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Abstract—Waveguide phase modulators, with 0.5- and }sm process has been used to fabricate optical devices, such as
quantum-well (QW) active regions which are defined by impurity-  |asers [9], modulators [10], and waveguides [11] on a single
induced disordering are investigated theoretically. By controlling substrate and makes photonic integration a reality.

the extent of the interdiffusion in the lateral claddings, the refrac- .
tive index difference between the core and claddings is used to Conventional AlGaAs-GaAs QW modulators use the com-

provide single-mode operation. Strong optical confinement, which POsition of the AlGaAs cladding layers to control the number
is required to produce single-mode high-efficiency modulation, of guided modes in the waveguide section of the modulator

requires the peak impurity concentration to be at the center of [12]. In this paper. the annealing time is used to control the
the QW active region. Moreover, the annealing time needs to be gytant of the interdiffusion, and therefore the refractive index

optimized so that single mode can be maintained at the desired h ¢ th dal ch teristi f th id
bias field. A low dopant concentration is also expected to minimize ¢1@Nd€, 10 govern the modal characteristics ot the waveguiae

the destruction of the modulator structure. The results show that modulator structure.
since the core/cladding interface is graded, the width of the metal  In this paper, we model an electrooptic phase mod-

contact is imp_ortant. A comparison of modulation efficiency for ylator with lateral confinement provided by IID in an
active layer thicknesses of 0.5 and 1.0m shows that the 0.5¢m  A| . . Ga, -As-GaAs QW's active region. This paper addresses
one is a more efficient structure and its absorption loss can be ’ . . : .
reduced by increasing the applied field from 50 to 100 kV/cm. the effects of |nt§rd|ﬁu5|on on _thg modulator performancg
and the waveguide characteristics of the modulator in
terms of the thickness of the active region. The phase
modulator is aimed as a single-mode waveguide device to
reduce dispersion and achieve good performance. The results
demonstrate the effects of structural parameters of the device
l. INTRODUCTION and interdiffusion conditions on the modulator characteristics

HE 11I-V semiconductor quantum-well (QW) electroop-2nd shows how a useful phase modulator can be designed
tical phase modulators are of interest for a range 8§ping interdiffusion.
applications in optical communication and signal process-
ing due to their large electrooptic effect [1], [2]. However,
most QW phase modulators are discrete devices which are
integrated with other devices to form photonic integrated The structure of the phase modulator studied here is shown
circuits (PIC’s). Impurity-induced disordering (1ID) is a simpleschematically in Fig. 1. Starting from the'rfGaAs substrate,
technology that is a candidate for the development of PICtge layers are anintype Aly 3Gay 7As lower cladding layer, a
[3]. When impurities, such as Ga [4], Al [5], and O [6], ortumber of undoped quantum wells (QW’s) consisting of 100-
vacancies [7] are introduced selectively into a QW structur®, Alo.3Ga 7As barriers and 108 GaAs wells which serve
such as by masked implantation, the rate of interdiffusics the active region of the device, anti-fype Aly 3Ga.7As
which is determined by the annealing temperature and time d#@per cladding with metal contacts on the GaAs substrate and
be accelerated. Interdiffusion occurs across the well-barrtBe upper cladding layer. IID is used to provide the lateral
interface and modifies the transition energies, and thus ®@nfinement in the active region of the modulator.
optical properties, which results in a change of refractive indexIn order to investigate an ion-implanted phase modulator,
between the as-grown and interdiffused QW regions [8]. Ths two-dimensional (2-D) diffused impurity profile of the
QW active region and the corresponding refractive index
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Il. MODELING OF THE PHASE-MODULATOR STRUCTURE
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. . Fig. 2. Comparison of calculated TE and TM polarization refractive index
A. Optical Properties of QW 9 P p

spectra to experimental results ofAls Gey. 74 As—GaAs QW with well width
The real part of refractive index,, the imaginary part of of 80 A. The experimental refractive indices taken from [18] are denoted by

refractive index, implies the absorption coefficientand the a filed square (TE) and a filled circle (TM).

real and imaginary parts of the dielectric functien,ande,,

respectively, are the fundamental optical constants of the Qive to the weighted AlGaAs barrier and GaAs well layers

structure. The relationship betweenande; is given by as a bulk material for the higher energy region without any
guantum confinement effects, respectively. The expressions of

(1) e5¥¢ and eb°und are taken from [13] together with (1), while

Cor(w) e,"" is taken from [17].

