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We present a detailed analysis of potassium—sodium and silver—sodium ion-exchange processes for fabricating
waveguides in glass doped with PbS semiconductor quantum dots. We compare the propagation losses of these
waveguides, and we discuss the sources of these losses. In addition, we demonstrate a fourfold reduction in the
propagation loss previously reported for potassium-sodium ion-exchanged waveguides and show that
waveguides can be produced at additional quantum-dot resonances using both methods. We show that the
near-infrared optical properties of these quantum dots remain intact by comparing the waveguide and bulk
(unguided) luminescence spectra. Measurements of the near-field mode profiles show a high level of field con-
finement, which make these waveguides ideal for nonlinear optical (high-intensity) applications. © 2006 Op-

tical Society of America
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1. INTRODUCTION

Recently, we presented two techniques for manufacturing
low-loss waveguides in a glass doped with PbS quantum
dots (QDs).}? These previous articles serve as an initial
demonstration of the fabrication of low-loss ion-
exchanged waveguides in QD-doped glass. In this article
we provide a detailed analysis of these ion-exchanged
waveguides.

For about a decade, high-quality (narrow-size distribu-
tion, AR/R~5%, and few defects) QD-doped glasses have
been produced by using the proper thermal treatment of a
glass containing the semiconductor’s chemical constitu-
ents, which precipitates into semiconductor QDs.3 The
three-dimensional quantum confinement of the semicon-
ductor QDs allows tailoring of the optical absorption.*
The major advantage of semiconductor-doped glasses over
epitaxially grown structures is cost. These semiconductor-
doped glasses are far less expensive than heterostruc-
tures grown through molecular beam epitaxy. Addition-
ally, with the same chemical constituents, QD-doped glass
can be produced with a much wider range of absorption
coefficients (nearly 3 orders of magnitude) and a wider
range of optical resonances (for PbS, from
800 to 2500 nm). These properties make QD-doped glass
an attractive candidate for the production of nonlinear op-
tical devices.

The PbS QDs provide strong confinement, since they
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have radii (2—5 nm) that are smaller than the bulk exci-
ton Bohr radius (18 nm). The small bulk bandgap energy
(0.4 eV at 300 K) allows tuning of their optical resonances
throughout the near infrared. The room-temperature ab-
sorption spectra of several PbS QD-doped glasses (three
of which were used to produce waveguides) are shown in
Fig. 1. The QD radii R quoted in Fig. 1 are calculated us-
ing a hyperbolic band model®5:
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where we used the room-temperature (7'=300 K) bandgap
energy of E,=0.41 eV and effective mass of m*=0.12m,
for PbS.°

Strongly confined QDs exhibit strong optical
nonlinearities,” which include bleaching and optical gain.
Both of these effects have been measured in these PbS
QD-doped glasses.*° These measurements were per-
formed in bulk glasses, whereas most applications are in
the areas of fiber and integrated optics.

Because of the semiconductor dopants, drawing a glass
fiber that is doped with QDs is difficult. In fact, all at-
tempts have failed owing to the fact that the perform melt
must be brought to nearly 1200°C, which is above the
melting point of PbS. Additionally, the PbS is produced in
the glass with a heat treatment in the range of
600°C-"700°C, so the QDs would grow during the fiber-

© 2006 Optical Society of America



1038 J. Opt. Soc. Am. B/Vol. 23, No. 6/June 2006

Absorption (a.u.)

B 2.2nm

T T T T T T
1000 1200 1400 1600 1800 2000

Wavelength (nm)

Fig. 1. Room-temperature absorption spectra of PbS QD-doped
glasses. Solid curves, samples we used to produce waveguides.
The mean QD radii R (calculated using the hyperbolic band
model) for each sample is listed.

drawing process.? This difficulty of producing fiber with
this QD-doped glass has lead us to the fabrication of pla-
nar (channel) waveguides in this glass.

Waveguide fabrication in semiconductor-doped glasses
is advantageous in order to use the field confinement to
enhance the nonlinear interaction by increasing the in-
tensity and the interaction length. The fabrication tech-
nique chosen was ion exchange, since it produces a subtle
and local change in glass chemistry that alters the index
of refraction. This technique is fairly gentle and utilizes
lower temperatures (less than 400°C). Waveguides in
semiconductor-doped glasses have been reported using
K*-Na* ion exchange.’'? Recently, we reported mea-
surements of the propagation loss of waveguides in PbS
QD-doped glass using K*—~Na* and Ag-film ion-exchange
processes.? Here, we report a refinement of the K¥—Na*
technique that resulted in a fourfold reduction of the
propagation loss. Additionally, we have extended both of
these techniques to fabricate waveguides in glasses with
a variety of resonance wavelengths.

