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Refractive Index Modulation Based on Excitonic
Effects in GalnAs—InP Coupled
Asymmetric Quantum Wells

Carsten Thirstrup

Abstract—The effect of excitons in GaInAs-InP coupled asym-
metric quantum wells on the refractive index modulation, is
analyzed numerically using a model based on the effective mass
approximation. It is shown that two coupled quantum wells
brought in resonance by an applied electric field will, due to the
reduction in the exciton oscillator strengths, have a modulation of
the refractive index which is more than one order of magnitude
larger than in a similar quantum well structure based on the
quantum confined Stark effect, but with no coupling between
the quantum wells. Calculations show that combining this strong
electrorefractive effect with self-photo-induced modulation in a
biased-pin-diode modulator configuration, results in an optical
nonlinearity with a figure of merit of 20 cm®/J at a wavelength
of 1.55 ym. This value is large compared to optical nonlin-
earities originating from band edge resonance effects in III-V
semiconductor materials.

I. INTRODUCTION

NTERFEROMETRIC devices based on a modulation of

the refractive index are attractive for monolithic integration
with semiconductor lasers [1]. For such devices, it is desirable
to obtain maximum refractive index changes and minimum
absorption losses. In multiple quantum well (MQW) structures,
it has been shown by Zucker et al. [2] that a large refractive
index modulation can be achieved close to the absorption
edge due to the quantum confined Stark effect (QCSE). For
waveguide applications, however, the operating wavelength
needs to be sufficiently below the absorption edge where the
change in the refractive index has decreased significantly.
Carrier effects do not suffer from the same limitations, and
larger refractive index modulation at similar absorption losses
have been obtained due to the bandfilling effect in a barrier,
reservoir, and quantum well electron transfer device [1], [3].
On the other hand, it has been shown theoretically that for
a three-step asymmetric coupled quantum well structure, the
QCSE yields an enhancement in the refractive index modula-
tion by approximately one order of magnitude, compared to
the case for a conventional MQW structure [4].

Another possibility is to use the effect of excitons in coupled
quantum wells. Fox er al. [5]-[7] has investigated this effect in
GaAs-GaAlAs symmetric quantum wells (QW’s), each with
two confined states per QW, the coupling being between the
ground state in one QW, and the first excited state in the
neighboring QW. This paper focuses, theoretically, on the
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effect of excitons in GalnAs-InP asymmetric QW’s on the
refractive index modulation, where the coupling is between
the two ground states in two neighboring QW’s. A numerical
model, which takes account of the effect of the Coulomb
mixing of the excitons shows that in a structure comprising
a coupled QW-structure involving a 30-A and a 40-A GalnAs
QW, separated by a 50-A InP barrier, the electric field induced
refractive index change is more than one order of magnitude
larger than in a structure comprising the same QW'’s, but with
no coupling between the QW’s. The QW’s are narrow resulting
in a negligible QCSE.

Compared to the QCSE, the change in refractive index
due to excitons in GalnAs-InP coupled asymmetric QW'’s
is qualitatively different. Below the absorption edge where
the optical losses are low, the refractive index change An
decreases with increasing electric field until the electron wave-
functions from the two QW'’s are in resonance, whereupon An
increases again and approaches zero at large electric fields (>
70 kV/cm).

The large electrorefractive effect can appropriately be uti-
lized in devices based on nipi-structures [8] or biased-pin-
diode structures, where photogenerated carriers induce a mod-
ulation of the electric fields across the i-regions comprising
the QW’s. From this self-photo-induced refractive index mod-
ulation, an optical nonlinearity can be defined, and simple
estimations show that for a biased-pin-diode configuration, the
figure of merit of the nonlinearity is more than one order of
magnitude larger than band edge resonance effects in III-V
semiconductor materials. The mechanism is similar to that
in a self electrooptic effect device [9], which is based on a
nonlinear modulation of the absorption coefficient rather than
a modulation of the refractive index. There is no feedback as
in the SEED, however.

This paper is organized as follows: Section II outlines
under which conditions large refractive index changes can be
achieved below the absorption edge. A qualitative description
of the physical effect of excitons in coupled asymmetric
quantum wells is presented in Section III, and in Section
IV, a model of the effect is described. In Section V, nu-
merical results of the refractive index modulation due to
excitons in GalnAs-InP coupled QW’s are shown, and an
analysis of the optical nonlinearity based on the proposed
structure and self-photo-induced modulation is presented in
Section VI. Finally, in Section VI, the results of the paper are
concluded.

0018-9197/95%04.00 © 1995 IEEE
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(a)
Fig. 1.

