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The surface acoustic wave produced electron absorptive and electro-optic modulation in AlGaAs/
GaAs quantum well structures are theoretically analyzed. The quantum well structures are optimized
by maximizing the optical confinement of the modal field in the active region and the piezoelectric
effect of surface acoustic wave on the quantum wells. The effect of penetration depth of the surface
acoustic wave on the numbgr—25 periodsof quantum wells, serving as the active region, is being
studied. For 1-5 period structures, the quantum wells are designed on the top surface so that a
strong piezoelectric effect can be obtained. For the 25-period structure, the quantum wells locate at
a depth of two-thirds the acoustic-wave wavelength in order to obtain a uniform surface
acoustic-wave-induced electric field. The results show that the single and five quantum well devices
are suitable for absorptive modulation and optical modulation, respectively, while a general
advantage of the 25-period quantum well modulator can shorten the modulation interaction length
and increase the modulation bandwidth. The effective index change of these devices are at least ten
times larger than the conventional surface acoustic wave devices. These results make the surface
acoustic wave quantum well modulators more attractive for the development of acousto-optic device
applications. ©1998 American Institute of PhysidsS0021-897¢08)04202-9

I. INTRODUCTION to a conventionap-i-n electrical biased modulatémo p*
andn® buffers or cladding layers are needed in the acoustic
devices. The main reason is that SAW is launched by a trans-
ducer far away from the interaction region of the optical and
multilayerec? Relatively a small amount of work have been electrical fields. SAW also needs no metal contacts to cover

reported on the interaction of SAW in 11—V semiconductor the interaction region. These can minimize the unexpected

quantum well(QW) structures In comparison to bulk ma- doping in the active region and thg damage in the device
terials, QWSs are attractive for their excitonic optical Structure. Furthermore, SAW provides another degree of

properties*® Through the advantage of the quantum-freedom which allows implantation of an enhanced Bragg
confined Stark effectQCSB, QWs are used for electro- Modulator using the QW structurésAs a consequence,
absorptive and electro-optic modulatérs. SAW have definite benefits in optoelectronic applications.
Among the various applications of SAW, a number of The electric field induced by SAW reduce nonuniformly
acousto-optical signal processing functions includingwith depth? which is an obstacle in the development of high
modulation® beam deflectiof,tunable filtering!® and spec-  efficiency modulators typically with a large number of QWs
trum analysis' have been developed. Most of these applicain the active region. Moreover, the penetration depth of
tions make use of a change of refractive index induced by th&AW is usually one SAW wavelength §,) deep. Here we
elasto-optic and electro-optic effects of SAW. Recently, thewill tackle this problem by analyzing single QW, 5-period
studies of absorptive modulation generated by SAW hav&Qw, and 25-period QW SAW modulators, all of which are
also been initiated? These indicates that both the absorptionwithin one A gy deep.
change and refractive index change induced by SAW are |In this article, a theoretically analysis of the waveguide
attractive in modulation devices. type 100 A/100 A A} Ga, -As/GaAs modulatorgoptical
SAW technology provides the advantages in the desigaind absorptiveby using SAW is presented. This study ad-
of spatially distributed QWs optical systems such as twogresses the nonlinear SAW effects on the QWs optical prop-
dimensional spatial light modulators and optical correlatorserties(including absorption coefficient and refractive inglex
because SAW are suitable for inducing the required predene effect of optical confinement to the modulation effi-
termined electric-field distributiot?. Moreover, as compared ciency, and the design and optimization of a single-period,
5-period, and 25-period QW modulators. The comparison
dElectronic mail: ehli@eee.hku.hk between these three structures are also made so that the re-

Surface Acoustic WavéSAW) have been widely inves-
tigated in piezoelectric bulk materials including LiNp@nd
GaAs, where the structures are homogehousr

858 J. Appl. Phys. 83 (2), 15 January 1998 0021-8979/98/83(2)/858/9/$15.00 © 1998 American Institute of Physics

Downloaded 13 Nov 2006 to 147.8.21.97. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