. . . In the calculation of the as-grown square QW, #he* (w)
wherew is the angular frequency ang is the speed of light. ; calculated by weighting the barrier and well together in a

. ; . i
This model ofa has been described previously [13], [14] and_.. . . .
is not the subject of the work reported here. The modehfor gzmo of well width (L) to barrier width {.)
is described in .[15] and [16]. In the following, the important ebbuk () = [nggxgﬁ (w) +Lb55ﬁ21r]‘rier(w)]/(Lz +Ly). (6)
steps of modeling:, are shown.

The dielectric functions are used to determimeand the For the case of a diffused QW, we divide each well and
relationship is given by barrier layer inton, = 20 subintervals and}"*(w) at each

. . ) 291/2\1/2 subinterval is calculated using the diffused Al concentration
ni(w) = (5e1(w) + 3 {ler(W)]” + [e2()]"H77) (2)  profile. The barrier layeel > is then weighted with the well

weg(w)

alw) =

. , layer 5bux
wheree; andes, the real and imaginary parts of the dielectric
function, respectively, are given by - n
5P (w) = (1/n) 3 5" (W) ™
e1(w) =el (W) + el (w) + e (W) + e0o 3 i=1
e2(w) =3 (W) + e5(w) + &5 (W) + €5° (4)  wheren is the number of subintervals in a barrier.

el'(w) is determined using the Kramers—Kronig transfor-

mation of €} (w), taking into consideration the well/barrier
weighting [15]. The real part of the refractive index is eval-
uated from (2) by including the real and imaginary dielectric
function contributions by theX and L valleys and higher

o e ) X order transitions obtained from a bulk calculation [17]. The
affecti the tr?nsn_lons contribution primarily In valley and .50 jated refractive index is compared with the experimental
thuse} ande; while the contributions of bulk-likel. and X' y5),e5 taken from [18], as shown in Fig. 2. The result demon-
valleys, and all other transitions above the QW to the reglaies 54 good agreement between the model and experiment.
and imaginary dielectric functions, are obtained using bul§nger applied electric field, the change of refractive index

calculation [17]. _ is calculated by the Kramers—Kronig transformation from the
By considering the effects contributed by QW layer and trl‘?nange of absorption coefficient [19].

bulk barrier layers, the imaginary part of the dielectric constant
contributed by thd” valley is derived

whereel, e} denotes the contribution from tHe valley, £,
eL denotes the contribution fron valley, X, 5 denotes
the contribution fromX valley, ., denotes the contribution
from other transitions te;, while e1° denotes the contribution
from the indirect transitions tes. The quantum confinement

B. Disorder-Delineated QW Optical Waveguide

el (W) = e55(w) + ebound () + Egbulk(w) (5) Latgral confi_nem_ent of the active regior_1 is produced by
Ga" implantation into the unmasked regions of the QW
where the superscripts, exc, bound, and I,y refer to the structure to provide enhanced interdiffusion after annealing.
contributions of thd” valley, the QW 1S bound exciton, theThese interdiffused implanted regions have a lower refractive
conduction-valence band QW bound state, and the contributiodex than the masked unimplanted interdiffused regions so
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that a waveguide is formed with the light being confined ithe fraction of the optical field intensity(z, y)¢*(z, v)
the unimplanted region. Since the implanted ion concentratianithin the wells of active region. The field-induced change
varies with depth in a controlled manner [20], the extent aff effective absorption coefficientfA«.s) in the device is
the interdiffusion, and, thus, the refractive index depth profilealculated using:

varies along the growth direction of the QW structure.