2. WAVEGUIDE FABRICATION

In molten-salt ion exchange, the molten salt supplies re-
placement ions (usually K* or Ag* for sodium ions in the
glass. The physical mechanism for the ion-exchange pro-
cess is thermal diffusion of ions to produce a change in the
local glass chemistry and thus a change in refractive in-
dex. As derived from Fick’s first and second laws, the dif-
fusion of silver ions in the glass (Ag*—Na* ion exchange)
is given by13715

WCag Dy,
#t  1-(1-M)Ca

quxt : VCAg
kT '

[ L. (1-M)(VC,)?
Ag T 1—
- (1 _M)CAg

(2)

Here, D, and Dy, are the self-diffusion coefficients of sil-
ver and sodium, respectively, and M =D ,/Dv, is their ra-
tio. Cpg and Cy, are the concentrations of silver and so-
dium in the glass, respectively; however, it is customary
to normalize these concentrations so that Cy,=1. Since
this article does not focus on modeling, we refer the
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reader to the work of West et al.*® Tervonen,14 and Albert
and Lit"® for the proper boundary conditions and their ap-
plication. We point out that, for the case of M =1, this
equation reduces to the familiar diffusion equation. Also
notice that, for a salt-melt ion exchange (no external
field), the first two terms in square brackets dominate.
For an Ag-film ion exchange, the last term in square
brackets dominates.

The ion-exchange produces an index change by altering
the local glass density and mean polarizability.'5'” The
Lorentz—Lorenz formula describes the polarizability.'®
The refractive index change is linear (ignoring mechani-
cal stress) with the normalized silver concentration Cyg:

n(2,y,0) = 1gub(N) + Aoy (N Cagl(,y), (3)

where ng,, is the substrate index before ion exchange and
Anp.<(N) is the increase in refractive index (at optical
wavelength \) resulting from a complete replacement of
silver for sodium in the glass, i.e., Cyy=1. This analysis
can be used for K*—Na®* ion exchange when we replace
Cag and Dy, in Egs. (2) and (3) with Ck and Dk, respec-
tively. However, the analysis is only indicative, since the
stress-induced index change is significant in K*—Na* ion-
exchanged waveguides.

The Ag*—Na®* ion-exchange process is used to produce
commercially available planar lightwave circuits!’
(PLCs). These PLCs are fabricated using a field-assisted
burial process that results in waveguides with extremely
low loss and ]oirefringence.17 The work described here is a
large step toward the commercialization of QD-doped ion-
exchanged waveguides.

A. Potassium-Sodium Ion-Exchange Process

In the potassium—-sodium ion-exchange process, a potas-
sium nitrate molten salt supplies potassium replacement
ions for sodium ions in the glass. Some of the lowest re-
ported propagation losses for ion-exchanged waveguides
have been obtained using K*—Na* ion exchange. The
downfall of K*—Na* ion-exchanged waveguides is the dif-
fusion coefficient and lower index change, which prevent
these waveguides from being buried.

To get an estimate of proper exchange times for a par-
ticular temperature, we performed several exchanges to
produce slab waveguides in this glass. Using a prism cou-
pler, we measured the effective indices (at 633 nm) of the
slab modes produced from a long exchange (405 h at
380°C in pure KNOg3). The maximum index change was
estimated to be Anp.,~0.012 at 633 nm by using
Chiang’s inverse Wentzel-Kramers—Brillouin (WKB)
method.'® This showed that K*—Na* ion exchange results
in a large enough index change to produce channel
waveguides. Also, using this analysis on shorter ex-
changes (one, seven, and ten days), we were able to esti-
mate an appropriate exchange time for the fabrication of
single-mode channel waveguides in this glass.

Figure 2 is a diagram of the ion-exchange process. In
preparation for the ion-exchange process, the glass
sample was surface polished. Our glass is experimental
and comes straight from a glass pour. Therefore, we
lapped the 50 mm (diameter) glass wafer flat (~\/2 at
1550 nm) by using a 9 um followed by a 3 um aluminum
oxide slurry on a cast-iron plate. The wafer was polished
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Fig. 2. Potassium—sodium ion-exchange process. After surface
polishing and cleaning, (a) the glass is coated with titanium; (b)
the glass is coated with photoresist, patterned, and cured, and
the titanium is etched (photolithography process); (c) the glass is
placed into a KNOj; molten salt; and (d) the titanium ion-
exchange mask is removed for sample characterization. (¢) The
K*—Na* ion exchange, where potassium ions in the salt replace
sodium ions in the glass. This local change of glass chemistry
produces the waveguides.

using two polishing steps on a polyurethane polishing
plate. For the first step, we used 1 um aluminum oxide,
and, for the fine polishing, we used 0.3 um aluminum ox-
ide. Cerium oxide could not be used, since it chemically
reacted with the sulfur in the QD-doped glass (producing
deep pits). After polishing, we inspected the polish using a
microscope with 200X compound magnification to ensure
an optical-quality polish. We polished both sides of each
wafer and used the better side for the lithography. After
cleaning, this optical-quality polish allowed us to produce
a high-quality film of titanium as depicted in Fig. 2(a).
Note that we cannot overemphasize the importance of
having high-quality polishing and titanium films, since
surface scattering is the predominate loss mechanism.

