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A Novel Deposit/Spin Waveguide Interconnection
(DSWI) for Semiconductor Integrated Optics

KAZUHITO FURUYA, MEMBER, IEEE, BARRY I. MILLER, LARRY A. COLDREN, FELLOW, IEEE,
AND RICHARD E. HOWARD, MEMBER, IEEE

Abstract—We propose an efficient and simple optical interconnection
between active semiconductor components by deposition and spin
coating. Details of the waveguide design, the fabrication technique,
and a promising material combination are given. Experimental results
with an integrated laser-polyimide/SiO, (x ~ 2) waveguide combination
demonstrate low-threshold (2.0 kA/cm?) laser operation and a low-loss
waveguide interconnection (81 percent coupling efficiency) on a
GaInAsP/InP chip.

I. INTRODUCTION

PTICAL interconnection is a key to realizing practical

monolithic integrated optics. In particular, semiconduc-
tor integrated optical circuits require low-loss passive wave-
guides to interconnect active components arranged on a chip.
In addition, the fabrication technique must be simple such as
the conventional “metallization” process in electronic inte-
grated circuits.

Two methodologies for integrating passive interconnecting
waveguides in a semiconductor crystal have been proposed. The
first utilizes semiconductor material for fabricating passive
waveguides in laser crystals [1], [2] such as AlGaAs and
GalnAsP/InP. This technique has been used to integrate active
and passive optical circuit components such as lasers [3]-[6],
[8]-[16], waveguides [5], [9], [12]-[14], distributed Bragg
reflectors [4], [8], [11], [16], modulators [3], [6], ampli-
fiers [6], [10], and detectors [10], [15]. However, they are
complex and require precise control in a crystal growth or
additional regrowth of the crystal after patterning.

The second methodology involves the fabrication of dielectric
waveguides for the interconnection, in which a low-index
dielectric layer is isolated from a high-index crystal substrate
by a metal cladding [17] or an SiO, layer on a silicon wafer
substrate [18]~[21]. Although the latter technique (silicon
substrate) has been used to integrate certain optical compo-
nents, such as filters [18] and detectors [18]-[20], with
dielectric waveguides that have lower absorption loss [19]~
[21] than semiconductor waveguides, their reliance on silicon
technology and thermally grown SiO, buffer layers makes
them inapplicable for monolithic integration on laser crystals.
Neither of these two methodologies described above addresses
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the problem of fabricating a monolithically integrated optical
circuit which includes dielectric waveguides.

A number of basic schemes of coupling between active and
passive waveguides and components have been proposed, for
example, phase coupling [9], butt coupling [12], mode-profile-
matched butt coupling [7], evanescent coupling [14], [15],
and taper coupling [4], [22]. The mode-profile-matched butt
coupling is a particularly promising scheme with respect to
high efficiency and no restriction on device length by a cou-
pling length.

Concerning basic fabrication techniques for monolithic
integration, etching techniques for a facet formation on an
active component have been developed on AlGaAs {15] and
InGaAsP/InP [23]-[27]. Air gap coupling between integrated
InGaAsP/InP devices with etched facets has demonstrated
laser/detector [24], [28] and laser/laser [28] combinations.
Improvements in the quality and reproducibility of the exposed
facet have been achieved by using an orientational stop-etching
property in InGaAsP/InP wet chemical etching [29].

Here we propose a novel deposit/spin waveguide intercon-
nection (DSWI) technique [30] to provide light transmission
between etched facets of active components through a dielec-
tric waveguide. Facets on active components and substrates
for the interconnecting dielectric waveguides are exposed by
an orientational and material selective etching technique [29].
These waveguides are formed by thin-film deposition and
polymer spin coating with relatively large tolerances and with
stable dielectric materials. The basic coupling scheme between
the active and the passive waveguides is a butt joint with a
matched mode profile. For these reasons, DSWI is different
from any previously proposed interconnection method.