Tnterdigital transducer (IDT) whereD is the electric displacement field. The method used
to solve these two equations for a multilayered structures is

on \\b\\\\\\\\ Saw described in Refs. 14 and 15. In order to obtain a high elec-

e tromechanical coupling constafto produce a large SAW
= AZ’ amplitude for structures such as GaAs and AlGaAs, the
‘T,_. —I™ growth direction of the QW ig100 and the SAW propa-
2 gates along thé110).2

FIG. 1. Schematic diagram of the propagation of a SAW on top of QWs
structure E(2) is the SAW-induced piezoelectric field amplitude, wheie )
the direction normal to the plane of the quantum wells. B. QW optical parameters

It is assumed here that the barrier is thick enough that
sults can be used as a guideline to develop SAW-QW moddJhere is no significant coupling between adjacent wells and
lators. therefore a single QW model can be used here. The QW

subband edge states in thievalley are calculated by an
Il. MODELING THE SAW QUANTUM WELL envelope fur?thlon apprquatldﬁ,us_mg a _Ben-DenlaI aqd
MODULATORS Duk(_a_ model;’ resulting in an one-dimensional one particle

Schralinger-like equation for determining the electron and

The waveguide type absorptive and optical modulatorsole energy levels and envelope wave functions:
have an identical device structure and are shown schemati- 52 g 1 q
—_— +V(2)

cally in Fig. 1. The layers, started from the substrate, con- - = Yn(2)=E xn(2) 3)
sisted of an AlGaAs cladding, a stack of 100 A\ABa, As 2 dz[m*(z) dz
barriers and 100 A thick GaAs wells which serves as thyherez denotes the growth directiod(z) is the confine-
active region of the device, and a top cladding AlGaAs layerment potential of QWm* (z) is the effective mass of either
One side of the de\{lce structure develops an interdigita}pe electron or holesy,(z) represents the envelope wave
transducer for launching the SAW. _ function of either an electron or hole corresponding to the
In order to investigate these electro-absorption anty confined subband state with energy.
electro-optic modulators, the SAW propagation and its pi- A typical perturbation method is used to evaluate the
ezoelectric and elastoelectric effects are modeled followedayy effects in the QW subband structure. SAW induces
by their effects on the QW subband structure. The opticahoth strain and electric field in the AlGaAs/GaAs hetero-
properties (absorption coefficient and refractive indea&f  strycture, which is a piezoelectric material. However, the in-
these structures with the effects of excitons are then detegceq strains are smak0.1% and are not large enough to
mined. In order to take into account the interaction of themogify the QW potential profile for a change of the semi-
optical waveguide field with the QW structukgvhich is  conductor material band gdp. Consequently, only the
tited by the SAW induced field a one dimensional Max-  saw-induced electric field is considered as an extra linear
well's equation is solved_ analytlcall_y. Subsgquently, theperturbation term tov(z) in modifying the QW potential
change of both the effective absorption coefficient and thgyofile. The transverse electrfE) and transverse magnetic
effective refractive index are calculated. Various perfor-(T\) polarization dependent refractive index and absorption
mance parameters are then determined to characterize tgefficients, including the contributions from the exciton, are
modulation performance. determined. Details of the refractive index and absorption
A. SAW model coefficient calculations can be found in Refs. 19 and 20,

. ) . . respectively. In our model, the refractive index is averaged
The propagation of SAW is described by two equations,: aach QW period and the absorption coefficient is pro-
One is the motion equation of particles in elastic mediumy ,-oq by the wells.

which is given as

O')T” . &Zui
X P oa2e @) C. Optical properties of the SAW modulator
whereT;;, u; andx; are a components of the stress tensor, ~When an optical field propagates in the devices, only

the particle displacement and the spatial direction, respedhat portion which interacts with the QWs will be modulated
tively, with the indices andj labeling the spatial directions due to the SAW effect. In order to calculate the optical prop-
and summation over repeated indices has been implied. Arties(including the effective absorption coefficient and re-
second equation, shown below describes the electromagnefi@ctive indey of an acousto-optic QW modulator structure,
wave properties of SAW, in which Maxwell's equations gov- @ multilayer planar waveguide model is developed from our
ern the electric fields and electric displacements of SAwprevious modét using the transfer matrix method. From this
Under a quasi-static approximation, the electric displacemerftalculation, the modal field profiles and the propagation con-

