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An integrated circuit sensor capable of tracking the angular displacement of an object tagged with
a quasi-point source of light, such as a light emitting diode (LED), is designed, developed,
experimentally characterized and physically modeled. The sensing element consists of four photo-
cathodes enclosed inside an integrated circuit metal box with a pinhole aperture, which eliminates
the need for external focusing optics. The angular displacement of an LED along both orthogonal
latitudinal and longitudinal arcs is encoded as normalized photo-cathode current imbalances. A set
prototype sensor including variations in aperture shape, aperture dimension, cathode separation,
surface gratings, and blocking structures were fabricated using industrially standard “0.18 pm
technology node” silicon complementary metal-oxide semiconductor (CMOS) technology. In
these prototype sensors, the sensor signal is found to be linearly proportional to LED angular
position across an approximately + 50° field-of-view. A simple one-dimensional model of sensor
response is developed, and the fundamental performance characteristics of prototype sensors are
presented. A figure-of-merit is introduced that helps determine the uncertainty in angular
measurement for a given measurement bandwidth and incident optical power. In these prototype
astrolabes, the amplified signal figure-of-merit roughly a factor of 10 worse than needed to be
practically useful.

Based on the results of the prototype sensors, a wide range of improved second-generation sensor
layout variations was designed, fabricated, and experimentally tested. Second-generation astrolabe

variations included, anode gratings, guard rings, aperture area variations, cathode separation

vii



variations, cathode type variations, unit cell dimension variations and some sensors had integrated
on-chip preamplifiers. The improved features and their impact on sensor characteristics are
presented. More advanced physics-based 1-d and 2-d theoretical models have been derived in order
to understand the operating principles of the sensor thoroughly. Numerical technology computer-
aided design (TCAD) models of the type used widely in the semiconductor industry have been
used to simulate the device physics of the sensors. The figure-of-merit obtained from the
unamplified signals of the second generation astrolabes is three times better than that of the
prototype sensors. However, second generation sensors show only 30% improvement with signal
amplification compared to the 85% improvement resulted from the sensor first generation. Possible
noise sources that could affect the sensor performance have been studied, modeled and a new

measurement setup is proposed to track the angular position of a moving object in real time.
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CHAPTER 1

INTRODUCTION

Sensors capable of tracking the motion of an object through space —i.e., giving an electronic
readout that encodes an object’s 2- or 3-dimensional position at different times — can find
numerous applications ranging from feedback control of robotic motion, position fixing and
distance triangulation, automated tool alignment, and proximity actuation of a device or function
[1] [2] [3] [4] [5] For these kinds of applications a sensor should be able to track displacements on
human time- and distance scales, i.e., at > 1 m of the distance across its field-of-view at video rate
bandwidth or faster (> 100 Hz), and have a reasonable spatial resolution as defined by a specific

application, but typically <1 mm [6]( Fig 1.1).

B~=100 Hz

Sensor . Po§itionA
60

66 < 0.057° (= 0.001) rad) t b<1 mm displacementaccuracy

Position B

Fig.1.1: Geometrical parameters of the sensor application a- radial distance across the
field of view which is > 1 m. b- displacement resolution which is < 1 mm and the
corresponding angular resolution 66 < 0.057°.

Active pixel sensor (APS) cameras that track objects using video capture and image analysis
[7] [8] [9], are probably the most widely known existing technology in this application space.
The major drawback of APS systems relates to their cost and complexity.



Relatively expensive APS imaging chips and readout circuits, very high quality external optics,
and dedicated high-speed image processing are needed. For simple repetitive displacement sensing
tasks where imaging is unnecessary, a less complicated, more cost-effective form of displacement
sensing is desirable.

Position sensitive detectors (PSD), routinely used for optical alignment, output a current or
voltage giving the 2-d coordinates of a light spot on a sensor surface. Most PSDs employ either
quadrant photodiodes (QPD) [10] [11] or lateral effect photosensors (LEP) [12] [13] [14]. Used
with focusing optics and/or laser spot illumination, PSDs can track the displacement of an object
tagged by a light source. QPDs are typically used to measure small displacement changes, such as
the deflection of an atomic force microscope cantilever [15]. LEP systems have been used to track
a laser-illuminated corner cube at distances > 100 m by monitoring the laser’s retro-reflection [16].

In this dissertation we introduce a simple integrated circuit (IC) sensor that generates an analog
signal proportional to the angular displacement of an object tagged by a quasi-point source of light.
The angular signal is derived from an imbalance in photocurrents arising from the position of a
light spot cast by the light tag through an integrated pinhole aperture onto a silicon surface between
matched photocathodes. Because of a resemblance to the ancient star-tracking navigational tool
called an Astrolabe [17], we call this type of sensor an IC Astrolabe. Unlike in APS systems,
Astrolabes do not require external optics or any electronics for image processing which makes
them easy to fabricate.

QPDs and LEPs also output a normalized photocurrent imbalance to indicate light spot position
on their surfaces. However, the physical mechanism generating the astrolabe’s signal is different.
Unlike QPDs, the astrolabe does not require a light spot to overlap multiple photocathodes, making
the astrolabe’s response insensitive to the shape of the light spot. Also, the fact that the light spot
in an astrolabe can be far from any cathode permits it to sense light spot position over a longer
length scale than a QPD. Unlike an LEP, the astrolabe does not employ the lateral photoelectric
effect. Consequently, the p-n junction area in an astrolabe can be made significantly smaller than
in an LEP, reducing total dark current and parasitic capacitance. LEPs are also highly sensitive to
surface recombination and the material quality of a thin heavily doped layer [18], problems

avoided in the astrolabe design.



The use of pinhole optics (Fig.1.2) is simple and offers complete freedom from linear
distortion, virtually infinite depth of field and an angular field that can be made up to 90°. It
obviates the need for sophisticated optics such as external lenses, mirrors, and optical alignment
which saves the fabrication cost, reduce the weight and size of the sensor, and results in greater
mechanical and thermal stability since there is no need to maintain optical alignment against
mechanical motions / vibrations and temperature changes [19]. Astrolabes can also operate
against normal background illumination conditions with much wider field-of-view than most

existing QPD or LEP, so they are easier to use than existing PSD displacement tracking systems.

Film

Light Source

Aperture

\va/
..*..

Fig.1.2: Illustration of an image casting from a pinhole aperture; the same optics are
used in Astrolabe sensors.



CHAPTER 2

SIMPLE THEORETICAL MODEL FOR SENSOR OPERATION

In this chapter we develop a simple theoretical model for a prototype Astrolabe sensor operation
based on the one-dimensional time-independent diffusion of the photogenerated carriers.
Corrections were made considering Snell’s law of refraction and the depth dependence of the
photogenerated carriers. Later we use the theoretical model to understand the behavior and
performance of the prototype Astrolabe sensor with the goal of developing a new sensor with better

performance.
2.1 Normalized Photocurrent

This section follows the account published in Ref. [6]. Fig. 2.1. is an illustration (not to scale) of
a cross-section of an integrated circuit (IC) Astrolabe sensor unit cell. Two identical n*-doped
cathodes, C. on the left and Cr on the right, are embedded in a p-doped anode equidistant from an
integrated pinhole aperture. The basic operating principle consists of two steps. First, light rays
from a distant point source pass through the pinhole and cast an image light spot onto the Si anode,
locally generating photocarriers. Second, the relative position of this image between the pair of
biased cathodes is detected as a photocurrent imbalance. The angular displacement 6;,, of the light
source is derived from this photocurrent imbalance together with the device geometry and the law
of refraction.

With a point light source at distance d >> aperture dimension, the object is taken to be at infinity
so parallel light rays are incident at 6,,, relative to the normal to the aperture plane, see Fig. 2.1.
Because a pinhole aperture has infinite depth-of-field [19], no focusing optics are needed to image
the point source. Light rays incident from air refract through the SiO> and the Si anode, so the net

sinbiy,

refraction angle in the anode is 0,7, = sin™! [n—].where the real index ng; > 3.5 for above-
Si

bandgap light in Si [20]. Because ng; is large, we make the approximation 8,.¢~ 8;,/ng;. At a
depth z into the anode, the center of the light spot is displaced a distance 6(z) = (dox + z) 8;,,/ng; In

the x-direction from the center line.



The light is absorbed in the anode, generating electron and hole photocarriers. With both
cathodes positively biased at the same potential relative to the anode, photoelectrons will diffuse
to and be collected by the cathodes. If 6;,, = 0 the situation is symmetric among the cathodes, so
in Fig. 2.1. the left cathode current 1. would equal the right cathode current Ir. However, if 6;,# 0
then the image light spot will be closer to one cathode (Cv in Fig. 2.1.) than the other (Cr). The
electrical resistance to C. should then be smaller than the resistance to Crg, resulting in 1. > Ir for
the simplified 1-d geometry of Fig 2.1. Normalizing the photocurrent difference (IL — Ir) to the
total photocurrent (I + Ir) eliminates extensive effects like cathode area and incident light
intensity. Thus, information about @n should be encoded in the normalized photocurrent difference

(l. = IR)/(IL + IR).

Al metal w—s]

Si0,

A

Fig.2.1: (Top) Hllustration (not to scale) of a unit cell cross-section through the pinhole
aperture of width w and two n* cathodes C. (left) and Cr (right). A light beam incident
at angle 6;,, is indicated in red as refracting across the SiO2 and Si layers and being
absorbed in the anode. The directions x and z and dimensions a, i dox, and &,are
indicated. (Bottom) Sketch of the photoelectron density n(x,z) that solves (2.2) and
(2.3) as a function of position x between cathodes at a fixed depth z. n(x) is quadratic
inside the illuminated region, linear outside the illuminated region, continuous at all x,
and zero at the cathodes.



The diffusion of photoelectrons generated by light absorption in the anode was calculated to
form a 1-d analytical model to understand the device physics picture of the above concept. We
make the simplifying assumption that every photon incident on the anode creates an electron-hole
pair and neglect recombination loss in the anode (i.e., 100% quantum efficiency). From the TCAD
models of the sensors the recombination loss can be found and added as a correction, this will be
discussed further in Chapter 7.Taking the light intensity in the anode to be exponentially decaying
characterized by a wavelength-dependent absorption coefficient « [21], charge conservation gives
the total current as:

I, + 1 =—qw fooo Uy exp(—az) dz (2.1)

where w is the aperture width, q is the electron charge, Uo is the light intensity at the anode

surface, and z is the depth into the anode as indicated in Fig.2. The upper integration limit can be
taken to oo with little error since the anode thickness is > i

Photoelectrons are generated inside the illuminated region and diffuse in the + x-direction
towards the cathodes. The photoelectron density n(x,z) at any given depth z can be obtained from

the time-independent 1-d diffusion equation [22]. Outside the illuminated region, where no

photocarriers are generated.

02n(x)
0=D 2.2
922 (2.2)
Nz =Ax+ B (2.2.1)

where D is the diffusion coefficient. (2.2) is solved by a linear function (2.2.1), where A and B
are arbitrary constants. Assuming each cathode is a perfect recombination center for
photoelectrons diffusing in from the anode, we then require n(za,z) = 0. Applying this condition
in (2.2.1), the photogenerated carrier concentration in left region 7, ,),and the right region

Npg(xz)can be written with A; , A3 arbitrary constants;

w
Np(x,z) = Al (X + Cl) —a<x<6-— ? (2.2.1.1)



Inside the illuminated region, the photogenerated carrier concentration is n;(y ,);

0% (x,) —ar
0= DW + Upe™ ™ (x) (2.3)
_er—azxz w w
n](x'z):T-FCX-i-E S—ESXS6+E (2.3.1)

which is solved by a quadratic function (2.3.1) where, C and E are arbitrary constants. The
solutions of n(x,z); (2.2.1.1), (2.2.1.2) and (2.3.1) must be continuous at the boundaries between
illuminated and un-illuminated regions. The functional form of n(x,z) is sketched in Fig.2.1.

(bottom). Applying boundary conditions for the continuity,

nL(x,z)l(g_g = nl(x,z)lg_% (2-4-1)
w 2
-az _w
A, (5—E+a) _ e (6-7) +C(6—K)+E (2.4.1.1)
2 2D 2
dnL (x,2) dnl (x,2)
—_— = - 2.4.2
dx |5_§ dx |5_§ ( )
—az (s _W
_ Uye (6 2)
A = — - +C (2.4.2.1)
nI(x,z)lg_,_% = nR(x,z)|5+% (2.4.3)
- w2
Vo™ (8 + 7) +C(5+W)+E—A (5+W ) (2.4.3.1)
2D > = A3 > a A0,
Any(x,z) AnNg(x,z)
dx 'St dx l‘”% (2.4.4)
Uoe ™% ( 8+
- "eT(“) +C =4, (2.4.4.1)



The photocurrent density can then be obtained by applying Fick’s law which describes the
behavior of diffusive flux to the gradient of the concentration. It postulates that the flux goes from
regions of high concentration to regions of low concentration, with a magnitude that is proportional
to the concentration gradient [23]. for left region and right region,

dnL(xz) w
= d = — —_ < < [
Juz) = Dq a(—x) DeA, a<x<$6 >
dng(x,z) w
Jr») = Dq o DeA, 5+ FSx<a (2.5)

Solving (2.4.1.1), (2.4.2.1), (2.4.3.1) and (3.4.4.1) results in:

Upe % (a — 8w _ er—az(a - doxgrefr — Z@refr)W
2Da B 2Da

Ue ™ (a+ 6w er_az(a + doxOrepr + Z@refr)W
2Da - 2Da

(2.6)

According to the Fig.2.1.; 8 = hO,cpr = (dox + 2)0rf , Where d,,, is the thickness of the oxide

layer. Therefore;

qWUOe‘“Z(a — doxOrer — Z@ref)

= —DqgA; = —
Ju qAas 2a
qwUge ™% (a+dpxOrer+z0re
Jrz) = DqAz = ——— ( el 2 (2.7.1)
Integrating over depth gives the total left and right currents,
( qWUOQ_aZ (a - doxgref - Zgref) qWUO Qref
=] - 2a dz = Gog (- dostrey + =)

0



Jr =

0
oa —m (a + doxeref + ref) (272)

J‘ qwUoe™(a + doxOres + 20yey) 4y = qwl,
Z= a
0

Therefore, the normalized photocurrent signal X

b)

_]signal _ JL—Jr _ (dox 1

- - e Taa/? 2.8
]total ]L +]R a +aa> ref ( )

We consider the refraction at the Si-SiO2 interface, by applying Snell’s law of refraction [24];

nSieref =0in (2.9)

where, ng; is the refractive index of the Si substrate. Substituting in (2.8) will give,

)

_]signal _ Ju— Jr _ I, — Ig — ( ox 1) Oin (2.10)

"~ Jeotaw JotJr L+Ir a/ ang;

where the dimensions a and dox are indicated in Fig.2.1. This shows that the normalized
photocurrent imbalance signal X is linearly proportional to the incident angle é&n with a
proportionality coefficient that depends on sensor layout geometry and light wavelength.
Qualitatively, this linearity should break down when @ is large enough that light shines directly
on a cathode. Photoelectrons generated in a cathode do not need to diffuse to be collected and so
will lead to signal saturation. From Fig.2.1, as @n increases light will initially intersect a cathode
well below the anode surface where the intensity is weakest, so there should be a gradual approach
to saturation. Thus, we expect the onset of a sub-linear X' vs. @ response at relatively high én.
Using the geometry of Fig.2.1, we estimate that light starts hitting the left cathode at & ~ 30°. As
a consequence, 2 should begin turning sublinear above 30° to 40°, becoming fully saturated as

more intense light hits the cathode at shallower depths.