(b)

Effect of Kramers—Kronig transform on three simple cases of change in the absorption coefficient. The top of the figure shows the absorption

©)

coefficient in the case of no excitation (solid curve) and with excitation (dashed curve) of the material; the arrows indicating the direction of the change.
The bottom of the figure shows the corresponding change in the refractive index. In (a) the absorption edge is displaced from wavelength A2 to A3
(Type 1 effect); in (b) the absorption is reduced from «; to @2 in the wavelength regime from A; to Ao (Type II effect); and in (c) the two effects

from (a) and (b) occur at the same time (Type III effect).

II. REFRACTIVE INDEX MODULATION

The relationship between change in absorption Aa and
change in refractive index An is given by the Kramers—Kronig
relation (e.g., [10])

/\2

= omt

Aa(X)

oz W

An()) o

where ) is the wavelength of light and P denotes the principle
value of the integral.

Fig. 1 illustrates the effect of the Kramers—Kronig transform
on three simple cases of change in the absorption coefficient
of materials with particular characteristics. The top of Fig. 1
shows the absorption coefficient in the case of no excitation of
the material (solid curve) and in the case of excitation of the
material (dashed curve). The arrows indicate the direction of
the change. The bottom of Fig. 1 shows the corresponding
changes in the refractive index An when the material is
excited. In the case shown in Fig. 1(a), the absorption edge
is displaced from a wavelength ), to a longer wavelength A3
(Type I effect); in Fig. 1(b), the absorption is reduced from
aj 10 oy in the wavelength regime from A; to A, near the
absorption edge (Type II effect); and in Fig. 1(c), the two
effects from Fig. 1(a) and (b) occur at the same time (Type
III effect).

In an optical phase modulator based on a waveguide con-
figuration, it is desirable to obtain maximum change in the
refractive index with minimum absorption losses. The oper-
ating wavelength should, therefore, be larger than A > A3
in Fig. 1. For the cases shown in Fig. 1, simple analytical
expressions for An can be obtained and for wavelengths
A > A3, the results are

Type I:
A (A+A3)(A=Ay)
Ang(A) = mal In {m} )
Type II:
Y A+ A)(A=A
Am() = e - { G o
Type III:

Anpr(A) = Ang(A) + Angr(A). (20)

It is noted from (2) and Fig. 1, that a Type I effect yields a
positive change in the refractive index below the absorption
edge, and a Type II effect yields a negative change. The Type
III effect is a sum of these two effects and, depending on
whether the shift in the absorption edge or the reduction in
the absorption dominates, the effect can be either positive,
negative, or zero. Close to the absorption edge (A = Az) Type 1
and Type II effects have the same sign, and the refractive index
modulation is enlarged for a Type III effect. In a waveguide
configuration, however, the operating wavelength A > A3,
implying that An;(A) and Angi(A) have opposite signs and
tend to cancel each other (see (2) and Fig. 1(c)).

The QCSE involves a combined shift in the absorption edge
and a decrease in the oscillator strengths near the absorption
edge, so this effect has the features of Type III. The bandfilling
effect has the features of Type II and has proven to yield a
stronger electrorefractive effect than the QCSE [3]. As it will
be shown in the following, a Type II effect can also be obtained
by utilizing the effect of reducing the exciton binding energies
in narrow GalnAs-InP coupled asymmetric quantum wells,
where the QCSE is negligible.
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Fig. 2. Schematics of the energy bands of a coupled quantum well structure
with a 30-A GalnAs quantum well (QW2), and a 40-A GalnAs quantum well
(QW1) separated by a S0-A InP barrier in the case of an applied electric field of
(a) F = 0kV/cm, (b) F = 35kV/cm, and (¢) F = 70 kV/cm. The position of
the first electron energy subbands E1, E2 and the first heavy hole subbands
HHI, HH2 are indicated with bold solid lines. The corresponding electron
and hole wavefunctions are plotted with solid curves for the states confined
to QW1 at zero electric field and dashed curves for the states confined to
QW2 at zero electric field.

III. EXCITONS IN GalnAs-InP COUPLED
ASYMMETRIC QUANTUM WELLS

Fig. 2 shows schematically the energy bands of a 30-A
GalnAs QW and a 40-A GalnAs QW separated by a 50-A
InP barrier in the case of an applied electric field of (a) /' = 0
kV/em, (b) F = 35 kV/cm, and (c) F = 70 kV/cm. The two
QW’s can resonantly couple to each other. At zero electric
field, the configuration allows two electron subband states
(electron subband E1 for the 40-A quantum well indicated
QW1, and electron subband E2 for the 30-A quantum well
indicated QW2), 8 heavy hole subband states, and 3 light hole
subband states (the first two heavy hole subband states are
indicated HH1 for QW1 and HH2 for QW2). The position
of the lowest subband energy levels are marked with bold
solid lines in each QW, and the corresponding electron and
heavy hole wavefunctions are plotted with solid curves for
the states confined to QW1 at zero electric field, and dashed
curves for the states confined to QW2 at zero electric field.
The Coulomb interactions have been ignored in the calculation
of these wavefunctions. For a barrier of 50 A, this is a
good approxmation, since the magnitudes of the electron
wavefunctions in Fig. 2 are altered less than 4%, even at
resonance when the Coulomb interaction is included. For wider
barriers, the Coulomb interaction increases and the analysis in
the following sections will include this effect.