Figure 2(b) shows the lithographic step for the ion-
exchange process. After each step of the lithographic pro-
cess, the wafer is inspected with a high-magnification mi-
croscope to ensure quality. Here, we coat the titanium
with photoresist, which was patterned, developed, and
cured (30 min at 120°C). The patterning of the photore-
sist uses a standard lithography procedure with a chro-
mium mask. The developed photoresist serves as a mask
for titanium etching. The titanium is etched using an acid
solution (0.6 g ethylenediamine tetra-acetic acid, 30 ml
deionized Hy0, and 15 ml Hy0,) at 60°C for about 20 s.
Care must be taken not to underetch or overetch the tita-
nium. We often intentionally slightly underetched the ti-
tanium so we could inspect the etching process under the
microscope. Once we were satisfied with the level of etch-
ing, we removed the photoresist using acetone.

After cleaning, the sample is now ready for the ion ex-
change. Figure 2(c) depicts the ion-exchange process.
Here, the exchange of ions occurs in a KNOj salt melt. Po-
tassium ions in the salt exchange with sodium ions in the
glass, producing a local chemical change along with a cor-
responding index change. For our QD-doped glass, we
used pure KNO3; molten salt at 370°C for 200—260 h. To
reduce thermal shock, we placed the samples into a sepa-
rate oven for 20 min before and after ion exchange. After
cooling, the sample was rinsed, and the titanium was re-
moved [Fig. 2(d)] by using a doubled-concentration acid
solution. At this point, the sample can be processed for de-
vice characterization.

To do this, we cleaned, cut, and polished the sample.
Since the waveguides are surface waveguides (about
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10 um wide), creating a square edge with few chips is im-
portant. To do this, we stack several samples (waveguide
surfaces facing each other) into an edge-polishing jig. For
well-polished surfaces and minimal surface damage due
to the ion-exchange and etching processes, van der Waals
force will draw the glasses close together, resulting in
widely spaced Newton’s interference fringes. We start the
polishing process by lapping the edges with a 3 um alu-
minum oxide slurry on a cast-iron plate so that the edges
are even. After lapping, the glass is inspected to ensure
quality. For satisfactory results, the edge of the glass
stack should look like one solid piece of ground glass, that
is, the lines separating the individual pieces of glass
should disappear. Then we polish the edge on a soft, poly-
urethane polishing pad by using 1 um aluminum oxide
for a rough polish and 0.3 um aluminum oxide for the fi-
nal polish. The glass is again inspected to ensure quality.
After cleaning, the samples are ready for device charac-
terization.

B. Silver-Film Ion-Exchange Process

The most common ion-exchange process is Ag*—Na* ion
exchange using a silver nitrate salt melt. Even though
this process has produced low-loss waveguides in silicate
and phosphate glasses, there has not been any report of
using this process to produce waveguides in any
semiconductor-doped glass, to our knowledge. Here, we
overcame the problem of silver reduction by using an Ag-
film process'®? instead of a salt-melt process.

From an application standpoint, Ag*—Na* ion ex-
change produces a higher index change than K*—Na™* ion
exchange. Using a prism coupler to measure the effective
indices of slab modes, we estimated a maximum index
change of An,,,~0.045 at 633 nm by using the inverse
WKB method.™® This gives Ag*—Na™* ion exchange a ma-
jor advantage, since it allows for smaller mode sizes,
higher field confinement, and the waveguides to be bur-
ied. Burial and annealing of the waveguides minimize
surface interaction, coupling loss, and birefringence.21

As depicted in Fig. 3, Ag-film ion exchange involves an
applied electric field to drive silver replacement ions from
a thin film of silver into the glass. Here, sodium ions are
driven further into the thickness of the glass. This applied
electric field keeps the ions moving in the glass, which
prevents silver nanocrystal formation (by means of reduc-
tion). Ag-film ion exchange has been used to produce
waveguides in undoped glasslg’zz and in Er-doped glassZ3;
however, until our recent repor‘c,2 semiconductor-doped

(a) —» (b)
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Fig. 3. Ag-film ion-exchange process. After surface polishing
and cleaning, the glass is (a) coated with photoresist, patterned,
cured, and (b) coated with silver on both sides; (¢) a dc field is
applied for ion exchange; and (d) the silver is stripped off, and
the glass is annealed. For our ion exchange, we used a field of
250 V/mm at 110°C and annealed the glass for 2.5 h at 200°C.
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waveguides have never been reported using any type of
Ag*—Na™ ion exchange, to our knowledge.