The theoretical model of implanted ion profile and the Adet = (£ # 0) — aer(F1 = 0) )
Al-Ga concentration profile after interdiffusion have been re- _
ported previously [21]. From the Al-Ga concentration profild/here theces (£ # 0) and a.s(F" = 0) are the effective
the corresponding diffusion lengtig) is determined, where absorpt_lon coefficients with and without an applied field,
Lq is defined agDt)1/2 and D andt are the interdiffusion respectively. _
coefficient and the annealing time, respectively. The effects € TE refractive index spectra of the QW region and the
of interdiffusion on the QW subband structure have be&hange of refractive index due to different applied voltages
discussed previously [22] and are not the subject of &€ Shown in Fig. 3(b) and (c), respectively. In Fig. 3(b), the
work reported here. Using the model discussed previoudffractive index reaches a heavy hole exciton peak at Q852
for n, of interdiffused QW (DFQW) structures, a 2-D refrac@nd followed .by a much smaller amplitude resonance which
tive index profilen,(z, y) is calculated for differentLy’s. ©Ccurs at a slightly shorter wavelength at 0.348, due to the
By using the improved Fourier decomposition method [23!||ght hole. The v_vave_gmde effective _refractlve |n(_j|ces with and
Maxwell's equations are solved to determine the waveguiddthout an applied field are determined by solving Maxwell’s
characteristics of the phase modulator, including the numbergfuations using the refractive indices with the corresponding

guided modes and their propagation constants and the effecfipPlied field which are then used to determine the change of
refractive indices. the effective refractive indeXAnqg.

D. Modulation Characteristics
C. Electrooptic and Electroabsorption

: The important performance characteristics of the phase
Properties of the Modulator P P b

modulator are the phase change per unit modulation length
Annealing the implanted structure modifies the impuritger unit applied voltage, the chirp parameter, the optical con-

profile and results in a gradel; profile between the wave- finement factorl’, the absorption lossy..s, and the required

guide core and cladding regions of the QW structure. Thgas voltage.

metal contacts are designed to cover the gratlgdegions,  The modulation efficiency of the phase modulator is mea-

i.e., the active region is composed of DFQW's with differendured from the phase change per unit modulation length per

values of Ly (details later). Consequently, the electrooptianit applied voltage, which is the normalized phase shitty,
and electroabsorption properties of the modulator are obtaingst is given by

from DFQW'’s with different extents of interdiffusion. Under
reverse bias, the optical properties, including absorption coeffi- Afby = 27TA_”eH (10)
cient and refractive index, of these DFQW's change to produce V (applied)\op,

the modulation characteristics. where V (applied) is the applied voltage and,, is the

The application of an external applied voltage tilts the . . : . .
oW's ré)c? shifts the transition eneﬁgies and grjeduces tRgeratmg wavelength. A high modulation efficiency requires
. X large Afy.

wavefunction overlap integrals (i.e., quantum-confined Stafk h ic chi . b
effect). They result in a red shift of the exciton absorption The static chirp parametefinoq Is given by
peaks and reduce the peak absorption values, as shown in AT Aneg
transverse electric mode (TE) absorption spectra [Fig. 3(a)]. Pmod = o Acverr (11)
The effective absorption coefficient.g, is given by e
where bothAw.g and An.g are functions of the applied

alz, y)e(z, y)e*(z, y) dA voltage [19]. Equation (11) shows that,.q can be considered
as a measure of the phase modulation strength to intensity
modulation strength due to an applied electric field. A useful
phase modulator requires chirp parametdiO [24].

The optical confinement factdr is determined using

the wells within
the active region

eff = (8)
o(z, y)p*(z, y) dA

the entire range of
the guiding field

o(z, y)p*(z, y) dA

the depletion region of
the waveguide device

where¢(z, y) is the guiding optical fielddA is a small but
finite area normal to the optical field &, ), and oz, y) r=
is the absorption coefficient of the MGa 7As—GaAs QW .
structure, since the extent of the interdiffusion in the QW oz, y)et (@, y) dA
region is inhomogeneous throughout the cross section of the thigfaltgiﬁj?gge%mge

phase modulation, i.e., the absorption is dependent on both

z and y. Equation (8) shows that..g is determined by where thel’ parameter indicates the portion of the optical

(12)
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Fig. 3. (a) Absorption spectra of 100100-A Alg.3Gay 7As—GaAs QW'’s for applied fields of 0 (solid line), 50 kV/cm (dashed line), and 100 kV/cm
(dotted—dashed line). (b) Unbiased refractive index spectra of the QW structure. (c) Change of refractive index spectra for applied fields af 50 (soli
line) and 100 kV/cm (dash line).

