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Optical Properties of an InGaAs—InP
Interdiffused Quantum Well

E. Herbert Li, Senior Member, |IEEE

Abstract—A comprehensive model is developed for the calcula- operations. The absorption coefficients and refractive index
tion of polarization-dependent absorption coefficients and refrac- gre two such optical parameters, the knowledge of which as
tive index of the InGaAs—InP interdiffused multiple-quantum- - : e ' -
well at room temperature for wavelengths ranging from 1.1 to a fqnchon of mterdn‘fus[on 'S,Vef}’ useful for the design of
2.4 pm. Groups Il and V types of interdiffusion are consid- devices. The types of interdiffusion (Groups IIl or V) can
ered separately. The as-grown structure is a latticed-matched produce a very different absorption change, refractive index
INo 55 Gao.47As—InP structure with a well width of 60 A. The  gtep and polarization sensitivity. Conventionally, it is rather
optical transitions consist of a full quantum-well calculation t th ighted fth fractive ind
together with T, X, and L valleys contributions and through the ~COMMON 10 Use the weighted average of the refractive iIndexes
Kramers—Kr 6nig transformation to link the real and imaginary ~ Of the well and barrier bulk materials for the refractive index
parts of the dielectric functions. The results show that Group- of the QW multiple layers [11], [12]. In the case of absorption
lll-only interdiffusion produces compressive strain and results coefficient calculations, it is mostly done by using a bulk
in a band-edge red shift and refractive index enlargement, while o . .
the tensile strain induced by Group-V-only interdiffusion results ~ refractive 'nde?( for the well |?yer_ material. These are inac-
in a vice verse effect. This provides a left and right tunable curate calculations and may give rise to erroneous predictions,
band edge and positive and negative index steps dependent onjf not misinterpretation of device performance. However, to
the interdiffusion process. A small and constant birefringence K ledae th . hensi del deali ith
of 0.005 at around 1.55um can also be obtained over a 50-nm OUr KNOWi€dge, there IS no comprenensive moael dealing wi
wavelength range by using Group-V-only interdiffusion. These the calculation of the absolute refractive index (not change of
properties have strong implications in realizing a tunable and refractive index [12], [13]) for this system. Therefore, there is a
high-performance device as well as for photonic integrations.  aeq to develop a model for the determination of the refractive

Index Terms—Birefringence, dielectric constants, optical re- index of InGaAs—InP QW’s at a range of wavelengths above
fraction, quantum-well interdiffusion, quantum-well intermixing, 1 pm for both as-grown and interdiffused QW cases.
quantum wells. In this paper, a comprehensive model is demonstrated for the

calculation of the room-temperature polarization-dependent

|. INTRODUCTION absorption coefficients and refractive index. The model for the
HE InGaAs—InP Il-V quantum well (QW) has provenOptical transitio_ns e_mploys k- p technique _to the partitioned
to be an important semiconductor material, particular ’Xz and L Bnlloum zones of the material and 'Fhrough a
in the neighborhood of 1.56m wavelengths, because o ybr|q approach. This gmploys a full QW'caIcuIat|on.for the
its applications in optical fiber communication. Recently, i "€9ion and the application of a bulk-like calculation for
has been demonstrated that the bandgap and perhaps!fiie¥ and L regions, since contributions below the barrier
optical properties of a QW material can be engineered Wnd—edge wavelength only aﬁgct the magnitude of refrac'tlve
thermal interdiffusion to intermix the alloy composition [1].Ndex for wavelengths above this edge. Relevant calculations
Two types of strain (compressive and tensile) are possiigd material parameters used are weighted equally between
in the InGaAsP QW material system and which can gBe well and bar_rler thrpughput the model, within the band
manipulated by interdiffusion. There are three possible wa§¥ucture calculation regime, in order to make the results more
of composition intermixing in the InGaAsP—InP QW: Groupleliable for device modeling. In Section I, all the theories
lll(In, Ga atoms)-only interdiffusion [2], Group-V(As, P)-for modeling the interdiffused QW subbands and optical
only interdiffusion [3], and both group (lll and V together)Parameters are shown. This is followed by Section Ill with
interdiffusion. The InGaAs—InP interdiffused QW's have beefesults of the calculation for absorption coefficients, refractive
actively investigated [4]-[6], and they have also been appliédeX, birefringence, and refractive index change.
to develop waveguides [7], modulators [8], and lasers [9].
This material can also be integrated monolithically with long-
wavelength InGaAs—InP lasers to form photonic integrated The refractive index, the extinction coefficient;, the real
circuits [10]. and imaginary parts of the dielectric functions, and e,
The ability to modify the optical properties of these maand the absorption coefficient are the fundamental optical
terials is important to the improved performance of deviosonstants and are interrelated [14]. All the optical constants