equation in a medium of no free charges is given as stants are obtained for the determination of the effective ab-
sorption coefficient and effective refractive index, respec-
Ibi _ 0, (2) tively.
X The effective absorption coefficient, is given by
J. Appl. Phys., Vol. 83, No. 2, 15 January 1998 Choy, Li, and Weiss 859
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[ the wells withing (7) o(z) @* () dz modulation strength due to the SAW-induced electric field.
the active region . . . .
Aeff= Jhe entie cover Tangg(2) o* (2)dZ (4)  Typical electro-optical (refractive index and electro-
of the guiding field ¢ absorptive types of modulator require a large than 10 and a

where ¢(2) is the guiding optical field and(z) is the ma- less than 1 chirp parameters fl0 and<1, re_spectivgl;?.z
terial absorption coefficient of the QW structure. Since the  The optical confinement factdr is determined using
amplitude of SAW varies with penet_ration depthjs z de- [ the core region ofgy(7) * (2)d z
pendent. Equatiori4) shows thata.y is determined by the r ° WaveguIte tevi

fraction of the optical field intensity(z) ¢* (z) within the e e o hoa E(2) @™ (2)dZ’

wells of active region. The change of effective absorption,here o(2) is the modal electric-field profile in the device
coefficientA e Of the device is calculated using structure ana is the growth direction of QW. ThiE param-

A o= A SAW) — (N0 SAW), (5) eter indicates the portion of the optical power overlapping
. with the core region, which is consisted of QWs active re-
where aer (SAW) and e (N0 SAW) are the effective ab- — inn and two buffer layers between QWSs and titap and
sorption coef_ﬁments with and without SAW-induced electric bottom cladding layers, within the entire device structure.
field, respectively.

The effective refractive index of the structumy, is
determined by solving Maxwell's equations for the wave-
guide using the material refractive indices. The change of th
effective refractive indexAn, is calculated using

(10

Therefore, an efficient modulator requires a large valuE. of
High performance modulators also require lays, which

is a measure of the insertion loss of the device. For phase
ﬂwodulation,a,OSS is defined asxe without the SAW effect
when, for absorptive modulatog; s is defined as the ON-
Angg=Neg( SAW) — ngg(no SAW), (6) stateags -

whereng; (SAW) andngg; (no SAW) are the effective refrac-
tive indices with and without SAW-induced electric field,
respectively. The three QW structures considered here are 1, 5, and 25
periods of an 100 A/100 A Al.Ga, /As/GaAs QW structure.
They are used as an active region of the acousto-absorptive
D. Modulator performance and -optic modulators. It should be noted that a high perfor-

The important performance characteristics of the moduMance absorptive modulator requires a high CR, a low opti-
lators are the modulation depth for phase or diffraction ~Ccal modulation(and thus lowB g, and a loweess. On the
modulation, the contrast ratio CR for absorptive modulation©ther hand, a good electro-optic modulator requires a bigh
optical confinement factdF, the chirp parametes,.q, and @ large phase change, a low absorption chaage thus high
the absorption 10s&,,s for both modulations. Bmod @ short SAW aperture forr phase change and a low

The modulation depthy indicates the efficiency of oss-
modulation due to the change of the effective index, such as In the calculation of absorption coefficient, the Lorentz-

lll. RESULTS AND DISCUSSIONS

diffraction and phase modulation, is given by ian broadening profile is used and the half width half maxi-
. mum (HWHM) exciton broadening factor are extracted from
7=sir(A¢/2), (7)) experimental dat&?* The HWHM of the heavy holéHH)

where A ¢=27/Angg/\,p, is phase change, is the SAW and the light holeg(LH) are considered to be the same and
aperture, and\,, is the operating optical wavelength. The have a value of 3 meV which is averaged from the values
SAW aperture forr phase change is commonly used to mea-taken from Refs. 24 and 25. It should be noted that although
sure the phase modulation, the shorter the SAW aperture tHBe piezoelectric electric field induced by SAW will enhance

larger the phase modulation can be obtained. the broadening factor, its effect to the broadening factor is
The contrast ratio CR is defined as the ratio of the lightstill not well known and this effect has not been considered
intensity with and without an SAW and is given by in our model.

