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Linear electro-optic effect due to the built-in electric field in InGaN/GaN
guantum wells
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A strong piezoelectric effect and large lattice mismatch allow one to incorporate high built-in
electric fields in InGaN/GaN quantum wells. This letter examines the implications of these fields on
the absorption spectra and refractive index changes induced by an external perpendicular electric
field. We find that InGaN/GaN quantum wells show linear electro-optic effect due to quantum
confined Stark effect. Our results suggest application of InGaN/GaN quantum wells in
Mach—-Zehnder type modulators and in electroabsorption modulators in the blue light region.
© 1999 American Institute of PhysidsS0003-695(99)05439-X

Optical modulators are attractive devices for low chirptric field is expected to be large for the strained layer. The
modulation of lasers, optical switches, and programmabl@iezoelectric field=,, for the biaxial strained layer is given
transparencies. In quantum well systems, quantum confinealy
Stark effect,(QCSBE allows one to exploit both electroab- 1
sorption modulators and modulators using the electro-optic For= — ——[e33€,,+ a1 €xxt €5y) ], (1)
effect. Both experimental and theoretical work has been re- €r€o
ported for the important 1.5 and 1.3@m InGaAsP/InP  wheree,,= €yy=(a—ag)/ay, €,,= — 2€x,C13/Ca3, Ay IS the
systems:™* Because of the symmetry of these square quanunstrained lattice constant aradis the lattice constant at
tum wells, all effects associated with QCSE are of even ordegtrained case;;; andcyg are elastic constants, is relative
of the electric field. This limits its application to the case of dielectric constant and it is around 10.18 fog }6a, N, and
relatively large external voltage bias. It is well known that ¢, is the permeability of vacuum. There is some variation in
for triangular quantum wells and for wells with a built-in the values of piezoelectric constants reported by various
electric field, it is possible to have linear electro-optic effect.referenced:1® For the calculations reported here, we use

Recent advances in GaN based heterostructures have led,— 3.26e,,=0.77 C/nf with c;3= 109 GPa,c3;= 355 GPa.
to the demonstration of light emitting diodes and laserThe values used above give a piezoelectric field of 1.1
diodes>® The interest in these systems arises due to possiblgIv/cm for Iny ,Ga, N/GaN. This value falls in the range of
applications in the short wavelength regime. While therevalues from optical measurements of the InGaN/GaN quan-
have been studies of light emission properties of nitridecum wells and heterostructur&s:?
based quantum wells, there has been no work examining To calculate the optical properties in InGaN/GaN wells
how the electric field modulates the optical properties ofin the presence of an electric field, we address the following
these materials. The study of electric field modulation propissues:(i) electronic states in the well in the presence of an
erties of InGaN/GaN quantum well is of practical interest for electric field; (i) the excitonic problem in the presence of a
electroabsorption and electric-optical effect modulators. Irfield; (iii) a calculation of the absorption spectra and the
the InGaN quantum wells, there exists a strong piezoelectrigvaluation of the changes in refractive index of the quantum
field due to the lattice mismatch between InGaN well regionwells. In our model, we solve the single band effective mass
and GaN barrier layer. The magnitude of this field can easilySchralinger equation for conduction band. The heavy hole
approach MV/cm. It is important to know what the implica- and light hole are also solved using single band equatibns.
tions of this field are. In this letter, we study the modulationThe piezoelectric field is included in the potential profile.
properties of InGaN quantum wells. In addition to the calcu-The exciton problem is addressed by the variational method.
lation of the electro-optic properties, we find the existence ofie choose the following exciton wave function as th® 1

first order electro-optic effect. state:

The polarization of the strained layer is the sum of the
spontaneous polarization and polarizati_on plue to the piezo- Yol ZorZn vp):NXe(ze)Xh(Zh)eXF{ _ B), )
electric effect. The spontaneous polarization constants for A

InNN and GaN are very cI0§7eAs a result,_ we expect that \,ereN is the normalized constani=|r:—r&|, xe. xn are
spontaneous polarization will have a negligible effect on theyjectron wave function and hole function in thelirection,

internal fielq in InGaN/QaN quantum wells. On the Otherrespectively, and solved through the Sainger equations.
hand, there is a large lattice mismatch between GaN and Ink,o parametern is calculated through the variational

and the piezoelectric constants are quite large, the piezoeleﬁ'rinciple.l5

The calculation of absorption spectra has included both
¥Electronic mail: jianght@eng.umich.edu exciton and intersubband contribution, where the homoge-
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(a) FIG. 2. Conduction band and valence band edges of GghBls JN/GaN
. qguantum wells without bias. The dashed lines represent the ground elec-
oX 107 tronic state and ground hole state, respectively.

