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We present theory and simulation of a mid-infrared (A = 3.2 wum) chalcogenide waveguide monolithically
integrated with an evanescently coupled PbTe photodetector for lab-on-a-chip sensing applications. A
spacer layer is used to modify effective index of the structure, enabling a waveguide-detector mode to
propagate in the chalcogenide waveguide and be absorbed in the PbTe detector. The relation between
quantum efficiency and detector dimensions is analyzed showing that the design geometry can be opti-
mized to maximize signal to noise ratio. In addition, the location of metal contacts is optimized to
minimize loss while maintaining good device performance. The design is compatible with standard pla-
nar lithographic processing and its flexibility suggests multiple applications in the fields of biological and

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

IR spectroscopy for the identification of biological and chemical
agents is usually performed in the “fingerprint” midwave-infrared
(MWIR) bands from 3 to 5um and 8 to 12 wm where most
molecules show characteristic vibrational absorption features.
Rapid sensing and detection with high sensitivity in a small foot-
print can be achieved by the integration of various functional
elements (mid-IR light source, sensing element, detector, and
read-out circuits) onto a monolithic, planar silicon platform as
schematically illustrated in Fig. 1. Smaller device footprints can lead
to new and important applications such as remote deployment of
arrays of integrated mid-IR sensor devices that can record and relay
data from sensing events without human intervention.

Although there have been successful demonstrations of mid-
and far-IR transmission and sensing with III-V waveguides
(GaAs/AlGaAs) [1,2] and silver halides (AgBr/AgCl) [3], they remain
low-index contrast systems with high cost (IlI-V systems grown
using MOCVD/MBE) or feature high sidewall roughness (silver
halide) in single-mode designs. Chalcogenide glasses (ChGs) have
recently been demonstrated as a promising platform for mid-IR
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chemical and biological sensing [4] since they exhibit transparency
over a large range of mid-IR wavelengths and tunable optical
properties through doping and/or compositional tailoring [5]. A
CMOS-backend-compatible process can be employed to fabricate
ChG-based planar devices on a silicon platform [6], reducing the
cost and footprint when compared to traditional chemical and bio-
logical sensors.

Broadband infrared (IR) detectors such as those based on
HgCdTe have been extensively used in IR spectroscopy [7] -
they are typically single-crystalline and are obtained by high-cost
growth techniques such as metal organic chemical vapor deposi-
tion (MOCVD) and molecular beam epitaxy (MBE) [8]. We have
recently demonstrated a thin film lead telluride (PbTe) photocon-
ductor as an efficient on-chip IR detector of choice due to: (a)
the ease of deposition of single-phase, stoichiometric polycrys-
talline PbTe films using low cost thermal evaporation techniques
and (b) for its superior chemical stability [9,10]. Also, a resonant-
cavity-enhanced dual band mid-IR detector has recently been
demonstrated using PbTe as the active absorber [11].

Our integrated sensor approach uses vertical evanescent cou-
pling from ChG waveguides (As,Ses) into MWIR PbTe detectors.
An inherent challenge is the large index difference at A=3.2 um
between As,Ses (n=2.75) and PbTe (n=5.2) which is addressed
by the introduction of a low index spacer layer between the
waveguide and detector to minimize modal mismatch and Fresnel
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Silicon platform with read-out circuitry

Light . .

Fig. 1. Schematic illustration of an integrated sensor device that combines a light
source, sensing elements, a detector, and read-out circuitry on a monolithic silicon
platform.

reflection. Evanescently coupled detectors using hybrid integration
of IlI-V detectors for 2.2-2.3 wm detection [12] and monolithi-
cally integrated Ge detectors for telecom wavelengths have been
demonstrated [13]. However, we present here a design and simu-
lation results for a new and important wavelength range useful in
chem-bio sensing. We demonstrate a mid-IR waveguide-detector
integration scheme using a ChG waveguide monolithically inte-
grated with an MWIR PbTe photoconductive detector. Unlike their
bulky off-chip counterparts, mid-IR microsensor arrays integrated
with PbTe detectors can enable the low-cost, small footprint, remote
detection of multiple chemical/biological species on a single silicon
platform.