_ _ _ __mentioned above depend on the energy band structure of the
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where the Dira@ function represents the joint spectral densiti. I'-Valley
of states between the valend@,(%)] and conductionF. (k)]
band states, and/.,(k) is the momentum matrix element
between the valence and conduction band states. The real
of the dielectric functiorx; is related to the imaginary past

The direct edgeF, and the spin-split level&y + Aq are
considered. The contribution of the QW effect to the energy
Ballsitions is strongest in this valley. In our model, we shall
by the Kramers—Kanig relations [14] ﬁrst consider Fhis 'in the imaginary part of Fhe dielectrig fuqc-

o Erea(E) tion. By considering .the bou.nd and Con'F|nuum contrlbutlon
ei(E)—1= 2 PV / meb) (2) from the QW material, a simple equation connecting the
m o (B)-E? imaginary parts of the contributions are derived

where PV implies the principle part of the integral is taken. r exc bound Tcont
Once the kngwledge oF:fl anF:j EQpis available, a%l the other e2 (W) = &5 (w) + 3™ (W) + &7 (W) ®)
optical constants can be calculated including the refractivéderew is the angular frequencyy, is the imaginary part of
index and absorption coefficients. These optical constafifi¢ dielectric function of thd -valley, e5* is the imaginary
depend ultimately on the energy band structure of InGaAs—IpRrt of the dielectric function contributed by the 1S exciton
multiple quantum wells (MQW's), therefore, the model to beffect, e5°und is the imaginary part of the dielectric function
presented here includes contributions from the energy bagghtributed by the conduction-valence band bound state, and
structure with relevant features of the critical points. ghee is the imaginary part of the dielectric function con-

In the following, a brief description of the model of re-tributed by weighting the InP barrier and InGaAs well as a bulk
fractive index is given. In the model, various features of th@aterial without the QW effect. The bulk material parameter is
band structure at different transition energids[Eo + Ao taken in a range starting at a higher energy from the band gap.
(correspond td" valley), E1, By + A; and B, (correspond  The imaginary part of the bound state dielectric function,
to L and X valley)] are considered. The effects of highegbound(,,) is contributed by the conduction and valence bands
energy transitions which will take an important part in thgound state without the electron—hole interaction. Together
calculation of the refractive index will also be discussed. In thigith the imaginary part of the dielectric functiosf*(w),
model, interdiffusion of the group Il sublattice and group \eontributed by the exciton effect, which is derived by the

sublattice are considered separately [16]. Therefore, two tyRgshsity-matrix approach at the subband edge without the
of interdiffusion profile are shown, the group Il interdiffusion,f,ence of band mixing, are given below:

(only) type and the group V interdiffusion (only) type. Based

2a72
on this consideration, the two interdiffusion profiles are used ghourd(y) = LQ"? Z / dk |[(celibye)|?
for the MQW [17] structure. meomiow Ls o
In the group IIl sublattice, the In composition profit&z) L(Ece(ky) — Eve (k) — hw) (6)
is described by 2
exc c MbKJ 2
5 (w) = Y [(Ye1ltpur)]
_ %o [, i #=4 7= EoMmipWT Lz
e =5 et e ) T e X [15(k = 0)PL(Bexe — o) ™
N where
z—a z—0b
+ [erf( Z) - erf< ! )} 3 Z,
; 2L4g 2L4g (thec|tpoer) = é Vet (2o (2) dz
—4Lip
wherez, is the as-grown In concentration in the barrier and U1s(p) =(40/(2r)"/2a*) exp(-2pB/a*)
the cladding layerN is the number of barriers within theang g, = —4X2R* q* = 4W6h2/(uﬁ62) and R* =

MQW core of the as-grown structure;f(y) denotes the error
fu;: Ct'o?r’]z ,\ﬁ OVIVS tth € %row_t h aX|_st_of tr(;e mrrllt'ple'(?tw Iayersenergy, respectivelys, is the permittivity of free space;
where the MQW struc ure IS positioned on the posi |ve_spgle, dm, are the electron charge and rest mass, respectively,
andb; are the left and right interface positions, respectively, of 5 2 12 o ) :

