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Abstract

Dielectric optical waveguides exhibit properties that are well suited to sensor applications.
They have low refractive index and are transparent to a wide range of wavelengths. They
can react with the surrounding environment in a variety of controllable ways. In certain
sensor applications, it is advantageous to integrate the dielectric waveguide on a
semiconductor substrate with active devices. In this work, we demonstrate a tamper sensor
based on dielectric waveguides that connect epitaxial GaAs-GaAlAs sources and detectors.
The tamper sensing function is realized by attaching particles of absorbing material with
high refractive index to the surface of the waveguides. These absorbers are then attached to
a lid or cover, as in an integrated circuit package or multi-chip module. The absorbers
attenuate the light in the waveguides as a function of absorber interaction. In the tamper
indicating mode, the absorbers are placed randomly on the waveguides, to form a unique
attenuation pattern that is registered by the relative signal levels on the photodetectors.
When the lid is moved, the pattern of absorbers changes, altering the photodetector signals.
This dielectric waveguide arrangement is applicable to a variety of sensor functions, and
specifically can be fabricated as a chemical sensor by the application of cladding layers that
change their refractive index and/or optical absorption properties upon exposure to slected
chemical species. An example is found in palladium claddings that are sensitive to
hydrogen. A description of designs and a basic demonstration of the tamper sensing and
chemical sensing functions is described herein.
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Optical Wavegquide Tamper Sensor Technology

1. INTRODUCTION

Dielectric waveguides have been demonstrated for a number of integrated optics applications, including
passive (glass) and active (LiNbO,) devices [1],[2]. Because they are transparent to a wide range of
wavelengths and can be made low loss, dielectric wavegunides have been proposed and realized in organic
material systems such as polyimide for use in general optical interconnect work [3]. In support of these
applications, dielectric waveguides have also been constructed using glass structures integrated on the
surfaces of GaAs and silicon wafers [4],[5]. Because they have a relatively low refractive index,
dielectric optical waveguides have also been shown to exhibit unique properties when brought in contact
with a thin layer of absorbing material having a higher refractive index than the guide [6]. These
properties have been used to create sensors that measure optical constants and layer thickness in
absorbing materials[7],[8]. Thus, the properties can be closely related to the optical testing function. In
this work, we integrate dielectric waveguides with active GaAs devices and expand on the sensor
functions that can be realized in this waveguide material system.

1.1 Tamper Sensor Concept

The basic concept for a tamper sensor is illustrated in Figure 1, which shows an operational schematic of
the device cross-section. The forward-biased LED (with injected current If) emits light, which travels
along the waveguide. When it encounters an absorber, a portion of the light is coupled out. That light
which reaches the unbiased detector produces an open-circuit electrical voltage (V. ). Photocurrent can
also be detected when the photodiode is under a reverse bias. The amount of light reaching the detector
is dependent on the size and shape of the absorber. Absorbers are randomly distributed along the surface
of the waveguide, as shown. The combination of absorbers encountered in a waveguide path then

Absorber
by . Waveguide

T T Voo
LED \/

Light Detector

Buffer

p type Substrate
1

Figure 1 Operational schematic showing LED, detector, waveguide, and absorber.
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produces a given signal at the photodetector. These absorbers are attached to a lid as on an IC package or
Multi-Chip Module (MCM). When the lid is moved, the pattern of absorbers changes, altering the
photodetector signals. Here, polymer or dielectric waveguides are used, since they are most sensitive to
changes induced by high refractive index absorbers such as silicon or metal particles.

The function of the diode structure is determined by magnitude and polarity of the applied bias. In
forward bias it can be an emitter, as shown in Figure 1. With reverse or zero bias it functions as a
detector. The transfer function between the emitter and detector is determined by coupling efficiency to
and from the waveguide, quantum efficiency of the emitter and detector, and the loss along the
waveguide. Disturbances of the absorbing elements on the waveguide will then change the transfer
function. It is this change in transfer function that constitutes the tamper sensing. As will be described,
the absorbers may also be sensitive to chemicals, thus enabling a chemical sensor function using the
same waveguide structure and change in transfer function.

1.2 Tamper-Sensing Arrays

The waveguide sensing devices can be constructed in an array pattern as in Figure 2 such that differential
changes between various photodetectors exclude normal environmental effects from erroneous detection.
In particular, the proposed array of waveguide "spokes" around a central LED device could make use of
the omni-directional output of the LED. In this arrangement, the power would be applied through the
designated contact pad, and the signals from each detector would appear on its respective contact pad. A
common, conductive semiconductor substrate would be used, as in Figure 1. Since ratios of signals at
the photodetectors are detected, any overall variations in the overall LED output would be excluded from

Dielectric
Wayeguides

(Detector)

Contact
Pads
\ _Mesa-Etch
\ LED
SiO2 Rand
andom
Butfer Absorber
Pattern

Mesa-Etch

Photodetectors Substrate

Figure 2 Multiple waveguides and detectors with a single LED. Ratios of signals are sensed at the
detectors.




the sensor function. The array of absorbers can be placed randomly on the waveguides so as to form a
non-reproducible pattern, that would be disturbed during a tamper event. Alternately, a chemical sensor
array can be realized by the application of various chemically-sensitive absorbers in place of the random
tamper-sensing absorber region of Figure 2. In either case, the basic transfer function described in
Figure 1 would be realized and modified (according to state of tamper or chemical exposure) for each
spoke of the wheel. It is the enabling characteristic of the tranfer function and its sensitivity to tampering
or chemicals that will be demonstrated within the scope of this report.