2.2 Response Time

Diode storage time is an estimate of the response time to an optical pulse. This is the total time
taken by the photogenerated carriers from an optical pulse to reach the cathodes. The relation
between the total photocurrent density and the total minority carrier concentration in the active

area of the sensor can be written as;

—qN¢otal

Jtotar = — (2.11)

Where t is the response time of the sensor and n;,,; IS the total minority carrier concentration in

the active region of the sensor, which can be found by;

w w
o a 006_7 1) 6+7 © a
Ntotal =f fn(x,z)dx dz =f f Ny (x,z)AX dz+f f Ny (xz)dX dz+f f NR(xz)dx dz
0 —a 0 —-a 0 5_% 0 5+%

Solving the above equation results;

a? 1 w2 [dya?—2d,,a—2
_ 1oLy 5,2 2.12
' <2D>[ 3 (a> < a?a?ng? > i l (212)

The above equation shows for a given wavelength the response time is determine by the cathode

separation. Therefore, to gain high speed the cathode separation should be a minimum.
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CHAPTER 3

ASTROLABE SENSOR FIRST GENERATION

We experimented on a set of prototype (first generation) Astrolabe sensors that included variations
in aperture dimension, aperture shape, cathode position, anode grating, and the inclusion of
blocking structures. These first generation Astrolabes were designed by our Texas Instruments
collaborator Dr. Hal Edwards and fabricated by Texas Instruments using standard commercial Si
CMOS processing technology. Based on the fundamental performance characteristics of
sensitivity and noise density, we introduce a figure-of-merit (FOM) to determine the uncertainty in
angular measurement for a given measurement bandwidth and incident optical power. Results

obtained from aperture dimension and shape has been published [6].
3.1 Sensor Fabrication and Layout Design

The Astrolabe sensors were fabricated on a commercial 0.18 pm technology node CMOS process
line normally used to fabricate power ICs. For each sensor, the anode consisted of a 20 um thick
p layer (10% to 10 cm) above a deep p* layer ( > 10* cm2) on a p-type Si wafer. A dox = 10
pum layer of SiO2 on the Si surface was grown to support an aluminum metal layer that formed the
camera box. Four photo-cathodes were formed by ion implanting n* wells (~ 10" cm~®) to a depth
of ~ 10 um into the anode in a square layout (Fig.2.1). The aperture in the Al metal is centered
among cathodes. The basic unit cell of each Astrolabe sensor consisted of four nominally identical
photo-cathodes arranged at the corners of a 12 um x 12 um square encased in the pinhole camera
box.

Fig.3.1 shows plan view designs (to scale) of eight sensor unit cells, called Layouts A, B, C, D,
E, F, G and H. The reddish shading covering most of the cell represents the aluminum box layer
on the upper surface. The center aperture opens onto the Si anode surface, colored green. The four
photo-cathodes (under the aluminum box layer) are labeled C1, C2, C3, and C4.

The layouts differ in the size and shape of their apertures, cathode position, grating of the anode
substrate and blocking structures placed in the middle of photo active area. Layouts A-F have plus

shaped apertures.
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The “+” shaped aperture was tried because it was thought that illuminating an extended line could
make the photoelectron diffusion process more one-dimensional and hence closer to the simple 1-

d analytical model of Chapter 2.

!

T 4pm

Layout A Layout B Layout C Layout D

l |

T12um : T 8ym

LayoutE Layout F Layout G LayoutH

Fig.3.1: Plan view of the Astrolabe sensor unit cell design layouts (to scale), referred
to as Layouts A-H. Reddish shaded regions represent the top Al metal. Aperture
openings are green, which indicates the anode surface. The cathodes are the four
squares labeled C1, C2, C3, and C4 in Layout A.

Layout A has a small “+” aperture, while Layout B extends the arms of the “+” to the cell
boundaries. Layout C is very similar to Layout B except the anode surface has a grating to
minimize the reflection of incident light. Layout D has widened slits compared to Layout B, and
Layouts E and F are modifications of Layout D. Cathode position is varied in Layout E to identify

the role in cathode position in normalized photocurrent signal as displayed in Eq. (2.10.)
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Layout F also has the same cathode separation as layout E in addition to a blocking structure to
decrease the signal level for very bright objects. Layout G has a more conventional octagonal,
nearly circular, small pinhole aperture. Layout H is a modification of Layout G with a blocking
structure in the middle of the photoactive area. Dimension details of the layout aperture and the
special features are given in Table 3.1. The % Open Area is the ratio of the aperture area to the

unit cell area.

Table 3.1: Layout aperture type, shape, area and special features.

Layout Aperture Aperture Area % Open
Special Features

Name  Shape (um2) Area
A Plus 144 5.76 Small slit
B Plus 384 15.4 Full slit
C Plus 384 154  Anode grating
D Plus 1056 42.2  Wide full slit
E Plus 1056 42.2 Cathode pulled back
F Plus 1056 42.2 Blocking Structure
G Octagon 53 2.11 Smaller aperture
H Octagon 53 2.11 Blocking Structure

Each Astrolabe chip consisted of an array of 8 x 8 = 64 identical unit cells, each cell 50 x 50 pm?,
for a total chip area of 400 x 400 um?. All 64 C1 cathodes were connected in parallel to a common
C1 bonding pad to output a total current Iy, and similarly for C2, C3, and C4 and their currents I,
I3, and 14. Each chip had a common anode bonding pad used as the circuit ground. Each chip was
mounted in an uncovered 8-pin dual inline package (DIP) (Fig.3.2).

Unlike the model of Chapter 2, the actual Astrolabes were 2-dimensional and tracked angular
displacement in two orthogonal arcs. Sweeping a light source along a latitudinal arc (leftright
in Fig.3.1, like latitude lines on a map), the left-side photocurrent is IL = I1 + I2, and the right-side

current is Ir = I3 + 14. From Eqg. (2.10), the normalized latitudinal signal X} ot is then:

13



(I + L) Uz + 1)

= 3.1.1
Lar L+L+L+1, ( )

Sweeping a light source along a longitudinal arc (top<>bottom in Fig.3.1, like longitude lines
on amap), the top-side photocurrent is I1 + l4, and the bottom-side current is 1> + Is. The normalized
longitudinal signal X} gy is then:

(I +1,) — U+ 13)
L+ +15+1,

ZLON == (312)

2iar and X oy are orthogonal. For general 2-d angular displacements, the azimuthal angle ¢

ZLON ]
ZLAT

relative to the latitudinal direction is given by ¢ = tan™1 [

GND

GND

GND

GND

Fig.3.2: (a) Pin configuration of the sensor, four ground connections of each
photodiode and cathode connections. (b) The packaged device, connections are wire
bonded to the package pins.
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3.2 Experimental Procedure

To measure performance, an open DIP containing an Astrolabe chip was plugged into a vector
board socket and mounted on a Thorlabs PRMTZ8 digitally controlled rotation stage, with the chip
centered on the rotation axis. An LED, fixed in position, was used as the quasi-point source of
light. LEDs of wavelength 830 nm (infrared), 660 nm (red), and 525 nm (green) were used. The
LED was typically placed 0.2 m from the sensor, facing normal to the plane of the vector board
when the rotation stage was set at 0°. Data were also taken at greater distances. Optical power
incident onto to the DIP package was determined by placing a Thorlabs S130C power sensor
directly in front of the sensor chip prior to rotation measurements. At any wavelength, LED
intensity was adjusted through a combination of LED bias and distance so that the incident power
was 300 uW over the 9.5 mm diameter aperture of the power sensor. Assuming uniform
illumination, total power incident on the 400 x 400 pum? sensor chip was then 0.68 pW.

During measurements, all anode-cathode pn junctions were reverse biased at a constant 1.5 V.
At this bias the photocathodes were current sources, so a quad transimpedance amplifier (TIA)
(LMP2234) was mounted on the same vector board and connected to the Astrolabe DIP via short
(~ 1 cm) soldered wires. The TIA generated four output voltages Vin = —Rl, (n = 1 to 4) where R is
the fixed transimpedance. These Vi can thus be used in place of the currents I, to calculate Xj 5t
and X oy Using Eg. (3.1).

Angular sensitivity measurements were performed by rotating the sensor from —90° to +90°
relative to the LED in 1° steps, where Q° represents normal incidence. At each rotation angle, the
amplified photocurrents V1, V2, V3, V4 were measured using Keithley 2401 Source Measure Units
with 21.7 ms integration time and 10 count averaging. Photocurrent noise measurements were
measured by recording a 50 s time record of each V, with 21.7 ms time constant, no averaging, at
fixed angle. Average and variance statistics were then computed from these time records. In all
cases photocurrents were first measured with LED off in both dark (black box) and ambient
laboratory light conditions. The power meter read about 30 nW in the dark and 30 pW in ambient
light with LED off. Photocurrents were then measured with LED on against both dark and ambient

background light conditions.
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Photocurrent signal data shown here are the difference between LED on and LED off in ambient
light conditions, i.e. Vn = Va(LED on) — Vn(ambient light) at each rotation angle. These are the V,

used to compute the normalized current ratio signals defined in (3.1) at each angle for an arc sweep.

Source Meter Units

Power Supply

== -
-

S

Sensor mount on a vector board |*. -

Power Meter

S

Fig.3.3: Overview of the experimental setup; the sensor DIP is mounted on a vector
board and fixed on a rotation stage perpendicular to the LED light source, powered by
the power supply. The resulting photocurrent signals are connected to BNC cables of
the Source Meter Units through a breakout box. An optical power meter could be
placed on the same plane as the sensor to record incident power from the LED.
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3.3 Sensor Performance and Characterization

3.3.1 Horizon and Field-of-View

OO - T T T T T T T T T T T T T |/ ]
2 01 .
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5 - ]
= -03r 7
> | u
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2 -04rF -
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-80 -40 0 40 80
Incident Angle g (deg)

Fig.3.4: Amplified photocurrent signal I from cathode C1 (dashed blue), 1> from
cathode C2 (dashed purple), Iz from cathode C3 (solid green) and Is from cathode C4
(solid red) along with the average of these four signals (solid black) for a Layout A
sensor plotted against light incidence angle for a longitudinal sweep.

Fig.3.4 shows the photocurrent signals as defined in the preceding paragraph for each cathode as
a function of @n for a Layout A sensor using a 660 nm LED light tag swept longitudinally from —
90° < Gn < 90°. These currents are clearly angle-sensitive with a horizon of nearly + 80°, beyond
which insufficient light from the LED enters the pinhole. Also shown is the average of the four
cathode signals, which has a maximum at 0°. Fig.3.5 (a) shows X 5ot and 2} oy from a Layout A
sensor for: i) a longitudinal arc sweep, and ii) a diagonal arc sweep at ¢ ~ 45°, i.e. in the direction
from cathodes C1 < C3 in Fig.3.1 For the longitudinal sweep, Xt IS essentially zero,
demonstrating the orthogonality of longitudinal and latitudinal signals. For the diagonal sweep,
Ziat/ZLon = 1 as expected since tan (45°) = 1. For the longitudinal sweep in Fig.3.5 (a), 2oy IS

essentially linear with @n for relatively low angles as expected from Eq. (2.10).
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Fig.3.5: (a) Normalized photocurrent signals X on (solid black) and Xy st (dashed

black) for a longitudinal sweep, and X oy (bl

ue with open circles) and X 5t (red with

open squares) for a diagonal sweep at 8 =~ 45° azimuth angle from the latitude

direction. (b) Detail of the low angle longitud

inal signals from -40° < 6;,, 40°. The red

dashed line is a linear fit to the longitudinal sweep data, and the green dashed line is a

linear fit to the diagonal sweep data.

At higher angles X oy becomes sub-linear, as des

horizon at which light incident on the aperture no longer hits the anode is near + 80°, close to the

absolute geometrical limit of £ 90°. However, alth

cribed at the end of Chapter 2. The physical

ough the signal-to-noise ratio is still good for

|Gn| between 50° and 80°, X} onybecomes too weakly dependent on én to determine angle.
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We therefore define the linear field-of-view to be the én where |2} on| falls 1 dB below its low
angle linear extrapolation, in analogy to gain compression of an amplifier. For all layouts this

linear field-of-view is around + 50°.
3.3.2 Angular Sensitivity

The layouts differ in the magnitude of the signal slope at low angles. From Fig.3.5, we define the
angular sensitivity S = AJ/A@n as the slope of a line fit to the Zion vs. @n data for |G| < 40°, as
shown in Fig.3.5 (b). A larger value of S means greater sensitivity to small changes in 6n. Table.3.2

shows S for a longitudinal sweep for the sensor layouts at the three wavelengths used.

Table 3.2: Angular Sensitivity

Sensitivity (deg-1)

830 nm 660nm 525 nm
0.0064 0.0090 0.0086
0.0033 0.0045 0.0044
0.0049 0.0051 0.0048
0.0025 0.0035 0.0034
0.0023 0.0031 0.0029
0.0036 0.0048 0.0047
0.0072 0.0101 0.0096
0.0091 0.0131 0.0128

Layout

I & m m O O W >

The experimental results show that S is higher for layouts with smaller % Open Area, probably the
result of the light spot being more localized for smaller apertures. The blocking structures placed
in the middle of the active area allows the light into the edges. Higher S obtained from layouts with
blocking structures compared to its identical layout without the blocking structure shows that the
light collected at the center of the aperture does not contribute to the S as much as the edges which
are more dependent on the shadowing by the aperture edges.
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According to Eq. (2.10), greater S is expected for Layout E in comparison with Layout D due to
the increased cathode separation from 12 pum to 19.5 um. This disagreement with empirical results
may be due to photocarrier recombination over a long distance which suggest carrier lifetime and
the time dependency of the diffusion equations should be considered for a more complete
understanding. The anode grating in Layout C (0.25 um wide lines with 0.525 um pitch) shows a
47% increase at 830 nm and roughly 10% increase at visible wavelengths in S compared to that of
Layout B (0.45 um wide squares with 0.75 um pitch), highlighting the fact that adding a roughness
to the anode surface can improve the sensor performance. However, the dimensions, periodicity,
and the shape of the grating to be optimized.

In addition, S increases as wavelength decreases from 830 nm to 660 nm and remains nearly
constant between 660 nm to 525 nm. Since ns; increases by about 10% from 830 nm to 525 nm
[20], Eq. (2.10) predicts S should be slightly larger for 830 nm compared to 525 nm light, opposite
to what is observed. A possible reason for the discrepancy is the neglect of recombination in the
1-d model. The 830 nm light can generate photoelectrons below the depth of the cathode, requiring
those electrons to diffuse upward via a longer path that yields a higher probability of
recombination.

Eq. (2.10) from the 1-d model shows that S depends on sensor geometry through the parameters
a and dox and on wavelength through «. Empirically, although a and dox are the same for Layout
A, B, D and G, S is still layout dependent at any given wavelength. The reason for this may be the
2-d nature of the actual devices. Intrinsically 2-d design parameters such as shape and area of the
pinhole aperture and carrier diffusion in a plane cannot be captured in a 1-d model. Therefore, to
understand the behavior of the sensors a 2-d model is needed which accounts the 2-d diffusion of

the photocarriers, an advanced 2-d model will be discussed in Chapter 4.

3.3.3 Angular Noise Density

Fig.3.6. shows a time record of 2 on using a 660 nm LED for a longitudinal sweep using a Layout
A sensor. From this data, the signal noise density (in Hz¥?) is o2, where o is the standard
deviation of Zion and 7 is the measurement integration time. The data of Fig.3.6 was measured

using 7= 21.7 ms.
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The angular noise density 7 (in deg/Hz'?) is then n = /%/S. Table.3.3 summarizes angular noise
density values measured for the sensor layouts and wavelengths under our standard measurement

conditions.

— 0.0ZE— 15 —:
2 ool Ll
A
& -0.02:—
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Time (sec)

Fig.3.6: Normalized longitudinal sweep signal (solid black) recorded as a function of
time using a 21.7 ms time constant. The red dashed lines represent + one standard
deviation () about the average.

Experimental results show that 7 is lowest for 660 nm light compared to 830 nm and 525 nm.
Increased noise at 525 nm may arise because the carriers are generated closer to the SiO; interface,
where interface roughness and dangling bonds may act as significant noise sources. At 830 nm 7
is larger than at 660 nm because of a lower experimental S value. As expected, the data also show
that the smaller aperture results in higher 7, due to fewer photo-generated carriers at the anode
surface. Similar understanding can be used to describe the results obtained from the sensors with
blocking structures. Also, as described in the sensitivity data analysis, recombination effects might
reduce the number of photogenerated carriers sensed by the cathodes in layouts with pulled-back
cathodes and hence increase #. Significantly high » at 525nm for Layout C is possibly due to the

increase in anode surface area and hence the number of SiO2 dangling bonds.
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However, the effects of surface gratings still need to be analyzed thoroughly to understand its
effects on sensor performance. Chapter 6 will discuss the impact of gratings on an advanced sensor

in detail.

