Resolving optical illumination distributions along

an axially symmetric photodetecting fiber

by (MASSACHUSETTS INSTITUTE
‘ OF TECHNOLOGY
Guillaume Lestoquoy ; MAR 2 0 2012
B.S. Ecole Polytechnique (2008) | .
' LIBRARIES

S.M. Materials Science, Ecole Polytechnique (2009)

Submitted to the Department of Electrical Engineering and Computer
Science in partial fulfillment of the requirements for the degree of

Master of Science in Electrical Engineering and Computer Science

at the ARCHIVES
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

February 2012
(© Massachusetts Institute of Technology 2012. All rights reserved.

Department of Electrical Engineering and Computer Science

January 11, 2012
-/ ~7

Certified by . .. g
/ 4 Yoel Fink

Professor of Materials Science and Engineering
Professor of Electrical Engineering and Computer Science
Thesis Supervisor

A

Accepted by ........... ' o e
{ Y Leglie A. Kolodziejski
Chairman, Department Committee on Graduate Students



Resolving optical illumination distributions along an axially
symmetric photodetecting fiber
by

Guillaume Lestoquoy

Submitted to the Department of Electrical Engineering and Computer Science
on January 11, 2012, in partial fulfillment of the requirements for the degree of
Master of Science in Electrical Engineering and Computer Science

Abstract

Photodetecting fibers of arbitrary length with internal metal, semiconductor and insu-
~ lator domains have recently been demonstrated. These semiconductor devices display
a continuous translational symmetry which presents challenges to the extraction of
spatially resolved information. In this thesis, we overcome this seemingly fundamen-
tal limitation and achieve the detection and spatial localization of a single incident
optical beam at sub-centimeter resolution, along a one-meter fiber section. Using
an approach that breaks the axial symmetry through the constuction of a convex
electrical potential along the fiber axis, we demonstrate the full reconstruction of an
arbitrary rectangular optical wave profile. Finally, the localization of up to three
points of illumination simultaneously incident on a photodetecting fiber is achieved.
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Introduction

Optical fibers rely on translational axial symmetry to enable long distance trans-
mission. Their utility as a distributed sensing medium [1-3] relies on axial symmetry
breaking either through the introduction of an apriori axial perturbation in the form of a
bragg gratings [4], or through the use of optical time (or frequency) domain reflectometry
techniques [5,6] which mcasurc scattering from an adhoc axial inhomogeneity induced by
the incident excitation. These have enabled the identification and localization of small
fluctuations of various stimuli such as temperature [7-9] and stress [10-11] along the fiber
axis. Due to the inert properties of the silica material, most excitations that could be de-
tected were the ones that led to structural changes, importantly excluding the detection
of radiation at optical frequencies. Recently, a variety of approaches have been employed,
aimed at incorporating a broader range of materials into fibers. [12-20]. In particular,
multimaterial fibers with metallic and semiconductor domains have presented the possi-
bility of increasing the number of detectable excitations to photons and phonons [19-25],
over unprecedented length and surface area. Several applications have been proposed for
these fiber devices in imaging [23,24], industrial monitoring [26,27], remote sensing and
functional fabrics [20,21].

So far however, the challenges associated with resolving the intensity distribution of
optical excitations along the fiber axis have not been addressed. Here we propose an
approach that allows extraction of axially resolved information in a fiber that is uniform
along its length without necessitating fast electronics or complex detection architectures.
We initially establish the axial detection principle by fabricating the simplest geometry
that supports a convex potential profile designed to break the fiber’s axial symmetry.
We demonstrate that under conditions that we specify, that simplest geometry can be
used for the localization of a single beam of light. Then, an optimal structure which
involves a hybrid solid-core/thin-film cross-sectional design is introduced that allows to
impose and vary convex electrical potential along a thin-film photodetecting fiber. We
demonstrate the localization of a point of illumination along a one-meter photodetecting
fiber axis with a sub-centimeter resolution. Moreover, we show how the width of the
incoming beam and the generated photoconductivity can also be extracted. Finally, we
demonstrate the spatial resolution of three simultaneously incident beams under given
constraints.