It is noted that the electron wavefunctions are modified
substantially when the electric field is increased from 0 to
70 kV/cm, and there is a strong coupling between the elec-
tron states in the two QW’s. The heavy hole wavefunctions
experience no noticeable change due to a much stronger
confinement, and the coupling between the heavy holes states
is negligible. At F' = 0, electron state £2 is confined to QW2
and electron state F1 is confined to QW1. At F' = 35 kV/cm,
the electron subbands of the two QW’s are in resonance and
the wavefunctions are approximately equally distributed in

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 31, NO. 6, JUNE 1995

both QW’s. When F is increased to F© = 70 kV/cm, the
subband energies from the two QW’s are now largely separated
and E'1 is confined to QW2 and F?2 is confined to QW1. The
interchange of the electron wavefunctions between the two
QW’s involves an anticrossing [5], [6] of the energy levels,
i.e., a minimum level separation of E'1 and E2.

The coupling has an appreciable effect on the excitons. In
Fig. 2(a) where F' = 0, the binding energies for the direct
excitons corresponding to bound electron-hole pairs of HH2-
E2 and HH1-FE1 are strong, due to a large overlap between the
wavefunctions. The corresponding exciton oscillator strengths
are, therefore, large. The binding energies for the indirect
excitons corresponding to bound electron-hole pairs of HH1-
E2 and HH2-F1 are small because the overlaps between
the wavefunctions belonging to these excitons are small (see
Fig. 2(a)). The corresponding exciton oscillator strengths are,
therefore, also small. When the electric field is increased to
resonance F' = 35 kV/cm (see Fig. 2(b), the binding energies
and oscillator strengths for the direct excitons are reduced,
due to a delocalization of the electron wavefunctions. In
Fig. 2(c) the electric field is further increased to F' = 70
kV/cm and the electron wavefunctions are localized again,
but in the opposite QW’s compared to Fig. 2(a). Now the
binding energies and oscillator strengths for the HH1-E2
exciton and the HH2-E'1 exciton are strong (large overlap
between the wavefunctions) and the binding energies and
oscillator strengths for the HH1-E1 exciton and HH2-E2
exciton are weak (small overlap between the wavefunctions).
The physical mechanism is thus a reduction in the exciton
binding energies and oscillator strengths by resonant coupling
between two quantum wells. The reduction in the exciton
oscillator strengths causes a similar reduction in the absorption
coefficient near the absorption edge. The detailed change in the
absorption can be calculated using a computer model, which
is described in the following section.

IV. MODELING OF EXCITONS IN COUPLED
ASYMMETRIC QUANTUM WELLS

A. The Method

A variational model of excitons in coupled symmetric
QW’s has been reported by Fox et al. [S]-[7]. A similar
procedure will be used here for asymmetric QW’s, and only
a brief description of the model based on the effective mass
approximation will, therefore, be presented. With the Coulomb
interaction set to zero, the electron and hole envelope wave-
functions in the coupled QW’s can be determined using a
tunnel resonance method [11]. The following trial exciton
envelope wavefunction can be used for an exciton formed
between an ith electron state and a jth hole state

\I/Sar)(p, Zey2h) = d)u(ze)fhj(zh)wﬁ@)

2
¢ei(ze) = Z Cinfen(ze)
n=1

(3a)

(3b)

where z.(z) is the position of the electron (hole) in the
direction perpendicular to the QW’s, p is the inplane (zry)
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electron-hole separation, p = /22 + y?; fn(z.), and fr;(2s)
are the electron and hole envelope functions assuming no
Coulomb interaction; ¢.;(2.) is the modified electron wave-
function due to the Coulomb interaction and c;, are the
variable coupling coefficients. The holes are strongly localized
due to a larger effective mass and a larger band offset; the
coupling between them is small and will be neglected. The
coupling between the hole subbands in each individual QW is
also neglected here.

¥12(p) is a 1s like two-dimensional trial wavefunction [11]

- 9\ /2 | —p
l] —_ s
is(e) = (W) Ny P (f\ij) @

where );; is a parameter to be determined variationally.