2. Materials and methods
2.1. Design

Fig. 2(a) shows the layout of the evanescently coupled detec-
tor and Fig. 2(b) shows a cross section of the detector waveguide
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Fig. 2. (a) Integrated structure with a single mode (A =3.2 wm) As,Ses waveguide,
GeSbS glass undercladding to prevent leakage of mode into Si substrate, low index
spacer to minimize modal mismatch and Fresnel reflection, and the photoconductive
PbTe layer. (b) Cross section of the device with dimensions used for design and
simulation.
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Fig. 3. Responsivity of polycrystalline PbTe films of different thicknesses under a
bias current of 0.1 mA and cooled to —60°C by a thermoelectric cooler (TEC). While
all films show good photoconductive signal, the 100 nm film exhibits the highest
responsivity.

system. The As,Ses waveguide is designed for single mode opera-
tion at 3.2 wm and the GeSbS glass (n=2.1) undercladding prevents
leakage into the silicon substrate. The spacer (nominally n=1.5)
in Fig. 2(a) covers the entire sample and also functions as a
planarizing layer, with the PbTe extending laterally beyond the
waveguide.

Prior work has studied the responsivity of thermally evapo-
rated polycrystalline PbTe thin films. The photoresponsivity of
polycrystalline PbTe was optimized by measuring thin films of
different thicknesses both, at room temperature and at thermoelec-
trically cooled temperatures (—60°C or 214K). The 100 nm thick
PbTe detector layer exhibits high photoresponsivity (25V/W) in
the 3-4 wm wavelength range under a bias current of 0.1 mA at
—60°C as shown in Fig. 3 [10,14,15]. From a materials perspective,
further improving the responsivity of polycrystalline PbTe films for
mid-IR detection may be possible by increasing carrier lifetime or
by reducing carrier concentration. For example, incorporation of
oxygen in lead chalcogenide films can enhance carrier lifetimes
due to spatial separation of photo-generated electrons and holes
by minority carrier traps (PbO*) [16-19]. The oxygen also forms
acceptor states in the band gap which deplete electrons from the
conduction band. Oxygen sensitization is typically achieved using
high temperature (>450°C) anneals in an oxidizing atmosphere
[20,21] and for the monolithically integrated structure that we are
proposing, such anneals for the PbTe layer will have detrimen-
tal effects on the ChG materials underneath. However, we have
demonstrated that room temperature oxygen sensitization of PbTe
is possible and leads to improved responsivity [ 14,15]. In this paper,
we will focus on improving waveguide-detector coupling perfor-
mance by optimizing the geometry of the PbTe detector layer for a
high signal-to-noise ratio.

2.2. Detector theory

Detector optimization requires that we examine the physics
underpinning the signal to noise ratio. The change in voltage in the
illuminated portion of the photoconductor with an applied current
bias is given by:

Ao << o
(1)

where w and t are the width and the thickness of the photoconduc-
tor, [ is the length parallel to the bias current I, AR is the change in
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resistance, o is the conductivity, and we assume that PbTe exhibits
long carrier lifetimes. The change in conductivity (Ao) is related to
changes in carrier concentration and to changes in mobility [22]:

o =nen + pepp - Ao = (Anepn + Apeuy) + (neApn + peApp)
(2)

where n and p are the electron and hole concentrations, e is the ele-
mentary charge, and u, and pup are the electron and hole mobilities.
The change in conductivity can thus be written as the sum of the
changes due to carrier concentration (first term) and the mobility
(second term):

Ao =(A0), +(A0), (3)