Table 3.3: Angular Noise Density

Layout  Noise Density (deg/VHz)
830 nm 660nm 525 nm
0.144 0.108 0.184
0.143 0.110 0.167
0.085 0.092 0.191
0.092 0.083 0.132
0.091 0.091 0.138
0.103 0.089 0.125
0.328 0.283 0.410
0.491 0.374 0.554

I & m m O O W >

3.3.4 Figure of Merit

Fig.3.7 shows that at fixed wavelength 7 scales inversely with light power Pi, from 0.05to 1.6 pW
incident onto the chip. Because 7Pin = constant for a given sensor layout and LED wavelength, we
introduce this as a figure-of-merit (FoM) for the Astrolabe sensor. This FoM is useful because the
angular uncertainty 66 associated with an angle measurement using light power P incident onto
the chip and measurement bandwidth B is then §9 = (FoM) B¥?/P. Since the goal is to minimize
&6 within application bandwidth and illumination power limitations, the FoM value should be
minimized. Table.3.4 summarizes the FOM values for each layout at different LED wavelengths.

To estimate how small a FoM value needs to be in order to be practically useful, we define a simple
criterion: tracking human time-scale motions with < 1 mm displacement accuracy along an arc at
a distance of 1 m from the sensor requires an angular uncertainty 66 < 0.057° (= 0.001 rad) at

video rate bandwidths, i.e. B = 100 Hz. To accomplish this requires 77 < 0.0057 deg/Hz'/2.
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If P =1 pW is incident on the chip, this requires FoM < 0.057 x 107 deg-W/Hz2, Comparing this
to Table.3.4, Layout D at 660 nm has the minimum FoM but is a factor of 10 times higher than the

FoM value needed to achieve this level of accuracy.

Angular Noise Density (deg/Hz*?)
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Fig.3.7: Angular noise density vs. LED illumination power incident onto sensor chip
Layout A against a dark background. The dashed line in the main figure is a fit to a
hyperbola. Inset: same data plotted on a log-log scale. The dashed line indicates a slope

of 1.

Table 3.4: Figure of Merit

Layout FoM (107 deg. W/\Hz)
830 nm 660nm 525 nm
A 1.04 0.76 1.38
B 1.04 0.77 1.25
C 0.65 0.64 1.38
D 0.69 0.59 0.96
E 0.68 0.64 0.99
F 0.74 0.62 0.90
G 2.39 1.98 2.94
H 3.69 2.64 4.10
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3.3.5 Sensor Speed
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Fig.3.8: Response Time with i, calculated from Eq. (2.12) for a unit cell of layout A
with 12 pum cathode separation, 4 um aperture width, and d,,,= 10 um under the
illumination of for 660 nm wavelength LED.

The speed of a photodiode is determined by two factors; The response time of the photocurrent
and the RC time constant of its equivalent circuit. The response time of the sensor can be estimated
by the diode storage time for an optical pulse. The variation of response time with 8i» under the
illumination of 660 nm wavelength LED for a unit cell of layout A is shown in Fig.3.8. The values
were calculated from the Eq.(2.12) with D, the diffusion coefficient for Si D=3.6x10% m?s,
wavelength dependent parameters ng;=3.8, =2.58x10° um™ [20] and the layout parameters a=12
pUm, dy,= 10 pum, and w= 4 pm. According to the Eq. (2.12), a determines the response time and
the effect of other parameters are negligible. The estimated result is ~ 4 ns. From Fig.3.8 the
response time is for any practical purpose independent of angle, varying by < 4% about the mean
from +90° to -90°.This result is understandable because the photogenerated carriers travel across
6 um distance. However, in a practical world this value can be altered by the intrinsic resistance
of the sensor layout as the sensor unit cell contains four photocathodes and the layout contains an

array of sensors connected in parallel.

24



The speed of the photodiode is dependent on the input impedance of the trans impedance amplifier
(TIA) because the intrinsic capacitance of the diode junction combines with this impedance to
produce a low pass filter. The speed of the Astrolabe sensor for practical applications were
investigated by our collaborators at the Electrical Engineering Department Dr. Andrew Marshall
and Akash Dey.

mY-400 mV/div - X-50 ms/div
m—Y-200 mV/div '

\am |

M}f

U
|
|

mmm Y-400 mV/div
mm\-200 mV/div

X-5 ms/div

(c) (d)

Fig.3.9: Oscilloscope traces of a square wave driven (blinking) LED in blue and the
corresponding Astrolabe photodiode (cathode C1 and the anode) response in yellow
for the layout A under the illumination of 660 nm wavelength LED with blinking
frequency of (a),(b) 5 Hz, and (c),(d) 50 Hz. Dotted grid lines show a major division
of the axis and the corresponding values per divisions are given at the bottom of the
plot. (b) and (d) shows the RC time constant of (a) and(c) respectively.
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To measure the sensor speed, an LED was placed normal to the sensor 20 cm away and blinked
with a known frequency with an Arduino setup. Fig.3.9 shows the oscilloscope trace of the square
wave driving the LED (in blue) and the corresponding Astrolabe photodiode (cathode C1 and the
anode) response in yellow for the layout A under the illumination of 660 nm wavelength LED.
The RC time constant for the combination of TIA and the photodiode is found to be about 1 ms.
This is much slower compared to the intrinsic response time of the sensor shown in Fig.3.8.
Extrinsic factors such as parasitic capacitance and resistance drain the photocurrent and limit
response time.

Having a TIA monolithically integrated on to sensor chip can eliminate the soldered wire
connectors to the astrolabe chip and hence reduce the RC time constant by reducing the parasitic

capacitance and the resistance which improve the sensor speed.

3.4 Performance Limitations and Improvements for the Next Generation
3.4.1 Signal Deviations from the Linearity

First generation sensor data described in section 3.3.2 shows that S varies with the wavelength of
the light source. Variation in X' with source wavelength obtained for Layout D is shown in Fig.3.10
(a) confirms this phenomenon is valid for a broad spectrum of source wavelengths, including two
IR wavelengths. X was further analyzed by subtracting the measured value from its line fit for G
+ 40° and plotting against éin, see Fig.3.10 (b). For a given layout and source wavelength, a
periodic, reproducible, sine like pattern symmetrical around 8in= 0° was observed. Possible reasons
for these small deviations from linearity include, edge diffraction from the pinhole aperture and
constructive/destructive interference of the reflected light between the Si surface and the underside
of the metal box lid.

To understand the dominant cause for the deviations in 2 from linearity, the deviation patterns of
Layout B and C which have identical layouts except for use of different anode surface gratings
were studied for different source wavelengths. Fig.3.11 (c) shows identical deviation patterns for
Layout B and C at 525nm meanwhile in Fig.3.11 (a) and (b) Layout B and C show phase shifted
and differently shaped deviation patterns.
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Fig.3.10: (a) Longitudinal arc sweeps of normalized photocurrent signal 2 when the
light source wavelength = 480 nm (blue with open squares), 525 nm (green with open
circles), 535 nm (dark green with open stars), 660 nm (red with asterisks), 830 nm
(grey with open diamonds), and 850 nm (dashed black) of layout D, (b) Corresponding

deviation of 2 from the linear fit for #in £ 40° for each wavelength, with the same line
notation.
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Fig.3.11: Deviation of the 2 with its line fit for 8 + 40° for Layout B (red with

asterisks) and Layout C (blue with open circles) under the illumination of (a) 830 nm
(b) 660 nm and (c) 525 nm light sources.
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Since the aperture dimensions are the same in both layouts the corresponding edge diffraction is
also the same at any given wavelength. Therefore, the different deviation patterns in Fig.3.11 (a)
and (b) is a result of surface reflection due to different anode surface gratings. The impact of
grating is significant at higher wavelengths. Also, the analysis shows deviations in 2 depends on
0in, hence for high precision applications these repeatable non-linear patterns either need to be

corrected for or suppressed.

3.4.2 Signal Enhancement

Table 3.5: Percentage Quantum Efficiency

%Quantum Efficiency

Layout
830 nm 660nm 525 nm
A 46 54 49
B 45 48 43
C 45 50 42
D 44 44 44
E 47 47 42
F 22 24 22
G 51 55 49
H 26 29 24

Table 3.5 shows the percentage quantum efficiency relative to the sensor open area for all the
layouts at LED wavelengths of 830 nm, 660 nm and 525 nm, all with 0.68 pW incident power on
the sensor chip. The results shows ~ 50% Quantum efficiency for the sensors except for the ones
with blocking structures. The prototype layouts have 5.25 x 5.25 um? square cathodes extend ~10

um deep into the Si substrate.
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A possible solution to improve the quantum efficiency is to increase the cathode dimensions,
although that would involve a trade-off between improving the collection efficiency of the
photocurrent and increasing the noise figure as it also increases the contact area to the Si-SiO;
interface. Reducing the cross-sectional area of the cathode and adding a buried n- doped layer to
the cathodes could serve the purpose of improving photocurrent collection efficiency without

increasing the noise due to the surface dangling bonds at the Si-SiO; interface.

3.4.3 Signal Amplification

By analyzing the range of photocurrent signals and their standard deviations obtained under
ambient light, dark, and illumination of 830nm, 660 nm, 525nm LEDs for different sensor layouts,
an onboard TIA was developed by our collaborators Akash Dey and Dr. Andrew Marshall in the
UTD Electrical Engineering Department. Fig.3.12 (a) shows the placement of the amplifier with

the Astrolabe sensor and (b) amplifier circuit design for one photodiode of the sensor.

V_out

(a) (b)

Fig.3. 12: (a) on- board amplifier placement with the Astrolabe sensor. (b) Amplifier
circuit design for one photodiode of the sensor
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All the data presented in this Chapter was analyzed for amplified photocurrent signals because
we found an 85% improvement of the FOM when using the TIA as opposed to measuring the
photocurrent directly, see Fig.3.13. The best sensor candidate in the first generation still needs to
improve its FoM by a factor of 10 to obtain the desired accuracy (< 1 mm displacement at video
rate bandwidths) to track human time-scale motions. Better FOM should be obtainable with a
monolithically integrated on-chip TIA, because it reduce the distance between the sensor and the
amplifier and eliminate the soldered connections which reduces the parasitic resistance and the

capacitance. Parasitic components drain photocurrent and slower the sensor response.
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Fig.3. 13: (a) Variations in FoM for the amplified signal under the illumination of 838
nm (open black diamond),660nm (open red squares) and 525nm (open green circles)
light sources. (b) Variations in FoOM under the illumination of 838 nm (filled black
diamond),660nm (filled red squares) and 525nm (filled green circles) light sources.
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CHAPTER 4

ADVANCED THEORETICAL MODEL FOR SENSOR OPERATION

Due to the 2-d nature of the first generation Astrolabe sensors, it was not possible to fully interpret
the experimental data in the context of the simple 1-d model of Chapter 2. Therefore, a second-
generation was made with both explicitly 1-d as well as improved 2-d sensor layouts. Based on
the layout geometry and the law of refraction, an advanced theoretical model was derived for the
angular displacement 6;,, of the light source from the photocurrent imbalance, considering the

time-dependent diffusion mechanism of the photogenerated carriers in steady state.

4.1 1-d Sensor Theoretical Model

4.1.1 1-d Sensor Total Current and Normalized Photocurrent

/o

n- burned layer \ ) n- buned layer
O

(b)

Fig.4.1: lllustration of (a) side (cross-sectional) view and (b) top (plan) view and
dimensional parameters of a 1-d sensor. The 1-d sensor contains a slit aperture and
cathodes are placed parallel to the edges Red, blue and the yellow/brown areas are
illuminated region, anode, and the cathode, respectively. Cathodes C,_and C_, are
labeled according to their position. Aperture width is 2W,.. §,. is the displacements of
the light spot from the center. 2a,, is the length of the cathode.
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The second generation 1-d sensor contains a slit aperture with two cathodes placed parallel to the
aperture edges at a distance a,, from the center as illustrated on Fig.4.1. The anode active area is
the area between the two cathodes €, _and C_,_. Considering the length of the cathodes 2a,, the
active area is then 2a, X 2a,,. The aperture is uniformly illuminated resulting in uniform electron
hole pair generation rate G. Compared to G the carrier recombination is assumed to be negligible.
In the initial iteration of the derivation, the depth dependence of the incident light was not
considered. Adding the depth dependence as a correction will be discussed in Chapter 7.

The time dependent diffusion equation can be written as follows [25];

an(x t) 62n(x )
— =D . 4.1
ot 6x2 (41)

Here, n(, . is the photogenerated carrier density along the x direction at time ¢ and D is the
diffusion constant. Using separation of variables [25], assume the solution to (4.1) is ng =

X T, substituting the solution in (4.1) and dividing both sides by X )T,

TI XII
® _ D( (x)) 42)
Ty X
Take a, 8 constants where a? = D3?
T 2 2
——= = —a* - T = exp(—a*t) (4.3.1)
Ty
XII .
T:)C) = —B% > X = sin{B(x — xy)} (4.3.2)

Here x, is the boundary of the photogenerated carrier diffusion. Assuming cathodes are perfect
recombination centers, using the coordinates in Fig.4.1(b) gives; n =0 and neq =0
which leads to X,y = 0 and X(_4 ) = 0 respectively. Setting the boundary in Eq. (4.3.2) to x, =

—a, results in:
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mmn mm\?2
) m=12...0 (4.4)

=—, 2=D (_
Bam) 2a, ' m 2a,

With the values of B,y and agy) , (4.3.1) and (4.3.2) can be rewritten as follows for an

instantaneous light pulse created at time ¢;

mm\?2
T(t;m) = exp {—D (2—> (t— to)} (4.5.1)
ax

mnm
X(x m) = sin {— (X + ax)} (452)

' 2a,

Therefore, summing over all possible values of m, n(, ) can be written as;
iA i {mn( + )}x { D(nm)z(t t)} (4.6)
N(x,t) = SINy— X a expy— — .
(x,t) _ m 2a, x 2a, 0

m=1

With assumption of uniform illumination and negligible recombination, the optical pulse created
at time t, with photogeneration rate G creates the same amount of electron-hole pairs in the region
6y — Wy <x <&c+ W,on the Si substrate. i.e. n¢ =) = G. Therefore, at t =ty, Ay, in

equation (4.6) can be written as follows [25] [26];

Syt Wy
1 o (mm —4G\ @ (mm . /mm
An=0G a—x ] sin {Zax (x + ax)} dx = ( — ) sin {Zax (6, + ax)} sin <E Wx> (4.7)
Sx— Wy

Steady state can be achieved by integrating the optical pulse created at t, to infinity
t

t
mm\?2 1
j T(m,t=t0) dtO = J exp —-D (g) (t - to) dtO = W (4‘8)
iy x D

- 2a,
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Therefore, from (4.6), (4.7) and (4.8) the photogenerated carrier density at steady state;

—16Ga,? 1 - (mm - /mm - (mm
ne = —p—3 Zl —5 sin {E (6, + ax)} sin (E Wx> sin {Z (x+ ax)} (4.9)
m=

The current density at the cathode C, = ], can be found by Fick’s Law of Diffusion [23];

dn(x)

a =_D(_ )

|x ay

—8Gqa 1 mm
= % z — sm{ (6, + ax)} sin <2a Wx> cos(mm) (4.10)
m=1 x

Where, q is the charge of the photogenerated carriers,

Then by multiplying J, by the length of the cathode 2a, the current at the cathode C,, = I, ;

X

—16anxay 1 (mr o /mm
f Jo, dy = ———— z — sin {E (6, + ax)} sin (Za

X

Wx) (D™ (411.1)

—ay m=1

Similarly, we can find,

ay

16Gqaya, > 1 _(mm . (mm
I_q, = ] J-a,dy = —= Z — sin {E (6, + ax)} sin <Z_ax Wx> (4.11.2)

-ay m=1

Then, the nonzero values of total current and the current imbalance;

32Gqaya, 1 (mm . (mm
liotat = la, ¥ g, = ——— z 3 sin {T (6, + ax)} sin (T Wx) (4.12.1)

X
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—32Gqay,a mm T
Iax—I_ax—$ Z —sm{ }sm(za

m,even

) (4.12.2)

For the movement of the light spot along the x axis, the normalized photocurrent signal X, ;

1 mm
D ~ Zm,even 7 Sin {Za (6 + ax)}sm (Zax W) (413)
N A | m mrn '
ax ax m,odd 7z SN {Za 0y + ax)} sin (Zax Wx)

The geometrical offset of the actual aperture location is 8, = dtanfrer. d=d,x+ 1/a is the

distance from the top of the surface to where the carriers are generated as marked in Fig.4.1.(a).
d, IS the thickness of the SiO2 layer and 1/« is the penetration in Si for a given incident
wavelength.