1 Convex electrical potential along the fiber

1.1 Traditional fiber design
1.1.1 Principle of photodetection with fibers

Photodetecting fibers typically comprise a semiconducting chalcogenide glass con-
tacted by metallic electrodes and surrounded by a polymer matrix [19-21]. These mate-
rials are assembled at the preform level and subsequently thermally drawn into uniform
functional fibers of potentially hundreds of meters in length, as illustrated in Fig 1(A1).
An electric potential V(z) across the semiconductor can be imposed along the fiber length
by applying a potential drop V} at one end as depicted in Fig 1(A2). As a result, a linear
current density jg.r+ is generated in the semiconductor in the dark, between the elec-
trodes. When an incoming optical wave front with an arbitrary photon flux distribution
®o(2) is incident on a fiber of total length L, the conductivity is locally changed and a
photo-current (total current measured minus the dark current) is generated due to the
photoconducting effect in semiconductors, as illustrated in Fig 1(A2). The measured
photo-current in the external circuitry is the sum of the generated current density jpn(2)
along the entire fiber length and has the general form:

L
iph = C/o V(2)opn(2)dz (1)

where C depends on the materials and geometry and is uniform along the fiber axis, and
opn is the locally generated film photo-conductivity that depends linearly on ®¢(2) in
the linear regime considered [22-24,30-32]. A more detailed calculation is carried further
down this thesis. Note that we neglect the diffusion of generated free carriers along the
fiber axis since it occurs over the order of a micrometer, several orders of magnitude lower
than the expected resolution (millimeter range).

1.1.2 Limitations and proposed solution

For the photodetecting fibers considered so far, the conductivity of the semiconductor
in the dark and under illumination has been orders of magnitude lower than the one of
the metallic electrodes. These electrodes could hence be considered equipotential, and
V(z) = Vi along the fiber axis over extend lengths. As a result, jguri is also uniform as
depicted on the graph in Fig 1(A2). Moreover, the photo-current measured in the external
circuitry integrates the photo-conductivity distribution o,,(2) along the fiber length.
This single, global current measurement does not contain any local information about
the incident optical intensity distribution along the fiber axis. In particular, even the
axial position of a single incoming optical beam could not be reconstructed. To alleviate
this limitation, we propose an approach that breaks the axial symmetry of this fiber
system and enables to impose various non-uniform electric potential distributions along
the fiber axis. By doing so, we can generate and measure several global photo-currents
i, where the fixed and unknown distribution o,4(2) is modulated by different known
voltage distributions V(z). We will then be able to access several independent photo-
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Figure 1: (Al): 3D Schematic of the multimaterial fiber thermal drawing fabrication ap-
proach. (A2): Schematic of a connected photodetecting fiber with an illumination event.
The graph represents the linear current density in the dark and under the represented
illumination. B: Scanning Electron Microscope micrograph of the fiber cross-section (in-
set: zoom-in on the contact between the core and the CPC electrode); C: Schematic of
the fiber system’s equivalent circuit.

current measurements from which information about the intensity distribution along the
fiber axis will be extracted, as we will see.

1.2 Establishing a non-uniform electric potential
1.2.1 Conductive Polycarbonate

To controllably impose a non-uniform electrical potential profile V(z), we propose
to replace one (or both) metallic conducts by a composite material that has a higher
electrical resistivity. This electrode, or resistive channel, can no longer be considered
equipotential and the potential drop across the semiconductor will vary along the fiber
axis. An ideal material for this resistive channel was found to be a composite poly-
mer recently successfully drawn inside multimaterial fibers [27], that embeds Carbon



black nanoparticles inside a Polycarbonate matrix (hereafter: conducting polycarbon-
ate or CPC) [28]. The CPC resistivity, pee (1-10 .m as measured post-drawing), lies
in-between the low resistivity of metallic elements (typically 1077 Q.m) and the high re-
sistivity of chalcogenide glasses (typically 10® — 102Q.m) used in multimaterial fibers. It
is very weakly dependant on the optical radiations considered so that it will not interfere
with the detection process.