Figure 3 depicts the Ag-film ion-exchange process. In
this process the ion-exchange mask consists of patterned
photoresist.24 This photoresist eliminates adhesion of the
silver film on the glass in locations where we do not want
waveguides. With the method described in Subsection
2.A, the glass sample is carefully surface polished and
cleaned. As shown in Fig. 3(a), the clean, polished sample
is coated with photoresist, developed, and cured (30 min
at 150°C). The developed photoresist serves as the ion-
exchange mask, which can contain any two-dimensional
pattern to form any PLC. As shown in Fig. 3(b), the pho-
toresist and the back surface of the glass is coated with a
thin (100—150 nm) film of silver.

Figure 3(c) shows the actual ion exchange, which oc-
curs in an oven set to around 100°C. The ion exchange is
performed by application of a dc electric field (typically, a
few hundred volts per millimeter, producing a few micro-
amperes of current), which drives silver ions into the
glass. For this glass, single-mode waveguides were pro-
duced by using the following exchange parameters: 4.5 h,
110°C, and 250 V/mm. In this ion-exchange process, the
dc field drives silver ions into the glass. Only a shallow
region in the glass has a significant concentration of silver
ions. Figure 3(d) shows the removal of the residual silver.
The sample is then cut and polished for device character-
ization by using the techniques described in Subsection
2.A. Then the glass is annealed (2.5 h at 200°C) to allow
the silver to diffuse further into the glass, making the in-
dex profile smoother.

3. WAVEGUIDE CHARACTERIZATION

A. Refractive Index and Optical Mode Profiles

To compare the waveguides fabricated using these two
ion-exchange techniques, we measured index profiles by
using the refracted near-field (RNF) ‘cechnique.l’%’26 As
described by Géring and Rothhardt,?® we used a modified
microscope to infer the critical angle for total internal re-
flection (TIR). Applying Snell’s law to each interface while
tracing the meridional ray through the RNF system, we
can solve for the refractive index n(x,y) at the focused
spot of the Waveguide%:

. 2 .
n*(x,y) = sin® O, + niep+ sin® Oy, (4)

where n,is the index of refraction of the reference block
and 6,, and 6,,; are incident and exit angles, respectively.
Since the reference block is made of BK7 glass, n, is
known. The index profile is built up by one’s scanning the
focused spot over the front face of the sample. Now, owing
to TIR, there will be a maximum input angle, 6,,, where
light is transmitted through the optical system to the
large-area detector. Therefore, assuming that the index
variations are small, the power incident on the detector is
proportional to the refractive index profile (with a dc
offset).?

In addition, we measured the near-field mode profiles
of several channel waveguides. To do this, we coupled
1550 nm light into a waveguide and imaged the output
mode onto a near-infrared camera using a 0.6 NA objec-
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tive. These modes were also used to calculate ideal cou-
pling losses between the waveguide and the single-mode
fiber (Corning SMF-28).

Figure 4 shows the index and mode profiles of typical
waveguides using K*—Na* and Ag-film ion exchanges on
the left and right, respectively. For the K*—Na* ion-
exchanged waveguide measured in Figs. 4(a) and 4(c), we
used the following ion-exchange parameters: 370°C for
263 h in a pure KNOj salt melt. By adjustment of the cou-
pling conditions, this waveguide was found to have a sec-
ond mode at 1550 nm. For the Ag-film ion-exchanged

1 (b)
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Fig. 4. Optical characterization of QD-doped waveguides fabri-
cated using (left column) K*—Na* and (right column) Ag-film ion
exchange. (a) and (b) RNF index profiles (0.8 NA microscope,
633 nm light) from waveguides along with their near-field optical
mode profiles (0.6 NA microscope objective, 1550 nm light). For
reference, we show the mode profile of (e) SMF-28 along with (f)
and (g) single-mode waveguides. The index contours have been
smoothed and are separated by (a) 6n=0.0025 and (b) 6n=0.01.
We measured a 21.4 um e~! width and a 8.7 um e~! height for the
mode pictured in (f) and a 7.5 um e~! width at a 5.8 um e!
height for the mode pictured in (g). The calculated coupling
losses (with respect to the SMF-28) are y=2.2 and y=1.4 dB.
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waveguide measured in Figs. 4(b) and 4(d), we used the
following ion-exchange parameters: 110°C, 18h,
250 V/mm, followed by a 1.33 h annealing at 200°C. This
waveguide was also found to have a second mode. For the
single-mode K*—Na* ion-exchanged waveguide measured
in Fig. 4(f), we used the following ion-exchange param-
eters: 370°C for 240 h in a pure KNOj salt melt. For the
single-mode Ag-film ion-exchanged waveguide measured
in Fig. 4(g), we used the following ion-exchange param-
eters: 110°C, 4.5 h, 250 V/mm, followed by a 2.5 h an-
nealing at 200°C.

Notice that there is a much larger index contrast for
the Ag-film waveguide (An,,,=0.036) as compared with
the index contrast of the K*—Na'* waveguide (Anp..
=0.01). This gives Ag-film waveguides much more flexibil-
ity for annealing and burial processes. Also notice that
the region of high index change in the Ag-film index pro-
file remains much closer to the surface (about 1 um) than
the region of high index change in the potassium index
profile (about 2.5 um). As shown in the next section, this
proximity of the Ag-film mode near the surface increases
the surface interaction and thus increases the propaga-
tion loss.