1.3 Chemical Sensing

Other sensor functions besides tamper sensing can also be realized. Specifically, the device can be
configured as a chemical sensor. This is easily done by the application of a chemically sensitive cladding
layer on the waveguides in place of the absorber in Figure 1. This chemical sensor could be used in a
variety of operating modes. When inserted into an IC or MCM package, the chemical sensor could detect
a chemical attack on the package, thus extending the modes of use in a tamper sensing environment.
This device could also be configured specifically as a chemical sensor as in the package arrangement of
Figure 3. Here, the device is packaged so as to expose a chemically sensitive cladding layer to the
external environment. When certain chemicals are present, the cladding absorption and refractive index
are changed, changing the attenuation along the waveguide path and thus changing the signal at the
detector. The absorber is allowed to interact with an external stimulus (such as a chemical species) that
would change its refractive index and/or absorption. Non-absorbing cladding layers have been proposed
on optical waveguide sensors to increase evanescent field interaction with external chemical species [9].
Here, the sensitivity of the interaction could be tailored by choosing an absorbing layer thickness to tune
in a resonance point of guided-wave interaction. As stated, these changes have been used to measure
optical properties [7],[8]. If those properties change as a result of chemical interaction, then the chemical
can be detected. Thus, this optical waveguide technology has the potential to produce a chemical sensor.
The versatility of such a chemical sensor could be extended by the use of an array, as in Figure 2, where
the random pattern of absorbers is replaced by an array of different chemical sensing claddings.

Light Chemically
1 1 oy | 1
i Emitting l Sensitive i i
: Diode : Absorber - diode I

;

‘:l.vm-;

I |
Chemically Inert Package

Figure 3 Operation as a chemical sensor. The waveguide is packaged to allow the chemically-
sensitive absorber to encounter the chemical species under test.
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1.4 Design, Fabrication, and Testing

The design process starts with guided-wave calculations for the active device and wavegunide. These
calculations are described here in terms of basic design parameters and tolerance for the guided-wave
structures of the active diode and passive waveguide devices. The guided-wave calculations for a
palladium-clad chemical sensor are also presented. Next, device and waveguide processing and
fabrication is discussed. This is followed by electrical and optical performance of the diode devices
including forward bias (LED) parameters and reverse bias detector parameters. An improved Graded
Index Separate Confinement Heterostructure (GRINSH) device cross-section is also introduced.
Waveguide measurements and the results of tests on the combined device will then be reviewed.
Absorber interaction experiments are also described and hydrogen sensor functional results are

discussed.



2. OPTICAL STRUCTURE

Figure 4 shows an optical cross-section of the diode-waveguide interface. The heterojunction epitaxial
layers are grown on the GaAs wafer as in the figure. The structure contains GaAs as an emitting and
absorbing layer, with a refractive index of 3.5 as shown. The Al Ga, As and Al, Ga, As layers act as
low-absorption waveguide buffer layers, since their refractive indices (3.4 and 3.33) are lower than the
GaAs layer. These areas are mesa-etched to form the LED and photodiode devices. The refractive index
and thickness of the dielectric or polymer guide and SiO, buffer layers are chosen so that the field
distributions of the optical waves are closely matched as in Figure 4. These design parameters have been
modeled and optimized by the use of one-dimensional guided-wave calculations, using a code called
MODEIG [10]. Note in Figure 4 that the modes must match very closely in shape and peak point in
order to achieve good coupling efficiency between the dielectric waveguide and the active GaAs-GaAlAs

device. This will call for approximately 0.1 to 0.2 pm accuracy in layer thicknesses and etch depths
during the construction of the tamper sensor. Such tolerances are readily obtainable with modern
semiconductor device processing techniques.

Ar Optical Field
/iﬁ Profiles

... .NlEtal Contact....c.

3 " ' 'i"-a-.- — "
1.0pm | Polyimide Guide n=151. 7 1.0pm
k. R . . o,
0.5 um Ga, Al ,As n=3.4
l t & 2.0 pm
1.5um
2.5 um —
Ga Al As n=23.33
' 6 4 4

GaAs Substrate n=38.5

Figure 4 Optical cross-section of the active device and waveguide combination showing various
layers and their refractive indices.
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Figure 5 Waveguide attenuation for the fundamental waveguide mode as a function of buffer
layer thickness t, in the structure shown.

2.1 Dielectric Waveguide Optimization

Our calculations have led to the design of Figure 4, which maximizes the coupling of the waveguides to
and from the GaAs devices for the lowest order waveguide mode. To keep light losses low, the SiO,

buffer must be thick enough so that the field distributions of the light do not significantly couple into the
high-absorption GaAs substrate. This constraint sets the etch and deposition parameters that will be
needed for device fabrication. We have thus calculated losses as a function of waveguide buffer layer
thickness as in Figure 5 with the waveguide structure shown in the inset. Here, the waveguide buffer
layer is varied while the waveguide thickness and the refractive indices of the entire structure are held
constant. Note that the waveguide attenuation rises exponentially as buffer layer thickness is reduced,

and is especially high below about 1 pm. We have thus chosen a buffer layer thickness of 2.0 pm, as in
Figure 4, which should keep losses below 0.02 dB/cm at 827 nm. For the experimentally determined
860 nm output wavelength of the LED, these losses would be slightly higher.

As part of the design process for the dielectric waveguide, the field profiles for the two possible mode
orders in the dielectric guide structure were also calculated. These profiles appear in Figure 6. Note for
the Oth order (fundamental) mode that the evanescent field tail does not extend significantly into the
semiconductor substrate. For the first order mode, there is significant interaction with the underlying
layer of Ga, 4 Al ,, As. This indicates that, while the wavegnide will support two mode orders, the
higher order guided wave mode will be attenuated as it propagates down the guide due to coupling into
the substrate. Thus, in order to create an optimal structure for integration with the GaAs, the waveguide
refractive index must be high, with respect to the buffer layer. Also, both the waveguide thickness and
that of the buffer layer must be large enough so that the Oth order evanescent field tail does not interact

6
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Figure 6 Field strengths of the TE( and TE1 waveguide modes.

with the underlying semiconductor. This implies that the waveguide will actually support more than one
mode. Further optimization for the chemical sensing function is discussed in Section 2.2. :

2.2 A Pd-Clad Waveguide Structure for Ho Sensing

As indicated in Figure 3, the integrated waveguide sensor structure can be constructed so as to perform
chemical sensing functions. This sensor is based on the fact that a thin layer of Pd will change its optical
absorption and refractive index when exposed to hydrogen (Hp) gas. This effect has been used to

construct optical fiber probes for remote gas sensing [11].