1.2.2 Convex potential

To validate this approach we first demonstrate the drawing compatibility of these
materials. We fabricated a photodetecting fiber with a semiconducting chalcogenide
glass core (of composition AssnSesoTe1o) contacted by one metallic electrode (SngsPbsr)
and by another conduct made out of the proposed CPC composite. A Scanning Electron
Microscope (SEM) micrograph of the resulting fiber cross-section is shown in Fig 1B that
demonstrate the excellent cross-sectional features obtained. To first theoretically analyse
this new system, we depict its equivalent circuit in Fig 1C. The semiconducting core
can be modelled as multiple resistors in parallel, while the CPC channel is comprised
of resistors in series. To find the voltage distribution V(z) in this circuit, we can apply
Kirchoff’s laws at point A:

V(z) = V(z —dz) _ V(z+dz) —V(z) V(2) OV Repe

- — = 1% 2
Repe Repe B, T 52 Rar’ P @
or simply:
*V  V(z
v _ve) 5
0z 0(z)
with:

8(z) = \/%}Ze—)g e (4)

dz
where Repe = pepeo— is the resistance of the CPC channel over an infinitesimal distance

SC C
dz, Sepe being the sgrface area of the CPC electrode in the fiber cross-section. Similarly,
R, is the resistance of a slab of cylindrical semiconducting core of length dz whose value
depends on the glass geometry and is calculated for both a thin cylindrical film and
a solid-core of glass in Appendix A. The new parameter § has the dimensionality of a
length and is referred to as the characteristic length of the fiber system. It can be tuned
by engineering the glass composition (hence changing p,), as well as the structure and

geometry of the fiber.
Two sets of boundary conditions depicted in Fig 2 can be defined for this system:

BC(1) where one fiber end (2 = 0 or L) is brought to a potential VE“(M)(0) = V; while
8vBC(l)
the other (z = L or 0) is left floating, locally resulting in ———— = 0 since no accu-

2

mulation of charges is expected; and BC(2) where we apply a voltage at both fiber ends,
VBC@)(0) = Vy and VEC@(L) = VL. The two potential profiles can then be derived when
d is independent of 2, and are given by two conver functions:

8
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Figure 2: (A) Schematic of the fiber contact for boundary conditions (1) and graph
representing the experimental results (dots) and the fitted theoretical model (lines) of the
voltage profile between the CPC electrode and the metallic conduct at different points
along the fiber axis, when the fiber is under BC(1) and for different fibers: in black,
AST;pthin-film; in blue, AST;¢ core and in red, AST;5. (B) Same as (A) but when the

fiber is under BC(2).



1.2.3 Experimental results

To assess our model, we fabricated three fibers with different materials and structures.
All fibers have one metallic electrode (SngsPbs; alloy) and one CPC electrode of same
size. Two fibers have a solid-core structure like the one shown in Fig 1B, with two different
glass compositions from the chalcogenide system As-Se-Te, AsqSesoTe1o (referred to as
ASTyg) and AsygSesoTers (referred to as ASTyg). The third fiber has a thin-film structure
with a 500 nm layer of AsgSesoTe1o [22,24]. This thin film structure is expected to have
a very large characteristic length since its conductance is many orders-of-magnitude lower
than the one of both metallic and CPC electrodes. In solid-core fibers however, § should
be of the order of the fiber length, inducing a significant variation in the potential profile.
Separate measurement of the CPC electrode resistivity (pepe = 1.42.m and pepe = 1.2Q2.m
in pieces from the ASTo and AST1s fibers respectively) and the glass conductivities lead
to expected ¢ values of 40 cm and 9 cm in the AST;p and AST;; fibers respectively, the
higher conductivity of AST;g being responsible for the lower § parameter [33].