1.2 um. These results show that the approach used by us is
reasonably accurate and can be relied upon to make predic-
tions for quantum well systems.

o  Theory
5r —— Experiment

c_4' The quantum well parameters for the results reported
<4l here for InGaN/GaN are chosen to correspond to a system
reported in some detail in the literature. For the purpose of

2.

choosing the electric field orientation, we assume that growth
is in the Ga-facedl0001] direction, which is the case for the
- usual high quality metalorganic chemical vapor deposition
. - (MOCVD) growth of GaN on sapphire substrafeThe pi-
E;Electric Field(V/crr1\)o 10" ezoelectric field is then in the negative growth direction. In
the multiple quantum well structures, the piezoelectric field
is compensated by charges from free charge carriers in the
(b) sample and from the ambiance, as is the case for the usual
FIG. 1. (a) Absorption spectra an(b) refractive index changes at 1.33n pyroelectric material” The results here ar.e reported for 30 A
for 70 A INGaAsP/InP quantum wells for TE wave. The optical confinement Mo 2G@.gN/GaN quantum wells. The period of the quantum
effect has been included. well (well and barrier thicknessis 100 A. The band-gap
difference is 0.33 eV and we assume a ratio between con-
duction band and valence band offset of 60:40. While not
nigue, this choice gives results consistent with experimental
hotoluminescence measurem&htThe band profiles are
lotted in Fig. 2. In the calculations, two subbands are in-

neous broadening and well width fluctuation has been take
into account The refractive index change® are calculated
through Kramers—Kronig relations from absorption change

oa cluded within the conduction band while eight heavy hole
and light hole subbands are included in the valence band.
c w2 Sa(w')dw' Longitudinal sum rule’$ are implemented explicitly in order
5n(w)=;Pf (w,)z—_wz (3)  to ensure the Kramers—Kronig transformation accurately
w1

generate the refractive index changes. The resulting inte-
grated theoretical absorption is conserved to within 0.2%.
To gain confidence in the approach used here, we calcu- We report results for the case where the effective well
late the electric field induced absorption and refractive-indexwidth fluctuations a 6 A and the homogeneous broadening
change in a 1.3am InGaAsP quantum well modulator with of excitons is chosen 1 meV. This gives a broadening around
70 A quantum wells—a system for which experimental re-30 meV. Thus the exciton cannot be distinguished from the
sults have been reportéd.o fit the measured excitonic line- absorption spectra in Fig(&. This is consistent with experi-
width reported in Ref. 4, we assume that the broadeningnentally reported results for optical absorption in InGaN/
arises from well-width fluctuationsf® A rms magnitude GaN quantum wells. The electro-optic efféchange in re-
and a Lorentzian broadening of 1 meV. Two conduction subfractive index with applied fieldis shown in Fig. 8). We
bands, two heavy hole and two light hole subbands are infind that the effect is quite linear at low fields unlike the case
cluded in the calculations. The absorption spectra are showseen in Fig. b). Experimental results have shown that
in Fig. 1(a) and agrees with the experimental results. Thephotoluminescence peak shows a blueshift with the increase
refractive index changes with field are shown in Figh)l of reverse bias. This shift originates from the same QCSE as
and are found to agree with experimental results. In our caldiscussed here. The refractive index change ix1® 3 at
culations we have assumed that effective waveguide width i2.97 eV under electric field 100 kV/cm, which is one mag-
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FIG. 3. (a) Absorption spectra antb) refractive index changes at 2.97 eV
for 30 A Iny ,Ga, gN/GaN quantum wells with well width fluctuatios A for

TE wave.

nitude larger than the bulk GaN value 1:240™ 4 at 633 nm
under the same field strengfhdue to Pockels effect. This
value is comparable with 70 A InGaAsP/InP quantum wells
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spectra and refractive index change with field has been stud-
ied for the InGaN/GaN with built-in piezoelectric field. Our
results show that refractive index changes are linear in ap-
plied field over a wide range of applied fields.
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