The MODEIG program was used to calculate guided-wave profiles and parameters for the Pd-clad
waveguide structure shown in the inset of Figure 7. Here, the refractive indices of the guide and buffer
layers were chosen to match measured values from laboratory experiments. The guide thickness also
matched experimental values. For ease of calculation, the structure was approximated with a semi-
infinite buffer layer. This approximation is valid because of the small evanescent field leakage into the
substrate, as described above. Because the Pd film is optically lossy, it is characterized by a complex
refractive index. The index values with and without exposure to a 10% Hy atmosphere were assumed to

7
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TE-Mode Calculations | Pd |
-10 Guide: n=1.67 : t=1pum
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Figure 7 Calculated losses for a Pd-clad waveguide with and without Hy exposure. Wavelength
is 860 nm.

change as indicated on the graph, and the attenuation coefficient for the four-layer lossy waveguide was
calculated. It is shown with a negative sign in this graph to indicate that it is a loss coefficient.

Note in Figure 7 that the Pd shows an attenuation maximum just below a 10 nm thickness. Note also
that below that critical thickness, the slope of the attenuation vs. thickness curve is very steep and that
relatively large attenuation changes with hydrogen exposure can occur.

Attenuation
Difference 3
(dB) i
2 L
1 L
0 A
-1 Lk o
TE Polarization
-2
-3

] L 1 2 1 N 1 z 1 2 ] 2
0 0.02 0.04 0.06 0.08 0.1 0.12
Pd Thickness (um)

Figure 8 Calculated attenuation difference with and without Hy for a 1 mm long Pd cladding on a
dielectric waveguide for a wavelength of 860 nm.




The attenuation difference without and with the 10% Ho atmosphere is plotted in Figure 8 for a 1 mm

length of Pd cladding on the indicated waveguide. Note that for a 2 nm Pd thickness, there is a
maximum of Hy sensitivity based on an attenuation difference of about 3.0 dB. The overall calculated

waveguide attenuation is about 25 dB, so a large initial signal would be needed to assure a reasonable
dynamic range. Near the maximum attenuation at 7 nm, the sign of the difference changes and at larger
thickness values there is greater attenuation with hydrogen present than without. At these larger Pd
thickness values, there is about 1.5 dB more attenuation when the hydrogen is present

For the TM polarization in this waveguide, the calculated losses were huge, on the order of 300 dB per
mm. This is expected, since the TM-polarized light tends to form high-loss surface plasma modes in a
metal-clad waveguide structure. In fact, metal claddings are often used as TM mode suppression filters
on planar dielectric waveguides [12].

Variations on the waveguide structure were modeled in an attempt to maximize the chemical sensing
function while minimizing the total loss in the clad-waveguide structure. A five-layer version of the
guide in Figure 7 was modeled, using a thin SiOp buffer layer in between the cladding and the guide.

This type of buffer layer has been shown to reduce attenuation in metal-clad waveguides. In this case the
attenuation was reduced by 60 percent for an SiOp layer thickness of 0.1 pm, but the maximum
difference between the 10 percent Hy and non-Hy conditions scaled down accordingly.

Several other wavegnide variations were also tried in order to understand the effect of guide structure on
overall attenuation and Hydrogen sensing capability. Low overall optical loss had previously been
reported in 2 LiNbO3 version of a Pd-Clad waveguide hydrogen sensor [13]. Here, the attenuation was

so low that a Mach-Zehnder interferometer was required to detect the hydrogen. We modeled this
structure as a planar waveguide and likewise obtained low attenuation as in Figure 9. In order to separate
out the effect of waveguide structure from that of overall refractive index, we further modeled a "D-
Fiber" type of slab waveguide. ~Here, the planar layers approximated the thick, low waveguide

Attenuation Q .
(dB/mm) NoH :n =21-j5.29 s )
2 Pd Air: n=1
10%H :n_ =19-j4.76 -
-0.05 z K Pd
Ti: LiNbO,, t=5pm
-0.1 Guide: n =2.29
t LiNbO : n=2.286
-0.15
TE-Mode
Calculations
| I | - ] o | P |

0 0.02 0.04 0.06 0.08 0.1 0.12
Pd Thickness (um)

Figure 9 Attenuation of a Pd-clad LiNbO, waveguide with and without exposure to
10 percent H,. Wavelength is 860 nm.
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structure of a "D-shaped"” single mode optical fiber. Though refractive index was lower than that of the
LiNbO3 waveguide, both represent a structure where the refractive index difference between the core

and the buffer is very low (a “low An” type of waveguide structure. Both the LiNbO3 and the slab fiber
guide structures showed very low overall attenuation (and a corresponding low hydrogen sensing

capability). This was due to very weak interaction with the cladding on the top surface. For that reason,
these structures would not be suitable as Pd-clad Hy sensor waveguides, unless used in an interferometer

structure. In addition, the evanescent field tails on these low An guides extend deep into the buffer,
(which accounts for their weak cladding interaction), | Thus, they would be impractical for use with the
basic guide structure of Figure 1 because of the thickness of buffer needed to prevent unwanted

interaction with the semiconductor substrate. These low An Structures do, however, give us insight as to
how the dielectric waveguide structure influences the overall sensitivity of the Pd-clad waveguide.

In order to maximize hydrogen sensitivity, a thin, high An structure such as a SizNy guide on a SiO,
buffer could be used, as in Figure 10. For this structure, the evanescent field tail into the buffer would
short, and there is a large interaction with the Pd metal. Because of the resulting large attenuation, (up to
several hundred dB per mm, as shown), a very large initial signal would be required or a short length of
Pd would be placed on the waveguide. A compromise Pd-clad waveguide structure such as that of
Figure 4 would then appear to be the best choice for a hydrogen sensor because the attenuation is more
controllable.