The effects of SAW on the QWs are first investigated.

exfl — ar(ON)I] (8) Through the understanding of optical guiding and interaction
exf — aer( OFPI])’ between the modal field and active region, a 5-period and a
where aqy (ON) and aeyr (OFF) are the effective absorption Single QW modulators are then analyzed. In order to enhance
in the ON-state(no SAW-induced electric fie)dand the the modulation efficiency and to reduce the SAW aperture

OFF-state(under SAW-induced electric fieldrespectively. ~ (modulation length an optimized QW modulator structure
The static chirp parametgd,q is given by containing 25 QWs is designed and its performance is also

addressed here.

CR(dB)=10lo

47TA neﬁ 9
B MO0 opA et © A sAw effects in QW structures
whereAng; andA a. are the change in the effective refrac- The effects of SAW, with power and wavelength of 10

tive index and the change in the effective absorption respeanW and 2 um, respectively, on the optical properties of
tively. Equation(9) shows thatB,,q can be considered as a 25-period of QWSs structures on top of a thickoAGa, sAs

measure of the ratio of the opticakefractive index modu-  lower cladding layer is considered here. The QW potential
lation strength to the optical intensifgbsorption coefficient  profiles are tilted by a SAW-induced potential, as shown in

860 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998 Choy, Li, and Weiss
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FIG. 2. 25 periods of QWs on top of NGa, sAs cladding tilted by SAW  FIG. 4. SAW-induced electric field in different structure: 25 periods of QWs

potential. The first wave function of the 25 periods of QWSs localize in theon top of A Ga sAs cladding(solid line), 5 periods of QWs on top of

well without serious tunneling. AlysGay sAs cladding (dot line), and 5 periods of QWs on top of AlAs
cladding(dash line.

Fig. 2. It can be observed that the slope of the QW potential

profile reduces gradually and eventually slightly increases invith depth starting from the first quantum well since the
the deeper QWSs. The wave functions of the fundamentagradient of QW potential profile reduces. The Stark shift
states over these 25 QWs are localized in the wells withoupetween the 5th and 25th QW is so small that the exciton
significant tunneling between adjacent wells. The corre€dges locate at almost the same wavelength as that of the
sponding absorption spectra of this 25-QW structure QW exciton band edge without any SAW effect. Conse-

shown in Fig. 3. The quantum-confined Stark shift reducegiuently, only the first 5 QWféthickness equivalent to a depth
of 0.05Agay) are suitable for use as a QCSE modulator.

lower cladding layer. By increasing the thickness of this
1 buffer layer from 0 to 0.04um, the first guided mode is
------ obtained. Therefore, the optimized structure contains a GaAs
substrate, a 2um AlAs cladding layer, a 0.04um
AlgsGay sAs buffer layer with 5 QWs on top. The SAW
power andAgaw are 10 mwW and Zum, respectively. The
modal field and the refractive index profile of the structure at
Nop=0.872um are shown in Fig. 5. The lower number of
FIG. 3. TE mode absorption spectra of 25 periods of QWs on top onW-periOds and ir-lcremem of Al compos.ition improve the
Al GayAs cladding, no SAW effectsolid ling): 1st QW (dot line), 5th confinement of optical field to the QW region. As compared

QW (dash ling, 10th QW(long dash ling, 15th QW(dash-dotted ling 20th {0 the previous 25-QW structure, the optical confinement of
QW (light color solid ling, 25th QW (light color dot ling. the modal field in the top five QW&hickness equivalent to