Considering the refraction occurs at Si-SiO interface the Snell’s Law [24] gives; ng; sinfyref =
SinB(xyin- Where 6,),¢r is the reference angle, 6, is the incidence angle and ng; is the
refractive index of the Si substrate for a given incident wavelength.

Therefore;

8, = dtan {sin‘1 (M)} (4.14)

nsi

4.1.2 1-d Sensor Response Time

In a similar way described in Chapter 2, the response time can be estimated by finding the storage

time of the photodiode. The total photogenerated carrier density in the active area of the sensor is,

Ay
Ntotal = 2ay X J Ny dx

-ay
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128 Ga,a T . /mm
Ntotal = DT[Z x Z — sin {Tx (696 + ax)} Sin (Z Wx> (415)

m,odd

Therefore, the response time can be found in a similar way as Chapter 2, Eq. (2.11) by replacing

the total current with the expression in Eq. (4.13.1).

o 1 . (mn . (mm
<4ax2 Zm,oddm sin {ﬁ (6, + ax)} sin (E Wx) (416
T = 4.16
Dr? 1 mmn . (mm
T moddm sin {Zax (6, + ax)} sin (m Wx)

4.2 2-d Sensors

4.2.1 2-d Sensor Total Current and Normalized Photocurrent

Al metal We—p

/o

Si ot n- buried layer ) n- buried layer
p §x

(a) (b)
Fig.4.2: lllustration of (a) a side (cross-sectional) view (b) top (plan) view and the
dimensional parameters of the 2-d sensor. The 2-d sensor contains a rectangular
aperture and cathodes are placed parallel to the edges Red, blue and the yellow/brown
areas are illuminated region, anode and the cathode respectively. Cathodes
Ca,r C_q, Cayand C_q, are labeled according to their positions. Aperture width and

height are equal to 2IW, and 2WW, respectively. &, and &,, are displacements of the light
spot from the center.
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A 2-d model can be derived in a similar way as the 1-d model considering the time dependent 2-d
diffusion of the photogenerated carriers. The anode active area for the 2-d sensors is the area

between the four cathodes C, , C_, . Ca,, and C_ay.The same steps and assumptions were applied

in this model as in 1-d. The layout design and the dimensional parameters are shown in Fig.4.2.

Time dependent 2-d Diffusion Equation is [25],

0MN(xy,0)
ot

5%n 5%n
(x!y!t) + (x!y!t)> (4'17)

= szn(x,y,t) = D( 5x2 5y2

Using separation of variables [25], assume the solution to (4.17) is ng, 0 = X Yo Tie)-

Substituting this in (4.17) and dividing both sides by XY,y T(1);

T, X” Y”
© _ D( @ (y)> (4.18)
T Xy Yo
Take a, B, y to be constants where a? = D(B? + y?)
TI
Ty
XII
9 — _p2 - X = sinfB(x — x0)} (4.19.2)
X
YII
Y(O)/) =—y2 > Y,y = si n{y(y — yo)} (4.19.3)
y

Assuming cathodes are perfect recombination centers, at the boundaries

Xa = X-ap) = Ya) =Y(2q,) =0
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As marked in the Fig.(4.2), the boundaries for equation (4.19.2) and (4.19.3) set to x, = —a, and

Yo = —a,, respectively gives;

Bimy = o m=12... (4.20.1)
m =~ 2a,
Yn) = i n=12...» (4.20.2)
2a,

With a? = D(B? + y?) we have;

2 2
Ay = D (%) [(%)2 + <:—y> ] (4.20.3)

With the values given in (4.20.1), (4.20.2), and (4.20.3), we can rewrite equation (4.19.1), (4.19.2)
and (4.19.3) as follows;

Temmy = €XP {—D (g)2 [(aﬂx)z + (al) ] (t — to)} (4.21.1)

y
mm
X(x m) = sin {— (X + ax)} (4212)
' 2a,
nrm
Y(yn) = sin {— (y+ ay)} (4.21.3)
' 2a,,

Therefore n,, ) can be written with a constant 4,,,,,

AN . (mmn | nm
M= ), ) Amnsin{zo G+ anfsin|z (v + )
x y

m=1n=1

X exp {—D (g)2 [(aﬂ)2 + (;—y)zl (t - to)} (4.22)

In the 2-d model n(y .y ¢=¢,) = G intheregiond, — Wy <x <édyand 6, — W, <y <4§,+ W,

Therefore, A, att = t, is:
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S Wy 8y— Wy,

_(166)_{mn(6+ )}_(mnw)_ nrt(6+ ) ] nrtW (4.23)
= sin 2a, O a,)(sin 20, sin 2a, y +a,)sin 2a W .

mnr?

For the 2-d layout, the steady state is obtained from;
t

f Tmn,t=ty) Ato =

- b3 &) +(2)

(4.24)

Therefore, the carrier density at the coordinate (x, y) by (4.22), (4.23) and (4.24)

S . (mm (nm
Nixy) = C E E CrinCin €, Sin {— (x + ax)} sin{— (y + ay) (4.25)
2a, 2a,

m=1n=1
Where;
64G
~ Dr*
1

() + ()]

. (mm . /mm
Cy, = sin {E (6, + ax)} sin <E Wx>

Conn =

. (nm [ nm
C, = sin E(6y+ay) sin Ewy (4.25.1)

In asimilar way as in 1-d model derivation, for a horizontal movement of the light spot, the currents

read at the cathodes C, and C_, _can be written as;
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Lo, =D4C ) D CounCnCa (5) (Z—y) (~D™[1 = (~1)"] (4.26)

I_q, = DqC z Z —CpnCorCiy (%) <Z—z> 1-(-1)"] (4.26.2)

Therefore, the normalized photocurrent signal for the horizontal movement of the light spot is;

m

B Iy, — g, Ym,even Zinodd CmnCmCn (Tl)

x m
la, + I—ax Zm odd Zn odd ~CmnCmCy (Tl)

(4.27)

Similarly, for the vertical movement of the light spot the currents read at the cathodes Ca, and

C_q, Can be written as;

— DqC Z Z €, CoCr < >( D1 - (—1)™] (4.28.1)

m=1n=
_ay = DqC z z CrinCin Cn < > [1-(-D™] (4.28.2)
m=1n=
The normalized photocurrent signal X, ;
(o] o0 Tl
5 Iay - I—ay Zm,odd Zn,even CmnCan (ﬁ) (4 29)
y = = - n )
Iay + I—ay m,odd Zn,odd _CmnCan (m)
The total current of the 2-d sensor is;
ltotar = Ia + I—a + Iay + I—ay
= DqCaya, Z Z ( ) C, Co[(=1)™ — 1][1 — (=1)"] (4.30)

m=1n=
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For the horizontal movement of the light spot, the geometrical offset of the illuminated region on

the y axis; &, is a constant. &, is the same as derived in 1-d model (equation (4.14)). Similarly, for

the vertical movement of the light spot &, is a constant and &,, can be written as;

sinByy;
8, = dtan {sin‘1 <ﬂ>} (4.31)

Ng;

For both 1-d and 2-d model, the generation rate of the photocarriers is given by equation (4.16).

4.2.2 2-d Sensor Response Time

Following the similar steps as in Sec. 4.1.2. The total photo generated carrier density in the active

area of the sensor can be found by integrating n, ,,y over the boundaries of the active region.,

Meora = (= 46“’“”)5 i( =) CnCnCa (D™ = [ = (=D (432)

m=1n=1

Taking the total current in Eq. (4.30), the 2-d sensor response time can be written as,

(00 [ee] 1
( 4 Zm,odd Zn,odd (mn) CmnCan
T =
D7T2> B © 12
m,odd Zn,odd (mn) Can

(4.33)

Cn, C,, and, C,,,,, are the same as in Eq. (4.25.1)

The experimental data of the first generation prototype sensors given in Chapter 3 showed an
inverse relation between the aperture open area and the normalized photocurrent. However, we
could not explain the underlying behavior because the simple theoretical model developed in
Chapter 2 does not contain any term related to the aperture area.
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The normalized photocurrent and 6;,, relation in the advanced theoretical model for 1-d sensor
and 2-d sensor contains an explicit aperture width term and therefore the aperture width
dependency on sensitivity S can be investigated. Due to the Fourier series in the numerator and
denominator of the above derived equations, the relation between layout parameters and the sensor
characteristics is not immediately obvious. These models can be simplified further by analyzing
the experimental results of the sensor which will be discussed on Chapter 5. Further, the theoretical
model can be modified by adding physical correction terms such as carrier loss due to
recombination, depth dependence of the incident light, boundary of the cathodes etc. which will

be discussed in detail in Chapter 7.
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CHAPTER 5

ASTROLABE SENSOR SECOND GENERATION

Based on the results obtained from the prototype first generation sensors as shown in Chapter 3,
we designed an advanced second generation of the Astrolabe sensor. Layout variations were made
to further analyze the behavior of geometrical parameters in both 1-d and 2-d sensors
characteristics, to find the physical quantities that could be used to improve the sensor operating
model, and to identify the layout features that could improve the sensor performance for practical
applications. This chapter contains the layout design and construction of the second generation

sensors and summarizes the results and findings we obtained.
5.1 Sensor Layout Design and Construction

Second generation layouts were designed on Cadence with the aid of SKILL programming and
fabricated on a commercial 0.18 um technology node CMOS process line at Texas Instruments.
For each sensor, the anode consisted of a 20 pm thick p layer (10 to 10t cm=) above a deep p*
layer (> 10 cm~3) on a p-type Si wafer. A dox = 10 um layer of SiO- on the Si surface was grown
to support an aluminum metal layer that formed the camera box. The aperture in the Al metal is
centered among cathodes.

The second generation includes both 1-d and 2-d sensor layout designs to help us understand
the difference between and limits of validity of the 1-d and 2-d theoretical models. 1-d sensors
consist of slit apertures with two linear cathodes placed on either side of the slit, meanwhile 2-d
sensors consist of square apertures with four line-cathodes placed at north south east and west.

Fig.5.1 (a) and (b) shows plan view designs (to scale) of 1-d and 2-d sensors respectively. The
blue shading, covering most of the cell represents the Al box layer on the upper surface. The center
aperture opens onto the Si anode surface, colored in black with blue-green p signs. The photo-
cathodes (under the aluminum box layer) are colored in a white brick pattern.

The photo-cathodes were formed by ion implanting n* wells (~ 101" cm™) to a depth of ~ 10

pm into the anode.
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Unlike the first generation which used 5.25 x 5.25 pm? square cathodes, the second generation has
2 x 4 um? square cathodes connected to an n - buried layer. Fig.5.2 shows the plan view (to scale)

and the 3-d illustration of the n*and n - buried layer.

(a) (b)

Fig.5.1: (a) 1-d sensor (b) 2-d sensor plan view of the unit cell design layouts (to scale).
Blue shaded regions represent the top Al metal. Aperture openings are black with blue
p signs, which indicates the anode surface. Cathodes are the white bars placed either
side of the aperture named C,_, C_,_, Cayand C_q, depending on their position.

Al metal

5i0,

n- buried layer

(@) (b)

Fig.5.2: (a) plan view of the n+ well and n-buried layer relative to the sensor layout
(to scale). (b) A 3-d schematic illustration (not to scale) of second-generation cathode,
with n* well connected to a n-layer buried in anode, close to the depth of photocarrier
generation. Buried layer is parallel to the aperture extended all the way to the edges
unless limited by fabrication processes rules.
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This new cathode configuration was made to reduce the noise density as it reduces the cross section
area at the Si/SiO> interface, where dangling bonds affect the mobility of carriers and create
fluctuations in carrier density. Normalized photocurrent signal vs angle plots obtained from the
first generation prototype sensors showed a saturation when the light spot shines onto a cathode.
By reducing the width of the cathode, an extended field-of view is expected. The prototype sensors
showed 50% quantum efficiency for 830 nm, 660 nm and 525 nm incident wavelengths. Therefore,
to improve the collection efficiency of photogenerated carriers, the length of the cathode was
increased by adding an n- buried layer which is parallel to the aperture and extends all the way to
the edges unless limited by fabrication rules. Variations were made reducing the length of the n-
buried layer and reducing the contact area of the n™ wells with the SiO> layer to test the expected
behavior.

Second generation sensor layouts have been designed that contain 100 umx100 um and 125
pmx125 pum unit cells, placed on a 1 mm x 1mm sensor area allowing the space to have 10x10

and 8x8 arrays of identical unit cells respectively. All the C, cathodes are connected in parallel

to a common C,  bonding pad to output a total current I, and similarly for , C_, , Cayand
C_ayand their currents I_,,_, Iayand Iq,. Each chip had a common anode bonding pad used as the

circuit ground.

As shown in Chapter 3, the first generation sensors shows 85% improvement in the Angular
Noise Density with a TIA on board. With an on -board TIA the best sensor candidate in the first-
generation needed to improve its FoM by a factor of 10 to meet a desired accuracy criterion (< 1
mm displacement resolution at distance of 1 m with video rate bandwidth) to track human time-
scale motions. Also, the sensors connected to a TIA mounted on a board had 1 ms RC time
constant, which limits the speed of the sensor. Based on the results of the first generation sensors
an integrated on -chip TI1A was designed in the same processing node used to design the Astrolabe
sensors and integrated into ten basic sensor layouts by our collaborators Akash Dey and Dr.
Andrew Marshall in the UTD Electrical Engineering Department.

The second generation sensor has a 1.50 mm x1.20 mm total area with 1.00 mmx1.00 mm

sensing area which contains the array of sensor unit cells.
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The on-chip TIA is monolithically integrated on-chip and occupies a footpring of 0.23 mmx 0.90
mm, situated 0.05 mm to the right of the sensing area. The amplifier area is covered by the same
Al metal used to make the camera box of the sensor and both the amplifier and the sensor area
have an n- buried layer boundary to absorb any stray electrons. Excluding the bonding pads, the
rest of the sensor is covered with an Al alloy material (shaded in red in Fig.5.3) to avoid any photo
carrier generation other than the sensing area. Each chip was mounted in an uncovered 20-pin dual
inline package (DIP) (Fig.5.5 (b)).

o A0
2 0
o >

Fig.5.3: Layout view (to scale) of the Astrolabe sensor with bond pad identities. The
sensor has a 1.50 mm x1.20 mm total area with 1.00 mmx1.00 mm sensing area which
contains the array of sensor unit cells. Here a TIA is integrated with the sensor and
occupies a 0.23 mmx 0.90 mm area, situated 0.05mm right to the sensing area. The
amplifier area is covered by the same Al metal used to make the camera box of the
sensor (shaded in blue) and both the amplifier and the sensor area have an n- buried
layer boundary to absorb any stray electrons. Except the bonding pads, the rest of the
sensor is covered with an Al alloy (shaded in red) to avoid any photo carrier generation
other than the sensing area.
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(a) (b)

Fig.5.4: (a) Microscopic image showing the unit cells of the actual sensor. (b) sensor
wire bonded to a 20 pin dual in line package.