. . - . ; = miP?/3h and P is given by Kane's modelf is
the ¢th as-grown barrier within the MQW core, while and ) L

o e transverse wavevector in the direction parallel to the

co are those at the two end positions of the as-grown MQ

core (i.e., interface between the cladding and core layers). WtI:yer,ILZt Is the ;s—g:jown QW V;'(jlthEp’lf)q’ an Bexc q
In the group V sublattice, the As composition profil&z) are the electron subband energy, hole subband energy, an

is described by exciton t_ransition, respectively, is the Lorentzian broadening
factor with HWHM T, and+., ., and+, are the envelope
1—1o Z—c 2 — ¢y wave functions for the electron, the hole, and the exciton,
{2 - eff( ) + eff( oL ) respectively. the summation in (6) is over all the bound states
¢ for the conduction(p) and valence(g) bands; andp is the

) 3 erf<z - bz>:| } 4) polarization factor at the band edge.

uﬁe4/(327r252h2) are the exciton Bohr radius and Rydberg

y(z) =1-
d

N
z—
* ; {erf< 2Ly 2Ly In the calculation ofel*°"*(w)), we have considered only
the lowest direct gap&y and Ey + Ag. They are of the three-
wherey; is the as-grown As concentration in the barrier andimensional (3-D)M-type critical points [18], [19]. Also,
the cladding layer; other variables are defined as in (3). parabolic bands are assumed. The expressiorf 6 (w) is
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given TABLE |
MATERIAL PARAMETERS USED FOR INGAAS-INP QW,
2 \/E (m* )3/2M2 mg AND &g ARE THE ELECTRON MASS AND STATIC
Ercom(w) _ 3 dos b DIELECTRIC CONSTANT, RESPECTIVELY, IN FREE SPACE
2 a (hw)?
W
In,Ga, ,As/InP,
. _ 1/2 _ E(X) (V) 1.35-1.17y+0.668(1-x)-0.069y(1-x)+0.18y+0.03(1-
[(Tw Eo)/"H(xo0 — 1) ' X)y+0.758(1-%)%-0.322y(1-x)’
1/2 Ay(x) (eV) 0.34(1-x)y + 0.41xy + 0.08(1-x)(1-y) + 0.11x(1-y)
+ §(hw — Eo—A80)"H(xso — )] (8) E?(x) (cV) 3.473(1-x)y + 1.573xy + 3.174(1-x)(1-y) + 0.3548x(1-y)
Ax) (6V) 20.5667(1-X)y + 1.187xy + 0.1262(1-x)(1-y) + 2.207x(1-y)
where xo = hw/Eo, xso = hw/(Eo + Do), H(y) is the  EEV) 4.525(1-%)y + 4.306xy + 4.736(1-x)(1-y) + 4.382x(1-y)
i ; ; o ; E,°(x) (cV) 1.517(1-x)y + 0.9695xy + 2.045(1-x)(1-y) + 1.159x(1-y)
Heav_|S|de unit step function, aneh}_, is the combined A V) 047741 )y +2.013xy + 538201 x)(1y) + 7 109%(1.y)
density-of-states mass. B, 27.89(1-x)y - 21.98xy + 5.802(1-x)(1-y) - 59.83x(1-y)
In the calculation of as-grown square QW, thFon(w) B, -2327(1-x)y +28.77xy - 0.5643(1-x)(1-y) + 61.28x(1-y)
is calculated by weighting its barrier and well contributions g i;fz((llx)?)y; ;;;}gi ;(?;?8383?33115;(((11;))
together in a ratio of well widti{Z ) to barrier width(L;) .. 2.1
1 ¥ 0.1139(1-x)y + 0.4061xy + 0.0817(1-x)(1-y) + 0.6544x(1-y)
L'cont Tcont Tcont : 0632(1-x)y + 0.0213xy + 0.17(1-x)(1-y) + 0.077x(1-
2 w) = L.+ L, [LZ‘T’Q&?IZH) (w) +Lb52€§:rrier)(w)]' ©) mr?::')&/)r/l;oqo 00.088((13)yy++ vo24ny ++0.16((1—;))((1-;;)+ 0.12x();(—y)Y)
- . . . m g, (X)/m, 0.5(1-x)y + 0.41xy + 0.54(1-x)(1-y) + 0.6x(1-y)
For the case of the interdiffused QW, each well and barrierm |, x)m, 0.23(1-x)y + 0.082xy + 0.34(1-x)(1-y) + 0.29x(1-y)
are divided into a total of. subintervals having a constant m .u/()m, 12};8ngi?fﬁéxyi?f?ﬁXiﬁyii?zl 2)5((1(_1”)
. . . . . -X LDIX . -X - LIOX( 1
indium and arsenic concentration. In our model for the In-__t® Y Y y Y
GaAs—InP MQW structurep has been chosen as 24, and the
width of each subintervals are fixed to 0.5 neh°™ (w, z, y) TABLE I
at each subintervals are calculated according to the varying In FITTING PARAMETER FOR INo 53 GA0 47AS—INP GROUP
. . . . . . . . ~I'cont
or As distribution concentration diffusion profile. The barrier Il I NTERDIFFUSED QW &3 °°"* (RoOM TEMPERATURE)
layer ef<°™ are then weighted with the well layess Ld () 4, B,
evenly 0 0.56927 -0.072514
Lo 10 0.56238 -0.071136
Tcont Tcont 20 0.55664 -0.069988
€ w)=— € w)s 10
W) =1 2 2™ (Wl (10) 30 054804 | -0.068268
1=