Attenuation

(dB/mm)
L. NoH :n =21-j529 —— |Airn=1
2" Pd
10%H :n =19-j476 - Pd

-50 | 2 Pd s e
E igN Guide: 3t=0.5um
; n=1.9

-100 ¢ Si0,:n=1.49

-150

L./ TE-Mode Calculations

1 I 1 l 1 ' ] I 1 ' L

0 0.02 0.04 0.06 0.08 0.1 0.12
Pd Thickness (um)

-200

Figure 10  Attenuation and hydrogen sensitivity of a Pd-clad Si3Ny waveguide.
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3. THE DIODE JUNCTION STRUCTURE

The electrical cross-section of the basic GaAs/GaAlAs diode structure appears in Figure 11. These
impurity doping levels yield a device that can operate as an LED, a photodiode, or as a photovoltaic cell.
The structure represents a compromise between optimized doping for LED or detector performance. I-V
curves were measured for devices fabricated from this structure. A sample curve appears in Figure 12.
Note that the diode can be forward biased as an LED, reverse biased as a photocurrent detector, or zero-
biased as a photovoltaic detector. Note also that the avalanche breakdown level is in excess of 27 V, so
there is a large range of reverse bias levels that can be used in the photodiode mode of operation.

V
1
Metal
¢ = AI—AS—- . — Contact
1,0 um 7 .3 n=5x10
‘Mesa Edge

1.0 um

0.5um

2,5um

¢ GaAs p=1x10

1.0pm

GaAs Substrate Cp=1xi0 ° !

Figure 11 Electrical cross-section of the heterojunction diode structure.
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28.80
3.200/div (V)

Figare 12 I-V curve for the active heterojunction diode device. Note that the device can be
forward-biased as an LED or reverse-biased as a detector.

3.1 LED Operating Wavelength and Output Profiles

The light output from the LED was measured by the use of an optical fiber probe, a fiber-coupled
monochrometer, and a CCD television camera. The output wavelength under forward bias conditions
was found to fall between 840 nm and 870 nm with its peak at 860 nm. This operating point
corresponds to the expected band-edge of GaAs at room temperature.

The output light profile of the LED was measured and compared to calculated values. This near-field
pattern was determined by viewing the output light emanating from the cleaved edge of a forward-biased
device with a video microscope. The measured near field intensity profile is shown in Figure 13 along
with the calculated profile for a zero order mode. Note that this pattern does not follow the quasi-
Gaussian output profile calculated for the zeroth-order mode emanating from the guided-wave portion of
the device (Figure 4). It could be a superposition of the several possible mode orders calculated for 860
nm as shown. The scale of the measured profile also indicates a large portion of the light emanating from
the GaAlAs layers and the substrate. This is explained by the fact that light generated by spontanious
emission in the semiconductor junction travels in all directions. Some of it will not be guided by the
GaAs/GaAlAs heterostructure and can easily travel through the transparent GaAlAs layers to the GaAs
substrate, as we see in the in the measured profile. Depending on the angle at which it encounters the

substrate, it can travel up to 2.0 pm into the GaAs when it propagates normal to the epitaxial layers.
Note that this matches published values of absorption coefficients for GaAs at 860 nm, where o, = 1 pm
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Figure 13 Measured intensity pattern from the cleaved edge of the heterostructure LED, plotted
with several possible guided-wave mode orders in the structure.

for P(y) =P, &®. Here P, is the intensity at the GaAs-GaAlAs interface and y is the depth into the GaAs
material [14].

In order to further compare these measured intensity patterns to calculated profiles, the guided-wave
response of the diode structure was modeled at the measured center wavelength of 860 nm. The
simulation showed the potential existence of not only the zeroth order mode, but a first order mode, and
even a possible mode in the cap layer of the GaAs-GaAlAs structure as in Figure 14. Since the cap layer
is relatively far from the emitting junction, its mode is not very likely to propagate. The first order mode
is likely, however, and at least some of the light may appear in this mode as part of the intensity
distribution in Figure 13. If a large amount of the light were in a first-order mode, it could cause
problems for the coupling between the waveguide and the active device. This is illustrated by the
combined structure of Figure 14. Here, the active device structure and waveguide are aligned as they
would be in construction. Note that the zero-order fields line up well, indicating a good potential for
zero-order coupling between the structures. The first-order modes, however, do not exhibit good
coupling, as indicated by the fact they do not overlap well. It follows that this design depends on single-
mode operation for efficient coupling. This represents a potential problem because the shape of the peak
in the measured curve of Figure 13 and that of the calculated zeroth-order mode are much different from
each other. The advantage of the broad LED mode, however, is that it may result in a reduced
requirement for alignment tolerance between the LED and waveguide. The calculated and measured light
profiles provide important results because they establish basic feasibility for coupling between the zero-
order modes in the active diode and the dielectric waveguide, but indicate that the coupling will not be
very efficient.
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Figure 14 Calculations of transverse fields for possible modes of the active diode and passive
waveguide. Fields of the higher order modes do not match very well.

3.2 Photodetector Response

One of the most important potential design parameters associated with this device is the operational
wavelength. As previously stated, the output wavelength from the LED will be near the band-edge of the
GaAs material in the active device, and the design represents a compromise between LED and
photodetector properties. It follows that the photodetector must respond to long enough wavelengths that
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it will efficiently detect the light from the LED. Near the band-edge of the material the efficiency of this
response can rapidly decrease, so the wavelength response becomes an important factor in device
performance. In order to test the wavelength response of the diode structure, the cleaved edge of an
active device was illuminated with a tunable Ti-Sapphire laser. The response in both biased and
photovoltaic modes was then measured using a parameter analyzer. While the response was generally
higher at shorter wavelengths, the signal at 860 nm was about 40 to 80 percent of the maximum above-
band-edge response, depending on bias. Thus, basic operation of the sensor structure is assured, though
efficiency is traded for simplicity in the active device structure.