Notice that these waveguides are single mode and that
the Ag-film waveguides are much smaller than the
SMF-28 mode, which is smaller than the potassium wave-
guide mode. Both of the ideal coupling losses (overlap in-
tegral) of these modes with respect to SMF-28 were
slightly larger than 1dB. In either case, these
waveguides provide large field confinement, which is good
for nonlinear interaction; however, Ag film has the advan-
tage here. The vast difference in maximum index change
contributes to the size difference seen in the potassium
and silver ion-exchange waveguides. Note that the size of
the index and mode profiles could be increased signifi-
cantly in the Ag-film ion-exchanged waveguides through
further annealing, by allowing silver ions to further dif-
fuse in the glass. The diffusion of ions causes significant
side diffusion, which allows the waveguides to extend be-
yond the mask-opening width.

Note that the index profiles were measured at 633 nm
and the mode profiles were measured at 1550 nm. The
spatial resolution of the RNF microscope used for the in-
dex profile is approximately 0.5 um, whereas the spatial
resolution of the optical system used for measuring the
mode profile is approximately 1.5 um. These resolutions
are given by the Rayleigh criterion:

; 1.22\
Ad =122\l = ——. 5
"= oNa (5)

The levels of optical resolution for the index and mode
profiles were sufficient to see the features of interest.

B. Waveguide Losses

The losses were analyzed by using the fiber—waveguide—
objective method.! In this method, we performed a cali-
bration and then four measurements on each waveguide
as shown in Fig. 5. For the measurements using a fiber to
collect the waveguide output, we used a fiber-coupled pho-
todetector to measure the power. For the measurements
using the microscope objective to collect the waveguide
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Fig. 5. Fiber—waveguide—objective method for the measurement
of losses in optical waveguides. To begin, a calibration is per-
formed. This consists of (f-o) fiber—objective and (f-f) fiber—fiber
transmission (power) measurements. The first two waveguide
measurements are (f-w-o;) fiber—-waveguide—objective and
(f-w-f;) fiber-waveguide—fiber transmission measurements.
(f-w-0,) and (f-w-fy) The two transmission measurements in
(f-w-f,) and (f-w-f;) are repeated with the sample turned around.
Measurements (f-w-0;) and (f-w-0,) are normalized to measure-
ment (f-0); measurements (f-w-f;) and (f-w-fy) are normalized to
measurement (f-f). We used Corning SMF-28 fibers and a 0.6 NA
microscope objective for these measurements.

output, we used a free-space photodetector to measure the
power. The input power was fixed in order to make our
calculations easier. The calibration consisted of two power
measurements, as depicted by Figs. 5(f-0) and 5(f-f). The
first calibration measurement was transmission of the ob-
jective Py, and the second was used to correct any butt-
coupling loss between two single-mode fibers Pg. Then we
made a transmission measurement with a single-mode fi-
ber (Corning SMF-28) coupled to the input and the output
light collected by a high-NA microscope objective (waol)
as shown in Fig. 5(f-w-07). Figure 5(f-w-f;) depicts the
next measurement, in which we replaced the output ob-
Jective with a single-mode fiber (Pgyy,). The last two mea-
surements shown in Figs. 5(f-w-09) and 5(f-w-f3) were
repetitions of the previous two measurements with the
waveguide flipped around. These measurements are de-
noted by Pry,, and Pgyy, respectively. For powers mea-
sured in dBms, we normalized these four waveguide mea-
surements to produce transmission measurements (in
dBm) by using

T'yo, = Pwo, = Pro (6)
T'wo, = Pwo, = Ptos (7)
Tyt = Prot, — Py, (8)
T, = Ppyt, — Py 9)

Now, the losses (in dBm) were inferred by using conserva-
tion of energy and are given by

Lige1 = Ttwo, = Ttwt,» (10)
Lgiae2 = Ttwo, = T'hut,» (11)

Lprop = :[1fwf1 - LsideZ = waf2 - Lsidel >

(12)
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Lerr = |Trut, = Tty (13)

where Lgqe1 and Lgqeo are the two coupling losses, Ly is
the propagation loss, and L, is the measurement error.
Notice that the losses are defined to be positive, so L
=negative decibles=-10log T', where T is the transmis-
sion. As seen in the last equation, an estimate of the mea-
surement error is provided by the redundant fiber—
waveguide—fiber ~measurements. For all of our
measurements, we rarely saw an error of larger than
0.2 dB. Note that these losses (in decibels) are logarith-
mic, so they can be translated to transmissivities through
replacing differences by quotients. These losses were
measured and calculated for waveguides fabricated using
both Ag-film and K*—Na™* ion exchange.