In this paper, we present the DSWI technique, and discuss
the design, material, and fabrication techniques. To demon-
strate a promising material combination, we present a laser-
polyimide/SiO,, (x ~ 2) waveguide integrated on a GalnAsP/
InP chip. We attained low-threshold and high-coupling opera-
tion using the newly developed etched facets butt-jointed with
the interconfecting waveguide. ‘

II. OutrLINE OF DSWI TECHNIQUE

The processes for DSWI are outlined in Fig. 1(a). ' The first
step is the creation of vertical facets at the ends of active corn-
ponents and flat horizontal surfaces between them. In order to
avoid a scattering loss at the facet or the passive waveguide due
to a tilt or roughness, the exposed vertical and horizontal
surfaces must be sufficiently smooth and perpendicular to
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Fig. 1. DSWI technique: (a) fabrication processes. (b) and (c), a result
of the orientational and material selective etching: marker is 1 um,

each other. For this purpose, we can expose crystallographic
surfaces by including a stop-etch layer in the hetérostructure
as shown in Fig. 1(a) and using an orientational and material
selective etching technique. Our technique [29], as shown in
Fig. 1(b) and (c), exposes smooth and flat crystallographic
planes. Coating the facet with dielectric films controls the
facet reflectivity.

The second step is the deposition of a dielectric material to
form the lower claddinglayer of the interconnecting waveguide.
The thickness of this cladding layer must be sufficient to avoid
radiation loss due to the higher index stubstrate as given theo-
retically in [31]. Vacuum deposition provides a sharp edge,
as shown in Fig. 1(a). Room temperature deposition at a slow
rate enables accurate control of the thickness of the deposited
layer and a low thermal stress.

The next step is a spin coating of a dielectric material to
form the core of the waveguide. As an advantage of using a
liquid coating, slight gaps between the etched facets and the
ends of the deposited layers are filled up to result in a smooth
connection. Photolithographic patterning of the spun layer
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forms a two-dimensional waveguide, such as a rib waveguide
[32], and the desired optical interconnection paths. A spin

_ coating or the deposition of another dielectric material forms

the upper cladding layer of the waveguide and simultaneously
passivates the surface of the chip.

III. MATERIALS FOR DSWI
A. Cladding Layer

A stable and easy-to-vacuum deposit film with a low refrac-
tive index is desirable for the cladding layer of the passive
waveguide. We chose a silicon dioxide film for this purpose.

The silicon dioxide film was formed by thermal evaporation
of silicon monoxide in 2 X 10™* mbar of oxygen at a rate of
5 A/s onto a room temperature substrate. The deposited
material is generally SiO,, with the value of x, and therefore
the refractive index, controlled by the oxygen pressure and the
deposition rate [33]. In our case, the refractive index of the
deposited film was measured to be 1.55 by ellipsometry at a
wavelength of 0.6328 um. The stoichiometry of the deposited
material was not studied in detail. However, by comparing the
refractive index to those of SiO and SiO,, 1.996 and 1.46,
respectively, the deposited material was closer to SiO, rather
than to SiO.

In order to prevent undesired deposits on vertical facets, the
deposition must be done at normal incidence. However, even
in this case, a certain amount of “overhang” on the top layer
and a V-shaped “gap” beside the vertical facet were formed,
as depicted in Fig. 1(a); a typical gap width was 0.3 um. In
the case of E-beam evaporation of silicon dioxide, larger
“overhangs” and wider “gaps” resulted.

A silicon dioxide film of 2 um thickness deposited as men-
tioned above adhered to the InGaAsP surface well and did not
peel off, even with heating up to 500°C.

B. Core Layer

For the core layer of the passive waveguide, a stable and
easily spin-coated film with a high refractive index is desirable.
For this purpose, we examined polyimide [34] which is suffi-
ciently stable to be used in electronic integrated circuits as a
passivating material [35].

Spectral transmission characteristics were measured as
follows: a polyimide film of 120 um thickness was coated on a
glass slide, cured at 200°C in air for 2 h, and measured with a
Cary recording spectrophotometer. As shown in Fig. 2(a), the
polyimide is transparent for infrared wavelengths longer than
0.85 um.