3.3 GRINSCH Diode Structure

In order to improve the overall efficiency of our Tamper Sensors, the LDRD team decided to investigate
alternative emitter and detector device designs. An extremely high-efficiency graded index separate
confinement heterostructure (GRINSCH) single quantum well (SQW) laser design was being employed
by another research team at Sandia and epitaxially grown material (from an outside supplier) was
available for fabrication. The GRINSCH-SQW laser structure is shown in the table which follows:

Table 1. Graded-index separate confinement heterostructure (GRINSCH) diode junction

structure.
# Layer Material(Alx) Type Thick(um)
0 Substrate GaAs n 500
1 Buffer GaAs n 1.0
2 Buffer AlGaAs(0.15) n - 05
3 | Confinement AlGaAs(0.60) n 15
4 Barrier | AlGaAs(0.60-0.30) i 0.2
5 Well GaAs i 0.01
6 Barrier AlGaAs(0.30-0.60) i 0.2
7 | Confinement AlGaAs(0.60) p 1.1
| 8 Contact GaAs P+ 0.1

This structure had previously been used successfully in a forward and reverse biased mode as an
integrated ring laser and detector [15]. It thus provides an excellent candidate for replacing the the
heterjunction diode of Figure 11. It would have major advantages in coupling efficiency over the LED-
based structure, at most of its light would be guided, and could be expected to easily couple into the
dielectric waveguide of Figure 4. This was verified by calculations of the expected field profile of a

GRINSCH laser output in its fundamental transverse mode, which showed a field width of about 1 pm
(an excellent match to the fundamental mode of the dielectric guide of Figure 4). Such a profile should
also be approximated by a GRINSCH LED, though coupling to the fundamental mode would be less
efficient, as was shown for the heterojunction LED of Figure 13.

15




Laser Detector

Current In

—* | —
Ohmic Metal
p+ GaAs Contact Air
11 MI p Ga(4) Al(.6) As Pd (@)
B
0.2pum i Ga(x) Al(1-x) As ¢ L
(Graded: x=0.6 to x=0.3) -
0.01 i__QW (assume GaAs) P

n Ga(x) Al(1-x) As
(Graded: x=0.6 to x=0.3)

1.1 umI n Ga(.4) Al(.6) As L

n+ GaAs Buffer and Substrate (Electrical Common)

P anY 4

Y

Figure 15 Monolithic hydrogen sensor made from a GRINSCH laser structure.

Additional calculations of the GRINSH laser structure showed that it could act as a monolithically-
integrated hydrogen sensor as shown in Figure 15. Here, the laser and detector would be separated by a
short length of implanted and etchedmaterial . A palladium layer would then be applied. If the buffer
layers are etched to a depth where there is sufficient evanescent field overlap with the quantum well
guide, then the interaction with the palladium can be strong enough to cause an index-dependent
attenuation. The expected attenuation would be very dependent on the accuracy of the etch, and the
overall attenuation (and resulting sensitivity to hydrogen) would rise as the palladium is placed closer to
the quantum well guiding layer. The calculated TE attenuation curve for the case where the Pd layer is
against the graded buffer appears in Figure 16. Note here that, although the overall attenuation is large,
a measurable difference (up to 5 dB) between the attenuation in the presence and abscence of hydrogen
can occur for thin Pd layers. Because of the high output power from a structure such as a GRINSCH
ring laser, this large attenuation could be accomodated. An important conderation, however , is the fact
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that the etched sensor section of the structure in Figure 15 would need to be electrically pumped to
maintain transparency to the laser light in that region of light propagation.
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Figure 16  Attenuation of the monolithic GRINSCH structure in the presence and abscence of
. hydrogen when the palladium layer is placed at the graded layer as in Figure 15.
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4. MEASURED WAVEGUIDE PROPERTIES

The basic properties of polyimide waveguides are well established.®> The materials and structure used
here have been verified by measurement of waveguide loss for a planar polymer guide structure such as
that of Figure 4. The loss in the guide was measured by launching light into one of two propagating
modes via a prism coupler. The scattered light from the guide was measured by video imaging. The
intensity drop was plotted as a function of distance along the guide. An exponential fit to those plots
revealed a loss of 1 dB/cm for the TE, mode and 9 dB/cm for the TE, mode. This is expected, since the
TE, mode interacts more strongly with the absorptive substrate as in the field plot of Figure 6. The

above loss values were obtained for waveguides that had only been "soft-baked" at 180°C for 90 seconds
to cure the polyimide. An additional bake time of 60 minutes at 250 °C was also used to harden and
stabilize some of the waveguides. These "hard-baked" waveguides exhibited measured losses that were
a factor of 2 to 3 greater than those of the standard polyimide guides.

Waveguide and buffer refractive index was verified by two different measurement methods. Using both
ellipsometry and prism coupling, the refractive index of the polyimide waveguide was measured at 1.67.
Index for the SiO, buffer was found to be 1.49. This indicates that the SiO, deposition is slightly
silicon-rich and the polyimide guide is operating as expected. These results were used to iterate modeling
efforts and provide a more accurate prediction of guide performance.
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5. FABRICATION ISSUES AND TRANSFER FUNCTION
MEASUREMENTS

The fabrication steps for the tamper sensor involve patterning, deposition, and annealing of ohmic
contact metal on the top and bottom of the wafer, patterning and etch of the mesa structure. Next is
deposition and patterning of the buffer layer. The final steps are spinning, patterning, and curing of the
polyimide layer. Various changes in the fabrication process were implemented to improve the overall
efficiency of the sensor structures.