In addition, the measured mode profiles were used to
calculz%te the ideal coupling efficiencies of these modes by
using

2
) (14)

+00 p40
= ‘ f f Vyyll(x’y) \”IQ(xay)dxdy

where 7 is the coupling efficiency between the two inten-
sity profiles I;(x,y) and Ig(x,y) of the two modes. With
this coupling efficiency 77, the coupling loss is given by I
=1-9. I1(x,y) and Iy(x,y) are normalized by

f f Li(x,y)dxdy =1, (15)

where i=1,2. When calculating coupling loss in decibels,
one simply uses L=-10log 7, so if #=0.5, then L=3 dB.
Table 1 summarizes the losses of a set of QD-doped
waveguides fabricated by Ag-film ion exchange. Table 2
summarizes the losses of a set of QD-doped waveguides
fabricated by K*—Na* ion exchange. In these tables, we
provide the measured propagation, guide, coupling, and
ideal coupling losses. All measurements were performed
with 1550 nm light. The ideal coupling losses were calcu-
lated using Eq. (14). The guide losses are calculated by
our taking the propagation losses and subtracting the
bulk QD absorption. To measure the bulk QD absorption

Table 1. Average Propagation, Guide (QD Absorp-
tion Removed), Coupling, and Ideal Coupling
Losses [Overlap Integral Using Eq. (14)] in
QD-Doped Waveguides Made Using Ag-Film Ion

Exchange®
Propagation Coupling Ideal
Mask Width Loss Guide Loss Loss Loss
(um) (dB/cm) (dB/cm) (dB) (dB)
2 3.5+0.8 2.3 2.4+03 1.6+0.3
3 3.7£0.5 2.5 1.9+0.2 1.4+0.3
4 4.3+0.6 3.2 1.5+0.1 1.4+0.3

“All of the these measurements were made at 1550 nm. The ion-exchange param-
eters were 250 V/mm at 110°C for 4.5 h, followed by annealing at 200°C for 2.5 h.
This glass has the absorption spectrum shown in Fig. 1 with QD radius of R
=3.2 nm. The errors quoted for the propagation and coupling losses are standard de-
viations (five waveguides for each mask width). We estimated the ideal loss error by
calculating overlap integrals using various image-processing techniques. We estimate
the measurement errors to be 0.5 dB/cm for the propagation losses and 1.0 dB/cm
for the guide loss.
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Table 2. Average Propagation, Guide (QD Absorp-
tion Removed), Coupling, and Ideal Coupling
Losses [Overlap Integrals Using Eq. (14)] in
QD-Doped Waveguides Made Using K*-Na* Ion

Exchange®
Propagation Coupling Ideal
Mask Width Loss Guide Loss Loss Loss
(um) (dB/cm) (dB/cm) (dB) (dB)
3 0.4+0.2 0.1 1.5+04 1.2x0.5
3.5 0.7+£0.5 0.4 1.4+04 12205
4 0.3£0.1 <0.1 1.3+0.1 1.1+0.5
5 0.2+0.1 <0.1 1.3+0.1 1.0+0.5

“All of these measurements were made at 1550 nm. For this ion exchange, we
used a pure KNOj5 salt melt at 370°C for 263 h. This glass has the absorption spec-
trum shown in Fig. 1 with QD radius of R=2.7 nm. The errors quoted for the propa-
gation and coupling losses are standard deviations (three waveguides for each mask
width). We estimated the ideal loss error by calculating overlap integrals using vari-
ous image-processing techniques. We estimate the measurement errors to be
0.2 dB/cm for the propagation losses and 0.3 dB/cm for the guide loss.

near the waveguide, we placed the sample (lengthwise) in
a collimated beam with a beam waist of 400 um in diam-
eter (Rayleigh range of a few centimeters).

All the errors that are quoted in Tables 1 and 2 are the
standard deviations of the waveguide measurements. We
also performed a detailed analysis of the measurement er-
rors for the coupling and propagation losses. This in-
cluded the fiber—-waveguide—fiber measurement error [Eq.
(13)], a measurement stability error, and a reproducibility
error. Adding these errors in quadrature (square root of
the sum of the squares), we estimated a 0.5 dB/cm error
for the propagation losses shown in Table 1 (Ag-film
waveguides) and a 0.2 dB/cm error for the losses shown
in Table 2 (K*—Na* waveguides). The measurement er-
rors for the QD-absorption measurements were estimated
to be 0.5 and 0.1 dB/cm for these Ag-film and K*—Na*
waveguides, respectively.

These waveguides not only provide optical confinement
but they also are semihomogeneously doped with PbS
QDs. The linear absorption through the thickness of the
glass remained unchanged throughout the ion-exchange
process. Scattering processes (surface, Rayleigh, and Mie)
in the waveguides overshadow the small, linear QD ab-
sorption of @~0.3 cm~!. For a reference, we produced
waveguides in the host glass (no QDs) by using both Ag-
film and K*—Na* ion exchanges. Within experimental er-
ror, guides in the host glass (without QDs) had the same
losses as the guides in the QD-doped glass. Additionally,
using the 400 um collimated beam, we found that these
host glass samples had as much or more bulk loss owing
to scattering as the QD-doped glasses. This suggests that
the nonuniformity of the glass and surface interaction is
the predominate source of the waveguide losses.

