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Asymmetric Double-Quantum-Well Phase
Modulator Using Surface Acoustic Waves

Wallace C. H. Choy, E. Herbert Lenior Member, IEEEand Bernard L. WeissSenior Member, IEEE

Abstract—An AlGaAs—GaAs asymmetric double-quantum-well However, the change of the QW properties with the induced
(DQW) optical phase modulator using surface acoustic waves is potential reduce wheRsaw increases, i.e., there is a tradeoff
investigated theoretically. The optimization steps of the DQW  panyeen the uniformity and the strength of the variation of the
structure, which so far have not been reported in detail, are .
discussed here. The optimized phase modulator structure is QW prOpe_rt'eS' In order _to make use _Of the large change of
found to contain a five-period QDW active region. A surface the SAW induced potential at the device surface to produce
acoustic wave induces a potential field which provides the phase large change of QW properties and to take account of the
modulation. Analysis of the modulation characteristics show nonuniform nature of these QW variations, an asymmetric
that by using the asymmetric DQW, the large change of the g ,5j6-quantum-well (DQW) structure is proposed here for the

induced potential at the surface and thus large modification of the . " . -
quantum-well (QW) structure can be utilized. The modification SAW optical phase modulator. In addition, with the optimized

of each QW structure is consistent, although this consistency is Structure using a DQW as the active region of the modulator,
not always preserved in typical surface acoustic wave devices.the optimum operation of the modulator only requires a long
C_:onseque’ntl_y, the change of refractive index in each of the )\g, (15 m) and low SAW power (3 MW peXsaw) which
five DQW's is almost identical. Besides, the change of effective y a1y simplifies the fabrication of the device.
refractive index is ten times larger here in comparison to a Th tric AlGaAs—GaAs DOW. struct tai
modulator with a five-period single QW as the active region and € a,symr.ne ”9 S— s QW structure con a!ns
thus produces a larger phase modulation. In addition, a long two QW's with different Al fractions separated by a thin
wavelength and a low surface acoustic wave power required here inner barrier £50 A), and this type of structure has received
simplify the fabrication of surface acoustic wave transducer and considerable interest, both experimentally and theoretically
the acoustooptic phase modulator. [4], [5]. The coupling effects between the two wells of the
Index Terms—Acoustooptic device, double quantum well, elec- asymmetric DQW provide a large refractive index change and
trooptical modulation, piezoelectric effect of surface acoustic thys a high phase modulation [4]. With an appropriate DQW

waves, surface acoustic wave modulator. structure, only a weak applied electric field-20 kV/cm)
is required to produce a large refractive index change [5].
|. INTRODUCTION Therefore, the structure can be developed as the active region

COUSTOOPTIC devices, such as modulators, beam f a SAW modulator and a Iong\SAW’. and a Iow—po_wer
) : SAW can be used to generate the uniform electric field for
flectors, and correlators, based on the interaction wi

useful optical modulators. However, the optimization of the

surface acoustic waves (SAW'’s), have been developed for Sf';l%_ymmetric DQW structure for the low-power SAW based

?ha: g:j?:nstjng (:‘pg“tcoaéllggtsrgi]i’c?r?ti Sr'/;\t/i\é;e[(fzr]]ng:ggn%rovéﬁf%iectrooptic modulators have not been discussed previously.
9 b 9 . Y In this paper, the optimization of the asymmetric DQW

trooptic modulators using the interaction of SAW'’s with 111-V S . S ;

semiconductor multiple-quantum-well (MQW) structures havre addressed by modeling its optical properties, including the
been demonstrated using the quantum-confined Stark eﬁ%c?orptlon coe_ff|C|ent and refractive 'r.‘d?‘x for a range .Of QW
parameters. It is proposed that the optimized asymmetric DQW

[21, [3]. aqcts as the active region of a waveguide-type SAW phase

As we have reported [3], SAW induces both a potential alfodulator and the modulation properties of this modulator

an electric field in the quantum-well (QW) device structurere calculated. The DOW active region is designed at the

which reduce nonuniformly with depth. The induced pOtentI";‘;‘]urface of the modulator so that, apart from the advantage of

modifies the MQW structure and thus its optical propertlerse.quiring the longsasy and the low power of SAW mentioned