5.1 Basic Fabrication Steps

The basic processes that will influence tamper sensor performance, (i.e. photodetector response for a
given LED current input) are the etch, deposition of buffer, and spinning and curing of the polyimide
waveguide. The etch and deposition processes must be well controlled so the LED and waveguide will
properly line up as in Figure 6. The most severe problem encountered with fabrication of tamper sensor
devices was the ability to obtain devices with the ideal mesa-edge sidewalls of Figure 4. Many wet-etch
methods result in sloped sidewalls. This would greatly reduce the efficiency of coupling, since the light
encounters an angled interface with a large refractive index difference as it exits the LED. Such a profile
puts much of the light beyond the critical angle for reflection. Initial devices were fabricated by wet etch
techniques with sloped sidewalls. They exhibited poor coupling between the LED and photodetector.
Other wet-etch methods have shown improvements in the sidewall slope and were used to fabricate
tamper sensor devices as in Figure 4. The most nearly vertical sidewalls are obtained with Reactive Ion
Etching (RIE) or Reactive Ion Beam Etching (RIBE). Thus, these are the preferred methods for active
device etching and have been incorporated into the processing sequence.

5.2 Improvements in Fabrication

One of the main goals of the second year of this LDRD was to improve the overall operating efficiency of
the tamper sensors. During the second year, five wafers were processed with numerous variations in the
individual processing steps. As discussed previously, vertical mesa edge sidewalls is critical to coupling
between the waveguide and emitter and detector elements. Consequently, during the second year all
wafers were processed using the RIBE patterning process. Nearly all of the changes made in the basic
process, which was briefly outlined in the previous section, resulted in marked improvements in device
efficiency. Since the number of changes made and variations investigated is so numerous, each wafer is
discussed separately in the following paragraphs.

The first wafer was processed to establish a consistent baseline efficiency using the process flow outlined
in section 5.1. Briefly, the baseline process wafer, "Sandia 13-C", which contained the standard Tamper
Sensor layer structure shown in Figure 4, was processed with the normal mask set, normal Brewer
Scientific T-15010 polyimide, and SiO2 patterning such that SiO2 is removed from the sidewalls of the
mesa. After these devices were tested, measured efficiencies were found to be comparable to previously
fabricated devices (I, . ooumen!Lemiver = 5 X 10°10 2 X 107 as wveguide length was varied from 0.5 cm to
2.0 cm) [16]. Based on these results, the LDRD team identified several areas for potential improvement
in performance.

The second wafer processed, "Sandia 13-D", was grown using the standard layer structure, but was
processed using a new mask set and a new polyimide. Among other things, the new mask set had an
improved emitter metal design such that the emitter metal would only contact a fraction (~1/3) of the top
of the emitter mesa, directly next to the waveguide. We anticipated that this would result in an immediate
~3-fold improvement in efficiciency since current would preferentially channel through the mesa edge
closest to the waveguide. As was discussed earlier in section 4, a new photo-defineable polyimide, OCG
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Probimide 408, was characterized in a slab waveguide fashion and found to have much lower loss
characteristics than the Brewer polyimide. Additionally, since it is directly photodefineable, a simpler
~1.1 pm thick process for patterning the polyimide waveguide was developed. The OCG polyimide acts
like a negative resist in that whatever is exposed to sufficient UV light remains after develop. Thus, after
anew negative tone waveguide mask was received, processing of wafer "Sandia 13-D" was completed.
As expected, these devices were much more efficient than the baseline devices. Here, output current
1atios of Ly ocurendTemives = 5 X 10 t0 2 x 107 were measured as waveguide length was varied from 0.5
cmto 2.0 cm [16].

The third wafer processed, "Hohimer TS-1", was grown using the GRINSCH highly efficient emitter
laser structure described in Section 3.3. This structure was processed in the same fashion as the second
wafer (new mask set, new polyimide) but, based on SEM photos of completed devices from the second
wafer, the SiO2 buffer patterning process was changed. The SEM photos revealed that due to alignment
error and the inherent non-uniformities in wet chemical etching of the SiO2, light was not coupling
ideally into the polyimide waveguide. Consequently, the masks used for the mesa etch and SiO2
patterning steps were changed so that the SiO, buffer would remain on the sidewalls of the mesa after
patterning. Additonally, after RIBE patterning, a SEM characterization step was added to determine
more precisely the exact thickness of buffer layer required for proper coupling. Finally, since the
GRINSCH structure has a highly conductive cap layer on it which would cause severe current spreading
effects, this layer was selectively removed after the ohmic metal patterning step. The GRINSCH-based
tamper sensors processed in the above fashion were approximately an order of magnitude more efficient
than previously fabricated devices (output-to-input current ratios of 5 x 10*to 6 x 10°) [16].

After measuring the much higher efficiency, fabrication of another GRINSCH-based wafer, "Hohimer
TS-2", was initiated with some rather radical processing changes. The LDRD team was looking for
ways to improve the coupling efficiency into and out of the waveguide and the concept of using the
GaAs/AlGaAs structure itself as a wavegunide was proposed. This would totally eliminate any losses due
to waveguide-to-device coupling and it also greatly simplified the processing sequence. We were able to
fabricate this fourth wafer using only five process steps (p-ohmic pattern, p+ layer etch, combined mesa
and waveguide pattern, n-ohmic deposition, anneal). The only complicated step was figuring out a way
to pattern the mesa and waveguide at the same time. This was performed successfully by using image
reversal photolithography with a double align - double expose process. Another change which was
incorporated to optimize the emitter's efficiency was using a new (third version) emitter mask. On this
mask 10 combinations of the dimensions of the emitter metal were varied in length. Here the goal was to
optimize the contact geometry by minimizing the amplification threshold. Unfortunately, after testing the
devices, we realized that current was leaking from the emitter to the detector through the II-V
waveguide. Consequently, the wafer was patterned with a thick resist in such a way that only a small
~50 um region of the waveguide near the emitter was unprotected. The wafer was then subjected to a,
proton (H") isolation implant (as indicated in Figure 15) to remove this leakage path. This did
successfully eliminate our leakage problem.