wheren is the total number of subintervals consisting of the

well and barrier. el (E) is thus smaller than the theoretical result. We use the

The real part of the dielectric functiomj ™ (w), is de- value ofsl(E) at 25 and 30 eV to determing, (eV*/2) and
termined using the Kramers—#&mig transformation ot} (w) B,, the constants ofZ(E)

and is given by
QE=25eV)=A, (25 Y?) + B, = ,I'(25) (13)

1 o0 Ty,
el(w)y=1+ — /0 Z% (j:i dw' Q(E =30eV) =4, (307Y2) + B, = e2I'(30). (14)

7

A Y By solving (13) and (14),4, and B, can then be ob-
+ P Z / W+ w dw (11)  tained. The tail part otl(E) is then substituted by2(E).
m=1 T The Kramers—Kohig transformation can now be readily per-

where the second integral is a series of subdivided integralsfgimed:
which the subintegration limits)}, do not coincide with the 2 >~ EQE)
w of interest, in order to permit the evaluation of the Cauchy €1(E)(taiy — 1 = = PV / m
intergral numerically. Though the real part of the dielectric P 80
functione! (w) is not in an analytic form, we can still calculatewhere PV implies the principle part of the integral is taken.
it through numerical means. A relation is then obtained

For the Kramers—Kinig transformation otl(E), as we .
cannot obtain the analytical form faf, (E), onQI)(/ n)umerical e1(E) = &1 (E < 30 V)eage) + €1 (E)aiy.  (16)
integration has been performed. As integration from zero tOBy using the functionf(E) to model the tail part of

infini_ty_ is_ requir_ed in the i_ntegration of the transformatio_nthe el spectrum, the entire spectrum is used for performing

and it is impractical numerically, we employed an expressiqpe Kramers—Knig transformation. Therefores! can be

at the tail of the transition which is similar to the function of.5 culated accurately. We have worked out the valuesi,of

e3°°™(E). We let the function be and B, for the MQW case of.. = 60 A and L, (group Il
UE) = APE—l/Q +B, (12) ©r V) = 0, 10, 20, and 3 for references. /-_\II the_general

material parameters for the InGaAsP are listed in Table I.
where A4, and B,, are constants to be determined. We havEail spectra parameter&4, and B),) for group Il and V
only calculatede} (E) from E = 0.5 to 30 eV. The obtained interdiffusion are listed in Tables Il and IlI, respectively.

dE'  (15)
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TABLE Il 150 : . i
FITTING PARAMETER FOR INg 53 GAp.47AS—INP GrROUP
V INTERDIFFUSED QW 55“‘“‘*’ (Room TEMPERATURE) — \
« 125 \ ]
Ld &) 4, B, ~ \ grovp
0 0.56927 0072514 S 100 \\ 1
10 0.596242 -0.077908 o AN
20 0.65856 -0.090372 _5 75 ]
30 0.69667 -0.097994 é group-V
o 50°Ff

. 25 ! : :
B. L Regions 110 130 150 170

We assume that the QW effect can be neglected in this Quantum well width (A)

regions. Band ,S,trUCture calculations indicated .thatéﬂfueand Fig. 1. The critical diffusion length (forming dislocations) against the