20000 —r—r—r—q—r—t—r—T , B. 5-period QW modulator
To develop the 5-QW structure as electro-optic and
i - ;‘gt%ax effect electro-absorptive modulators, the SAW effect has to be en-
———= B5thQW hanced and the modal optical field has to be confined to these
E 15000 | ——- 10thQW . 5 QWs for optimizing the modulation efficiency. As shown
L —-— 15thQW in Fig. 4, the SAW-induced electric field can be increased by
IC-' K —— gg:: gw reducing the number of QWs from 25 to 5. This improve-
2 ment can be enhanced further by increasing the Al composi-
5 10000 | i tion of the Ipwer cladding Ia)_/er from ,ﬁ_l;,an_gAs to AlAs.
8 ! However, since the waveguide core region of Ourh (5-
5 ' QW) is too thin to support any guiding modes, an extra
a '.' buffer layer of Al sGa gAs is inserted between the QWs and
O
3 ;

5000

0 oL i A 1 A A 1 1 n
0.82 0.84 0.86 0.88 0.90

photon wavelength (um)
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FIG. 5. Modal field and refractive index profile of different QWSs structures: FIG. 6. TE mode absorption spectra of QWs in the 5 QWs modulator: QW

the 5 QWs modulatorssolid line), the 25 QWs on top of of AliGasAS  ithout SAW effect(solid line), 1st QW/(dot line), 2nd QW(dash ling, 3rd

cladding(dot ling), the single QW modulator structutdash line. QW (long dash ling 4th QW (dashed dot ling 5th QW (light color solid
line).

0.05\gay) improves by more than 40 times from less than
0.01 to 0.4 in the optimized structure which results in a
higher modulation efficiency. 6000 cm ! (calculated from Fig. § but a;,c=1100 cm s
The absorption modulator is selected to operate at theoo large to be practical. In order to have a lowgfss, Aqp
wavelength of the HH exciton peak in the presence of ashould be kept away=0.86 um) from the exciton absorp-
SAW. The TE mode absorption coefficient of the 5-QW tion edge without the SAW effeck.,, is selected to be 0.864
structure is shown in Fig. 6. Although the exciton band edgegim for an optimized absorptive modulation. For a SAW ap-
of these 5 QWs do not coincide due to the decay of theerture of 500um, the CR, ¢, and Bn,oq are 21.4 dB,
SAW-induced electric field with depth, the magnitude of 427.5cm® and —0.5, respectively o4 IS Negative at this
guantum-confined Stark shift of each of these QWSs increasesavelength, so that frequency compression of the optical
by comparing the first QW and the fifth QW to that of the source is possible which makes this modulator attractive.
previous 25-QW structure. This implies that the optimised  For optical modulation, there are tradeoff's among re-
structure is more practical for device applications. Thefractive index changeg,,ss and Bmoq- AS shown in Fig. 7,
electro-optic and electro-absorptive modulators of the 5-QWhe change of refractive index maximizes\g=0.853um.
device are given in Table I. For the absorptive modulatorAt this optical wavelength3,,.qis less that 10 due to a large
there is a tradeoff betweefa.; (and thus CR and ags. A gy as shown in Fig. 6, and .. is large 1000 cm 1).
For instance, ak ,,=0.852um, althoughA e is as high as  Consequently, it is not practical to operate at thig. It is

TABLE I. Modulation properties of the 5 QWs modulator. The SAW aperture is 00

Absorptive modulation

Aop (um) Pjoss (Cmil) Aargg (Cmil) Angg (1072) CR (dB) Brmod
0.860 225.0 436.7 -1.27 21.8 —4.24
0.862 155.7 423.8 —6.36 21.2 —21.88
0.863 133.2 437.6 -4.01 21.9 -1.35
0.864 115.7 427.5 —0.50 21.4 —0.50
8.866 90.4 293.7 —0.45 14.6 —0.45
Phase modulation
Nop loss A gy Nest Nes (NO Ao | for
(um) (em™) (ecm™) (SAW) SAW) (rad 7 Agp=m Bmod
0.876 39.9 433 3.07548 3.07529 0.68 0.11 2305 0.62
0.878 35.6 49.7 3.07317 3.07246 2.54 0.91 618 2.04
0.880 32.1 16.6 0.07059 3.06983 271 0.95 579 6.54
0.881 30.5 7.3 3.06918 3.06859 2.10 0.75 746 115
0.882 29.1 2.0 3.06783 3.06739 1.56 0.50 1002 31.3
862 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998 Choy, Li, and Weiss
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thickness of the core regiofincluding the buffer regionis