The exciton binding energy for each exciton formed between
an ith electron subband and a jth hole subband is determined
by finding the lowest eigenvalue of the exciton Hamiltonian H

Ewinai = (0™ 1H15™). ®)
This is performed first for ¢ = 1 by varying the variational
parameter A;; and the coupling coefficient ¢y cjo being
determined by requiring that the wavefunction is normalized.
The two other coupling coefficients related to ¢ = 2, c9;,and
co2 are determined by requiring normalization and that the two
electron wavefunctions (c1 fe1 +c12fe2) and (ca1 fe1+coo fe2)
are orthogonal. Now, with the coupling coefficients given, the
exciton binding energy for ¢ = 2 is determined by varying
the parameter A,;. This procedure is carried out for each j
corresponding to the heavy hole and light hole subband states.
The exciton binding energies £, ;; are then given by
E.ij = E; + Ej — Eninij,

E;, and E; being the electron and hole energies corresponding
to the wavefunctions ¢.;(z.) and f,;(z5), respectively.

The absorption coefficient for the discrete exciton states is
calculated using [12]

Qex (hw)

/dZ¢F1 ze fh](zh)

- Ey) (6)

4m2e?
- nomochw L1 + LQ) Z 7r/\2
x |(j1€ - pli)[?6 (hw — Emim‘,j

where ng is the refractive index, my is the free electron mass,
c is the velocity of light in vacuum, Aw is the photon energy,
and L and L, are the quantum well widths of QW1 and QW2,
respectively, (j|¢ - p|z) is the optical matrix element between
the rapid varying Bloch functions, E, is the energy gap of the
bulk semiconductor, and §(hw — Enini,; — E4) is the delta
function. The nonvanishing optical matrix elements for the
polarization p,, along the plane of the QW’s [transverse electric
(TE) polarization] and the polarization p, perpendicular to the
plane of the QW’s [transverse magnetic (TM) polarization]
can be determined from symmetry considerations (e.g., [13]).

For the exciton continuum states, the following expression
for two-dimensional excitons is used [14]

47['28277, ema
ac(hw) = %: noméc(L1 + Lo)hw cosh(ra)

X |E'[_7,‘](())|2J,‘j(ﬁw),
Ry
hw — Ez - Ej (7)

where R, is the exciton Rydberg, R, = m, | being the

in-plane effective mass of the exciton, p;; (0) is the optical
matrix element between the 7th subband electron state, and
the jth subband hole state at the center of the first Brioullin
zone

2(0) = (1) [ dei(2) 2 ®
and J;;(hw) is the two dimensional density of states, which
for parabolic bands is giving by

Ti(hw) = 2L glhw — B, — B} ©)
hem
where f[fw — E; — E;] is the unity step function. To take
account of broadening due to phonons, impurity scattering,
electric field inhomogeneities, etc., the delta function in (6) and
the unity step function in (9) can readily be folded by Gaussian
or Lorentzian functions. We use Gaussian functions which
tend to model experimental results better [15] and use the
experimental data of the line widths 'y from [16] (~10 meV
at room temperature). This model has yielded good agreement
to experimental results of absorption spectra of GaAs—GaAlAs

single quantum well structures as a function of the electric
field [17].

B. Results

Using the model described in the previous section, the
electrooptical properties of a GaInAs—InP coupled asymmetric
QW structure can be determined. The material parameters
used in the model are depicted in Table I, and it is assumed
that the light is TE-polarized. The following calculations are
performed on a 30-A GalnAs quantum well (QW1) and a 40-
A GalnAs quantum well (QW2), separated by a 50-A or 70-A
InP barrier. Fig. 3 shows the results of the position of (a) the
four heavy hole exciton transitions with lowest energy, HHj-
E4, and (b) the four light hole exciton transitions with lowest
energy, LHj-E4, where the solid curves are for a 50-A InP
barrier and the dashed curves are for a 70-A InP barrier. The
notation for the electron and hole subbands is the same as in
Fig. 2. The transition wavelength is defined as

A(HHj-E?) = he/(Ewin,ij + Ey)

where Ep,i; is the exciton eigenvalue determined varia-
tionally from (5) and E, is the energy gap of GalnAs. The
HH1-E1 exciton is direct at low electric fields and it is
positioned at the longest transition wavelength. At a resonant
electric field of Fy = 35 kV/cm for the 50-A InP barrier and
Fy = 30 kV/em for the 70-A InP barrier, anticrossing (see
Section III) occurs between the HH1-FE1 excitonic transition,

which is direct below resonance and indirect above resonance,
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Fig. 3. Calculations of the transition wavelength for (a) the four heavy hole
excitons with lowest energy, HHj-E:i and (b) the four light hole excitons
with lowest energy, LHj-E: in a 30-A/40-A GalnAs coupled quantum well
structure with a 50-A InP barrier (solid curves) and a 70-A InP barrier (dashed
curves) as function of electric field. The model used is described in the text
and the notation for the electron subbands Ei and the hole subbands HHj
(LHj) is the same as in Fig. 2.