5.2 Sensor Performance

This section presents the unamplified experimental data obtained from 1-d and 2-d sensors. Due
to the large number of sensor variations, TIA mounted on a board was eliminated in the preliminary
study of the sensor characteristics. Goal is to find the optimal sensor based on the intrinsic
characteristics so that one can design an on board or on chip amplifier specific to the sensor that
could improve the sensor performance for a given application. Experimental values are compared
with the advanced theoretical model. To understand the device physics of the sensors, a half pitch
of the 1-d sensor unit cell was simulated using Synopsys TSuprem [27] and Medici [28]
Technology Computer Aided Design (TCAD) for all the sensor layout variations. In the
simulations, the same layout parameters were used as the actual fabrication process. The optical

simulations of the devices were done with our collaborator at Texas Instruments, Dr. Hal Edwards.
5.2.1 1-d Sensors

Since the relation of percentage open area with sensitivity S is unclear in the tested layouts of the
first generation sensors, five variations of percentage open area (9%, 16%, 25%, 36%, 49%) were

designed in the new sensor layouts.
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In the theoretical model the other parameter that affects the sensor sensitivity is the cathode
separation. Therefore, two cathode separation variations were made for the sensor layouts with

16% open area and 25% open area. Table 5.1 contains the 1-d sensor layouts and the parameters.

Table 5.1: 1-d sensor layout parameters

BYOUL g, um) 2w, (um) Wy, 0PN
D00 107 11.25 0.11 9
D10 107 20.00 0.19 16
D15 79.5 20.00 0.25 16
D20 107 31.25 0.29 25
D25 79.5 31.25 0.39 25
D30 107 45.0 0.42 36
D40 107 61.25 0.57 49

5.2.1.1 Total Current and Quantum Efficiency

Fig.5.5 shows the angular response of the total current, I;,.,; Of the layout DOO for -80 ° < 6;,, <
80 ° obtained from 1.) the TCAD simulations, 2.) the 1-d advanced theoretical model of Chapter
4, 3) the measured experimental data under illumination of (a) 830 nm, (b) 660 nm and (c) 525 nm
wavelengths. Inthe TCAD simulations photocarrier generations at a 11.25 um depth from the top
of the Al box was considered and the same depth (d in Eq. (4.15)) was used on the 1-d theoretical
model calculations to match with the TCAD data. Refractive index of the Si, ng; in Eq. (4.15) was
taken as 3.60, 3.80, and 4.15 for 830nm, 660 nm and 525 nm incident wavelengths respectively
[20]. The experimental data were collected using the same laboratory conditions described in Sec.
3.2 with the same measurement setup. Due to the large number of sensor variations, TIA mounted
on a board was removed to in the preliminary study of the sensor characteristics. One can design
an amplifier mounted on a board with a specific gain based on the intrinsic characteristics of the
sensor. The experimental value for the photogeneration rate of the light source, G in Eq. (4.12.1)

can be estimated by,
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P;,cos60;, ( A

6=~ (i) 5.1

Here P;,, is the power for a normal incidence read by a detector with a aperture radius r = 4.75
mm, which was kept at 250 pW for all three measurement wavelengths. his the Plank’s
constant, c is the Speed of light and A is the wavelength of the incident light. The summation of
the Fourier series in theoretical model (Eq.4.12) was carried out from m =1 to 100.

Fig.5.5 shows a good agreement between TCAD and experimental values of I;,;,; for 660 nm
incidence, for incident angles -80 ° < 8;,, -80 °. The maximum values of the I;,.,; obtained for

different layouts are listed on Table 5.2.

(@) A=830nm (b) A=660nNm
25 25
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Fig.5.5: Theoretical, TCAD and experimental angular response of the total
current, I;,:q; Of the layout DOO for -80 ° < 6;,, <80 ° under the illumination of (a) 830
nm (b) 660 nm and (c) 525 nm incident wavelengths.
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The layout parameters used for the TCAD simulations were the same parameters used in the actual
fabrication process and hence the experimental results are close to the values obtained from TCAD
simulations. More realistic TCAD sensor models can account for different aspects of the device
physics of the sensors, including factors such as reflection effects, carrier loss due to recombination
and the true boundary of the cathode due to the p-n junction depletion region. These factors can
be added as a correction factors to the theoretical model, which will be discussed in detail in
Chapter 7. Since we assumed one photon creates one electron-hole pair in the theoretical model,

the resulting values show higher I;;q; -

Table 5.2: Theoretical, TCAD and Experimental values of the maximum total current
for 830 nm IR, 660 nm red and 525 nm green illumination

Maximum I;y¢q; (NA)
Theoretical TCAD Experimental

IR Red Green| IR Red Green| IR Red Green
D00 221 176 129 121 111 85 87 101 62
D10 393 312 229 215 198 151 150 180 111
D15 393 312 229 230 211 161 183 205 127
D20 613 488 358 337 310 236 265 269 181
D25 614 488 358 361 330 252 280 314 195
D30 883 702 516 488 448 342 375 417 261
D40 | 1202 956 702 670 616 470 513 564 333

Layout
Name

The Quantum efficiency, the ratio between experimental and theoretical value of I,,.4; is about
50%, 60% and 43% for A=525 nm, A=660 nm and A=830 nm respectively. 525 nm wavelength has
1.27 um absorption depth in Si [20] which is closer to the Si-SiO; interface with dangling bonds.
The dangling bonds capture and emit photogenerated carriers and hence decrease their mobility
[29] therefore, the number of electrons that reach to the cathodes will be reduced resulting in lower
qguantum efficiency. The n- buried layer is fabricated about 1.25 pum deep into the Si and unable to
capture effectively the carriers generated by 830 nm wavelength, which has about a 15 pm
absorption depth [20], and this also lowers the quantum efficiency at the longer wavelength. From
a fabrication standpoint near 100% quantum efficiency is expected for 660 nm wavelength as it

has a 3.88 um absorption depth. This will be reduced by reflection losses.
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Fresnel calculations estimate about 30% of incident power is lost due to multiple reflections at the
SiO»-air and SiO»-Si interfaces, which could be reduced by antireflective coatings or gratings in

future designs.

5.2.1.2  Angular Sensitivity

Angular Sensitivity, S is the proportionality constant of the relation between normalized photo
current signal, X, and 6;,, as defined on Sec. 3.3.2. The experimental and TCAD S values were
found by plotting the normalized photo current of the two cathodes against the 6;,, , for -40° <
0in< 40°. Similarly, theoretical S was found for -40° < 6;,< 40° by using the expression in
Eq.(3.13) derived in the advanced 1-d theoretical model with the same d and ng; values used to

calculate I, in Sec.5.2.1.1.

Table 5.3: Theoretical, TCAD and Experimental values of the Sensitivity for
different sensor layouts for 830 nm IR, 660 nm red and 525 nm green LED sources

Sensitivity (deg?)
Theoretical TCAD Experimental
IR Red  Green IR Red  Green IR Red  Green
D00 | 0.0010 0.0009 0.0008 | 0.0022 0.0016 0.0014 | 0.0016 0.0012 0.0011
D10 | 0.0010 0.0009 0.0008 | 0.0022 0.0016 0.0014 | 0.0017 0.0013 0.0012
D15 |0.0013 0.0012 0.0011 | 0.0028 0.0021 0.0018 | 0.0024 0.0018 0.0015
D20 | 0.0010 0.0009 0.0008 | 0.0022 0.0016 0.0014 | 0.0018 0.0013 0.0011
D25 |0.0013 0.0012 0.0011 | 0.0028 0.0021 0.0018 | 0.0025 0.0018 0.0016
D30 | 0.0010 0.0009 0.0008 | 0.0022 0.0016 0.0014 | 0.0019 0.0013 0.0012
D40 | 0.0010 0.0009 0.0008 | 0.0022 0.0017 0.0014 | 0.0019 0.0013 0.0011

Layout
Name

Due to the lack of parameters, the simplel-d theoretical model of Chapter 2 did not explain the
aperture area dependence in S shown by the prototype sensors. The advanced theoretical model
has an aperture width term inside a Fourier series. However, the calculated values of S for five
different aperture widths show the impact of the aperture width is negligible, which is confirmed
by the TCAD simulations and experimental data obtained for three different wavelengths (Table
5.3).
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Further, the theoretical, TCAD and experimental values show that S is inversely proportional to
cathode separation 2a,.. Experimental data obtained for 660 nm incident wavelength shows good
agreement with the theoretical and TCAD models, meanwhile 830 nm and 525 nm incidence show
some inconsistency due to the low levels of photocurrents.

Theoretical, TCAD and experimental data shows very good match. TCAD gives 30% higher S
compared to the experimental values and theoretical values are 30% lower compared to the
experimental values. Photocurrents from the TCAD simulations were collected at a 11.25 pum
depth from the top of the Al box assuming the n- buried layer efficiently collects all the carriers.
This could be a reason TCAD gives slightly higher S. The theoretical model does not consider the
depth dependence of the incident light, reflection effects, and carrier loss due to recombination
resulting slightly lower S values. However, the parameters responsible for the discrepancy in the

results is not obvious since we are analyzing normalized photocurrent to get the S.

Table 5.4: Sensitivity calculated from simple theoretical model

Layout Sensitivity (deg™)
Name IR Red Green
D00 0.0010 0.0010 0.0009
D10 0.0010 0.0010 0.0009
D15 0.0014 0.0013 0.0012
D20 0.0010 0.0010 0.0009
D25 0.0014 0.0013 0.0012
D30 0.0010 0.0010 0.0009
D40 0.0010 0.0010 0.0009

Further, S values calculated from the simple theoretical model at a depth of 11.25 um agree
very well with the values calculated from the advanced theoretical model (Table 5.4) and follow
the trend of both experimental and TCAD data. The width dependency shown in the prototype
sensors could be due to the combined 1-d and 2-d behavior of the ‘+’ shape aperture.

Therefore, the simple model can be used to estimate the characteristics of 1-d sensors and the

Fourier series in advanced theoretical model can be approximated to,
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2a,

The S values obtained from the first generation are relatively high with the best S=0.0131 deg ™
for 660 nm incident wavelength. Layout D25 and Layout B with close aspect ratios (

Wx/a ) shows good agreement for 830 nm illumination and Layout B has four times higher S for
X

visible wavelengths. However, the comparison between two generations is not completely fair due
to the highly varied layout parameters including unit cell dimensions, aperture shape and cathode
modifications.

5.2.1.3  Angular Noise Density

The angular noise density, 7 = o7'2/S where o and rare the standard deviation of X and the
measurement integration time respectively. The experimental data were collected in the standard
conditions described in Sec. 3.2 without any signal amplification. Table 5.5 summarizes the
n values calculated for three different incident wavelengths. Number of photogenerated carriers
are proportional to the sensor open area and hence 7 decreases with increasing sensor open area,
which is confirmed by the quadratic relation of o with the sensor open area for all three tested
wavelengths as shown in Fig.5.6. Also, rincreases approximately 30% when the cathode
separation is doubled. As expected, 525 nm illumination results in higher 7 due to the lower
quantum efficiency due to scattering from interface dangling bonds. o is low for 660nm light
source (Fig .5.6) as it has the highest tested quantum efficiency. However, the 7 is higher compared
with 830 nm illumination due to the lower S.

Layout D with 42% open area in the first generation shows the lowest 7, the best reported value
without any signal amplification is 0.510 deg/NHz under the illumination of 660 nm wavelength
LED. Layout D40 with 49% open area and D25 with 25% open area with closer cathodes shows
the lowest 7 for A=830 nm in the second generation 1-d sensors, which are approximately three

times lower than the lowest 7 in the first generation (Table 5.5).

53



Table 5.5: Angular Noise Density

Layout  Noise Density (deg/NHz)
Name IR Red  Green

D00 0587 0686  1.160
D10 0333 0405 0691
D15 0235 0271 0540
D20 0218 0305 0610
D25 0195 0211 0.345
D30 0218 0267 0.420
D40 0184 0224 0314
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Fig.5.6: The variation of standard deviation of the normalized photocurrent, o with the
open area of 1-d sensors for 830 nm, 660 nm and 525 nm light sources.
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5.2.1.4  Figure of Merit
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Fig.5.7: Sensor layouts in first generation and second generation and their FoM for
A=830 nm, 660 nm and 525 nm.

The second generation sensors have relatively large sensing area, 10001000 um? compared to
that of the first generations 400x400 pum? sensing area. For a fair comparison, incident power
density was considered instead of incident power. Smallest FoM shows the best performance. Fig.
5.8 compares the FoM of the two sensor generations obtained for the unamplified signal under the
standard measurement conditions, 21.7 ms measurement band width and a steady state light source
with 0.13 pWum2 incident power. In both generations, FoM decreases with the increasing open
area and reduced cathode separation of the sensor. The best FOM in second generation is three

times lower than that of first generation due to the reduction in 7, without amplification.
5.2.2 2-d Sensors

In order to compare the sensor performance with the 1-d sensors, the same five variations of
percentage open area were designed in the 2-d sensor layouts keeping the cathode separation the
same as 1-d. Also, the same cathode separation variations were made for the sensor layouts with

16% open area and 25% open area. Table 5.6 contains the 2-d sensor layouts and the parameters.
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Table 5.6: 2-d sensor layouts and parameters

et aem g M, 0
M 100 107 37.5 0.35 9
M 110 107 50.0 0.47 16
M 115 79.5 50.0 0.63 16
M 120 107 62.5 0.58 25
M 125 79.5 62.5 0.79 25
M 130 107 75.0 0.70 36
M 140 107 87.5 0.82 49

5.2.2.1 Total Current and Quantum Efficiency

Table 5.7: Experimental and theoretical values of total current for A=830 nm IR, 660
nm red and 525 nm green.

Maximum I;y¢q; (NA)

Layout

Theoretical Experimental
Name

IR Red Green IR Red Green

M 100 338 269 198 107 114 70
M 110 541 430 316 182 203 126
M 115 456 363 266 198 222 138
M 120 749 596 437 282 317 196
M 125 584 464 341 290 324 202
M 130 941 748 550 409 455 284

M 140 | 1094 870 639 558 624 390
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Table 5.7 shows the theoretical and experimental values of total current for A=830 nm, 660 nm
and 525 nm. Due to the complexity, TCAD models were not simulated to compare the
performance. Eq. (3.30) in the advanced 2-d theoretical model was used with the same wavelength
parameters used in the 1-d theoretical model. Unlike in the 1-d layouts, there is a mismatch
between the 2-d sensor layouts and the theoretical model as the fabrication rules prohibited
extending the cathodes to the edges of the square aperture. Practically this should lower the I;,¢q;
compared to the 1-d sensors with similar layout parameters. However, there is no significant
variation observed in the experimental values. The average quantum efficiency for a given
wavelength is the same as in the 1-d sensors, showing 60% of maximum for A=660 nm which
confirms the n- buried layer of the cathodes serve its purpose when the wavelength of the incident

light is closer to 660 nm.

5.2.2.2  Angular Sensitivity

Theoretical values of S were calculated from Eqg. (3.27) with the same wavelength parameters used
in the previous sections. Table 5.8 summarizes the theoretical and experimental values of S for the
wavelengths used. Compared with the experimental values of 1-d sensors, 2-d sensors also show
higher S for A=830 nm. S is approximately twice that of 1-d sensors under the visible wavelength

illumination, and S increases an additional 20% when the cathode separation is reduced by half.

Table 5.8: Experimental and theoretical values of Sensitivity for A=830 nm IR, 660
nm red and 525 nm green.

Sensitivity (deg™?)