E; + A, transitions take place along tH&11) directions or as-grown well width for Group-Ill and Group-V interdiffusion.

at L points in the Brillouin zone. These critical points are of

_the M, type. The Iongitudinal effective mass, nevertheles&,_ Other Transitions

is much larger than its transverse counterparts and one can

treat these critical points as two-dimensional (2-D) minima. Higher energy transitions also make contributions to the

Expressions of the real and imaginary parts of the dielecttiéelectric function. However, the contributions should vary

function contributed byl valley are given by weakly with photon energy. Therefore, we model the effects
. L y L y of all of these transitions as a single real additive constant
ey (W) ==Bixi " ¢n (1 - x1) — Baxiy fn(1—x1,) (A7) < which is not the true high-frequency dielectric constant
ef(w) =7[BixT?H(x1 — 1) — Box2H(x1, —1)]  (18) of InGaAs—InP but simulates the effects of the higher energy

transitions.
wherex, = hw/E1, x1s = hw/(E1 + A1), and B, By are Al the real parts of the dielectric functions frof L, and
the strength parameters. The weighting method used id'they regions and higher energy transitions are summed to obtain

valley is applied to (17) and (18). the total dielectric function
C. X Regions e1(w) :i(w) + 5£(w) + Ei(w) + 5;73 (22)
The transition in this region is usually labeled Bs. The e2(w) =z (W) +er (W) +ex (W) + e (23)

nature of thek, transitions is more complicated, since it doeshe real part ofn, is now given by

not correspond to a single well-defined critical point. It has

been suggested this is due to the transitions aftpeint i~ n(w) = (3 e1(w) + § {[e1(W)]* + [e2(w)}/)Y2. (24)

the Brillouin zone or to transitions at th€ point or perhaps

both. More likely, there are several transitions involving both [ll. RESULTS AND DISCUSSION

M, and M, type critical points which combine to form a peak The theoretical results of the TE and TM polarized optical
in the joint density of states. We model the contributions farameters (absorption coefficients and refractive index) at
the featgre !abgle(EQ as a damped harmonic oscillator. Thgyom temperature for interdiffused QW with, values equal
expression 1S given as 0, 10, 20, and 30A in the 1.55um wavelength range of

X _ 22 22 2 2 interest are analyzed. The as-grown QW structure consists of
=C(1- 1- + 19 ) ) g
E;((W) (1-x32) /[(2 5 X2)2 ' X27") (19) Ing 53Gay 47As well layers and InP barrier layers with width
ez (W) = Ox27/[(1 = x2)" +x277) (20) 1. — 60A. Both Groups Ill and V interdiffusions are consid-

where x> = hw/Es, C is the strength parameters, is the ered separately first, and then they will be considered together

damping factor, and, is the transition energy. The weightingVith @ relative ratio. Once the as-grown lattice-matched QW
method mentioned in thE valley part is also applied in the structure is being interdiffused, strain will be introduced and
X regions for (19) and (20). therefore the critical layer thickness requirement for realizing

a dislocation-free pseudomorphic QW material is essential.
The interdiffusion-induced strain can be modeled in a simple
manner by using the lattice misfit parameter. The critical layer
The contribution from an indirect gap transitiafi;” is thickness for pseudomorphic epitaxy is derived by considering
taken into account. Using a perturbation calculation and coffre thickness dependence of the strain energy and dislocation

sideration of higher energy cutoff.., the expression for the energy and by minimizing the total energy [20]. The allowed
contribution is critical layer thickness for diffusion length as a function of
D as-grown well thickness is shown in Fig. 1. This allowable

e (w) = (hw)? (hw — EéD +hwg) H(1 = xg) H(1 = x.) critical-diffusion length is larger for smaller as-grown widths
(21) and more enhanced for the Group-Ill interdiffusion case. The

where x, = (EE{D — hwg)/hw, x. = hw/E., andfw, is the extent of intermixing for maintaining a good quality material
phonon energy. The cutoff energy is setg. provides a more than half of the diffusion length to the

D. Indirect Gap Transitions
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1.2 1.4 1.6 18 2.0 1.2 1.4 1.6 18 20

Wavelength ( um) Wavelength (ptm)
Fig. 2. TE polarization absolute refractive index spectra for sever