As was stated in section 3.4, another layer design was created which was based on the standard structure
shown in Figure 4. In this structure, the goal was to improve the efficiency by displacing the p-n
junction away from the heterojunction and remove this barrier, or "spike”, which hinders current flow.
The structure was subsequently grown in the CSRL by OMVPE. This fifth and final wafer,
"Xd0910C", was processed in the following fashion. We used the new mask set (including the variable
emitter metal mask), new OCG polyimide, RIBE, SEM'd the structure after RIBE for SiO2 thickness
determination, left SiO2 on the mesa sidewalls, and performed the selective n-contact layer removal etch
after n-ohmic patterning.

As indicated previously, one of the goals of the LDRD was the demonstration of chemical sensing. This
was successfully performed for the test case of detecting 4% H2 in N2, as will be described. To achieve
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this a mask was designed with varying (0.1 to 1.0 mm) lengths, full waveguide width features to allow
for loading of a small fraction of the waveguide with Pd. Parts of wafers "Hohimer TS-1" and "Sandia
13-D" were re-patterned with this mask using a thick liftoff resist and ~700 A of Pd was deposited and
patterned onto the polyimide waveguide via liftoff. These devices were packaged and subsequently
tested as H, sensors.

5.3 Initial Transfer Function Measurements: Photovoltaic Response
Mode

The design parameters and test results described above were applied to the fabrication of an initial test set

of tamper sensor devices. These first devices use 100 pm x 200 pm active LEDs and photodetectors
defined by a RIBE etch, well optimized for vertical sidewalls. Each LED-photodetector device pair is

connected by a 50 or 100 um wide polyimide waveguide up to 1.5 cm long. Thus, the waveguides are
vertical slab-type guides with geometric guiding in the horizontal direction. The transfer function for two

devices connected by a 100 pm guide of length 0.5 cm is shown in Figure 17. Because these devices
were RIBE etched, they had the most vertical sidewalls, and hence the most efficient coupling that could
be expected for a given LED-photodetector pair. The smooth sidewalls that result form RIBE also tend
to reduce surface recombination, which makes the LED and detector both more efficient. In the transfer
function of Figure 17, a current was applied to the LED as shown on the x axis of the graph. The
resulting forward voltage on the LED is plotted along the left y axis and the photovoltaic response from
the photodetector is displayed on the right axis. Note that 450 mV is obtained from the detector with

100 mA applied to the LED.

LED Voltage (V)

10.00/div  (mA)

Detector Open Circuit Voltage (V)

LED Input Current

Figure 17 Transfer function of the LED-Waveguide-Detector of Figure 1 when detector is operated
as a photovoltaic device.
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The transfer function response of the sensor could be greatly improved by channeling current to the edge
of the LED. In the design, most of the generated light is wasted, since it is generated far from the mesa
edge, it is re-absorbed by the GaAs active layer before it can reach the waveguide. Thus, the design is
very inefficient, though it worked for proof-of-concept studies. Note also that this effect makes the
smooth RIBE etch especially important, since the light must be generated near the LED mesa edge to be
coupled into the waveguide.

Another important aspect of the transfer function test is that the voltage monitor used to measure the

photodetector output hasda 1.0 MQ input impedance. For the low input powers of the wet-etched
devices, output voltage levels went from 50 mV at 100 mA to 0.4V when the load impedance was

changed from 1.0 MQ to 10 MQ. This was due to the fact that for small input powers, the generated

photocurrent was split between the 1.0 MQ external load and the internal leakage current, thus reducing
the terminal voltage. There was a much smaller increase in signal for the RIBE-etched device of Figure 7
when load impedance was changed. For this case, the photocurrent was already much larger than the
internal leakage current. In actual practice, the use of appropriate output buffer amplifiers will produce
the desired high output impedance. In order to keep the results consistent, the output signals into 1.0

MQ continued to be used for test purposes.

In current mode, the short circuit photocurrent was measured for various diodes to give the efficiency
data quoted above for detector curent as a function of input LED current.

5.4 Absorber Interaction Measurements and Calculations

Fabricated devices were tested for absorber interaction by the application of ground silicon "dust".
Silicon was chosen because it is highly absorptive at the wavelength of interest and has a refractive index
that is much higher than that of the polyimide waveguide.® In initial experiments, the dust was applied
directly to the guide by sprinkling. Interactions with the waveguide were too weak to be measured due to
the odd shapes of the pieces of dust. On a microscopic scale, the silicon would not lay flat on the
waveguide, so there was always a layer of air between most of the silicon and the polyimide. This is
similar to the case of the waveguide field profile in Figure 4 where air is the cover layer. Here, very little
of the evanescent tail in the field of the gnided wave extends into the air layer. Thus, there is little or no
interaction across the air gap formed between the guide and the silicon dust. Pressure was applied to
increase the interaction of the silicon dust by decreasing the air gap. In this case however, silicon tended
to embed in the waveguide and cause a permanent attenuation of the signal. This is not desirable, since
the tamper sensing function depends on reversible interactions between the waveguide and absorber as in
Figure 1. '

The difficulties with waveguide-absorber interaction were addressed by suspending the absorbers in
material having a refractive index closer to that of the polyimide waveguide. This would draw the
evanescent field out from the surface of the waveguide and increase the interaction length of the field
with the absorbers. Several index matching fluids were tried, having refractive index values between
14 and 1.5. In one experiment, a glycerol mixture was used as an index matching fluid having
refractive index 1.46. Absorber interaction results were measured as in Figure 18. When first applied to
the surface of the waveguide, the index matching fluid did not change the response curve from the
baseline shown in step 1 of Figure 18. A silicon absorber, however, reduced the response from the step
1 curve of Fig. 18 (48 mV at a 100 mA input) to the step 2 curve (24 mV at 100 mA). The absorber was
then mechanically removed from the waveguide surface. Some debris from the silicon remained
suspended in the matching fluid however, and interacted even more strongly with the waveguide as in the
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Figure 18 Tamper sensor transfer function with and without absorber interaction.

step 3 curve of Figure 18 (15 mV at 100 mA). When the glycerol was washed off the waveguide with
methanol, the response returned to a level close to the original baseline (step 4 in Figure 13).
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Figure 19 Field blot§ showing evanescent fieldsail as a function of over-layer refractive index.