Our PbTe photoconductive films show no change in mobility
with illumination therefore the barrier modulation contribution
[23] linked to the change in mobility may be ignored and we
adopt number modulation theory [24], which has produced results
consistent with experimental measurements on our previous pho-
todetector devices [15]. As the lifetimes of electrons and holes in
our materials are nearly equal we can equate Anand Ap, to express
the change in the number of carriers as:

n 'Cngt

(he/2)itw )

w
T
An=Ap= (/M Iow? /0 P(w)dw —
where Poy is total optical power sent down the waveguide (inte-
grated over the width w), A is the wavelength of illumination, 7 is
the photo-generated carrier lifetime, 7 is the quantum efficiency,
h is Planck’s constant and c is the velocity of light. We can assume
that incident optical power is distributed evenly along the propa-
gation direction of the waveguide, and thus we can combine Eq. (2)
and Eq. (4):

Ao — enAt(in + fp)Popt
he x lwt

(5)

Defining the responsivity % as the change in voltage over the
incident light power (V/W) and setting o =pe,, for a p-type system
we can combine Eq. (1) and Eq. (5) to get

R = M SR n
hce x w2t2p2 (wt)?

where b is the electron-hole mobility ratio and w and t are the
width and the thickness of photoconductor. To optimize the design
we focus on the dimensions of the photoconductor, thus simpli-
fying the equation. For photoconductive detectors, shot noise is
non-existent and at reasonably high chopping frequencies, Johnson
noise, defined as V; = [4kTRy Af]'/2, is the dominant noise contribu-
tor in our detectors [15,25] where Ry is the dark space resistance of
the entire detector and Afis the bandwidth. We use a noise volt-
age because we hold current constant and measure a change in the
voltage. If we assume that Ao « o, the signal-to-noise ratio (SNR)
becomes:

(6)

e )

SNR W30

From Eq. (7) we see that thinner and shorter detectors maximize
the SNR, but our simulations show that the quantum efficiency is
also linked to detector dimensions.

2.3. Integrated detector simulations

For the structure shown in Fig. 2, the modes were first calcu-
lated using the commercially available mode solver IMMWAVE
and then injected into FIMMPROP (both by Photon Design) to
study the field distribution during propagation. In addition to sim-
ulating mode behavior in the integrated structure, detailed 3D

finite-difference time-domain (FDTD) simulations were also car-
ried out with Lumerical’s FDTD Solutions package to find optimal
values of the detector dimensions that lead to the highest quan-
tum efficiency. A conformal mesh size setting of 6 was used for the
entire structure with a finer mesh (10 nm) chosen for the PbTe layer
due to the lower thickness. The light source in Lumerical was a sin-
gle wavelength mode source at A =3.2 wm. Note that we will refer
to the internal quantum efficiency of the detector as the quantum
efficiency for this analysis and assume that lifetimes and current
applied are held constant as we change dimensions.

3. Results and discussion

Fig. 4 illustrates the role of the spacer layer; Fig. 4(a) shows the
field distribution with the PbTe placed directly on top of the wave-
guide while Fig. 4(b) demonstrates the effect of adding the spacer
layer shown in Fig. 2. Without a spacer layer, the incident power
is concentrated in the first 10 wm and such a design is undesir-
able due to high Fresnel reflection arising from the large refractive
index contrast between the waveguide and detector. The addition
of the spacer layer helps to extend the distance over which the
field is distributed as it modifies the effective index such that the
waveguide-detector mode survives longer and the field distribu-
tion is more uniform. Fig. 4(c) shows the cross-sectional profile of
the waveguide-detector mode.