003 F l ' ' ] the minimum thickness required to obtain a single mode op-
0.02 F ] eration. Consequently, the single QW structure is designed to
001 [ put the QW at a depth of 0.m and the thickness of the
0.00 E core for the single QW device is similar to that of the 5-QW
o 001 F structure. This will result in a strong overlapping between
g 002 the mode field profile and the active region together with a
S .003f well-confined single optical mode. The structure of the single
3 004f QW modulator is a GaAs substrateun AlAs lower clad-
2 oosk ding layer, 0.04um Al, Ga, sAs buffer region, 100 A/100 A
L Ll - 3dQW ] Alg Gag 7As/GaAs single QW, and 0.08um upper
5 007 | ——-4thQw ] Al Ga sAs cladding layer. The power of SAW andsay _
T 008 | —-— SthQW - are the same as those for the 5-QW structure. The refractive
009 ] index profile and the modal field are shown in Fig. 5. As
oio L ] expected, the peak of modal line locates at the single QW
011 b ] region with only a slight mismatch. This is becausg, is
o2 L ] selected to be-0.859um instead of 0.872um, as is used in
043 bttt st g the 5-QW structure. With a difference af,, the refractive
082 083 0.84 085 086 087 088 089 090 index of the structure changes and thus produces an accept-

photon wavelength (um) able small shift of the modal field peak position.
The absorption modulator properties are given in Table

FIG. 7. TE mode refractive index spectra of QWs in the 5 QWs modulator|| Eor a SAW aperture of 50Qum, the CR is 17.8 dB and
1st QW(solid line), 2nd QW (dot line), 3rd QW (dash line, 4th QW (long T . .
dash ling, 5th QW (dashed dot ling Bmod is —0.87 at a\y, of 0.864 um. This value ofB g is

negative so that frequency compression can be achieved. Al-
though thel of this device reduces to 0.2, half that of the

useful to note thaBegis >10, which is the requirement for ©-QW structure, the modulation performance, in terms of
a good phase modulator, fag,, above 0.88Jum. The value ~ ®ioss @d CR, is better than the 5-QW structure. The main
of B0 Can be increased by operating at longer wavelength€ason is thateess in the single QW device 71.6 cm,
however, there is a parasite of a weaker phase change ¥4ich is only ~60% of that in the 5-QW structure at for a
shown in Table I. As a consequence, the selected operatirfpp Detween 0.862 and 0.86am. For the same optical

wavelength\ o, is above 0.881um, at whereAd is 2.1 rad ~ POWer loss, the CR of the single QW structure can be in-
and aes is only 7.3 cmiL. creased by more than seventeen times, +€.24 dB, while

that of 5-QW one is only 22.7 dB. In the single QW struc-
ture, only the QW contributes te,,cand there is no absorp-
tion loss in the bulk AlGaAs cladding layers at such long
In order to improve the absorption modulation to obtain\o,. On the other hand, in the 5-QW case, due to the varia-
a higher CR and lowewr s, as compared to the previous tion of the exciton edges of the 5 QWs, the fourth QW pre-
5-QWs case, a single QW structure is used. In the previoudominantly determines the absorption change of the optical
5-QW structure the mode field peaks-a0.1 um and the field at the optimized.,,=0.864um, while other QWs pro-

C. Single QW modulator

TABLE Il. Modulation properties of the single QW modulator. The SAW aperture is &00