The spectral refractive index ‘was measured using a similar
film, on a Si substrate in this case, by taking reflectance data
from the Cary. The thickness of the spun polyimide film was
measured by a stylus instrument to be 1.9 £ 0.1 um. From the
wavelengths of the maximum and the minimum reflection, the
refractive index of the film was calculated [36] as shown in
Fig. 2(b).

As can be seen in Fig. 2(b), the polyimide has refractive
index of 1.72 in a wavelength region from 0.85 to 1.8 um, a
higher index than that of conventional photoresist and electron
resist materials [19]. The refractive index increases for wave-
lengths less than 0.85 um, corresponding to the increase in the
loss as shown in Fig. 2(a).
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In addition to having a large index and low loss, polyimide
is easily etched using either an oxygen plasma or alkaline etch-
ants. Since partially cured polyimide is solvable in basic solu-
tions, the film could be patterned using AZ1350J resist, and
then etched using the same AZ303 developer used to process
the resist. After full curing, the film becomes chemically
resistant. The use of an adhesion promoter [34] was necessary
to ensure good adhesion of the polyimide film on the deposited
silicon oxide layer; no peeling occurred, even after heating up
to 500°C.

IV. DesigN For DSWI STRUCTURE

In what follows, design parameters for the passive wave-
guide are discussed with respect to the radiation loss due to
the higher index substrate, mode-profile matching at the joint,
and tolerances in fabrication. Control of reflectivity at the
facet is also discussed.

A. Cladding Layer Thickness

Radiation power losses L of a fundamental TE mode in the
active and passive waveguides due to the higher index substrate
and the cap layer in the case of the active waveguide is given
by the following formula [31] :

L; (dB/unit length) /
ki (kd(n} - nh)- K?}\/(7c3(n§ - nh) - k3) "2k
kgn; (n3 - nh) (- nk) (1 + ;b)) )
" (i=aorp) (1)

where ko = 2@/, \ is the wavelength, n;; and n;;, (i=a orp)
are refractive indexes of the core and the cladding layers of
the active or the passive waveguide, respectively, n5 is the re-
fractive index of the higher index substrate or stop-etch layer
in Fig. 1(a), 2b; and d; (i =a or p) are the thicknesses of the
core and the cladding layer of the active or the passive wave-
guide, respectively, and k;( =a or p) is the transverse decay
constant of the field given by

k; =Vki (g - nk)- 77 )
where 1, is a root of the following equation:
. [\/l?ﬁ(n?l - nh)- 7!

Vi )

Results of calculations for the InGaAsP/InP heterostructure
active waveguide and the polyimide/SiO, (x ~ 2) passive wave-
guide, previousty discussed in Section III, are shown in Fig, 3.

~ 35

v:b; =tan”

3
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Fig. 3. Theoretical radiation loss due to higher index substrate. (a)
Active waveguide: refractive indexes of 3.56(3.51) and 3.17(3.22) are
used for InGaAsP and InP, respectively, for a wavelength of 1.6(1.3)
um [36]. (b) Passive waveguide: refractive indexes of 1.72 and 1.55
are used for polyimide and silicon oxide layer.

As an example of a design of waveguide parameters, if we
choose values of the active layer thickness, the passive core,
and cladding layer thicknesses as 0.15, 0.8(0.6), and 2 um,
respectively, the radiation loss is less than 0.1 dB/mm for a
wavelength of 1.6(1.3) um.

B. Mode-Profile Matching

In order to suppress scattering loss at the butt joint between
the active and the passive waveguides, mode profiles in both
waveguides should be matched. An ideal mode-profile match-
ing is obtained under the following conditions:

\/ngl - I’IZ2 = \/7’1?,1 - nzz and

b, =bp. @
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In the case of a nonideal condition, which is more practical,
the degree of mode-profile matching is evaluated by the follow-
ing mode-profile matching factor:

2
{fEa(y)Ep(y) dy}

fEi(y) dnyS(y) dy

n= (5)

where E;(y)(i=a orp) is an electric field distribution in the
active or the passive waveguide as given by

e yIsSb;
-ki(yl=b) Iyl > b,
1

where v; and k;(i =a or p) are given by (2) and (3). In the
case that the core thickness of the active waveguide is smaller
than that of the passive waveguide, (5) is represented as follows:

- [sin (ot 7p)ba + sin (g - 7p)ba

Ei(y>={°°s ™ ®)

cos v;b;e

Yot Yp Yo~ Yp
1
+2 — 5 CO8 Yy by
Kg L+ 7
Kaq

Y
X {cos Ypba - ;ﬁsin Ypba

a

- e‘Ka(bﬁ_ba) (COS 7p bp _ %E sin 'Yp bp)}
a

e"‘a(bp‘ba) 2
—_— PP
K, +Kp ( a b)

+2cosv,b, cO8 Ypb, @)
where
1, 1, ,
P;=b;+ —sin2y;b; + —cos® v;b; (i=aorp). ®)
2y Ki

Results of the calculation of (7) are shown for the butt joint
between the InP/GaInAsP/InP and SiO,/polyimide/SiO, (x ~ 2)
waveguides in Fig. 4. For an active core thickness of 0.15 um,
mode-profile matching of 96 percent can be obtained by
choosing passive core thickness of 0.7 or 0.6 pum for wavelengths
of 1.6 or 1.3 um, respectively. The tolerance in adjusting the
passive core thickness is as wide as 50 percent for 90 percent
mode-profile matching.

C. Reflectivity Control at Facet

By coating the facet with a dielectric film, the reflectivity at
the facet between the active and the passive waveguide can be
adjusted. Suppression of the reflection can be attained by anti-
reflecting coating with a material of index 7y and thickness
t4r which are given by the following well-known formula:

R4r = vn:n;‘
_ A
4nAR

©)

T4R

where n (i = a or p) is an equivalent index given as follows:
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ni =vVnj - (vifko)> (10)

For antireflection at the interface between the InP/GalnAsP/
InP and SiO,/polyimide/SiO, (x ~ 2) waveguides, a TiO, evap-
oration coating of 1600 A (1300 A) is applicable for a wave-
length of 1.6(1.3) um.

On the other hand, by coating a single layer of low-index
material a quarter wavelength thick, for example, MgF,(n =
1.35), refelectivity can be increased up to 30 percent for the
InP/GalnAsP/InP and SiO,/polyimide/SiO,, interface. Multi-
layer dielectric coating can further tailor reflectivity.

D. Tolerance in Fabrication

An offset between the centers of the active and the passive
waveguide causes mode-profile mismatching and, therefore,
scattering loss. Tolerances in the offset, i.e., deposition thick-
ness of the lower cladding layer, and in the adjustment of the
core thickness, i.e., the spin-coating thickness, is examined by
calculating the mode-profile matching factor (5), introducing
the offset x as follows:

{ [ 08,09 dy}

n(x) = 1)

fEi(y)dny,?(V)dy |

Results of the calculation for the InP/GalnAsP/InP and SiO,/
polyimide/SiO, waveguide joint are shown in Fig. 5. The
power coupling efficiency remains greater than 80 percent for
a deposition thickness within 0.2 um or *10 percent and a
spin coating thickness 0.3 um or +50 percent in our material
combination. The above-mentioned precisions are easily
attained due to the low rate deposition and a controlled spin
coating. ‘

V. EXPERIMENTAL DEMONSTRATION OF DSWI

We fabricated an integrated laser waveguide as shown in Fig.
6 using the above-mentioned process and material combination.
GaInAsP/InP heterostructure wafers were grown by liquid
phase epitaxy on (100) InP substrates in the following sequence:
an n-InP buffer layer, an n-GalnAsP stop-etch layer of 0.3 um,
an n-InP cladding layer of 2.2 um, an undoped GalnAsP active
layer (\; = 1.3 um) of 0.15 um, a p-InP cladding layer of 1.5
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pm, and a p*-GaInAsP cap layer. The typical threshold current
density for lasers fabricated from this wafer was 2.2 kA/cm?
for a cavity length of 330 um.