Fig. 5 shows the effect of varying the width and thickness of the
detector on the quantum efficiency. As the width of the photocon-
ductor is increased, more light couples into the system increasing
the quantum efficiency. However, the thickness of the detector
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Fig. 4. (a) Cross section of field profile of evanescent detector without spacer layer
shows that the mode is absorbed in the first 10 wm of the material. (b) Cross-
sectional view of detector with spacer layer shows a less abrupt transition to the
detector over 50-100 wm of detector width allowing for lower current densities. (c)
Profile of the waveguide-detector mode with the field in both the waveguide and
the PbTe layer.
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Fig. 5. (a) The relation between quantum efficiency and the detector width at vari-
ous detector thicknesses shows higher quantum efficiency with increasing detector
width as more light couples into the system. (b) The relation between quantum effi-
ciency and the detector thickness at various detector widths shows that increasing
the detector thickness increases the quantum efficiency as more of the propagat-
ing mode is contained in the detector. However, increasing the thickness beyond
90-100 nm alters the effective index to an extent that negatively impacts perfor-
mance.

sets the maximum quantum efficiency of the system which can be
clearly seen in Fig. 5(b) where the quantum efficiency increases
as the thickness of the detector increases up to 90-100nm of
thickness. A thicker film contains more of the evanescently cou-
pled mode, thus increasing the likelihood of absorption. As films
grow thicker than 100 nm the quantum efficiency decreases due to
higher reflection resulting from the larger refractive index of PbTe.
If the detector layer is too thin, an insufficient amount of light is
absorbed which leads to lower quantum efficiency. Since a 100 nm
thick film of PbTe was also demonstrated to exhibit the highest
responsivity [15],90-100 nm s chosen as the ideal thickness for our
design.

These results can be inserted into Eq. (7) to evaluate the impact
of the width and thickness on the device’s SNR. Fig. 6(a) shows
the normalized figure-of-merit (FoM) for the SNR of the detector -
smaller widths are preferable even though the quantum efficiency
is reduced due to the relatively small effect of detector width on
quantum efficiency and the w—3/2 dependence of SNR on width.
In Fig. 6(b) we see that the intensity of the incident light is not
constant; however, if we assume that charge carriers have sufficient
mobility to drift toward areas of lower concentration and that even
in the highest intensity areas the Ao « o assumption still holds true,
we do not have to alter the SNR FoM.

The length of the detector (distance between electrical con-
tacts) also affects the SNR. Eq. (7) states that a shorter detector
will improve the SNR but parasitic absorption losses from metal
contacts can negatively impact the quantum efficiency. From FDTD
simulations we have found that a minimum separation of 750 nm
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Fig. 6. (a) The effect of the width and thickness of the detector on the SNR figure-
of-merit represented in a contour plot. (b) Intensity of the coupled light along the
width of the detector.

between the waveguide edges and the metal contacts is required
to limit the change in quantum efficiency to less than 5%. Given the
geometry shown in Fig. 2(b) this pins the minimum length of our
devices to about 4 pm.

The choice of an appropriate spacer layer material is contin-
gent on it meeting the primary requirements of transparency in
the wavelength range of interest and relatively low refractive index.
Ease of deposition should also be a consideration so that integrity
of the lower waveguide layer remains intact. With these consid-
erations in mind, polymer materials that can be spin-coated may
prove to be good choices in some wavelength ranges. However,
most polymers have a backbone comprised of C—H bonds and
might contain N—H and O—H bonds which all exhibit characteris-
tic absorption peaks in the 3-3.5 wm wavelength range. Therefore,
for our prototype design, in lieu of polymers, we consider inor-
ganic compounds such as alkali halides (e.g., CaF,) and amorphous
alumina (Al,03) as suitable for the spacer layer.

4. Conclusions

In summary, we have demonstrated a novel design that inte-
grates PbTe detectors with ChG waveguides for on chip mid-IR
detection. Our simulations show that the use of a spacer layer leads
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to a well distributed field along the width of the detector, and that
the quantum efficiency of the detector increases as the detector
becomes wider. We see that thicker films lead to higher quantum
efficiency up to a point but eventually changes in the effective index
reduce the quantum efficiency. We have also derived a FoM for the
SNR of our evanescently coupled detectors and after factoring in the
non-uniformity of the field, shown that narrower detectors yield
a higher FoM. We believe that such an integrated sensor design
will enable the creation and deployment of low-cost remote sensor
arrays with small footprints.
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