power which overlaps the depletion region of the p-i-n strusolving Poisson’s equation in one dimension with appropriate
ture, which consists of a QW active region and part of theoundary conditions [16]

two (top and bottom) cladding layers, within the entire device

structure. Therefore, an efficient modulator requires a large -V20 =p/e (13)
value of I". Moreover, a good phase modulator requires low

(tloss; Whereaes, is defined asv.g for 17 = 0. The electrical where © is potential, p is charge density ane dielectric
bias required for modulation is also a crucial parameter whighstant. Since the dielectric constants are different in each

indicates the power consumption of the device, which is dllle . . -
L . . . yer of the heterojunction structure, the derivation of the rele-
to power dissipation in the load resistance of the drive circuit.

vant quantities is rather complex. The potential differefice
E. The p-i-n Junction Depletion Region across the depletion width is given By = 0(—x,) — O(z;)

The phase modulator uses a reverse bias p-i-n structureapéj’ by using (13)(~2.) and ©(z,) can be expressed in

deplete the active region of free carriers. The electric fiel§ms of the depletion layer thickness and the carrier density
distribution in the structure is shown in Fig. 4. The electrief the p-i-n structure. The integrated form of (13) is expressed
field and potential of the p-i-n structure are determined kBs a quadratic equation for the depletion layer wigdgh and,
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eleetric field (kV/em) A-thick GaAs wells. The two structures studied here com-
A prise 0.5- and 1.Qam-thick QW regions which contain 25
and 50 QW periods, respectively. The effects of the im-
: )\ toplayer (p*-type) planted impurities on the confinement of the optical field in
R \d”pi“g: Na these two structures are studied. The implantation parameters,
including the projected ion range and standard deviation

bottom layer (n*-type]

and the lateral spread of the implanted ions around the

1 1
} - : > mask for different implant energies are taken from [27] and
: ' : the Al and Ga interdiffusion coefficients are taken from
I [28].
The top and bottom highly doped p and nyAGa, 7As
Fig. 4. The electric field profile of the p-i-n phase modulator. cladding layers, which have a dopant concentration dff 10

cm~3, are used to form a p-i-n structure, respectively, on an
nt-GaAs substrate, where the carrier concentration of intrinsic
region is 165 cm~3. It is assumed that the implantation-

induced IID process has no effect to the electrical properties
of the cladding layers. The operating wavelength of this

thus, the solution for,,, can be written as

~QE VR 40.Q = VD 1,

Tm = Tn+Tp =

2Qa modulator is longer than the bandgap wavelength of the
where Alg 3Gay 7As cladding layers and barriers of QW's. Conse-
quently, only that part of the propagating optical wave that
Nya?  N,c? Npa N,c ; ; re
Q. = + 222 Q,=b +IPT) ¢ interacts with the wells of QW's will be absorbed and strong
2en 2ep 2en 25 optical confinement is required to maximize this interaction
_ b2 (N, Ny and increase\d of the modulator. Under reverse bias, the
Qe T2 \en & QW's are completely depleted and the modulation of the

Nya Nyc N, optical beam in the depletion region is assumed to be due
6 :di< + —I>; a : to the quantum-confined Stark effect. It is considered that if

. ep T Nat+ N, € qua finec _ _
i Ng N “ +NI the intensity of optical light source is weak, i.e<25 pW
b= M; c=l—-g= —2 [29], with a low carrier concentration in intrinsic region (20
Np+ Ny Ny + Ny cm~?), the carrier effect to bound state absorption and exciton

wheree is the dielectric constanty is the dopant concen- state ak_asorption are very small, as reported in [30] and [31],
tration, and the subscripts, i, and n refer to the relevant respectively, and thus_ can be neglected. The performance of
layers of the p-i-n structure, respectivelys is the thickness the modulator for applied fields) of 50 and 100 kv/cm are

of the active region, and; is an electronic charge. The'€Ported here.
average electric fieldZ, in the depletion region is obtained

using £ = V/z,,, whereV = V(built-in) — V(applied) and A
V(built-in) is calculated for zero bias voltage. The applied ) o _ )
voltage, V (applied), equivalent to the electric field in the The selection of)., is important for high modulation

depletion layer is then calculated. performance, including a larg&fy, a larges,oq, i-€., a high
refractive index change together with low absorption change