A more uniform change of each QW in the MQW structure

can be obtained by increasing the SAW wavelengtfu{y). fggv;)%isslg' :](;s(';r;)l;goilectnc field can be obtained to produce
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surface of the structure. The SAW interdigital transducer tee number of electron states and hole states in calculation

deposited at one side of the device structure to generate #mel both have a value of twoxc,(z.) and xv,(zx) are

SAW'’s. The growth direction of the DQW's i&100) and the the wavefunctions of th€;th conduction subband arid;th

SAW propagates along th@10) direction. The incident light valence subband for heavy and light holes, respectivgly,

propagates normal to the propagation direction of the SAW¢. a variational parameter governing the radial extent of the

It should be noted that the ZnO thin layer depositing on theavefunction, andl; and f; are variational parameters which

top surface of the device structure can be used to enhanceahe subject to the normalization constraints

SAW-induced potential and thus the modulation strength [3], N N

[6], although it is out of the scope here to study its effects in 2 02

the device structure. ;'Cm =1 and ;m' =1 @
The perturbation of the DQW subband structure by SAW is

modeled so that electroabsorption and electrooptic variatiohge minimized expectation value of the exciton Hamiltonian

due to SAW induced piezoelectric and elastooptic effectswhich is the total exciton energy can be determined by

on the DQW can be determined. The modulation of the (| Hewe |
optical wave depends on the interaction of the optical field (= WT:}/(; (3)
with the SAW perturbed DQW structure, and therefore the iy

one-dimensional Maxwell's equation is solved analyticallyThe exciton binding energy, is then obtained
Consequently, the optical guided mode, the change of effective . N

refractive index, and the change of the effective absorption Ey=FE +E'-¢ 4)
coefficient are obtained for the determination of the modulati

characteristics of the phase modulator %‘nereEf and E} are the first subband energy of an electron

and a hole, respectively.

A. SAW-Perturbed DQW Structure B. Optical Properties

The _propagano_n of .SAW IS descrl_bed by the equat|(_)n The subband structure and the exciton states, including inter-
of motion of particles in elastic medium and the electrig

. S . Subband coupling effects, are used to calculate the absorption
displacement equation in a medium [7], [8]. For the subba% efficient (x)p thgtla unbiased absolute refractive index.) P

structurg of a DQW, it is considgred that_ the isolation I.ay he change of absorption coefficienkd), and the change of
s.epa'lr'atlng two D QW structure; IS S0 th'CI,( that there is "Biractive index Qn) due to an electric field for the DQW
significant coupling between adjacent DQW's, and therefores ructure. Details of andn,. calculations are in [14] and [15]
DQW model can be used here. The QW subband edge states in ) ! '

the I'-valley are calculated by solving a one-dimensional d_espectlvely. The essential steps foandn,. of the DQW are

D) one-particle Sclidinger-like equation numerically. Thispresented here. The bound statan be obtained from the

. . - : . imaginary part of the dielectric constasjp*"< 16], where
equation is reexpressed as a tridiagonal matrix using the ginary p ! : artp " d(w) [16], w

Strum-Liouville method [9], and eigenvalues of thetridiagonaltztesuDerSC”pt denotes the conduction-valance band bound
matrix are found by using the recursive method [10] followea

by a bisection method. An inversion iteration [10] is then Used{_:bound (w) = & it

to improve the eigenvalue accuracy and find the eigenvector,’ 6eomEEZy (L1 + L2 + Liy)

i.e., the gnvelope funchop o.f an.electron. The SAW mc!uces E (E, + Ag) 2 (h

both strain and an electric field in the AlGaAs—GaAs piezo- ' E,+ 2A, Z [(xclxv)*lev (hw)
3 C, v

electric heterostructure. However, the induced strains are too

small (<0.1%) to significantly modify the subband structure (5)

heterostructure and to change the semiconductor matevidiere

bandgap [11]. Consequently, only the potential due to the Y

SAW-induced electric field is considered as an additional IinearICV(hw) N /0 AE)S(B)L(E) dE,

perturbation term in modifying the DQW potential profile.
The exciton in a DQW is modeled using the variational