Group-IIl interdiffusion lengthsL, — (a) 0. (b) 10A, (c) 20A, and (d) 30A. ﬁ*g. 3. TM polarization absolute refractive index spectra for several

Group-lll interdiffusion lengthsL ; = (a) 0, (b) 10A, (c) 20A, and (d) 30A.

as-grown width, and even more so in the case of Group- L LAARALS LR AR LRALLRERN LaRY
Il interdiffusion. This modification (tuning) of the optical " BN "
parameter should provide a wide range of wavelength interest
for most practical purposes. 10

The Group-Ill interdiffused TE and TM polarized absorption
coefficients are shown in Figs. 2 and 3, respectively, for
various cases df 4. As can be seen, in the case of TE, the HH1 0
exciton transition remains strong throughout the interdiffusion
and which resolves up th, = 30 A where the other bound
states reveal their identity clearly. The distinct feature is a
red shift of the heavy (H1) and light (L1) holes exciton states.
Both of these are a consequence of the Group Il interdiffusion,
which produces a compressive strain [21], [22] in the well. The
compressive strain is known to enhance the heavy and light
hole separation as well as a reduction of the bandgap [16]. In
the case of TM (see Fig. 3), since there is only one light-hole
bound state, only one exciton peak can be obtained; the heavy
hole is not sensitive to this polarization. The L1 band edge
also undergoes a red shift with interdiffusion.

The polarized absorption coefficients subject to Group V
interdiffusion are shown in Figs. 4 (TE) and 5 (TM). The

TE

TTTTTT

llllllll

—
&

TTT[TITTTITT

(b)

Absorption coefficient (1000cm™ )
o

llllllllllllllll] Illllllllllllllllll lllllllllllllllllll IHEERNANNN]

1']llll||llllllll Illllllllllllllllll llllllllllllll

effect of this interdiffusion produces a tensile strain in the "

well [23] and thus enlarges the band-gap [16]. A more distinct (d)
feature can be seen, as interdiffusion proceeds, where the L1 o Ediinii sl d
and H1 states first merged [see Fig. 4(a)], and then cross over 1.0 1.2 1.4 1.6
[see Fig. 4(c)] to become a light-hole-like band edge. The L1 Wavelength (km)

state eventually merges with the H1 state when interdiffusi®iy. 4. TE polarization absolute refractive index spectra for several Group
gets extensive. In the case of TM (see Fig. 5), the band-edgigterdiffusion lengths L, = (a) 0, (b) 104, (c) 20A, and (d) 30A.
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Fig. 5. TM polarization absolute refractive index spectra for several Group Wavelength (1 m)

V interdiffusion lengths.L; = (a) 0, (b) 104, (c) 20 A, and (d) 30A.

Fig. 6. The refractive index spectra of they lgs Gay.47As/InP Group IlI
interdiffused QW withLd = 0, 10, 20, and 3. (a) TE polarization. (b)

L1 exciton blue shifts and remains resolvediat = 30 A, 1y polarization.