In an actual tamper sensing application, the index matching fluid would be replaced by an optical epoxy
having an appropriate refractive index. It would serve both as a matching and adhesive medium The
higher the index, the better, since the evanescent field tail would be drawn further from the waveguide
surface. This is illustrated by the guided-wave field distribution calculations of Figure 19. Here, the
refractive index of the semi-infinite cap layer of a three-layer waveguide is varied. Note for air that the
evanescent field extends only several tenths of a micron out of the waveguide. For a cover layer with
refractive index 1.5, the evanescent field tail still extends less than a micron out of the surface. For a
cover layer with refractive index 1.65 however, the evanescent field extends over 5 microns from the
surface of the waveguide. Thus, any absorbers that were within a few microns of the guide would
interact strongly to attenuate the guided wave.
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6. HYDROGEN SENSOR MEASUREMENTS

Over the years a number of hydrogen sensors have been reported that utilize the interaction between
hydrogen and palladium metal [17]. Formation of palladium hydride produces changes in several
physical properties including conductivity and index of refraction. These changes can be used as the
basis for hydrogen sensing. In the sensor reported here and described in the calculations of Section 2,
palladium is coated onto a dielectric waveguide and changes in the optical properties upon hydride
formation result in a change in the amount of light transmitted through the guide. This is in contrast to a
similar, previously described sensor [13] in which the hydriding of the palladium film alters the phase of
the light propagating through the waveguide.

This sensor utilizes an integrated GaAs device containing an LED and a photodiode connected by a
dielectric waveguide on a single chip [18] as described in Section 1. The device structure consists of
GaAs and AlGaAs epitaxial diode layers grown on a GaAs substrate by LP-MOVPE as in Figure 11.
The devices are fabricated using standard optical contact lithography for patterning and E-beam
evaporation/RTA for ohumic contact formation. Reactive ion beam etching (RIBE) is required for mesa
isolation since vertical side walls improve coupling efficiency in and out of the waveguide. A thick (2.0
1m), low stress, SiO2/Si3N4 PECVD dielectric deposition process was developed to minimize
evanescent coupling of the waveguide light into the GaAs substrate. A low loss (1-2 db/cm),
photodefinable polyimide (OCG, Probimide 408) was used to form the 250 to 500 pm wide by 3 to 10
mm long by 1 pm thick optical waveguide, and this was found to greatly improve the light transmission
and detection. After polyimide curing, varying lengths (0.1 - 10 mm) of 70 am thick palladium films
were evaporated onto the waveguide and patterned by liftoff. The completed devices were packaged in
14 pin DIP packages and tested.

Testing was performed using a computer controlled gas flow system in which the hydrogen
concentration can be varied over a wide range. The hydrogen sensing test was started by first turning on
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Figure 20 Hydrogen sensor response (from air to 3.5 % H, in N,).
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a gas f;low of 100sccm pure N2 and passing a constant current of 50 ma through the LED and
monitoring the short circuit current out of the photodetector. Once a stable baseline was established, the
sensors were exposed to alternating flows of 100 sccm of 3.5% Hp in N2 and pure Np. A typical
response curve is shown in Figure 20. As shown, the response time is reasonable and for this 1 mm
long Pd stripe , the magnitude of the detected signal is about 4%. As expected from the calculations the
presence of hydrogen results in a decrease in photocurrent or an increase in the attenuation of the light
propagating through the polyimide waveguide.

The sensitivity of the device to hydrogen depends on the coupling between the propagating light and the
palladium film via the evanescent field. This was calculated as in Section 2.2." The model predicts a
sensitivity to hydrogen which increases with the length of the palladium stripe along the 1 micron thick
waveguide and is independent of the palladium film thickness above 20 nm. Results for palladium stripe
lengths up to 1.0 mm are shown in Figure 21.
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Figure 21  Hydrogen sensor response for various lengths of Pd on the dielectric waveguide.
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7. CONCLUSION

In this work we have shown an integrated optical sensor arrangement that combines active LED and
detector devices with a dielectric waveguide. We discussed the properties of this integrated device and
improved signal levels by the use of modeling, advanced fabrication techniques such as RIBE, and
advanced structures such as GRINSCH diodes. Our experiments with absorber interaction have shown
the basic feasibility of using the device as an in-situ tamper sensor for integrated circuit packages when
the absorber is suspended in an index matching medium.

Finally, we have indicated how this device can be used for other functions such as chemical sensing with
a basic demonstration of hydrogen sensing using a Pd cladding on the dielectric waveguide structure.
While the devices described have many of the limitations and advantages exhibited by other hydrogen
sensing devices based on palladium hydride formation, they are monolithic integrated devices on a GaAs
chip. This has two distinct advantages: first since they are made using conventional IC fabrication
processes, they are more amenable to low cost mass production than hybrid sensors, and second, since
GaAs is more radiation hard than silicon, our GaAs-based sensor may offer distinct advantages over
integrated silicon devices in high radiation environments that might be encountered in cleanup and
remediation activities in the DOE complex. In addition, the integrated functionality offered by these chips
could allow insertion into other electronic modules or chip packages for in-situ monitoring techniques
that could extend the usable life of electronics in nuclear stockpile and other applications.

Future work could concentrate on sensor arrays or integrated strucutures, and could make use of

increasing levels of integration with other technologies such as micromachines to realize smart, multi-
funtion sensors in small packages.
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