Layout

Name Theoretical Experimental

IR Red Green IR Red Green

M 100 | 0.0022 0.0020 0.0019 | 0.0013 0.0020 0.0019
M 110 | 0.0018 0.0017 0.0016 | 0.0022 0.0021 0.0019
M 115 | 0.0018 0.0017 0.0016 | 0.0037 0.0031 0.0028
M 120 | 0.0015 0.0014 0.0013 | 0.0025 0.0022 0.0020
M 125 | 0.0011 0.0011 0.0010 | 0.0041 0.0033 0.0028
M 130 | 0.0011 0.0011 0.0010 | 0.0028 0.0023 0.0021
M 140 | 0.0007 0.0007 0.0006 | 0.0030 0.0024 0.0021
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Theoretical model shows S should be larger for smaller aperture open area. Intuitively this should
be true because the light beam is more localized when the aperture is small, and this was the trend
we saw from the first generation prototype sensors. However, the experimental results of the 2"
generation 2-d sensors do not agree with this prediction. Fig.5.8 shows the experimental and
theoretical results of S with aperture open area for three different wavelengths, in all three cases

the experimental S increase with the open area of the aperture.
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Fig.5.8: Theoretical and experimental Sensitivity for (a) A=830 nm, (b) 660 nm and
(c) 525 nm.
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Why there is a disagreement between experimental and theoretical dependence of S on aperture
area is not understood at this time. We can, however, speculate on possible causes of disagreement.
Any reflection effects can be disregarded as the source of error because S is calculated from the

normalized cathode currents. The observed behavior could possibly be explained by recombination
effects. A photoelectron generated near the middle of the active region has a long distance to travel
before it can be collected by a cathode and thus it is more likely to undergo recombination.
Therefore, the contribution of photocarriers generated in the middle region of the active area to the
cathode current is suppressed by recombination more than photocarriers generated near the
cathodes. Prototype F and H with the blocking structures in the middle of the active area shows
higher S compared to its identical layout without the blocking structure, this experimental result
further confirms that the light collected at the center of the aperture does not contribute to the S as
much as the edges. For a proper understanding of the sensor behavior one must add an appropriate

recombination term in the derivation of the model.

5.2.2.3  Angular Noise Density

Table 5.9: Angular Noise Density

Layout  Noise Density (deg/NHz)

Name IR Red Green

M100 0966 0.553  0.984
M 110 0351 0.310 0.566
M115 0199 0.216  0.364
M120 0.211 0.231 0.385
M125 0.125 0.148  0.265
M130 0.155 0.177 0.317

M140 0.125 0.147 0.275
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For the same reasons as 1-d sensors, the 2-d sensors’ ¢ also decreases quadratically with increasing
aperture area (Fig.5.9). Decreasing cathode separation by half decreases 7 by 40% and 7 is higher
for A=525 nm. Except for M 100; the sensor with smallest open area, 77 is approximately 30%
lower in 2-d sensors compared with the 1-d sensors with similar layout parameters due to the two
times higher S (Table 5.9).
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Fig.5.9: The variation of standard deviation of the normalized photocurrent, o with the
open area of 2-d sensors for A=830 nm, 660 nm and 525 nm light sources.

5.2.2.4. Figure of Merit

Fig.5.10 compares the FoM of second generation 1-d and 2-d sensors. In both cases lower FOM is
observed for sensors with higher percentage open area and FOM decreases with the cathode
separation. The best FOM of new layouts in the second generation is approximately three times
lower than that in first generation. If the amplifier mounted on a board could reduce the FoM
further by 85%, the 1-d and 2-d sensors discussed in this section are capable of tracking human

time-scale motions with < 1 mm displacement accuracy as discussed in Sec.3.3.4.
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5.3 Layout Features and Performance

This section discusses additional features which improve the quality and FoM of the sensors to be

used in a wide range of possible applications.

5.3.1 Different Cathode Types

Table 5.10: Cathode features and FoM

Layout
name

Cathode Feature

FoM (deg.W/um? NHz)

IR Red Green

M 030
M 031
M 034

Baseline

1/2 n- buried layer length

1/2 n* well cross- sectional area

0455 0.528  0.965
0555 0.663  1.189
0476 0.610 1.092
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As mentioned in the layout design, two 5.25 x 5.25 um? square n* well cathodes in the first
generation were replaced with a single 2 x 4 um? square n* well connected to an n - buried layer
in the second generation. In order to test the impact of new cathode, layout variations were made
for 2-d sensor M 030 which has 100 um unit cells with 36% open area, 82 um cathode separation,
66 um n - buried layer length and 2 x 4 pm? square n* well. Table 5.10 summarizes the cathode
features and FoM.

Reducing the length of the cathode, reduces the quantum efficiency at the visible wavelengths.
Illumination with IR creates photocarriers deeper than the n-buried layer and hence show no
variations in quantum efficiency. The probability of photoelectrons reaching to the corners of the
active region is low due to recombination effects and hence only a 24% reduction in S was
observed with the reduction of cathode length for all the tested wavelengths, which increases FoM
by the same percentage amount.
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Fig.5.11: Field of View of first generation layout G and second generation layout M
20 for A=660 nm.
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Significant reduction in o was expected by reducing the cross sectional area of the n* well as it
reduces the contact area to the Si-SiO; interface where the carrier mobility decreases due to the
dangling bonds. However, experimental results show only a 14% reduction under visible
wavelength illumination. The other benefit of decreasing the dimensions of the n* well is that it
could increase the field of view.

When the light is incident on the cathode, a saturation in photocurrents was observed in the

prototype sensors. Fig.5.11 shows the field of view of prototype sensor G and of second generation

2-d sensor M 20, which have aspect ratios (W"/ax ) of 0.67 and 0.61 respectively. Layout G with
cathode width 5.25 pum shows a 40° linear field of view while layout M 20 with 2 um cathode

width shows a wide linear field of view about a 70° where the response remains linear almost right

to the horizon.

5.3.2 Unit Cell Dimension Variations

Table 5.11: Layout variations made in 100 um x100 pum unit cells and their FoM

0, 2
Layout  2a, 2w, Wx/ Og:en FoM (deg.W/um? NHz)
Name  (um) (um) Ax Area IR Red Green
M 010 82 40 0.49 16 0.91 0.97 1.69
M 020 82 50 0.61 25 0.64 0.72 1.22
M 030 82 60 0.73 36 0.45 0.53 0.96

By reducing the active area of the sensor, better performance was expected as it would reduce the
total number of carrier recombination (assuming the carrier lifetime is a constant) which is a source
of noise and loss of signal. 2-d layout M 110 (introduced in Sec. 5.2.2) has a 16% open area,
0.47 aspect ratio and composed of 125 um %125 um unit cells, by keeping the percentage open
area and the aspect ratio approximately a constant, layout M 010 was made with 100 pum x100 pum
unit cells in order to compare the effects of unit cell scaling in sensor performance. Similarly,
layout M 020 and M 030 were made which contains small scale sensor unit cells of layout M 120

and M 130 respectively.
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Table 5.11 contains the layout parameters and the FoM of the sensors made in smaller unit cells.

Reducing unit cell area also reduces the aperture area and the total photocurrent. Therefore, the
reduction of recombination effects in the noise figure becomes insignificant relative to the total
current. However, this will increase the number of carriers reaching to the cathode with position
information and increase S. Experimental data shows sensors made with small unit cell increase S
by 40% and the reduction in o is below 10% for the same percentage open area. For all the tested
wavelengths, the FOM of the sensors made with 100 pm %100 pum unit cell shows about a 30%
reduction compared to the sensors made in 125 pm %125 pm unit cells (Fig.5.12).
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Fig.5.12: FoM of the sensors with same percentage open area made in 100 um x100
um unit cell and 125 pm %125 pum unit cell for A= 830 nm, 660 nm and 525 nm.

5.3.3 Guard Ring

Crystallographic defects within the depletion region of the pn junction can randomly generate
electron hole pairs [30]. When the sensor is illuminated, these randomly generated “stray” carriers
can recombine with photogenerated electron and holes creating noise.
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A test sensor layout (M 122) was made based on layout M 125 but adding a guard ring around
each unit cell as shown in Fig.5.13.

Each guard ring consists of four n™ wells at the corners of the unit cell connected by an n- buried
layer which is connected to a bonding pad to be grounded in use. Experiments carried out in a dark
environment (sensor covered with a black box) show litar increases by 4% and the dark o of the
signal can be reduced by 15% by having a guard ring. Also, guard ring can prevent the

photocarriers traveling to the neighboring unit cell.

5.3.4 On-chip Amplifier

First generation prototype sensors showed 85% improvement in FoM when used with an amplifier
on board, placed few centimeters away from the sensor and connected to the sensor via soldered
wire leads. A significant performance improvement was expected by monolithically integrating an
amplifier, only 50 um away from the sensor area on the same chip. However, experimental results
of the second generation sensors show only a 30% improvement in the FOM using either an
amplifier mounted on a board or an on chip amplifier. Table 5.12 contains the standard deviation
of the normalized photo current signal measured for 50 s at 0° for A=830 nm. To properly
understand what is limiting the performance of the amplified signal we analyzed possible sources
of noise (explain in chapter 7) and developed a noise model to find the optimal condition for the

amplifier to operate.
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Table 5.12: Amplifier types and standard deviation of the normalized photo current
signal measured for 50 s at 0°

Layout Amplifier Type 6 (1073)
M 100 None 5.74
M 100 on board 3.74

M 100A on chip, High Confidence 5.16

M 100AH  on chip, High Performance 3.89

5.3.4.1 Response speed with amplifier
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Fig.5.14: Response time with incident angle calculated from the theoretical model for
(a) 1-d (b) 2-d sensors.

Fig.5.14 (a) shows the theoretical values of the 1-d sensor response time with the incident angle
for layout M D30, M D20 and M D25 with 36% open area, 25% open area, and 25% open area
with the closer cathodes, respectively. The response time is about 400 ns and is inversely
proportional to the cathode separation. The angle dependency is insignificant. 2-d sensors show
the same behavior (Fig.5.14 (b)) with half the values of 1-d sensors of the same type.
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Fig.5.15: The oscilloscope trace of optical pulse across the LED in blue and the
corresponding diode (cathode C1 and the anode) response in yellow for the layout M
100 under the illumination of 660 nm wavelength LED with the blinking frequency of
(@) 1 kHz, (b) 3.125 kHz and (c) 6.250 kHz. Dotted grid lines show a major division
of the axis and the corresponding values per divisions are given at the bottom of the
plot.

Fig.5.15. shows the oscilloscope trace of the square wave driving the LED (in blue) and the
corresponding Astrolabe photodiode (cathode C1 and the anode) response in yellow for the layout
M 100A which has 9% open area and monolithically integrated amplifier, under the illumination
of 660 nm wavelength LED. As described in Sec. 3.3.5 the speed of the sensor is ultimately limited
by parasitic capacitance and the input impedance of the amplifier rather than by photocurrent drift

speed.
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Compared to the 1 ms RC time constant obtained with an on amplifier board for first generation
prototypes (see Chapter 3.3.5), we found that having an amplifier integrated into the sensor layout
decreases the RC time constant of the sensor to ~ 10 ps because monolithically integrated TIA on
the sensor chip eliminate the soldered wire connectors to the Astrolabe chip and hence reduce the

RC time constant significantly. Reduced time constant results higher sensor speeds.
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CHAPTER 6

ASTROLABE SENSOR APPLICATION LIMITATIONS AND IMPROVEMENTS

This chapter discusses the limitations of the Astrolabe sensor as it pertains to some potential
practical applications and some possible solutions that could be used to get around these

limitations.

6.1 Tracking Multiple Objects

Sensor

Fig.6.1: Schematic of the experimental setup-a is the viewing angle as seen from the
center of the sensor. d is half the distance between LEDs.

For many application purposes, the ability to detect the position or motion of two separate light
tags was tested with a 1st generation Layout A Astrolabe. As illustrated in the Fig.6.1, two 660 nm
wavelength LEDs each with 300 pW incident power (directly read off the power meter placed 20
cm away from the LED) were placed such that, a =10° and d=3 cm. Experimental data were

analyzed using the standard laboratory conditions.
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Fig.6.2 (a) shows the X for: Case.1: when both light sources are powered, Case. 2: powering only
the left LED, Case.3: powering only the right LED and, Case.4:by replacing two LEDs with a
single LED placed at the geometrical center with 550 pW incident power (power equivalent to the
direct power read at the center when both LEDs are illuminated). The signals from Case.1 and
Case.4 are identical while Case.2 and Case.3 shows a shift in 2'and its horizon. This data indicates
that the sensor reads the centroid of illumination when using multiple light tags. Further, the above
phenomenon is confirmed by the observed reduction in photocurrent signal with increasing a (Fig.
6.2 (b)) due to the decrease of the power read at the center as the light sources move farther apart
from one another. This behavior was expected as the sensor follows simple pinhole optics. As a
solution, an additional variable can be introduced to distinguish the light sources. For example, by
modulating the light from each LED at a different frequency, which in case can be detected
individually by combining the sensor with a lock in amplifier.
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Fig.6.2: (a) 2 of Layout A under the illumination of 660 nm LED for Case.1 (black
with open squares), Case.2 (blue with open circles), Case.3 (magenta with stars), and
Case.4 (red with asterisks). (b) photocurrent signal when a =10° (purple with open
circles), a =20° (light blue with open squares), and a =30° (green with asterisks).
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6.2 Current Loss due to Surface Reflection

As described in Sec. 3.4.1, it was identified from the 1st generation prototype sensors that
constructive and destructive interference between reflections at the Si—SiO; interface is responsible
for the deviations from linearity of X plotted against the incident angle. These deviations add an
error to the S of the sensor. Further analysis with Fresnel reflection calculations show that
approximately 30% of incident power is lost due to multiple reflections at both the air-SiO and
the Si—SiO interfaces, which can explain the roughly 60% maximum quantum efficiency obtained
from the second generation sensors.

Creating a rough surface by adding ridges onto the Si surface to suppress surface reflections
and enhance photocurrent density has been a major research area in energy harvesting using solar
cells. Various numerical and experimental research has been done with solar cells optimizing the
parameters of the ridges that could maximize the photocurrent density over a wide range of
incident angles for the application purpose of harvesting maximum energy per day depending on
the position of the Sun [31] [32] [33] [34] [35]. We used the same concepts on an Astrolabe sensor

to minimize the reflections and enhance the sensor performance.
6.2.1 Gratings and Performance

In this section we present optimizing the surface roughness i.e. the dimensions of the gratings that
could enhance the photocurrent signal and its stability over a wide range of incident angles for four
different wavelengths: 830 nm, 660 nm, 525 nm and 480 nm. Then we expand the analysis to find
the stability of X with the incident angle and hence the linearity of the X vs angle plot and the
sensitivity S.

The layout variations introduced in the first generation were insufficient to understand grating
effects. Therefore, a series of 1-d and 2-d sensor layouts with different grating dimensions were
made in the second generation. Fig.6.3 shows an illustration of the side view (not to scale) and the
basic dimensions of gratings on the Si-SiO; interface. The 1-d grating layouts; M D3N1, M D3N2,
M D3N3 and M D3N4 contain parallel lines separated by 0.2 um which extend all the way to the
edge of the anode, perpendicular to the slit, with line widths ( G4t ) =0.225 pum, 0.325 um,
0.425 pm, and 0.550 pm respectively.
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2-d grating layouts; M 13N1, M 13N2, M 13N3 and M 13N4 contain squares separated by 0.2 um
with square widths ( G,y;g¢, ) =0.50 um, 0.60 pum, 0.75 um, 1.00 um respectively.

(@) Si0, (b)

Si0,

Si p- Anode Si p- Anode

Fig.6.3: An illustration of the side view (not to scale) and the basic dimensions of (a)
gratings with silicon and (b) gratings with polysilicon on the Si-SiO; interface.
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Fig.6.4: Layout (to scale) of the repeating unit of MOD 13NM. This contains the unit
cells of MOD 13N1, MOD 13N2, MOD 13N3 and MOD 13N4 which has 0.2 um
parted squares with square width ( G,,;4:, ) =0.50 pm, 0.60 pum, 0.75 pum, 1.00 pm
respectively. The magnified layout inside the red box with the grating dimensions is
shown at the corner of each unit cell named (a),(b), (c) and (d).
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Fig.6.5: Layout (to scale) of the repeating unit of MOD 13PM. This contains the unit
cells of MOD 13P1, MOD 13P2, MOD 13P3 and MOD 13P4 which has 0.2 um parted
squares with square width ( PG,z ) =0.75 pm, 0.85 pum, 0.95 pum, 1.00 pm
respectively. The magnified layout inside the red box with the grating dimensions is
shown at the corner of each unit cell named (a), (b), (c) and (d).