Absorptive modulation

)‘Op (,u,m) Xjoss (Cmil) AD‘eff (Cmil) Aneff (107 2) CR (dB) Bmod
0.859 71.6 356.8 —-2.12 17.8 -0.87
0.86 57.6 351.0 3.21 17.5 1.34
0.861 47.4 112.5 —4.02 10.6 2.77
0.862 39.9 62.2 2.98 5.6 3.86
0.863 34.2 36.2 2.05 3.1 4.80
Phase modulation
Nop ®|oss Aaeg Neft Ne(NO Ag | for
() (ecm™) (em™) (SAW) SAW) (rad) 7 Ap=m Bmod
0.864 29.7 36.2 3.04840 3.04698 5.16 0.28 304 5.7
0.865 26.1 22.0 3.04644 3.04543 3.67 0.93 428 6.8
0.866 23.2 13.6 3.04462 3.04396 2.39 0.87 656 7.0
0.867 20.8 8.5 3.04287 3.04250 1.34 0.39 1171 6.3
0.868 18.8 5.2 3.04135 3.04109 0.94 0.21 1669 7.2
0.869 17.4 2.7 3.03994 3.03970 0.86 0.19 1810 12.9
0.870 15.7 15 3.03855 3.03833 0.79 0.15 1977 21.2
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FIG. 9. TE mode absorption spectra of a QWs at different depth from 1.7 to

FIG. 8. SAW potential in different material structures: 25 QWs located at2.8,um: a reference QW without any SAW effegight solid line), QW at

depth from 1.9 to 2.4um and SAW with 2um wavelength launchegolid 1.7 - - -
- . .7 um (light dot ling), QW at 1.9um (dashed ling QW at 2 um (long
line), the same structure and SAW withan wavelength launchedot dash ling, QW at 2.2um (dashed dot ling QW at 2.4um (light dash ling,

line), and the same structure with ZnO deposited on top and SAW with 3 W at 2 liah h i
um wavelength launche@lash line. and QW at 2.gum (light dashed dot line

vide a weaker absorption change, as shown in Fig. 6. More\ivith gradient equivalent to an applied electric field-080

over, at the optimized operating wavelength, all of the QWSkV/cm can therefore be obtained at depths between 1.7 and
provide the same amount af . (115.7 cm) without any 8 Mm a range greater than O4n

SAW-induced effects. These effects explain why the single The absorption spectra of QWs at different depths are

QW structure has a better modulation performance than thghown in Fig. 9. The strength of the QCSE in depths ranged

5-QW structure. . .
. . from 1.9 um (equivalent to a depth of 2/8sa t0 2.4 um is
A Agp Of 0.869 um is selectgd for the qperatmg Wa_ve'_quite consistent so that the exciton absorption edges of re-
length pf the pha;e quulator since the optlca! modulation I%pectively QWs coincide at the same photon wavelength.
{/e\llrr?er):n t.he rggmr:j \;Vltl(“)ﬁsmg? 10, las ShOV\r']n In Tr?ble “'f Consequently, a modulator with a 25-QW can be designed to
ENAp IS reduced fo L. fum, a larger phase change ot 1,6 yseful modulator properties. The structure consists of a
2.39 rad can be obtained bg, 4 is relative weak, 7. By GaAs substrate, a 2m Aly (Ga, :As lower cladding layer,

comparing the modulation performance in terms of phase25 periods of A} GaAs/GaAs QWSs, 1.%m of Alo :Ga, AS
H . y .5 .

change, for the same power loss, this single QW device iS¢ ladding | d a zno fil
. top t h th
1.52 rad at the selected,,, which is weaker than that of the S ALilr\)lpSCr)t((:aiti almgrhiyzz)\?vr:ar if g AV\II n;n(;ns;\jvp a:)eei]oan:s\sll ©

5-QW structure ak o, of 0.882.um. Consequently, the 5-QW and 3um, respectively. The refractive index profile and the

modulator provides a better phase mo_dulation, w_hile th‘?nodal field of this device structure for,,=0.86um are
single QW structure is better for absorption modulation. shown in Fig. 10. Since the core thickr?ess has increased