and the HH1-F2 excitonic transition, which is indirect below
resonance and direct above resonance. This means that below
resonance, the HHI1-FE1 excitonic transition is strong (large
oscillator strength) and dominates the absorption near A ~ 1.42
pm (see Fig. 3(a)), but above resonance the transition becomes
weak. The opposite is the case for the HH1-E?2 transition. The
transition is weak below resonance, and above resonance it
dominates the absorption near A ~ 1.42 ym.

Similarly, anticrossing also occurs between the HH2-E2
exciton and the HH2-E'1 exciton. However, this takes place at
a lower resonant electric field of Fy 2 32 kV/cm for the 50-A
InP barrier and F, = 23 kV/cm for the 70-A InP barrier. The
different value of Fy compared to the case of anticrossing
between the HH1-E1 exciton and the HHI1-F2 exciton is
due to the Coulomb interaction between the excitons and the
difference is larger the larger the barrier between the coupled
QW'’s. The difference for the 50-A barrier is ~35 kV/cm — 32
kV/cm = 3 kV/cm, and for the 70-A barrier it is ~ 30 kV/cm

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 31, NO. 6, JUNE 1995

TABLE 1
MATERIAL CONSTANTS USED IN THE MODEL DESCRIBED IN THE TEXT

InpP GalnAs

Band gap Eg [eV]) 1.351 (a) 0.74 (b)
Refractive index n (1.55 um) [1] 3.17 (c) 3.65 (Q)
Electron effective mass m [me] 0.077 (e) 0.041 (e}
Heavy hole effective mass m_ = [(m ] 0.56 (f) 0.50 (f)
Light hole effective mass mm[mo] 0.12 (f) 0.051 (f)
Dielectric constant €, [:0] *) 12.4 (£} 13.8 (f)
Band offset 0./0Q, %) 40/60 (g}
Optical matrix element

2/m | <3lp 11> *lev) 23.8 ('t

*) dielectric constant at zero frequency.
t) linear interpolation of GaAs and InAs
{(a) Semiconductors, Ed. O. Madelung, M. Schultz,
Landolt-Bernstein, New Series, Group 3, vol.

Berlin, 1982).

and K. Weiss,

179 (Springer-Verlag,

(b) D.K. Gaskill, N. Bottka, L. Aina, and M. Mattingly, Appl.
Phys. Lett., 56, p.1269 (1990).

(c) B. Broberg, and S. Lindgren, J. Appl. Phys., 55, p.3376
(1984) .

(d) H. Burkbhard, H.W. Dinges, and E. Kuphal, J. Appl. Phys., 53,
p.655 (1982).

(e) M.B. Panish, H. Temkin, R.A. Hamm, and S.N.G. Chu, Appl. Phys.

Lett., 49, p-164 (1986).

(f) "GaInAsP Alloy Semiconductors," Ed. T.P.
& Sons, 1982).

(g) B.I. Miller, E.F. Schubert, U. Koren, A. Ourmazd, A.H.
and J. Capik. Appl. Physt Lett., 49, p.1384 (1986).

(h) P. B, 19, p.3460 (1971).

Pearsall (John Wiley
Dayem

Lawaetz, Phys. Rev.

— 23 kV/cm = 7 kV/cm. When the Coulomb interaction is
neglected, the anticrossing occurs at the same electric field
Fy for all excitons, and the value of Iy lies in between the
two different resonant electric fields in Fig. 3. The light hole
excitonic transitions (see Fig. 3(b)) exhibit a similar behavior.

The exciton binding energies are shown for Fig. 4(a), the
four heavy hole excitons with lowest energy, and Fig. 4(b), the
four light hole excitons with lowest energy. The solid curves
are for the 50-A barrier and the dashed curves are for the
70-A barrier. The different binding energies are indexed as in
Fig. 3. The excitons HH1-F1 and HH2-F2, which are direct
below resonance, have large binding energies at low electric
fields and small binding energies at large electric fields where
they become indirect. The opposite is the case for the excitons
HH1-E2 and HH2-E'1 which are indirect below resonance and
direct above resonance. It is noted that the transition between
high and low binding energy occurs at lower electric fields for
the 70-A barrier (dashed curves) than for the 50-A barriers
(solid curves), which is due to the fact that the coupling and
therefore, the splitting between the subband energies decreases
with increasing barriers. The transition for the 70-A barrier
is also sharper because the tunneling time from one QW to
the other increases with increasing barriers [18], implying that
the broadening of the energy levels decreases with increasing
barriers.