To minimize the wavelength dependence in interference, 1-d sensor M NM and 2-d sensor M
13NM were made with alternating unit cells of all four grating variations. Fig. 6.4 shows the layout
(to scale) of the repeating unit of the M 13NM alternating grating arrangement. An improvement
for the grating was made by adding polysilicon on top of the gratings. Fig.6.3 (b) shows an
illustration of the side view (not to scale) and the basic dimensions of poly-gratings on the Si-SiO>
interface. Reduced interference effects are expected as polysilicon has a higher refractive index.
2-d poly silicon gratings include five grating layouts; M 13P1, M 13P2, on M 13P3, M 13P4 and
M 13PM with grating square widths ( PG,z ) =0.75 pm, 0.85 pm, 0.95 um, 1.00 pm

respectively, and a combination of all four gratings (Fig.6.5).
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Due to the lack of resources only one polysilicon grating layout was made in 1-d, M D3NP. To

test the effects of orientation of the grating with the angle of incidence M NV, a 1-d sensor was

made with grating parallel to the slit aperture.

Table 6.1: Summary of grating types. All the grating layouts have 125 umx125 pm
unit cells with 107 um cathode separation and 36% open area. In all the layouts
gratings are separated by 0.2 um distance.

Grating Dimensions

Layout Layout Description (um)
Height Width
M 130 2-d, no gratings - -
M 13N1 2-d, square gratings 0.4 0.50
M 13N2 2-d, square gratings 0.4 0.60
M 13N3 2-d, square gratings 0.4 0.75
M 13N4 2-d, square gratings 0.4 1.00
M 13NM | 2-d, Alternating unit cells of M 13N1, M 0.4 0.50, 0.60,
13N2, M 13N3 and M 13N4 0.75, 1.00
M 13P1 2-d, square gratings with Polysilicon 0.6 0.75
M 13P2 2-d, square gratings with Polysilicon 0.6 0.85
M 13P3 2-d, square gratings with Polysilicon 0.6 0.95
M 13P4 2-d, square gratings with Polysilicon 0.6 1.00
M 13PM | 2-d, Alternating unit cells of M 13P1, M 0.6 0.75, 0.85,
13P2, M 13P3 and M 13P4 0.95,1.00
M D30 1-d, no gratings - -
M D3N1 1-d, line gratings, perpendicular to the 0.4 0.225
cathodes
M D3N2 1-d, line gratings, perpendicular to the 0.4 0.325
cathodes
M D3N3 1-d, line gratings, perpendicular to the 0.4 0.425
cathodes
M D3N4 1-d, line gratings, perpendicular to the 0.4 0.550
cathodes
M D3NM | 1-d, Alternating unit cells of M D3N1, M 0.4  0.225,0.325,
D3N2, M D3N3and M D3N4 0.425, 0.550
M D3NP 1-d, line gratings, perpendicular to the 0.6 0.550
cathodes with Polysilicon
M D3NV | 1-d, line gratings, parallel to the cathodes 0.4 0.225
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Fig.6.6 (a) shows the 2-d sensor angle sweep of liotal for A=660 nm for different grating widths.
Data from each sensor were fit to an 6th order polynomial. Fig.6.6(b) shows the deviations of ltotal,
obtained by subtracting the data from the polynomial fit to the signal. The deviations of the signal
are repeatable sine like patterns with an amplitude that vary with the width of the gratings. As we
discussed earlier, surface reflections and interference effects are responsible for the sine like

patterns and for an ideal sensor this should be minimal.

7 8
5 X 1]0 T 1 s 1|0 T T T T T T
ast : :
0.5 ey
- | |
4r 1 2 !
; ¥
u_ L)
< 35f . s O
< £
ki g
-2 3t 1 %
snmn = flgt E -0.5 !
0.50 zm ‘= ug
- T 2 .
25 0.60 um _2 = "a
- = L
0.75 pm -1 mmmnniflgt — () 5 pm i
2 1i|00 pm 7 0.60 pxm 0.75 um
a 1.00 pm all
15 1.5 : L : : y '
60 -40 -20 0 20 40 60 60 40 -20 0 20 40 60
o (Deg) ¢ (Deg)

Fig.6.6: (a) shows the 2-d sensor angle sweep of lotal for A=660 nm for different grating
widths and (b) the fluctuations of the lwtal, Obtained by subtracting its polynomial fit
from the signal.

The impact of a grating depends on the incident wavelength. The quantum efficiency values
calculated from the lwtar at 0° for different grating types in 1-d and 2-d sensors are shown in Fig.
6.7. 830 nm wavelength creates carriers below the n- buried layer of the cathode and results in
lower quantum efficiencies. Shorter wavelengths 480 nm and 525 nm create photoelectrons closer
to the Si-SiO> interface where they lose mobility due to interface defects. Meanwhile, 660 nm
wavelength creates photoelectrons closer to the buried layer resulting in relatively higher quantum

efficiencies.
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Compared with the sensor with flat surface (no grating), gratings made with polysilicon show
lower quantum efficiencies for short wavelengths with lower absorbing depths due to the
additional height added by the polysilicon on top, but higher quantum efficiencies for longer
wavelengths. In both 1-d and 2-d sensors, smaller width gratings show good enhancement of
photocurrent. Vertical lines on 1-d sensors works better for longer wavelengths compared to the
horizontal lines showing the orientation of the gratings has an impact on photocurrent

enhancement. Alternating grating arrangements shows the average of its constituents.

Table 6.2: Current loss per unit area for different grating types

Current loss per unit area

Layout (PA pm)
480nm 525nm 660 nm 830 nm
M130 | 03204 03483 03653 0.6294
MISNI | 57880 03120 03126 05347
MI3N2 | 57875 03085 03262 05346
MI3N3 | 97877 03102 03223 05517
MI3N4 | 93001 03225 03375 05528
MI3NM | 02985 03216 03246 0.5392
MI3PL | 03255 03345 03156 05275
MI13P2 | 03315 03396 03178 05223
MI3P3 | 03351 03443 03261 0.5202
MI13P4 | 03394 03522 03233 0.5246
MI3PM | 03321 03408 03174 05224
MD30 | 93203 03562 03813 0.6185
MD3NL | 55781 03123 03312 05707
MD3N2 | 92803 03030 03325 05524
MD3N3 | 57989 03299 03412 05583
MD3N4 | 93016 03276 03589 0.5694
MD3NM | 92946 03198 03395 0.5583
MD3NP | 53790 03517 03332 05173
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By using the theoretical derivations of total current for 1-d and 2-d sensors, the current loss per
unit area for different types of gratings were found by taking the average of ( Iiotai Theoreticat —
lotar Experimentar) TOr [0in| < 40° and dividing it by the active area of the sensor.The
calculated values on Table 6.2 shows a maximum of 13% improvement with small width
polysilicon gratings. It has been reported that adding an anti-reflective coating on top of the

gratings can reduce the current loss per unit area by 50% [35] [36].
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Fig.6.8: Standard deviation of the amplitude of sine like patterns of (a) 1-d and (b) 2-
d grating types for |6in| < 40° under the illumination of A=480 nm (blue),525 nm

(green), 660 nm (red) and 830 nm (black).
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Fig.6.8 shows the standard deviation of the amplitude of sine like patterns of 1-d and 2-d grating
types for 40°< 6in < 40° for four different wavelengths. The wavelength with highest quantum
efficiency A=660 nm, shows the amplitude of the deviation patterns decreases with the grating
width, and in both 1-d and 2-d sensors the alternating arrangement of gratings results in lower
deviation amplitude compared to the best single-direction grating arrangement. Comparing the
gratings of same width, with and without polysilicon, gratings with polysilicon show a significant
drop in the deviation amplitude for A=830 nm. Vertical gratings made in 1-d sensors significantly
increase the amplitude of the fluctuations for longer wavelengths. Trends in shorter wavelengths
are not significant as they have a shallow absorption depth.

Although gratings enhance photocurrent signal and stability, experimental results show that the
impact of gratings is not significant enough to decrease the amplitude of the fluctuations of the
normalized signal X. ¥ normalizes out the interference effects along with the photocurrents and

hence show little to no variations in S.
6.3 Packaging

For the experiments, second generation Astrolabe sensors were wire bonded into Kyocera KD-
S86832 20 lead side brazed dual inline packages. Fig.6.9 shows the variation of X with incident
angle for two different orientations of 2-d sensor M 100. By the symmetry, orientation A and
orientation B should give the same result as it corresponds to 2x and Xy respectively. However,
orientation B shows a deviated signal due to the reflections coming from wire bonds on the LED
trajectory. Also, the shining surface of the package may be interfering with the experimental
results, something which need to be further investigated. Having shorter wires bonded to one side

of the sensor package and a nonreflective black package may reduce these errors to some degree.
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CHAPTER 7

CONCLUSIONS AND FUTURE DIRECTIONS

A simple integrated circuit Si “Astrolabe” capable of electronically tracking the angular position
of a point-source light tag is demonstrated in this dissertation. These IC Astrolabes were fabricated
using standard commercial Si CMOS processing and hence can be made at very low marginal cost.
The use of pinhole optics obviates the need for external optics, so these sensors are simple,
compact, and cost-effective to implement. A simple 1-d model of sensor response is developed in
chapter 2, and the fundamental performance characteristics of several layout variations of first
generation prototype sensors are presented in Chapter 3. Due to the mismatch between the
theoretical model and experimental results of the prototype sensors, a more advanced theoretical
model was developed for 1-d and 2-d sensors by considering the time dependent diffusion of the
carriers in steady state. Based on the prototype experiments and modeling, a second generation of
both 1-d and 2-d Astrolabe sensors was designed and manufactured in order to compare with the
theoretical models. The experimental results obtained from the 1-d sensors agree well with the
advanced theoretical model and with TCAD simulation results. Measurements, theory, and TCAD
are all within ~ 30% of each other. Further, physical parameters such as carrier recombination and
reflection at the surface obtained from TCAD simulations can be introduced as a correction terms
in the theoretical model in order to design an optimal sensor for a given application in future

generations.
7.1 Proposed improvements to the theoretical model

The advanced theoretical model assumes the edges of the cathodes to be the boundary of the active
region of the sensor. TCAD simulations show the photodiode p-n junction created at the edge of
the cathode introduces a depletion region of about 1 um width into the active region of the sensor
for all the 1-d sensors. The cathode separation should account for this change in the theoretical
model. Although this difference is insignificant compared to the dimensions of cathode separation
(207 pm and 79.5 um) in the second generation sensors, it might impact on future sensors with

small unit cell dimensions.
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Further the photogeneration rate G in the theoretical model (Eq.4.7-Eq.4.16 in 1-d model and
Eq.4.23 to Eq.4.33 in 2-d model in Chapter 4) could be modified to G; considering the reflection
of light at the surface of the sensor and the depth dependence of the incident light. The absorbed
amount of incident photons at the surface is (1 — R)I;;,, where; R is the reflection coefficient at the
surface which can be calculated using Fresnel’s reflection [24] and I, is the incident intensity in
photons. Also, the incident intensity at the top of the surface decay exponentially with the depth

Therefore, for a given wavelength. G; can be written as;
G, =1 —-R)Ilje % (7.1)
Here, a absorption coefficient, z is the coordinate normal to the surface and I, is given by,

P;,cos0;, ( A )

r? he (7.2)

lin =

Where, P, is the power for a normal incidence read by a detector with a radius r, h is the Plank’s
constant, c is the Speed of light and A is the wavelength of the incident light.

In addition to diffusion, photogenerated carriers undergo recombination which was neglected
in the theoretical model. Carrier recombination can happen through multiple relaxation process
including band-to-band recombination, Shockley—Read-Hall trap-assisted recombination, Auger
recombination and surface recombination [37] [38] [39] [40] [41]. The contribution of each
recombination process depends on the incident wavelength, surface properties, doping
concentrations etc. which makes the theoretical calculation of carrier loss due to recombination
complex.

An easy approach to address the correction terms is to simulate a realistic device in TCAD that
matches the process parameters used for sensor fabrication with fine meshing in order to account
for reflection effects and recombination effects. Our collaborator at Texas Instruments, Dr. Hal
Edwards, has done optical simulations for the 1-d sensor TCAD models made in the same process
flow of sensor fabrication with effective optical simulation parameters taken from the literature
for optical devices [42] [43].
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Fig.7.1 shows the TCAD simulation results of modified Generation rate Gy (solid lines) and
Recombination & for different in for A=660 nm on the Astrolabe layout D00 with 9% open area.
The parameters used for the photogeneration match the standard laboratory measurement
conditions. Table 7.1 contains the maximum value of R at in =0° obtained for different layouts
for A=830 nm, 660 nm and 525nm. One can simply replace G in the theoretical model (Eq.4.7-
Eq.4.16 in 1-d model and Eq.4.23 to Eq.4.33 in 2-d model in Chapter 4) with G1-Rcoséin. to add
the correction terms into the theoretical model. The TCAD models can further be improved with
fine meshing and increased number of incident rays (reduce the possible contribution to edge noise

due to random fluctuations), in order to obtain results that are close to the experimental results.
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Fig.7.1: TCAD simulation results of modified Generation rate G1 (solid lines) and
Recombination R (dashed-line)s vs. distance from the two cathodes in Astrolabe
layout DOO. Here the cathode boundaries are at x = £ 50 um. The incident angles are
Oin =-40° (pink), -60°(yellow), -40° (blue), -20° (red) and 0° (black) for A=660 nm
light.
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Table 7.1: TCAD simulation results for the carrier recombination & (at 9in =0°)
obtained for different layouts for 830 nm IR, 660 nm red and 525 nm green LEDs.

Layout R x10% (cm3s?)

Name IR Red Green

D00 2.36 2.10 1.15

D10 4.01 3.60 2.01

D15 3.04 2.71 1.51

D20 5.88 5.30 3.02

D25 4.37 3.90 2.24

D30 1.77 7.01 4.10

D40 9.41 8.49 5.11

7.2 Proposed Layout improvements

The second generation 1-d sensors show very good agreement with the advanced theoretical model
and the TCAD simulation results. The theoretical model can be further improved by incorporating
the device physics of the TCAD models. Also, for a given cathode separation, for a given
wavelength, normalized photocurrent signal fluctuations show a quadratic relation with the open
area of the sensor. By using the modified theoretical model and the quadratic relation with the
noise figure, one can predict the dimensions of a sensor with a particular FOM needed for an
application. Due to the complexity of the 2-d sensors it is difficult to simulate accurately in TCAD
and the deviations between the experimental and theoretical model results are hard to explain.

There is high demand for an industrial application sensor capable of 2-d tracking. For the goal of
2-d tracking, a sensor was made with alternating simple 1-d sensor unit cells in x and y direction

arranged in a “checkerboard” geometry (Fig.7.2 (a)).
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Fig.7.2 (b) shows the repeating unit cell of the sensor with cathode separation comparable to the

2-d model. If the currents read on the cathodes Cyy, C_gyx, Cay and C_gy, are , Iy, Iy, Igy and I_g,,

respectively. Then the normalized photocurrent signals corresponds to horizontal and vertical

movement of the LED, Xy and Xy are given by,

Iy, — g,

). =
ol g,
I, — 14
=" (7.3)
Vo g, t g,
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Fig.7.2: (a) The sensor made by alternating simple 1-d sensor unit cells in x and y
direction in a “checkerboard” arrangement (b) repeating unit of the sensor with
comparable cathodes to 2-d model.

By symmetry, S for horizontal and vertical displacement of the light spot should be the same.
Therefore, the checkerboard arrangement of the 1-d sensors operates in the same way as a 2-d
sensor array but can be described with a much simpler and effective theoretical model. Fig.7.3
show the photocurrent responses of cathode Cgy, C_qx, Cqy and C_,, obtained from the
checkerboard arrangement of 1-d sensor D30 with 30% open area for the horizontal movement of

an LED light tag.
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The photocurrent responses at each cathode are almost identical and do not show photocurrent

imbalance with respect to the position of the light spot.

120

ein (deg)
----- lax - - -l-ax lav

I-av

Fig.7.3: Photocurrent responses obtained from the checkerboard arrangement of 1-d
sensor D30 with 30% open area for the horizontal movement of LED. Blue dashed,
red dashed, gold solid and purple curves show the photocurrent at cathode
Cax> C—ax, Cqy and C_g,, respectively.

