
shown how the oscillator strength f, varies in the pres-
ence of the electric field. It is seen that for stronger elec-
tric fields the oscillator strength for the usually allowed
exciton with (/,,/,)=(1,1) or (2,2) decreases, while f; for
the usually forbidden exciton with (1,2) or (2,1) increases
and becomes the same order of magnitude as that for the
allowed exciton. As expected from Eq. (14), this behavior
originates from changes in the wave functions of the elec-
tron and hole subband parts and the exciton relative
motion part. The electron-hole overlap function F(0),
which reflects the change in subband wave functions
directly, is shown in Fig. 4(b). We see that f, in Fig. 4(a)
and F(0) in Fig. 4(b) have a similar variation and thus the
main change in f; comes from that in F(0), although the
change of the relative motion wave function is necessary
to obtain the accurate values of f,.

In the experiments of the optical absorption® and the
photocurrent spectroscopy,’ exciton peaks due to the for-
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bidden exciton appear for strong electric fields. Our cal-
culated result of f,, agrees with this appearance.'” Also
the experimental optical absorption spectra® show the de-
crease in the oscillator strength for the lowest (1,1) hh ex-
citon for stronger electric fields in agreement with the
present calculated result: by analyzing the spectra in the
same way as done in the zero electric field case,” we find
that the oscillator strength decreases by about 25% (30%)
for the increase in the electric field from about 8 to 22
(39) kV/cm. We think that for the full quantitative com-
parison, the FPBM should be used.

From the picosecond spectroscopy of the luminescence
spectra some experiments have deduced the lifetime of an
exciton.%”1%11 The lifetime is inversely proportional to
the oscillator strength. Then, the increase in the lifetime
in Refs. 7 and 10 agrees qualitatively with the present cal-
culation, although the decrease is found in Refs. 6 and 10.
Probably, the difference arises from the structure of the
quantum well. For the structure where the finite potential
barrier and multi-QW effects (such as the tunneling
through the barrier) are not so important, the increase
should be observed.

IV. SUMMARY

We have considered electric field effects on subbands
and excitons, in paying attention to their subband depen-

dence. Using the infinite potential barrier model, we have
found that there is a strong subband dependence of the en-
ergy and the oscillator strength in the presence of the elec-
tric field. The calculated behavior agrees well with the
experiment qualitatively (or semiquantitatively). In order
to explain quantitatively excitonic properties with various
electron and hole subbands in the experiments done so far,
the finite spotential barrier effect not only in a single quan-
tum well’ but also in a multi-quantum well need to be
studied fully. This is because the present model calcula-
tion is suitable to the case where both electron and hole
are confined nearly perfectly even under electric fields.
Also for the full calculation, effects of the hh and lh mix-
ing?! should be taken into account, although in the present
perpendicular electric field case the hole mass in z direc-
tion my, essentially determines electric field effects.
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