although at a much reduced magnitude.
In general, the compressive strain produced by the Group . o . )
Ill interdiffusion pulls apart the excitonic transitions while th&!ePth, as is reflected in its absorption spectrum. There is only
tensile strain produced by Group V interdiffusion pushes '€ light hole peak for the TM refractive index spectra.
transitions together as revealed in the absorption spectra. Thd e refractive index spectra for the TE and TM polarizations
theoretical calculation determined here is in good agreemdfoup V interdiffusion) in the wavelength range 1.1
with the measured photoluminescence [23] and photocurréhghown in Fig. 7(a) and (b), respectively. The general features
spectra [24]. of the spectra is S|mllqr to the.case .of G'roup 1l interdiffusion.
The refractive index spectra for the TE polarization (Grou-Eh_e main difference is that interdiffusion produces a blue-
Il interdiffusion) in the wavelength range 1.4-24m is Shifted spectra to the shorter wavelengths.
shown in Fig. 6(a). The refractive index spectra for the differ- Comparable interdiffusion rates on the two sublattices are
ent cases of diffusion lengths rise with decreasing wavelendgfissible and it has been observed in intermixed InGaAs—InP
from the long-wavelength side. The spectra first reach a peakV's induced by sulphur diffusion [25], silicon diffusion [26],
due to the exciton edge at the fundamental bandgapThis Phosphorus-ion implantation [27], and impurity-free intermix-
primary peak signifies a similar dispersion which corresponé@ through repetitive thermal annealing [28]. The effect of
to the £, edge of the bulk valley. The fine structure betweenboth sublattices intermixing on the optical properties of this
the primary peak and barrier edge is due to the contributiofterial system is also of importance. The different rates of
from different bound state transitions in the QW. As diffusiointerdiffusion are characterized by relating the two diffusion
length increases, the spectra and the exciton peak shiftieggths through a ratio defined as = LY /L. When
to the longer wavelength side (red shift) are observed. The< 1, the interdiffusion rate of the Group Il sublattice is
reason is similar to those observed in the absorption spectedger than that of the Group V sublattice, avide versafor
The TM spectra for Group llI interdiffusion are shown in the > 1. Forr = 1, an identical rate prevails and the lattice-
same wavelength range. As in the case of TE polarizationatched condition is maintained. Fig. 8 shows the TE and TM
the refractive index spectra for increasing diffusion length reefractive index spectra far = 1, » = 0.5 (double Group-Iil
shift toward longer wavelengths. However, the TM excitorate) andr = 2 (double Group-V rate). Th& ! is fixed at
peak wavelength shift is much less than the TE spectra. TB@A, for lattice-matched as-growh, = 60 A. These spectra
is because the light hole exciton transition energy varies ledmsmonstrate a blue and red shifting from the- 1 refractive
sensitively with interdiffusion due to a much shallower welindex, which represent a more dominate Group-V and Group-
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Fig. 8. The refractive index spectra ofolgs Gay.47As—InP Groups Ill and
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fixed at 30A and L. = 60 A. (a) TE polarization. (b) TM polarization.
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and Group Il interdiffused QWg(Ly > 0) — n(Lyg = 0), as a function of
diffusion length. (a) TE polarization. (b) TM polarization.

[l interdiffusion, respectively. This phenomenon is the result
of an introduction of the compressive and tensile strains
in the QW for the respective interdiffusions as effectively
observed in the cases of Group-lll-only and Group-V-only
interdiffusion. There is, however, a difference at the tail
(longer wavelength end) of the spectra. The red shift produces
a lower refractive index while the blue shift results in a higher
one. This is in part due to the fact that both sublattices are
interdiffusing which results in a more complicated behavior
of the spectra movement or refractive index change. The
interesting application is that at these longer wavelengths
one can adjust a higher or lower refractive index by only
controlling the rate of the Group-V sublattice, since thig!

is fixed in these cases.

The absolute change of refractive index for Group |li
interdiffusion is shown in Fig. 9. The wavelength of interest is
chosen to be 1.5pm because of device application interests.
From the TE case shown in Fig. 9(a), we can observe that there
is an abrupt change in the refractive index when the diffusion
length increases from 10 to 28. It is because the peak
of the refractive index dispersion at these diffusion lengths
has crossed over the 1.%8n wavelength. For the TM case,
the change is monotonic with increasing diffusion length. The
absolute change of refractive index for Group V interdiffusion
is shown in Fig. 10 at the same wavelength range of interest.
Both cases show monotonic index change with increasing
interdiffusion.
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The interesting part of the results shows that the refractive
index spectra red shifts to longer wavelengths in the case
of Group Il interdiffusion and blue shifts to shorter wave-
lengths in the case of Group V interdiffusion. In the longer
wavelengths, this produces an increase (in the former case)
and a decrease (in the latter case) of the refractive index and
which depend on the types of interdiffusion. The consequence
is that positive and negative index steps can be engineered by
controlling the interdiffusion process and is therefore attractive
from the point of view of device applications. In much

Fig. 10. Absolute refractive index difference between as-grown square Q%e same manner, the red ,and blue shift of the abs.orpt.lon
and Group V interdiffused QWr (L, > 0) — n(Ly = 0), as a function of €dge can be used to realize low loss and mode filtering

diffusion length. (a) TE polarization. (b) TM polarization.

devices in addition to a more versatile wavelength tuning
application. For the small birefringence properties of the Group

The birefringence of the ly:Gay 47AS—INP QW has also V interdiffusion, there is no doubt it will find its usage in
been analyzed under Group V interdiffusion (see Fig. 11). T,pglarization—insensitive modulation devices with low loss and
wavelengths of interest are optimized to fall within 1.52—1.59P€rated in a range of tunable operation wavelengths around

pm. The birefringence of the as-grown square QW vari
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