method which has been discussed previously [12]. When . ]

the energy difference between the first and second subb& Lw1, Lw2 and L;, are the thickness of the first and

states is small, the intersubband coupling of the excitons mg§cond wells, and inner barrier, respectiveligc|xv)|* is

be considered. Consequently, the variational wavefunctifif Probability of the wavefunction overlap betwega and

associated with the lowest two subband states of the election, S(F) is the Sommerfield enhancement factor which
and the hole are chosen as [13] is assumed here to be a constah{,E) is the Lorentzian
broadening factor['s is the bound state linewidth (half
oy — ‘ o —8p width half maximum, HFHM) broadening factop(E) is the
ey (p) = Z Z dixc,(ze)fixv; (zn)e (1) polarization factorg, is the permittivity of free spacebicy
C;=1V;=1 . .. .
’ is the transition energy between a conduction subband and
where p is the displacement of the position vectors of am valence subband, andl,, m}, and £, are the spin-orbit

e

electron and a hole projected in thew plane, N, M are splitting gap, the effective electron mass, and bandgap energy,

o W{[ECV + FE— hw)2 + F%}

L(E)

N M
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respectively. The latter three parameters are calculated ibydetermined using the Kramers-dfig transformation of
weighing the ratio between the well widths and the Al fraction} (w); the real part of refractive index is evaluated from (7)
of the two wells. Details of the polarization factor can be foundnd includes contributions of the real and imaginary dielectric
in [14]. The imaginary part of the DQW exciton dielectricfunctions by theX - and L-valleys and higher order transitions
constants§*°(w), implied the exciton absorption coefficient,obtained from the bulk calculation [18]. In order to verify
is given by the refractive index model, the calculated refractive index is
252 compared with experimental values of a single QW taken

e5(w) = > from [19]. By setting L;;, and L. = 0, the calculated
2eom EZy (Lt + Lz + Liv) n, demonstrates good agreement between the model and
2/32 2 experiment [15]. SAW induced modifications of the absorption
E(E,+4,) | 5 Yol elxs coefficient are determined using (5) and (6). The change of
E 4+ EA T[(Bexe — Fw)? +T'% 5] refractive index induced by SAW is then calculated by using
a3 the Kramers—Kohig transformation from the change of the

where E.. is the excitonic transition energy afitk ; is the absorption coefficient.
exciton linewidth (HWHM) broadening factor. o
The dielectric functions are used to determing15], [17], C- Modulator Characteristics
which is given by A multilayer planar waveguide model using the transfer
1 1 matrix method [16] is used. From this calculation, the mode
ny(w) = (551((4)) + 5{[61(w)]2 + [e2(w)P}%)Y? (7)  field profiles and the propagation constants are obtained for
) ) the determination of the effective absorption coefficiegt
where £; and €, are the real and imaginary parts of theynqg effective refractive index.s, respectively [3], to enable

dielectric function respectively, and are given by the performance of the phase modulator to be calculated.
_r L X The important performance characteristics include the phase
= 0o 8 . s )
e1(w) 5;(@ + le(w) + 5; (@) + EID ® changeA, the optical confinement factor, the chirp parameter
e2(w) =&y (w) + &5 (w) +e3 (W) + &5 9)

Bmod, and the absorption losg.ss. Details of these parameters

where I and ¢ denotes the contribution frori-valley, ¢a@n be found in [3]. _
¢l and e} denotes the contribution froni-valley, X and A typical electrooptical phase modulator requifgsoa >

X denotes the contribution front-valley, e, denotes the 10 [20]. High-performance phase modulators also require a

contribution from other transitions ta, ande” denotes the 1OW “loss, Which is a measure of the insertion loss of the

contribution from the indirect transitions te,. The quan- device, wherev.s; is defined asveg with the SAW effect.

tum confinement affects primarily the contribution of the

transitions in thel-valley, and thuse! and ), while the IIl. RESULTS AND DISCUSSIONS

contributions of the bulk-like.- and X -valleys and all other A five-period asymmetric DQW phase modulator operated

transitions above the DQW, which contribute to the redly using a SAW withigaw of 15 um and SAW power of

and imaginary dielectric functions, are obtained using a bulkkmW per Asaw is analyzed here. In order to have a low

calculation [18]. (oss, the phase modulator is operated at a wavelength beyond
By considering the effects contributed by the DQW welhe exciton absorption peak of the C1-HH1 transition [20].