To investigate this surface scattering, we measured the
loss as a function of wavelength. To do this, we used an
optical spectrum analyzer and a broadband source
(1150—-1700 nm) in a fiber—waveguide—fiber configuration
[see Fig. 5(f-w-f;)], and we measured the transmission
spectra of many waveguides. For a calibration, we mea-
sured the broadband source spectrum by using the fiber—
fiber configuration shown in Fig. 5(f-f). Note that we in-
serted the sample and free aligned the input and output
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fibers to the waveguide without disconnecting any of the
fiber-patch cables. This ensured that we did not change
any coupling conditions of the fibers that would lead to
multimode interference. The transmission spectrum of
the waveguide was normalized to the source-calibration
spectrum to find the loss (absorption) spectrum of the
waveguide. In measuring the waveguide spectra, we care-
fully altered the input and output coupling conditions to
minimize multimode interference. When necessary, we
used index-matching fluid for these fiber—waveguide con-
nections. Once the fibers were aligned to the waveguide,
we were able to see the cutoff wavelength (transition be-
tween single-mode and multimode operations) of the
waveguide. The Ag-film waveguides shown in Table 1 and
Fig. 4(g) had a cutoff wavelength of about 1250 nm. The
K*—Na* waveguides shown in Table 2 had a cutoff wave-
length of about 1300 nm. The host waveguides had a cut-
off wavelength of about 1700 nm.

We found that the transmission loss coefficient through
the waveguides has a 1/\* (x=1.3-1.9) dependence,
whereas the Rayleigh scattering of the QDs in the glass
has an absorption (a=In T) with a 1/\* dependence. This
wavelength dependence is consistent with reports of sur-
face scattering of slab waveguides using an exponential
correlation function.?®2 The exponent of the wavelength
dependence is determined by details such as surface in-
teraction, correlation length, and correlation depth. This
analysis suggests that the sample uniformity and surface
quality is extremely important for the production of low-
loss waveguides.

C. Quantum-Dot Emission
Since scattering predominates waveguide losses, we could
not definitively see the structure of the QD absorption in
the transmission loss spectra. So, instead of a direct mea-
sure of QD absorption in the waveguides, we collected
photoluminescence (PL) emitted by the semiconductor
QDs within the waveguides. The spectral location and
shape of this PL is characteristic of the size and shape of
the PbS QDs; therefore, any change in QD chemistry, size,
or shape as a result of the waveguide fabrication process
would be observed as a change of the PL spectrum.
Figure 6 shows three collection schemes used to collect

(a) (b) spect.
(P, =0
Integrating s{e "
o»
- =y =

Fig. 6. Three collection setups used to collect luminescence from
waveguides in PbS QD-doped glass. These used (a) an integrat-
ing sphere, (b) a multimode fiber (100 um core and a 140 um
cladding), and (c) a 0.45 NA microscope objective. In all three
cases, the pump laser beam was coupled into the waveguide by
using a 0.45 NA microscope objective, and the collected light was
analyzed using a grating spectrometer. In the case of (a), we used
the multimode fiber to collect light from an output port of the in-
tegrating sphere. In the case of (b), the multimode fiber collected
PL emitted from the waveguide coming out the top of the sample.
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Fig. 7. Luminescence from K*—Na* ion-exchange waveguides in
PbS QD-doped glasses with QD-absorption spectra shown in Fig.
1 with QD sizes of (1) R=2.2 nm, (2) R=2.7nm, and (3) R
=3.2nm. In each of these figures, we show the bulk-glass PL
spectra (a) before and (b) after K*—Na* ion exchange. The lumi-
nescence collected from a waveguide is shown in spectrum (c)
along with spectrum (d), the QD absorption for comparison. The
pump wavelength was 1064 nm.
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Fig. 8. Luminescence from Ag-film ion-exchange waveguides in
PbS QD-doped glasses with QD-absorption spectra shown in Fig.
1 with QD sizes of (1) R=2.2 nm and (2) R=3.2 nm. In both these
figures, we show the bulk-glass PL spectra (a) before and (b) after
Ag-film ion exchange. The luminescence collected from a wave-
guide is shown in spectrum (c) along with spectrum (d), the QD
absorption for comparison. The pump wavelength was 1064 nm.

luminescence from PbS QD-doped waveguides. In all
three setups, we coupled the pump light into the wave-
guide by using a microscope objective. In the first setup,
we inserted the entire sample in an integrating sphere
and collected the light from a side port. In the second
setup, we used a multimode fiber to collect light from the
top of the waveguide. In the third setup, we collected the
light leaving the exit facet of the waveguide.