Using (6) and (7), the calculated absorption spectra for the
30-A/40-A coupled QW’s with a 50-A barrier are depicted
in Fig. 5(a) as function of wavelength for an electric field
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Fig. 4. Calculations of the binding energies for (a) the four heavy hole
excitons with lowest energy, HHj-E: and (b) the four light hole excitons
with lowest energy, LHj-E: in a 30-A/40-A GalnAs coupled quantum well

structure with a 50-A InP barrier (solid curves) and a 70-A InP barrier (dashed
curves) as a function of the electric field.

of F = 0 kV/cm (solid curve), FF = 35 kV/cm (dashed
curve), and F' = 70 kV/cm (dashdotted curve). The positions
of the dominant excitonic transitions are indicated. At F' =
0, the HH1-E1 exciton is direct and the HH1-E2 exciton
is indirect and the exciton peak at A ~1.42 pm is therefore
dominated by the HH1-E1 exciton. At resonance F' = 35
kV/cm, both excitons contribute to the absorption process, but
due to the smaller overlaps between the electron and the hole
wavefunctions at resonance (see Fig. 2), the delocalization of
the excitons results in a reduced absorption near 1.42 pum. At
F = 70 kV/cm, the HH1-E1 exciton is indirect and the peak
at A ~142 pm is now dominated by the HH1-E2 exciton,
which has become direct. A similar behavior is observed for
the other dominant excitonic transitions HH2-FE2/HH2-F1,
LH1-F1/1L.H1-E2 and LH2-E2/LH2-E1 (see Fig. 5(a)).

It is observed that the HH1-E1/HH1-E2 peak in the ab-
sorption spectrum (see Fig. 5(a)) is only shifted slightly in
wavelength and the peak nearly recovers to the same strength
as at zero electric field. This is consistent with the fact
that according to Figs. 3(a) and 4(a), there is only a small
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Fig. 5. Calculated absorption spectra for a 30-A/40-A GalnAs coupled
quantum well structure with (a) a 50-A InP barrier and (b) an infinite wide InP
barrier as function of wavelength for an applied electric field of F' = 0 kV/cm
(solid curve), F = 35 kV/cm (dashed curve, not shown in (b)) and F' = 70
kV/cm (dashdotted curve). The position of the dominant excitonic transitions
(see Figs. 3 and 4) are indicated. In (b) there are only direct transitions.

°
_o

difference in the positions and binding energies of the HH1-
E1 exciton below resonance and the HH1-E2 exciton above
resonance. The exciton peaks belonging to HHI1-E1/HH1-
E2 and LH1-E1/LH1-E2, however, experience a slight blue
shift, whilst the exciton peaks belonging to HH2- F2/HH2-F1,
and LH2-E2/LH2-E1 experience a slight red shift when the
electric field is increased from F = 0 to F = 70 kV/cm. This
is a consequence of the Coulomb interaction.

For comparison, Fig. S(b) shows the similar absorption
spectra for 30-A/40-A uncoupled QW’s (infinite barriers) for
F = 0 kV/cm (solid curve) and F' = 70 kV/cm (dashdotted
curve). In this case, the absorption spectra were obtained by
performing calculations for 30 and 40-A single QW’s and
adding the contributions from the two QW’s. The result shows
the influence of the QCSE and it is observed to be small
compared to the effect of excitonic delocalization.

Performing the Kramers—Kronig transform (1) on the results
from Fig. 5, yields the change in the refractive index An for
F = 35 and 70 kV/cm in Fig. 6, where the InP barrier is 50 A

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on February 9, 2010 at 09:35 from IEEE Xplore. Restrictions apply.



994

0.04 T

L T
— F = 0k,
$ 0.03 r ——F =35 kV;:::rn!:
© N -~ F = 70 WW/cm
£ 0.02 £ n .
1
[ \ /\ ~
200t n Iy .
o ‘1"’_'\»'(‘,.'1!‘.
£ 0.00 [t S L E M — _
[} L o ! _
s Ly {l" |l L e
-0.01 p V¥ ! - i
R “' -‘“,, |I //
Ll
©-0.02 F R _
[e)] v \ i
5 '~‘/’ \
2-0.03+ v / .
)
-0.04 b——v 1 P
1.2 1.3 1.4 1.5 1.6 1.7
Wavelength (um)
(a)
0.04 — v T v T
I — F = 0k
é 0.03 r ——F =35 kv;g: 1
ko) L == F = 70 kV/cm
£ 002t .
° |
2 001 | E
8 L
§ 000 T
s v V7
c -0.01 ’ .
0 -0.02 E
o
C
9-003} -
O
-0.04 L——u — PP —
1.2 1.3 1.4 1.5 1.6 1.7