Wafers were etched at room temperature using SisN,; masks
in the following sequence [29]: etching through the cap layer
by the mixture of concentrated HCl and concentrated HNO,
for 15 s, etching the upper cladding layer by concentrated
HCI for 20 s, etching through the active layer by the mixture
of concentrated HC! and concentrated HNO5 for 10 s, material
selective GalnAsP active layer etching, and etching the lower
cladding layer by concentrated HCl1 for 60 s. The etching con-
dition of each step was optimized prior to true etching using
test pieces, since the etching characteristics were slightly differ-
ent from wafer to wafer due to slight differences in dopant
concentrations and/or stresses at the heterojunctions. How-
ever, the quality of the exposed surface was quite homogeneous
over the wafer; more than 80 percent of the laser devices from
a single wafer with etched mirrors created by the above-men-
tioned process oscillated at the threshold current density less
than 2.0 kA/cm? for a cavity length of 300 um in an indepen-
dent experiment for evaluation of etched facets [29].

Using the above-mentioned etching process, the (011) facet
perpendicular to the active layer and the (100) surface of the
stop-etch layer were exposed. The (011) facet acts as a laser
mirror and the (100) surface is used as the substrate for the
passive waveguide. Positive and negative contacts were formed
by electroplating Au/Zn and Au/Sn, respectively.

For the lower cladding layer, 2 um of SiO, was deposited at
a rate of 0.03 um/min by thermal evaporation of SiO in an
oxygen ambient as shown in Fig. 7. Contact windows were
opened by liftoff using thick photoresists. For the core layer,
polyimide was spun at 6000 revolutions/min and then baked
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Fig. 7. SEM view after SiO,, deposition.

at 130°C for 5 min. After opening the contact window by
photolithographic patterning, polyimide was fully cured at
200°C for 2 h. The thickness of the polyimide layer was 2 um.
A cross-sectional view at a butt-joint interface is shown in
Fig. 8. After cleaving, devices were soldered on brass blocks
and gold wires were soldered on the p-side electrode.

Typical threshold current density of the laser-waveguide
device was 2.0 kA/cm? for a cavity length of 430 um, in spite
of the reduction in Fresnel reflectivity down to 0.12 at the
etched facet due to the waveguide connection.

Fig. 9(a) and (b) shows top views of the device on the IR-TV
screen: the laser was operated at I =1.8 Iy, and a duty ratio
of 1073, The light generated in the etched-facet laser coupled
into the passive waveguide (multimode in this case), propagated
along the waveguide, and came out the end of the waveguide
as shown in Fig. 9(c).

The coupling efficiency between the laser and the waveguide
was estimated as follows (Fig. 10). The output powers were
measured from the waveguide end and the cleaved facet which
was coated with the polyimide to equalize the reflectivity to
that of the etched facet butt-jointed with the waveguide. The
output power C from the cleaved facet and the output power
W from the waveguide end were plotted versus current density

as shown in Fig. 10 where the configuration used for the mea-

surement is also shown. From the ratio W/C of the power from
the waveguide end to that from the cleaved facet, taking the
reflection of 10 percent at the waveguide end into account,
the total efficiency of the coupling and the waveguide trans-
mission was estimated as 81 percent. The curve designated
by S in Fig. 10 corresponds to the sum of the power scattered
upward from the joint and the power spontaneously radiated.
The power scattered upward from the joint was 5§ percent of
the output power C. The scattering loss at the joint can be
reduced furthermore by optimizing waveguide parameters.
From the earlier loss measurements [Fig. 2(a)], we estimate
that the actual butt-joint coupling efficiency is only slightly
higher than this.

VI. CONCLUSION

The deposit/spin waveguide interconnection is proposed as a
simple and efficient interconnection technique for semicon-
ductor integrated optics. Detailed data were given for the
waveguide design. A demonstration of laser and polyimide/
Si0,(x ~2) waveguide integration by DSWI indicates a
promising material combination and the feasibility of the
etching technique. A deposit/spin waveguide could also be
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useful for other integrated optical devices, such as a distributed
Bragg reflector, an optical branching circuit, or an external
cavity.
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