Figure 7 shows luminescence from PbS QD-doped
glasses that underwent K*—Na® ion exchange. These PbS
QD-doped glasses have the QD-absorption spectra shown
in Fig. 1 with QD sizes of (1) R=2.2 nm, (2) R=2.7 nm,
and (3) R=3.2 nm. Figure 8 shows luminescence from PbS
QD-doped glasses that underwent Ag-film ion exchange.
These PbS QD-doped glasses have the QD-absorption
spectra shown in Fig. 1 with QD sizes of (1) R=2.2 nm
and (2) R=3.2 nm. In Figs. 7 and 8, we show lumines-
cence before and after ion exchange (bulk) and collected
from an ion-exchanged waveguide. For the bulk measure-
ments, labeled (a) and (b) in each figure, the 1064 nm
pump beam was p polarized and set to Brewster’s angle.
The luminescence was collected in reflection at normal in-
cidence by an f/1 lens and coupled into a spectrometer.
For the waveguide luminescence measurements, we used
a 0.4 NA microscope objective to couple the 1064 nm
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pump beam into the waveguide. Here, the spectra labeled
(c) was collected using the multimode fiber as depicted in
Fig. 6(b).

There are some important features in these QD-
luminescence spectra that we will point out. First, notice
that these QD show a large Stokes shift between the lin-
ear absorption and the emission spectra. Also notice that
this Stokes shift is largest and the PL spectrum is broad-
est for the QD-doped glass with ground-state resonance
around 1100 nm and that the Stokes shift is smallest and
the PL spectrum is narrowest for the QD-doped glass with
ground-state resonance around 1500 nm. The difference
in Stokes shifts can be explained by the level of quantum
confinement of the QDS.33 The Stokes shift is directly pro-
portional to the quantum confinement. The QD-doped
glass with ground-state resonance around 1100 nm has
QDs with the highest level of quantum confinement and
thus the largest Stokes shift. The QD-doped glass with
ground-state resonance around 1500 nm has QDs with
the lowest level of quantum confinement and thus the
smallest Stokes shift. The difference of the spectral
widths can be explained by the existence of trapped sur-
face states in the QDS.33 Since the QDs with ground-state
resonance around 1100 nm are the smallest, they have
the largest surface area per volume of the three samples.
This large surface area per volume makes surface states
more predominate and the binding energy of these
trapped surface states larger. This makes the PL spec-
trum much broader than the underlying QD-absorption
spectrum. Since the other samples have smaller QDs, this
effect is reduced, making the PL spectra narrower.

Concerning the waveguide spectra, notice that, in all
cases, there are no noticeable differences between the cor-
responding spectra, which demonstrates that the optical
properties of the QDs remain unchanged through the ion-
exchange process. Additionally, we found that the maxi-
mum luminescence signal occurred when the input and
output optics were aligned to the waveguide. This con-
firms that the waveguides are doped with QDs. We em-
phasize that the waveguide luminescence collected using
the three different collection schemes (see Fig. 6) had no
significant differences.

4. CONCLUSIONS

In our case, the scattering dominates the waveguide
propagation loss, so the underlying QD absorption and
Rayleigh scattering cannot be seen. Phenomenologically,
the better the surface quality or the less the surface in-
teraction, the lower the exponent in the wavelength de-
pendence of absorption. This was confirmed qualitatively
by correlating the surface quality and homogeneity of all
of our samples (four samples for each silver and potas-
sium ion exchange) with the wavelength dependence. Ad-
ditionally, we found that, in the Ag-film ion-exchanged
samples, annealing decreased the waveguide propagation
and coupling losses and the exponent of the wavelength
dependence. Annealing spreads the index change and ow-
ing to the surface (boundary condition), this moves the
mode further into the glass, reducing the surface interac-
tion. Fully burying the waveguide would minimize the
surface interaction. In fact, extremely low-loss surface
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waveguides have been produced in commercial ion-
exchange glasses (I0G-10 and Corning 0211). Here, we
find that the difficulty in adequate surface polishing is the
current limitation. The other limiting factor was the lack
of overall sample homogeneity. Therefore, for future in-
vestigations of waveguides in QD-doped glasses, the vital
focus must be in improving the sample quality and polish-
ing. Additionally, work must be done in the effort of suc-
cessfully burying the waveguides in order to minimize the
surface interaction.

In addition to fabricating waveguides in the host glass
(no QDs), we produced waveguides in glasses with optical
resonances at 1100, 1250, and 1550 nm by using both Ag-
film and K*-Na* ion exchange. Additionally, we con-
firmed that waveguides are doped with QDs by measur-
ing their PL spectra. In addition to glass doped with PbS
QDs, we were also able to produce K*—Na™* ion-exchanged
waveguides in PbSe QD-doped glass. This demonstrates
that these techniques are versatile and may be useful for
fabricating waveguides in other semiconductor-doped
glasses. This method may allow for the commercialization
of manufacturing integrated optical circuits in
semiconductor-doped glasses.
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