Wavelength (um)
(®)

Fig. 6. Calculated change in refractive index for a 30-A/40-A GalnAs
coupled quantum well structure with (a) a 50-A InP barrier and (b) an infinite
wide InP barrier as function of wavelength for an applied electric field of F =
35 kV/cm (dashed curve) and F = 70 kV/cm (dashdotted curve). The results
are obtained by performing the Kramers—Kronig transform on the calculated
absorption spectra shown in Fig. 5.

in Fig. 6(a), and infinite in Fig. 6(b). In Fig. 6(a), for F' = 35
kV/cm a An of 7.5 x 1073 is obtained at 1.55 um where the
absorption coefficient is small (~5 cm™!). The corresponding
change for the uncoupled configuration is more than one order
of magnitude smaller: An = 3.8 x 10~4 for F' = 70 kV/cm
and even less for F' = 35 kV/cm.

Fig. 7 shows the calculated An at A = 1.55 pm as a function
of the electric field for the 30-A/40-A GalnAs coupled QW
configuration with an InP barrier of 30 A (dashed curve),
50 A (solid curve), and 70 A (dotted curve) and for the
case of no coupling between the QW’s (dashdotted curve).
For the coupled QW’s, An decreases with increasing electric
field until resonance, whereupon An increases toward zero.
The resonance widths become sharper and the resonance peak
moves toward lower electric field for increasing barrier width.
This feature is also observed in Figs. 3 and 4 for the position of
the excitonic transitions and for the exciton binding energies,
respectively. It is interesting to note that for the 70-A barrier,

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 31, NO. 6, JUNE 1995

0.002 e e LA s me e e e e e

(@]
o
o
o

|
I
o
<}
N}

-0.004

—-0.006

Change in refractive index

-0.008

N T
0 10 20 30 40 50 60 70 80 90 100
Electric field (kV/cm)

Fig. 7. Calculated change in the refractive index at a wavelength of A =
1.55 pm for a 30-A/40-A GalnAs coupled quantum well structure with a
30-A InP barrier (dashed curve), a 50-A InP barrier (solid curve), a 70-A InP
barrier (dotted curve), and an infinite wide InP barrier (dashdotted curve) as
a function of the electric field.

two resonances occur due to the excitonic splitting. For smaller
barriers, the broadening is large and the splitting is too small
to be resolved. At small and large electric fields, the result
for the 70-A barrier approaches the result for the QW’s with
no coupling. Fig. 7 clearly shows that there is a considerable
enhancement to An from the effect of delocalized excitons
compared to the QCSE.

V. UTILIZATION OF COUPLED EXCITONS
IN OPTOELECTRONIC DEVICES

A. Electrooptical Modulation of the Refractive Index

The strong electrorefractive effect in GalnAs—InP coupled
asymmetric quantum wells predicted by the model, could be
utilized in optical waveguide devices based on optical phase
modulation. The electrorefractive response can be defined as

R, =TcA$/(VL) = FC<36A0° AnL) /(FdL)

_ ., 360°An
~C“T)\Fd

where I'c is the confinement factor of the guided optical mode,
A¢ = @An is the phase change of the light, L is the
length of the waveguide, and V = Fd is the applied voltage
necessary for a A¢ phase change, d being the height of the
QW-region. For a configuration with a 50-A InP barrier, a
An = 7.5 x 1072 is obtained according to Fig. 7, when the
electric field F = 35 kV/cm. Assuming an optical waveguide
comprising a d = 0.6 um wide coupled QW-region with a
50-A InP barrier, as analyzed in the previous section yields
a confinement factor for the QW’s of I'c = 0.34. Inserting
the above mentioned parameters in the expression for R,
yields R,, = 282°/(Vmm). Assuming uncoupled QW’s and a
change in the electric field from 0 to 70 kV/cm, the similar
result is R, = 7.3°/(Vmm). Experimentally, 15°/(Vmm) has
been reported for optical waveguides based on GalnAs—InP
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MQW structures comprising 55-A wide GalnAs uncoupled
QW’s [19]. The coupled QW’s are therefore expected to yield
a large improvement in the electrooptical response.