The main drawback of the sensor construction in practical operation is that the orientation of the
sensors allows the photocarriers to travel all the way to the cathodes of the neighboring unit cell,
resulting in nonlinear 3 and 2, However, we realized this problem only in retrospect, after
measuring the angular response of this layout. This problem could be prevented by adding a guard
ring around each unit cell to prevent carriers moving to the neighboring unit cell. As an added
benefit, such guard rings can reduce the dark current which lowers the noise density and hence

increases the sensor performance.
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Patterning ridges on the Si surface can reduce the reflections and increase the quantum efficiency
of the sensor (Sec.6.2). Experimental results discussed in Chapter 6 shows ridges parallel to the
cathode increase the quantum efficiency compared to ridges perpendicular to the cathodes.
However, ridges perpendicular to the cathode shows good signal stability (standard deviation of
the signal is low) compared to ridges parallel to the cathode. Therefore, it would be interesting to

try vertical and horizontal ridges in a “herringbone pattern” on the Si surface in future generations.
7.3 Noise Model

A figure-of-merit is introduced that helps determine the uncertainty in angular measurement for
any given measurement bandwidth and incident optical power. Sensors with better performance
should have a smaller FOM. First generation prototype sensors showed 85% improvement in FoM
when used with an amplifier on board, placed a few centimeters away from the sensor and
connected via soldered wire leads. However, the FoM of the first generation Astrolabes was still a
factor of ~ 20 too large to be practically useful.

Assignificant FOM performance improvement was expected by integrating an on-chip amplifier
50 um away from the sensor into the layout of the advanced second generation sensors as it
eliminates the long electrical line connections which are vulnerable to noise pick-up. Second
generation sensors were made with and without integrated on-chip amplifiers. The second
generation sensors used without an amplifier showed FoOM ~ 30% lower than the unamplified
signals from first generation devices. When used with an on-board amplifier the FoM of these
second generation sensors was further reduced by ~ 30%, not the 85% reduction in FOM seen in
the first generation Astrolabes upon use with an amplifier on board. Unfortunately, second
generation sensors with integrated on-chip amplifier did not show better FoM compared to the
sensors using on-board amplifier. Therefore, possible noise sources were investigated to identify
the impact of each noise source on sensor performance.

The sensor characteristics presented in this dissertation were analyzed for the photocurrents

relative to the different background laboratory environments.
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Comparisons of sensor signal with and without background illumination and in a dark
environment (covered with a black box) showed that the noise density ¢ varied by less than 10%
across these backgrounds, which confirms the noise interference from the background is
negligible.

Fig.7.4 shows that o obtained from the unamplified signal of second generation sensor M 100
is roughly inversely proportional to the root of the measurement integration time for frequencies
higher than 50 Hz when the LED is powered by a DC battery and when it is powered by an AC
power supply. For the same measurement conditions, the results of sensors with on-board amplifier
show similar behavior. Therefore, we conclude that white noise is dominant for frequencies greater

than 50 Hz, rather than power-line interference.
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Fig.7.4: Variation of ¢ with different measurement integration time obtained from the
unamplified signal of second generation sensor M 100 when the LED is powered by a
DC battery (in orange diamonds) and when its powered by a AC power supply (in
black squares). Pink triangles and blue circles show the results obtained from the same
sensor with a TIA mounted on a board when the LED is powered by a DC battery and
when its powered by a AC power supply.
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The noise model in Fig.7.5 shows the possible noise sources in a single photodiode and amplifier
circuit network that could affect the final output of the signal. This model was designed by our
collaborators at the UTD Electrical Engineering Department, Dr. Andrew Marshall and Akash
Dey, based on the Astrolabe design layouts and measurement data we shared with them. The shunt
resistance of the photodiode Rph has a Johnson noise associated with it. This type of noise is the

dominant current noise in photovoltaic (unbiased) operation mode [44]. The Johnson noise of a
load resistor R for a measurement bandwidth B can be calculated by, V,,x = \/4kzTRB where
kgis the Boltzmann’s constant and T is the absolute operating temperature in Kelvin [44]. The

shot noise of the photodiode Inph is related to the statistical fluctuation in both the photocurrent and
the dark current [30]. For the bandwidth of measurement B the shot noise can be calculate using,

Lnpn = JZq(Iph +1p)B (7.4)

Further the I, of Eq.7.4 can be found by studying the current-voltage characteristics of the

photodiode. If the reverse saturation current is I, then;

qVRB

ID = ISClt (e kpT — 1) (75)

Where, Vi - Reverse bias voltage and g = charge of the electron [30].
The photodiode capacitance Cph is mainly the pn- junction depletion capacitance which can be
calculated by,

A [quiNaNd 1z
(Vo = W2 L(N, + Ny)

Cph =

Vo = (RZT) In [N;i’l’d] (7.6)
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Where, N, = acceptor concentration of the anode, N;- donor concentration of the cathode, n; =
intrinsic carrier concentration of Si, V, = built in voltage, €5; = dielectric constant of the Si,

and, A = cross sectional area of the depletion region [30].

out

LMP 2234

R, C +

Fig.7.5: Noise Model; shows the possible noise sources in a single photodiode and an
ideal amplifier circuit network. Rpn,Cph and Inpn are the shunt resistance, the pn-
junction capacitance and the shot noise of the photodiode respectively. R and C are the
load resistance and the compensation capacitance of the network. Vnr is the voltage
drop due to the load resistor. Iha and Vna are the current and the voltage noise of the
amplifier respectively.

The other component of the noise model is compensation capacitance of the network C. Inaand
Vna are the current and the voltage noise from the amplifier respectively. The total current of the

network at the angular frequency w = 2mf when the voltage at the joint A is equal to V;

V-7 V—=V,,;:—V,
) + out + out nR (7-7)

1
Inph + Ina =V <R_ +](1)Cph R

ph

1
JjwC
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After subtracting the quiescent 1.5 V quiescent voltage of the network, the voltage output is then;

1 .
(m + ]a)Cph) VnR Inth InaR
Vour =Va |1+ —7 " 1+jwRC 1+jwRC ' 1+ jwRC (7:8)
(7 +JjwC) J J J
Therefore, the root mean square noise (RMSN) at the output,
( (7 + jrCon) ? )
emsn = v 114 Ryn JwCyp N <,/4kBTRB> N ( LyynR )2
. (1 + jac) V1 +wRC V1+wRC
R/
1/2
)
L,aR
F (R 75
1+ wRC

Fig.7.6 shows the signal to noise ratio at the output for (a) l1pn =0.5 nA, (b) Iph =5 nA , (c) R=10
MQ, (d) R=1000 MQ, (¢) C= 0.5pF and (d) C=50 pF. The values were calculated from Eq.7.10

and 7.11 by using the LMP 2234 amplifier noise density values at f = 1kHz; 1,.=10 fA///Hz and

Vna= 60 nV/V/Hz. Also, at f = 1kHz Vqr is white noise equal to \/m.

The R and C values used to build the circuit are 100 MQ and 5 pfrespectively. Rph was obtained
from the slope of the current-voltage curve of the photodiode at the origin and the Cpn was
calculated from Eq. 7.8. For the Astrolabe sensor Rpn ~ 5 GQ and Cpn ~ 5pF.

Calculated values in Fig.7.6 show that the photodiode noise is dominant. The signal to noise
ratio at the output is low for frequencies lower than 100 Hz. Fig.7.6 (a) and (b) show that at high
signal intensities the overall signal-to-noise at the output doesn’t improve owing to the photodiode
shot noise and flicker noise. With high transimpedance gain (Fig.7.6 (c) and (d)) or high
compensated capacitance value (Fig.7.6 (e) and (f)) the overall signal to noise at the output
improves significantly. This however will increase the RC time constant and hence reduce the

speed of the measurement.

91



The most important lesson overall would be to use a band-pass filter to tightly filter the signal

frequencies of interest.
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Fig.7.6: Signal to noise ratio at the output for (a) I,n =0.5 nA, (b) Io,n =5 nA, (¢) R=10 MQ,
(d) R=1000 MQ, (e) C= 0.5pF and (d) C= 50 pF. Blue asterisks, red circles and the black
line represents the signal to noise ratio of the output from amplifier system, Photodiode and
the amplifier photodiode combined.
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A lock-in amplifier could be used to implement such band-pass filtering. The lock-in amplifier
detects a modulated signal, i.e., a signal that oscillates at a well-defined frequency and phase that
could be obscured by much larger noise sources. To do so, a reference signal whose frequency and
phase is the same as the signal modulation is supplied to the lock-in. This reference provides both
the frequency and phase of the expected signal. To narrow its output to a small bandwidth around
the expected frequency at the specified phase, the input and reference signals are multiplied
together. If the signal and reference are correlated their multiplication will be positive on average.
Random noise and the reference, even at the same frequency, are uncorrelated and therefore their
multiplied value will fluctuate in time and average to zero. A low pass filter picks out the part of
the signal that is correlated with the reference essentially by averaging the output of the mixer,
This is the output from the lock-in amplifier [45] [46].

Table 7.2: Average standard deviation of an amplified photocurrent signal /, of

layout M 100 measured by a Lock-in amplifier for 50 s with 10 ms and 30 ms
integration time at in = -40°,0° and 40° for A =830 nm.

Blinking oy, *10%(V)

Frequency
(Hz) t1=10ms t=30ms
166 12.5 4.90
495 3.26 1.75

Table 7.2 summarizes the standard deviation of an amplified photocurrent signal measured by a
lock-in amplifier for 50 s with 10 ms and 30 ms integration time for two modulation frequencies.
The reference of the lock-in amplifier is the square-wave voltage used to drive the LED, which
was generated by a programmable Arduino setup in order to cause the LED to blink at a known
frequency and phase.

The oy, shown in Table 7.2 is the average of three values obtained at &in = -40°,0° and 40° under

the standard laboratory conditions from the layout M 100. With the onboard amplifier and our

standard DC Source Measure Unit setup ) O, = 8.03x10*V for t =21.7 ms and A=830 nm in

steady state (no blinking).
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Compared to this DC value of O, the average value of O, obtained using a modulated

(blinking) LED and lock-in amplifier for t =10 ms and T =30 ms at 495 Hz blinking frequency,
shows a 66% improvement. Future work aims to improve the performance characteristics by using

a measurement setup with lock-in amplifiers.
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APPENDIX A

SECOND GENERATION SENSOR IDENTIFICATION

Sensor Layouts

2 1

I: glllllll S
1

Bottom

4x5 Matrix 4x5 Matrix 4x5 Matrix
TOP CELL-1 TOP CELL-2 TOP CELL-3

Fig.A.1: How to identify the second generation sensor layouts on the wafer.
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Fig.A.2: Sensor identification; on the left sensor Layout names and on the right
packaging names of the sensors for each top cell.
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APPENDIX B

SECOND GENERATION SENSOR PACKAGING

Fig.5.3 in Sec. 5.1 shows the pin configuration of the astrolabe sensor second generation sensors.
The sensors are wire bonded to Kyocera KD-S86832 20 pin lead side brazed packages as shown
in Fig.B.1. Work was done by VLSIP Technologies, Richardson 75081.

PATTERN
¢
al ol
15 '
AN A _N N of o
7 3 3
W
@ — Y
.008X45" CHAMFER ‘ PATTER
PIN NO.1T INDEX 20 / ——t Ar‘ "
1 %.10 B .
7

017 MIN.

AN/ W7,

n

_||l..018 TP,
.050 TYP.

Fig.B.1: Packaged sensor, wire bonds are marked in red.
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APPENDIX C

FRESNELS REFLECTION CALCULATIONS

I t/rt trr 't tnrnr’nt

air(n=1)

1 t
1 ’ ’
rllrzrl'r 1 r2r1 r2r1 I’2t1

SiO, (n=1.5)

5 r'rty rry 00 1t

’
Fary oty r'rorynt

Si(n =3.5)

Fig.C.1: Reflections occur at the Si-SiO: interface

Fresnel Equations for Normal Incidence
rn=(1-1.5)/(1+1.5)=-0.2; r’=-r1=0.2
t1 =2(1)/(1+41.5) =0.8; t’=2(1.5)/(1+1.5)=1.2
r, = (1.5-3.5)/(1.5+3.5) = -0.4
Note: tity” =1 +rir’
Sum the series of partial reflection amplitudes at air-to-SiO- interface:(assume SiOz is lossless)
ltotal = F1 + t1’roty + to’ror’roty + to’ror ’rar oty + . ...
r1+ (rat’te) [1 4 rar’ + (r2r’)? + (r2r’)* + ... ]
ro+ (rota’ta) /[1 = (rar’)]

= -0.56
Total power reflection coefficient:
R = |riow* = 0.31
Total power transmission coefficient to Si:
P=1-R=0.69
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APPENDIX D

TRACKING DEMONSTRATION

By making the connection in Fig.D.1 and pre run the code below in Arduino and post run in
Realterm for the Arduino serial term one can obtain the x and y coordinates of the position of the

light tag.

O
ATVLI NI 30GVH = D2 ONINGYHY MMM (p-1§

G BRI
g |

Fig.D.1: Sensor output and Arduino connections

Arduino code for the tracking demonstration
/*
Measures the real signal value by substracting the ambient light value from the measured signal.

The signal is a pulsed LED source

*/
float vi,v2,v3,v4; // Voltage measurements when LED is OFF (Ambient)
float V1,vV2,V3,V4; /I Voltage measurements ehn LED is ON (Ambient + Signal)
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float voll,vol2,vol3,vol4; // Effective signal (Signal)

float fy,fx; /I Angular functions

int T =10; // Delay time in milliseconds

void setup()

{
Serial.begin(230400); // For transmitting data to the PC serially
pinMode(LED_BUILTIN, OUTPUT); // LED switch control signal

}
void loop()

{
digitalWrite(LED_BUILTIN, LOW); // turn the LED off by making the voltage LOW
delay(T);
vl =5.0/1024.0 * analogRead(A1); // Connected to channel 4 i.e. pin 4 of the astrolabe
v2 =5.0/1024.0 * analogRead(A2); // Connected to channel 1 i.e. pin 19 of the astrolabe
v3 =5.0/1024.0 * analogRead(A3); // Connected to channel 2 i.e. pin 17 of the astrolabe
v4 =5.0/1024.0 * analogRead(A4); // Connected to channel 3 i.e. pin 2 of the astrolabe
delay(10); // delay in between reads for stability

//Serial.print(v1,4);

//Serial.print(" ");

//Serial.print(v2,4);

//Serial.print(" ");

//Serial.print(v3,4);

//Serial.print(" ");

//Serial.print(v4,4);

//Serial.printin(" OFF");
digitalWrite(LED_BUILTIN, HIGH); //turn the LED on (HIGH is the voltage level)
delay(T); Il wait
V1 =5.0/1024.0 * analogRead(Al);
V2 =5.0/1024.0 * analogRead(A2);
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V3 =5.0/1024.0 * analogRead(A3);
V4 =5.0/1024.0 * analogRead(A4);

delay(10); // delay in between reads for stability

/[Serial.print(\V1,4);
//Serial.print(" ");
//Serial.print(V2,4);
//Serial.print(" ");
/[Serial.print(V3,4);
//Serial.print(" ");
//Serial.print(V4,4);
//Serial.printin(" ON");

voll =vl-V1; /I Actual Signal value
vol2 =v2 - V2; /I Actual Signal value
vol3 =v3-V3; /I Actual Signal value
vol4 =v4 - V4; /I Actual Signal value

/[Serial.print(voll,4);

//Serial.print(" ");

/[Serial.print(vol2,4);

/[Serial.print(" ");

/[Serial.print(vol3,4);

//Serial.print(" ");

/[Serial.print(vol4,4);

//Serial.printin(* DIFFERENCE");

fx = (vol2 - vol3)/(vol2 + vol3); // Angular Function
fy = (vol1 - vol4)/(voll + vol4); /I Angular Function
Serial.print("X");

Serial.printIn(fx,6); I/ Transmit "X0.878345" (six decimal precision)

Serial.print("Y");

Serial.printin(fy,6); Il Transmit "X0.878345" (six decimal precision)}
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