layers and the bulk barrier layers, the imaginary part of thEhe optimization of the DQW structure is discussed first and

dielectric constant contributed by thigvalley is given by the modulation characteristics of the SAW modulator with the

oxc oun u optimized DQW as its active region are then addressed. Since
e3(w) = 5 (w) + e (w) + &3 " (W) (10) Asaw is 15 um and a single DQW thickness is10~2um,

where the superscrifit,. refers to the contribution due to theth® SAW induced potential due to the piezoelectric effect is

bulk-like higher energy region above the QW. The expressioffectively linear in each DQW which are in the top Q.tn

for e andebeund are given by (5) and (6), respectively, andf _the stru_cture. Th_ere_fore, DQW potential _prof|le t_||ted by an

eIk s taken from [18]. uniform bias electric field, as in a conventional p-i-n reverse
In the modeling of the DQW, thel *" () is determined bias modulator [141, [16], is studied in opt|m|zat|on.of the

by weighing the barrier and well together in the ratio of th@QW- In the modeling of SAW, also due to the considerable

width of the two wells of a DQW and width of barriers difference of the\saw magnitude and DQW dimension, SAW
is relatively insensitive to the presence of the thin inner barrier

L Ly, : e
el Pulk(y) = . L1l ()] w1 + 7 2 (D P ()] w2 of the DQW. The SAW potential profile is therefore modeled
tot tot using a five-period single QW structure where the well width
Ly u 2L u i i i .
+ i [Egb lk(w)]ib + - [Egb lk(w)]ob (11) is equivalent to the thickness of the DQW structure
where L, is the thickness of one outer barrier afg,, — A Optimization of Asymmetric DQW

L1 + Lyo + 2L, + Ly, the subscriptswl, w2, ¢b, and In order to improve the optical properties of a DQW
ob denote theel Pk(w) of first well, second well, inner structure, the structural parameters, including the well widths,
barrier layer, and isolation layer respectively, anf(w) the Al fraction in wells, the Al fraction of the isolation barriers
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TABLE |
TRANSITION ENERGIES Et; AND SQUARE OF THE OVERLAPPING
INTEGRAL, OVINT, oF FOUR DQW’S STRUCTURES—A.:
Z45/15/45, X0.0/0.52/0.0; B: Z30/15/60, X0.0/0.52/0.0; C:
[ = Z30/15/60, X0.0/0.52/0.036; D: Z30/15/60, X0.0/1.0/0.036
< - 1 g
3 10f g 102 & Cases F=0 F = 20kV/cm
= 08¢ 0 Joo § Ccl-  Cil- C2- Ca- Cl- Ci- C2- C2-
= 0.6 r - ] 0.2 2 HH1 HH2 HIH! HH2 HHI1 HH2 HHI HH2
(a) 2 D wat 4N J"\ 1< S A E.(eV) | 1538 1540 1566 1568 |1.532 1544 1562 1574
g 04r FARANY SN 104 5 OVINT | 0963 0000 0000 0975 |0345 0618 0622 0350
V- / 4 N J 06 o B E,(eV)|1512 1538 1610 1636 |1.512 1526 1.620 1.635
00 | N ! B : = OVINT | 0962 0.013 0.015 0937 (0967 0.004 0003 0930
0.2 B [\ /H I 1 -0.8 C E,(eV) | 1.567 1575 1.630 1.639 1.564 1.568 1.637 1.641
—F ! ] 1.0 OVINT | 0.957 0.018 0.020 0930 0.163 0808 0.780 0.156
'0'4: E ’ D E.(eV) | 1.661 1687 1.670 1.695 1.655 1.693 1.664 1.702
] OVINT [ 0.834 0.126  0.124 0.854 | 0.112 0.856 0.847  0.113
18 | 308
16 1o0s
140 A P = Z30/15/60 and X0.0/0.52/0.036 to show the effects of different
s 2 lo2 2 well composition; and D) Z30/15/60 and X0.0/1.0/0.118 to
= sk loo S show the effect of the composition of the barrier layer. The
© - N . . .
() £ o6 L Joo 2 isolation layers of all four DQW structures have an Al fraction
[¥) - Y A .
5 o04f I A 104 = of 0.52.
C {3 \ 4 B . ]
HHTY [HR2y ] g The potential profile of structure A, Z45/15/45 and
] X0.0/0.52/0.0, is shown in Fig. 1. The square of the overlap
. integral of the diagonal transitions, i.e., C1-HH1 and C2—-HH?2,
Covriinnns b T reduce and that of the nondiagonal transitions, i.e., C1-HH2