from ~0.14 um in previous two structures to 0/m in the
25-QW structure here, the optical confinement factor of this
There are two important factors in the development of astructure is over 0.92.
SAW modulator with 25-period~0.5 um) QW active re- The A\, for the absorption modulator should be in the
gion. Firstly, a linear SAW-induced potential over a depth ofrange between 0.859 and 0.8@din. Since all HH exciton
0.5 wm is required so that consistent exciton absorptionpeaks of the 25 QWs, in the present of the SAW, merge with
edges can be obtained. Secondly, a large SAW potential gréa this wavelength range, a large absorption change can be
dient =50 kV/cm is required so that a large enough QCSEobtained. Moreover, a negative refractive index change can
can be produced. As shown in Fig. 8, a more linear SAW-be achieved in the region between 0.859 and @.86so that
induced potential is obtained by increasixgy,, from 2 um  a negatives,,,q and thus frequency compression can be pro-
(solid line) to 3 um (dot line). However, the SAW potential duced, see Fig. 11. The properties of the absorption modula-
is too weak to provide the required QCSE. A Q.3, thick  tor in this optical wavelength range are given in Table III.
layer of ZnO deposited on the top surface of the AlGaAs/For a SAW aperture of 5@&m, B, @and CR are-0.17 and
GaAs material structure may be used to enhance the SAWLS.2 dB, respectively fok,, of 0.86 um. For optical modu-
induced potential by a factor of??.A linear SAW potential, lation, as shown in Fig. 11, variations of the material refrac-

D. 25-period QW modulator
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FIG. 10. Modal field and refractive index profile of the 25 QWs modulators. FIG. 11. TE mode refractive index spectra of QWs in the 25 QWs modu-
lator: QW at 1.9um (solid line), QW at 2 um (dot line), QW at 2.2um
(dash ling, and QW at 2.4um (long dashed ling

tive indgx change with wavelength is almost the same ir]v_ CONCLUSIONS

comparison to the 5-QW structure where the curves do not

coincide as shown in Fig. 7. For a SAW aperture of /58, SAW produce electro-absorptive and electro-optic
one-tenth of the 5-QW structure, at a selecigg of 0.870  modulations in QWs have been investigated theoretically.
wum, the phase change is0.51 rad andy is above 6.3 fora The QW active region including 100 A AlGa, ;As/GaAs
Bmoq Of 10.8. The refractive index change for a bulk AlGaAs single QW, 5 periods QW and 25 periods QW. Since the
SAW modulator is~10"4,% while it is ~107% in our opti- ~ SAW effects reduce nonuniformly with depth in these struc-
cal modulator, as given in Table lll. This implies that the tures, the location of the QW stack and its number of period
optical modulation obtained here is an order of magnitudeneed to be designed and optimized carefully. Our results
better than a conventional bulk IlI-V semiconductor SAW show that the active QW region with a thickness less than
device. For both electro-optic and electro-absorption modu5% of A gpy Should best be placed at the top surface so that
lators, since the number of QW periods increases to 25, thetrong SAW effects can be utilized. For a thick QW struc-
SAW aperture can be reduced from 500 to/a@, while the  ture, such as 25-period QW, an uniform SAW-induced elec-
CR retains the same order of magnitude. Therefore, the intric field is required and therefore the period QW should be
teraction time between the mode field and the SAW reducess located at a depth 0f2/3 Agaw below the top surface
which implies that the modulator bandwidth also increases iwhere the SAW-induced field is of a lower magnitude. Since
the 25-QW structure. the SAW potential in this region is small, deposited ZnO

TABLE Ill. Modulation properties of the 25 QWs modulator. The SAW aperture ig60

Absorptive modulation

Nop (um) poss (€M) Aags (em™) Angy (1072) CR (dB) Brmod
0.859 644.5 2041 -3.0 10.2 -2.14
0.86 520.5 3029.5 —3.48 15.2 -0.17
0.861 431 2585 1.83 12.9 1.03
Phase modulation
Nop Qloss A Nest Negr (NO A¢ | for
(um) (cm™ (cm™) (SAW) SAW) (rad 7 Ap=m Brmod
0.869 162.6 36.1 3.48234 3.48079 0.56 7.64 280 6.2
0.870 149.7 18.9 3.48001 3.47860 0.51 6.34 308 10.8
0.871 138.6 7.1 3.47781 3.47654 0.46 5.15 343 25.8
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