for phase modulator, a low applied voltage, and a lo;.
_ ) ~ However, there is a tradeoff between these various parameters.
Junction breakdown is modeled here by avalanche multipfis, example, aAn as high as 0.12 can be obtained for an
cation [25]. The multiplication factor is derived from [26] toapplied field of 50 kV/cm af., of 0.854.m [see Fig. 3(c)],
depict the electric field induced increase in hole current. T'&‘Rhoughaloss is very high,>7200 cnt?. There is a tradeoff
avalanche breakdown voltage is defined as the voltage Whggtween high refractive index change and high absorption loss.
the multiplication factor approaches infinity, which causes thg tnis operating wavelengthAa.g is also too high (5600
ionization integral to become unity and breakdown is reach@gh—l) and, thus, from (6)Bwea is very small and below 1
and obtained by («10). As a consequence, the phase modulator is not suitable
Lo x for operation at this wavelength. On the other hand, tqw
/ L exp [—/ (sh — Se) da:’} dr =1 (15) (<500 cnT!) can be obtained at wavelengths far enough away
0 0 from the unbiased exciton absorption peak, i.e., above 0.86

whereg, ands. are the ionization rates for holes and electrongm- When the operating wavelength increases, bgih and
respectively, and: is the QW growth direction. An reduces [see Fig. 3(a) and (c), respectively]. Consequently,
0.868,m > Ao, > 0.86m and 0.878m > Ao, > 0.87 um

should be used foFr" = 50 kV/cm andF¥ = 100 kV/cm,

1. RESULTS AND DISCUSSIONS respectively, to achievAf, > 0.59 rad/VVmm of the existing

The active region of the modulator consists of undopetevice [25], for which acceptable valuesc@f., (<500 cnt?t)
multiple periods of 1008 Al,3Ga 7As barriers and 100- can be obtained.

Operating Wavelength

F. Breakdown \oltage
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B. Impurity Distribution versus Mode Field Fig. 6. The impurity profile and mode field profile of the phase modulator.

The refractive index profiles are obtained for the designed
value of \,, to ensure single-mode operation. The trans- ST T
verse refractive index profiles of the waveguide structure I
are inhomogeneous and are highly dependent on the impu-
rity concentration, the implanted ion energy, the annealing
temperature, and time. The refractive index profile of half
of the transverse device structure fay, of 0.863 um is
shown in Fig. 5. Since the concentration of impurities peak
at a depth of 0.5um, the refractive index of the lateral
cladding region is a minimum at such a depth. However,
the active region of the device, which is protected by the
mask, provides a relatively uniform refractive index profile
for phase modulation. Moreover, it can be observed that the
refractive index of the interface between lateral cladding and
active region from 1.5 to 2.@m stripe width is graded rather

0.20 |

0.10

0.05

Normalized propagation constant (arb.)

than an abrupt interface. P SO?A 70 90 110
The ion dose modeled here is 2% 10'* ion/cn? so ‘ nn?a“ng n§me ®

that the lattice damage levels are minimized to reduce the H—

damage-induced waveguide loss and to retain the electroop- SMFO

tical properties of the material. The implanted ion energy SMFS0

is Optimized to achieve maximum Optica' confinement. THeg. 7. The variation of the normalized propagation constant with annealing

s . . time, showing the single-mode range of operation for various applied field
optimized Condlt_lons and mode field for the Q.5 QW values. The intervals SMFO and SMF50 corresponds to the ranges in which
structure are an ion energy of 650 keV antl & 0.75. Fig. 6 the waveguides behave as single-mode guides for an applied field of 0 and

shows that the peak of the mode field coincides with the peafkkV/cm for 25-period QW structure ani,;, of 0.863 xm.
of the impurity profile at the center of the QW guiding layer.