B. Self-Photo-Induced Modulation of the Refractive Index

Connecting a pin diode waveguide comprising the
GalnAs-InP coupled asymmetric QW structure to a constant
voltage source V in series with a resistor R, self-photo-
induced phase modulation [20] could be obtained. A fraction
of the light propagating in the waveguide is absorbed and
creates electron-hole pairs which are swept out of the i-region
of the pin diode to the neutral regions by the electric field.
This causes a photocurrent flowing in the external circuit and
a change in the voltage across the resistor. The subsequent
voltage drop across the diode causes a change in the electric
field across the QW’s and thereby a change in the refractive
index.

A simple analytical expression for the optical nonlinearity
can be obtained as follows. Due to self-photo-induced mod-
ulation, the change in the electric field across the QW’s as
function of light intensity is given by [20]

q(l . e—agFCL)
hw

where 7 is the internal quantum efficiency, W is the width of
the waveguide, «q is the absorption coefficient for the QW'’s,
and [, is the input optical intensity. If the applied voltage
has a magnitude corresponding to an operating point for zero
optical intensity of Fy = 30 kV/cm in Fig. 7, then the change
in refractive index is approximately linear in the change in
electric field for values ranging from 30 kV/cm to 15 kV/cm
(see Fig. 7)

AF = —qR W, (10)

An = —a;AF a1
where, according to Fig. 7, the coefficient a; = 3.0 X 1077
em/V for F = 30 kV/cm and a 50-A InP barrier. The nonlinear
coefficient no can then be obtained from (10) and (11)

An

1— —alL
ny = An _ pall—e™)

Ii hw Wa1 .

(12)
It is observed that ny can be enhanced by increasing the
resistance of the bias circuit, and this has also been verified
experimentally [20]. However, the enhancement is at expense
of speed, due to an increased RC time constant. Assuming a
wavelength of 1.55 m, where o = aol'c 25 x 0.34cm™! =
1.7cm™ !, and setting R=1kQ,n=1,W =2 um, L = 0.36
cm in (12), yields no = 3.4 x 1078 cm?/W. Using a relative
dielectric constant eg = 13 and d = 0.6 um, the capacitance
of the waveguide is
C= 5350% =14x 10712 F (13)
and the RC time constant is then Tpc = 1.4 ns.
A figure of merit for the optical nonlinearity is often defined
as the optical nonlinearity divided by the product of the
absorption and the time response. Using (12) and (13), and

assuming that agl'cL < 1, a simple expression can be
obtained

=20cm?/J (14)

! ESE ohw
where the above mentioned parameters have been inserted
in the last equality. This figure of merit can be compared
to a figure of 0.1 cm®/J reported for GaAs—-GaAlAs multiple
quantum well waveguides [21] at a wavelength of A = 870
nm and 30 cm?®/J for bulk InSb at a wavelength of A = 5.4
pm and at 77 K [22]. In both cases, the physical mechanism
due to the nonlinearity were believed to be bandfilling. To
the author’s knowledge similar data are not available for
GalnAs-InP MQW material. However, the figure of merit
generally scales with the wavelength to the power of four,
ng/(ar) o< A* [23]. Scaling the figure of merits at 870 nm
and 5.4 pm by A* yields 1 cm®/J and 0.2 cm®/J, respectively.
This implies that the predicted value of 20 cm®/J at 1.55 pm
is large.

V1. CONCLUSION

The effect of excitons in GalnAs-InP coupled asymmetric
quantum wells on the refractive index modulation has been
analyzed theoretically in this paper. A large modulation is
obtained from excitonic coupling between a wider QW (40
A) and a narrower QW (30 A), both QW’s being sufficiently
narrow to result in a negligible quantum confined Stark effect.
At low electric fields, the excitonic optical transition in the
wide QW dominates the absorption near the absorption edge.
When the electric field is increased to a value where the two
wells couple strongly to each other, the excitons are delocal-
ized and the absorption near the absorption edge is reduced.
When the electric field is further increased, localization occurs
again and the excitonic optical transition in the narrow QW
now dominates the absorption near the absorption edge. As a
consequence, the absorption spectrum nearly recovers to the
absorption at zero electric field. Due to this effect, a large
change in the refractive index can be obtained below the
absorption edge. At resonance, the changes are maximum and
sufficiently below or above resonance they are close to zero.
Numerical calculations show that the changes in refractive
index are more than one order of magnitude larger than for the
quantum confined Stark effect in a similar QW structure, but
with infinite barriers and no coupling between the QW’s. In
addition, it was shown that combining the effect of excitons in
coupled asymmetric QW'’s and self-photo-induced modulation
results in an optical nonlinearity with a figure of merit of
~20 kV/cm, which is predicted to be more than one order of
magnitude larger than band edge resonance effects in III-V
semiconductors.
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