10 2 30 40 and C2-HH1, increase when the uniform electric figld
Growth direction  (nm) increases from 0 to 20 kV/cm, as shown in Table I. These
Fig. 1. Potential profile and wavefunctions of the symmetric structure &Zhanges can be expressed by plotting their wavefunctions,
Z45/15/45, X0.0/0.52/0.0 bounded b iers wi i - :
0.52 at field (a)F = 0 and (b)F = 20 ykvt%%‘)?(‘?{eﬁﬁiﬁ'ir%fv.fgsh (él)l%aﬁﬁg? %See Fig. 1. Although the square of the overlap integral of the
C1 and HH1 wavefunctions (dotted line), and C2 and HH2 wavefunctiokd transitions has not been discussed here, the variations are
(dashed line). similar to those of the HH transitions. The exciton absorption

spectra of structure A applied fields 6f = 0 and 20 kV/cm

between the two adjacent DQW pairs, and the thickness and®§ Shown in Fig. 2(a). The exciton absorption coefficient
fraction of the inner barrier have to be optimized. Generallfex Of the diagonal transitions, such as C1-HH1, reduce
the confinement of an envelope wavefunction improves whERnsiderably and... for the nondiagonal transitions, such as
the Al fraction of the isolation barriers increases and the tofafl—HH2, establishes with a high magnitude wiiémcreases
thickness L1 + Lu2+ Li) reduces. The effects of varying thet© 20 kvicm. 'I.'he.cha.nge of refractlve index due to the uniform
thickness of the wells and inner barrier of a symmetric DQWPPlied electric field is obtained and shown in Fig. 3(a).
on the optical properties have been thoroughly studied [21]When the widths of the two wells of the symmetric structure
and are not discussed further here. In order to have a strdh¢@re modified to become asymmetric, as in structure B,
guantum confinement, an Al fraction of 0.52 is used for th@30/15/60 and X0.0/0.52/0.0, the square of the overlap integral
isolation barriers [5] and the thickness df.{; + L2 + L) of the diagonal and nondiagonal transitions show no significant
is 105 A (~100 A) [21]. The inner barrier thickness of 15change due to the uniform applied field, as shown in Table
A is used here to produce strong coupling effects in tHe When the applied electric field in structure A (symmetric
DQW structure [21]. In order to optimize an asymmetric DQWPQW) increases from 0 to 20 kV/cm, the square of the overlap
structure, the effects of the two well widths,,; and L., Integral of the diagonal transitions reduces fre/.9 to~0.6
the Al fraction of the two wells, and the inner barrier aré@nd the nondiagonal ones increase from G-th6. However,
investigated here. An optimized DQW structure is obtaindty modifying the symmetric DQW to the asymmetric DQW
by analyzing the wavefunction distribution, the square @tructure B, the square of the overlap integral is maintained at
the overlap integral, the square of variational paramgter ~0.9 and~O0 for diagonal and nondiagonal transitions, respec-
(which governs the radial extent of the wavefunction), and ttiwely, when the applied field increases from 0 to 20 kV/cm.
absorption coefficient. As a result,«.,. Spectra with and without the applied field
Four AlGaAs—GaAs DQW structures are used to show tlage similar to each other and result in a small refractive index
effects of the Al fraction of the well and barrier layers anghange for structure B, as shown in Fig. 3(b). Consequently,
the well width of DQW on its optical properties. They are: Apn asymmetric DQW produced by only adjusting the well
two identical GaAs wells (Al fraction ) with widths of 48, widths is not useful for phase modulation due to the small
an inner barrier width of 18, and an Al fraction of 0.52; SAW induced field £ 20 kV/cm).
this structure is denoted as Z45/15/45 and X0.0/0.52/0.0 forBy increasing the Al fraction in the wider well to 0.036, i.e.,
layer dimension and Al fraction respectively; b) Z30/15/60 anstructure C with Z30/15/60 and X0.0/0.52/0.036, the change
X0.0/0.52/0.0 to show the effect of different well widths; cpf the square of its overlap integral due to the applied field is
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L £ 20000 | R
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s L C2HH1 |} C1HH2 I~ I 7
,g .g 16000 [ B
£ 12000 | {1 € - A
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8 L cint | | 8 12000 [ 1
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& 8000 | cae 5 - 1
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| - | CalH2
< 4000 Y < 4000 | .
- ]
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Photon wavelength (pm)
(@) (b)