region, A, = 0.863m and applied field” = 0, the interval
(SMFO0) covers the annealing time from 42 to 62.5 s. However,
The results show that using the selected ion energy and do¥gen the applied field is increased to 50 kV/cm, the interval
a range of refractive index profiles can produce single-mof@MF50) shifts to longer annealing times which range from
modulation at the selected operation wavelengths. This is b€gtto 74.5 s, outside which the waveguide will change from
illustrated by plotting the normalized propagation constant assingle mode to multimode device ag, = 0.863 um. To
a function of annealing time [see Fig. 7] for Q. structures Maintain single-mode operation, only the overlapping region
and )., = 0.863m, which shows the variation of the guidingbetween the two mode cutoff intervals of the two selected
properties of the QW waveguide, in terms of the normalizezpplied fields should be used. For instance, for an operation
propagation constant, for different annealing times. The modéth /* = 0 and /' = 50 kV/cm in the case of Fig. 7, the
cutoff intervals SMFO and SMF50 correspond to the rangeserlapping region between SMFO and SMF50, i.e., annealing
in which only single-mode waveguides are formed for appligiine between 52-64 s, should be used for a single-mode
electric fields of 0 and 50 kV/cm, respectively. phase modulator. Here, the annealing time at the mid-point
The applied electric field modifies the refractive indewf the overlapping region is used for the design of the ion-
profile and thus the normalized propagation constant of timaplanted phase modulator. By plotting a similar diagram
guided mode, as shown in Fig. 7. In the case of ihbactive for the same 0.5:m QW structure, single-mode operation of

C. Single Mode Operation
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respectively, forA,p, of 0.873 um.

TABLE |
phase modulation can also be obtainedkg}; = 0.873 um MODULATION PROPERTIES OF THETWO CAVITY STRUCTURES
with ' = 0 and 100 kV/cm while the 1:im QW structure can QWws thickness (um) 0.5 1.0
only operate with 0 and 50 kV/cm for single-mode operationi, (um) 0.863 0867 0873 0877 | 0863 0867
at )\Op — 0.863 pm. b¥as field (kV/cm) 50 50 100 100 50 50
bias voltage (V) 2.54 2.54 5.06 5.06 5.04 5.04
depletion width um) | 0.507 03507 0512 0512 | 1.06  1.06
D. Metal Contact Width r 080 079 078 077 |[086 087
. . . Ay (x10° 226 031 203 042 |248 035
The width of the metal contact influences the refractive,~ %)
. . ) . ‘ABy (rad/Vmm) 648 089 288 060 |35 050
index change in DFQW's under the two biases (50 and, . 3027 1746 1116 852 |3323  195.6
100 kV/cm). Since the width of the metal contact is a fewag,, cm™ 1076 8.1 76 52 1173 9.0
micrometers and the depth of the active regiorkism, the P 3.1 55 38 1.6 |31 5.6

electric field in the QW region is uniform and fringing fields
have been neglected. Whéry > 8 nm, the refractive index of
the DFQW's remains approximately constant for applied fielddex at the edge of the metal contact. This abrupt change
F = 50 and 100 kV/cm [see Fig. 8]. The main reason is th&uses a discontinuity in the optical field propagation constant
when Ly increases, the transition energy of the QW structyfdd reduces the modulation properties. The refractive index of
increases [16], the DFQW exciton absorption peaks are biti¢ DFQW withLq < 8 nm will change, due to the applied
shifted away from the selectex,, of 0.863um for F = 50 field, at the selected operation wavelengths [see Fig. 8]. Hence,
kV/cm and 0.873um for £ = 100 kV/cm, i.e., the exciton the metal contact should extend at least to cover the DFQW
effect becomes very small at these two operation wavelengthéth La < 8 nm to avoid the abrupt refractive index change
As shown in Fig. 8, for the two selected wavelengths, trnd thus the discontinuity of optical field. As a consequence,
refractive index change due to exciton reduces with @& metal contact width of 4m, which is slightly larger than
Consequently, when the 100100-A Al,;Ga -As—-GaAs the waveguide mask width (8m), is used here.
QW structure is diffused witlL.; > 8 nm, the refractive index
change at both\,, of 0.863 and 0.873:m are too small to ]
be considered. E. Modulation Performance