Fig. 2. Exciton absorption spectra of structures: (a) AFat= 0 (solid line) and F = 20 kV/cm (dotted line) and (b) D aF = 0 (solid line)
and I = 20 kV/cm (dotted line).

applied electric field on both the diagonal and the nondiagonal

LI B N S e R S S N S S B N R U D VR S B

]
008 a E transitions can increase t©0.8. The field-induced changes
006 b E in symmetric structure A are only0.6 for both diagonal
0.04 F E and nondiagonal transitions. If the Al fraction of the wider
@ 0.02 f — well increases further, the change of the square of the overlap
0.00 E 3 integral reduces again, just as for the case when the Al fraction
-0.02 : increases to 0.12, the change of the square of the overlap
004 : integral of C1-HH1 and C1-LH1 are from0.62 to ~0.41
TE and from~0.32 to~0.53, respectively. Therefore, the change
006 ¢ | of the absorption coefficient and refractive index are reduced.
0.02 ¢ Consequently, the large change of the square of the overlap
§ 0.00 | integral contributes to a large refractive index change for
(b) £ ook structure C at wavelengths 0.795 um [see Fig. 3(c)], as
é’ 004 F compared to that of structure A at wavelength€).815 m
& : [see Fig. 3(a)]. Thus structure C is more useful for developing
"E 002 1 a phase modulator.
(© 5 000 F It is interesting to note that a larger refractive index change
S o002k ! can be obtained using the optimized DQW structure D,
E 5 04; ; Z30/15/60 and X0.0/1.0/0.118, where the most important
O L A P . Caa] difference between structures C and D is the increase of the
0.08 F ( ] Al fraction of the inner barrier to 1.0. As shown in Fig. 4(a),
0.05 _ { l1 ] the C1 and HH1 wavefunctions fdr = 0 are predominantly
o004 E !'-\ 'Ili ] in the narrow well because of increases of the Al fraction
001 E !\\,’i 3 of both the barrier and the wider well, while in structure A
@ B R ! | _: the two wavefunctions are evenly distributed in both wells,
001 F vi,nj \ Lo T ] as shown in Fig. 1(a). Fot" = 20 kV/cm [see Fig. 4(b)],
oosf 4N 3 C1 of structure D is better confined in the right-hand well as
004 3 'I' ! 3 compared to that of structure A [see Fig. 1(a)], since the Al
b | ] fraction of the inner barrier and width of the right-hand well
00 S 07 074 076 078 0.80 082 084 of structure D increases and broadens respectively, while HH1

Photon wavelength (pm) has no significant change. Consequently, when the Al fraction
. o of the inner barrier increases to 1.0 (structure D), the square
Fig. 3. Change of refractive index spectra of the four DQW structures (a) . .
(solid line), (b) B (dotted line), (c) C (dashed line), and (d) D (dotted-dash&lf the overlap integral of C1-HH1 reduces slightly®.83
line). as compared t6-0.96 for the other structures for zero applied
field (see Table I). However, singg® of C1-HH1 increases
similar in trend to that of structure A. However, in structurérom 4.73x 10~° in structure A to 8.76< 10~ in structure
C, the total change of the square of the overlap integral fBx, i.e., almost a two-fold increase @, the C1-HHLaexc
structure C is larger than that for structure A. Thereforef structure D increases considerably 4@5000 cnt?, as
by increasing the Al fraction of the wider well to 0.036shown in Fig. 2(b). Wherf" = 20 kV/cm, the square of the
the change of the square of the overlap integral due to awerlap integral of C1-HH1 of structure D is one-third that of
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--------- Lo rTaiasatiaaenaies Fig. 5. Potential profile of the five-period DQW structures due to the SAW
10 20 30 40 induced potential foisaw of 15 um and SAW power of 3 W. The inserted
Growth direction z (nm) figure is the potential induced by the SAW.