To develop a high-performance phase modulator, the widthSeveral parameters are used to characterize the performance
of the metal contact needs to be sufficiently large to cover tbharacteristics of the modulator (see Table I). A large phase
graded waveguide/cladding interface which is greater than ttleange withAfy > 7/2 = 1.57 rad/Vmm can be obtained at
width of the waveguide mask after interdiffusion, by < 8 the selected\,;’s of 0.863 and 0.873&m for ' = 50 and 100
nm, otherwise a sharp jump of the refractive index under &Vv/cm, respectively, in the 0.pm structure and 0.863m
applied field will be obtained below the metal contact edger £ = 50 kV/cm in the 1xm structure. Theiky,ss Values
[see Fig. 9]. The width of the metal contact here is the samee also<500 cnt!. For the 0.5zm active region, this value
as that of the waveguide mask. When an applied field ofduces to 111.6 cnt when the applied field increases to 100
50 kV/cm is used, the refractive index of the active regiokV/cm because tha,, can be further away from the unbiased
increases and, thus, produces an abrupt change of refracki¢ exciton peaks, as compared to that for= 50 kV/cm.
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The metal contact width is made deliberately larger than the
waveguide width to avoid the discontinuity of refractive index
profile at the lateral cladding/core interface. The design of a
single-mode phase modulator with strong optical confinement
requires the peak ion concentration to be at the center of the
guiding layer. Moreover, the annealing time is selected to be
within the range required to achieve single-mode operation
for the two applied field values. Low impurity concentrations
are also required to minimize lattice damage and retain the
electrooptical properties of the material.

Comparing the modulation properties of 0.5- andrh-QW
structures, the 1.@4m structure can provide higher optical
confinement and larger total phase change per unit length.
The 0.5um structure can operate with either 0 and 50 kV/cm
or with 0 and 100 kV/cm. The more important comparison
is Afy of the two structures. The 0/mm structure can
provide more efficient modulation since its value &f is
approximately twice that of the 1,0m structure.3,,.q and

Reverse breakdown voltage (V)

oL v v
0.0 0.5 1.0

Thickness (pm)

15

Fig. 10. The variation of the breakdown voltage with QW active regiop,, . of the 0.5um structure can be further increased and

thickness.

reduced, respectively, by increasing the applied field from 50

. _ _ to 100 kV/cm since the longey,,, can be used. It is important
For the 1xm QW active region, the total phase modulatiofy note that a3m0q of 11.6, which is obtained for a field of
for 50 kV/cm is 18.1 rad/mm, which is Iarger than that fOllOO kV/Cm, is |arge enough for a good phase modulator. The
the 0.5um QW active region (16.4 rad/mm) and it is dugesults are a guideline for the development of an optical phase
to the greater optical confinement in the L& QW active modulator using lateral confinement provided by impurity-

region, where twice the number of QW’s contribute to th@duced disordering, which is also useful when these devices
modulation mechanism. However, the operation of theyft0- are used in photonic integrated circuits.

QW structure requires approximately twice the applied voltage
as compared to that of 0/6m QW structure. This makes the
Afy of the 1.0um QW structure weaker than that of the 0.5- [0
p#m QW structure, i.e., the 0.pm QW structure provides a
more efficient modulation.

In both structures,.q is low with values of 3.1 and
3.8 for A\, of 0.863 and 0.873:m, respectively. In order
to increasef.oq, a longer wavelength is used, such as for3l
I' =50 kV/cm when}.,, is increased to 0.864m andfu.0q
increases to~5.5. This improvement of3,,.q is mainly due
to the reduction ofAa.g, as shown in Table I, but the penalty n
is a reduction ofAfy. This case clearly shows the tradeoff
betweenAf  and Aca.g. A larger3,,,q can be obtained using
I' =100 kv/icm when).,, increases from 0.873 to 0.87#n
where 3,,,q increases to 11.6. ThAfy here is 0.6~ 34.4
rad/Vmm and this phase change is compatible with the exitinF
device [25]. 6l

For a dc offset used in the phase modulator, larger phase
changes may be obtained [32], although the breakdown voltadd
of the structure determines the maximum operating voltage
of the device. The breakdown voltage for the 0.5- andni-
devices are 25 and 37 V, respectively (see Fig. 10).

(2]

(5]

(8]

IV. CONCLUSION

9
Two waveguide-type phase modulators with 0.5- and 1[]

pwm QW active regions using masked ion implantation to
produce lateral confinement have been investigated theoretj
cally. These devices are designed for single-mode operation
at a wavelength of 0.8674.m for an applied field of 50 (1]
kV/icm and 0.877um for 100 kV/cm, where interdiffusion
can be used to tune the propagating modes of the device.
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