Fig. 4. Potential profile and wavefunctions of the optimized asymmetric

structure D: Z30/15/60, X0.0/1.0/0.118 bounded by two outer barriers wi ;
an Al fraction of 0.52 at field (&F — 0 and (b)F = 20 kv/cm. Potential Held phase modulauon than structL_Jre A It should be noted that
profiles (solid line), C1 and HH1 wavefunctions (dotted line), and C2 ardl€ expression for the large refractive index change of structure

HH2 wavefunctions (dashed line). D is applicable to structure C.

structure A and3? of C1-HH1 is also slightly reduced from B:- Modulator Characteristics
3.99x 107% in structure A to 3.76< 10~° in structure D. The  The optimized DQW structure contains five DQW periods
C1-HH1 . Of structure D therefore reduces significantlyas the active region of the SAW modulator. The five DQW'’s
as shown in Fig. 2(b). It should be noted that since increasiage tilted by the potential of the SAW induced electric field
the Al fraction in the inner barrier contributes to the variationand they are located at the top region (with thicknes00
of C1 and HH1 of both# = 0 and /" = 20 kV/cm, structure nm) of the whole nonlinear SAW potential profile, as shown in
D can be considered as a DQW to study the effect of the Rlg. 5. In this figure, the slope of the SAW potential is steepest
fraction in the barrier in optimizing the DQW structure, whileat the surface, i.e., the strongest electric field induced by the
the effects of increasing the well width and the Al fractioBAW can used for phase modulation.
of the right-hand well have been discussed in structures BAs shown in Fig. 6,a of the DQW’s are modified due
and C, respectively. to the SAW induced potential. The absorption spectra of the
The increase and decrease of the C1-H#d]. of structure first, third, and fifth DQW almost coincide, i.e., the slope of
D for £' = 0 andZ" = 20 kV/cm, respectively, resultin a largerthe SAW induced potential is almost identical over the five
refractive index change at wavelengths between @m5and DQW's. This implies that each of the five DQW's can provide
0.78 um for structure D as compared to that of structure A aimilar An, as shown in Fig. 7.
wavelengths between 0.815 and 0:84. The main reasons are  Although the optical confinement factor of the SAW phase
the following. First, the large negativBaex., i.€., cexc(# = modulator is not especially large-0.54), the strong electric
20 kVicm) — axo(F = 0), at wavelengths between 0.78n field induced by the SAW provides a large phase modulation,
and 0.76pm for structure D [see Fig. 2(b)] contributes to as shown in Table Il. At an operating wavelength,f) of
large negative refractive index change at wavelengths betwéen55,m, An.r and thusA¢ for a SAW aperture (modulation
0.75um and 0.7§:m after the Kramer—Kinig transformation, length) of 50um are very high with values of 1.38 10~2 and
see Fig. 3(d). Second, the large but opposite siyn... 5.76 rad, respectively. However, the penalty is a latge.x
of structure A for wavelengths between 0.8 and 0.82 with a value of 329 cm!® which results in a low3,04 =
wm [see Fig. 2(a)] causes a cancellation of refractive ind€x9(<10). This means that, although a large phase modulation
changes in the Kramer—Knig transformation and results in ais produced, an unexpected strong intensity modulation is
small positive refractive index change at wavelengths betwesimultaneously produced. Therefore, it is not useful for a SAW
0.815 um and 0.84;m [see Fig. 3(a)]. As a consequencephase modulator to operate &, = 0.755 pum. For longer
structure D provides a larger refractive index for a low appliedy,,, Smod increases which implies that the phase modulation
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10000 DQW has 10 times largekn.g. In addition, since only a small

change of the SAW induced potential (equivalent to a linear
applied electric field 0£-20 kV/cm) is required, the SAW with

8000

26000 rrETITTTTTTTET T T T T TABLE 1
F ’ 1 MODULATION PROPERTIES OF THEFIVE-DQW
24000 - no SAW effect - PHASE MODULATOR. SAW APERTURE 1S50 ptm
22000 F --—-- SAW-DQW1 . 7\up (Um)  Clogs ALy Tt e (NO Angg A PBriod
[ I I [} S SAW-DQW3 | (em™) (em™) (SAW)  SAW) (107 (rad.)

20000 | — - — SAW-DQWS5 ] 0755 365 329 312298 3.10914 1380 576 6.9

= I ) 0.76 136 70 312685 3.12163 0521 215 122
0765 107 26 311325 3.11033 0292 1.20 17.9

< 18000 - 1 0.77 71 13 310325 310134 0192 078 234
z - ] 0775 52 7.8 3.09524 3.09385 0.140 057 29.1
§ 16000 [ . 0.78 41 5 3.08807 3.08699 0.108 043 34.7
i..f;:) 14000 | 4
[} L 4
8 12000 \ J . To compare these results with a SAW phase modulator using
5 1 a five-period single QW as the active region [3], the optimized
g
o}
[%2]
O
<

"-M
1 L1 1

6000 k| a long Asaw of 15 um and a low SAW power of 3 mW can

4000 \/ \ . be used. LongeAsaw and lower SAW power simplifies the

2000 k \\ i fabrication of the SAW transducer. Consequently, the asym-
| | metric DQW phase modulator using SAW is an acoustooptical

0 laaie i laeanseaaslesaryaaesdoraganesa )by TTLY 1 1 1
= e e B device with a large phase modulation.

Photon wavelength (um)

that of a structure containing five single QW’s ef10—3
[3] and 100 times that of a conventional AlGaAs bulk SAW
modulator [22], i.e., a larger phase modulation is obtained
in the DQW structure. Consequently, the asymmetric DQW
phase modulator using SAW becomes an attractive candidate
in the development of QW active optoelectronic devices and
circuits.

It is important to note that, since the DQW structure is

0.01

Fig. 6. The absorption coefficient spectra of the five DQW's in the active IV. CONCLUSIONS

region of the SAW phase modulatar. of the DQW without SAW effect . i .

(solid line)ax of the first DQW with the SAW effect (dashed liney,of the 1N this paper, an optimized DQW optical phase modulator

third DQW with the SAW effect (dot line), and of the fifth DQW with the using SAW has been investigated theoretically. The optimized

SAW effect (dotted-dashed line). asymmetric DQW structure, i.e., Z30/15/60, X0.0/1.0/0.18 and

isolation layers with 0.52 Al fraction, is proposed as the five-
O e e LA A period DQW active region of the phase modulator for a SAW
0.07 | with Asaw and power of 15um and 3 mW, respectively.
006 L —— SAW-DQWA1 The results show that the large change of the SAW induced
005 [ potential at the top surface can be utilized. Meanwhile, the
- five-DQW subband structure is tilted uniformly so that the

0.04 ¢ refractive index change produced by each DQW is almost
0.03 identical. In addition, the change of the effective refractive
0.02 | index for the optimized DQW is~10-2 which is 10 times

0.00
-0.01
-0.02
-0.03
-0.04

Change of refractive index

T 1T VT 7T 7T 17
YRR NN W N TN (N SN U0 RN JNNNN TN GRS WU [N SN | UV TS NN TN NN WA (NN SN AN TS [N 1O AU T Y

-0.05
0.06 optimized by using an uniform applied field, the analysis in
’ the optimization can also serve as a guide for developing an
007 T electrical biased DQW phase modulator, and the optimized
-0.08 bwunuuunheneubis el e el g I L H H _hi
B 75 075 074 075 076 077 076 o070 080 DQW structure is also applicable for the use of a low-bias
Photon wavelength (um) DQW phase modulator.
Fig. 7. The change of refractive indéxn spectra of the first DQW'’s in the
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