We then cut a 60-cm-long piece from each fiber and made several points of contact
on the CPC electrodes while contacting the metallic conduct at a single location. We
applied a 50 V potential difference for both BC(1) and BC(2), and measured the potential
drop between the contact points along the CPC channel and the equipotential metallic
conduct, using a Keithley 6517A multimeter. The experiment was performed in the dark
to ensure the uniformity of . The results are presented in Fig 2 where the data points are
the experimental measurements while the curves represent the theoretical model derived
above, fitted over 5. As we expected, the thin-film fiber maintains a uniform potential
along its axis. For solid-core fibers, the fitting values (43 cm and 11 cm for BC(1),
and 44 cm and 11 cm for BC(2) for ASTyo and ASTisfibers respectively) match very
well with the expected § parameters given above. The discrepancy is due to errors in
measuring the different dimensions in the fiber, and potential slight non-uniformity of
the glass conductivity due to local parasitic crystallization during the fabrication process
[34]. Noticeably, the ¢ values obtained for both boundary conditions are in excellent
agreement, which strongly validates our model.

10



2 Simple device: solid-core or thin-film structure

We present here the first device that we have designed in this project. Using either the
solid core or thin-film fiber structure presented in the previous section with the boundary
conditions set BC(1) we demonstrate how under specific conditions one can locate a single
beam of light.

We consider an uniform beam of light along the z axis localised at z = Tp, with a
width of Az (Fig 3). The beam is entirely contained between 2 = 0 and = = (i.e
% <zo < L — % and Az < %) The intensity of the beam is independent of the angle
0 in cylindrical coordinates. The flux of photon ®(z) (per unit of surface) at the surface
of the glass is then given by:

Az
O(z) =P if|z — x| < —
(.’E} 0 Zf|$ I’-Ul 2 (7)

=0 otherwise

'y
Ax s Photon beam
%L
l l N
0 % YL

Figure 3: Profile of the photon beam to be detected

2.1 Presentation of the device

In this device, a photodetecting fiber as described previously is connected to a tension
generator at one end, and is free at the other. The device is shown on the Fig 4 (where
the diameter is exaggerated). The tension Vj can be applied at z = 0 or at = = L,
resulting in a measured current iy or i;, given by the amperemeter. These two currents
are expected to depend on the properties of the beam (g, Az, ®y), and we will show how
the ratio of them leads to the position zy of the beam.

Therefore, we need to establish the expressions of io(zo, Az, ®p) and ir(zo, Az, ).
But before doing so, we will first study the expected behavior of the device under ho-
mogeneous light (in the dark, for instance), and compare the experimental results to the
theory.

In the following, we always give the analytical expressions for physical quantities -
such as the current flowing in the device - for the solid-core as well as for the thin-
film geometries. Thin-film fibers are, as will be shown, expected to display a better

11
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Figure 4: The photodetecting device, allowing the user to measure either 7o or 7.

detectivity, but we have seen in the previous section that the length & associated with
this structure is much longer than in solid-core fibers and therefore, for practical reasons
(working with devices shorter than one meter) all experiments have been carried on the
solid-core structure.

2.2 Behavior under homogeneous light
2.2.1 Potential

Under homogeneous light, the resistivity of the glass is uniform in the fiber. Thus, ]
does not depend on x and as mentioned above, the voltages in the fiber, Vo(z) and V()
(respectively if V; is applied at x=0 or x=L) are given by:

L=
cosh 4

5
L
5

Vo(z) = Vo
cosh

T
cosh —

Vi(z) = Vo—2 (8b)
cosh —

4]

2.2.2 Dark current

The glass is an insulator, but as its resistivity is finite it allows a certain current to
flow between the electrodes, under homogeneous light. We call this current 'dark current’
because of its role in the detection of the single beam (see section 2.4) This dark current
can easily be calculated, by using the expressions (53) and (57) found for the resistance
of a glass core or of a glass layer in 3.3.2. Indeed, in both cases, it is given by:

12



Depending on the geometry, the dark current is thus given by:

20V, L

iore =0 tanh = (10a)
PqT )
20Vt

gover =200 4anh L (10b)
PgTTy )

We see with these equations that the dark current is much higher in the glass core
than it is in a thin glass layer of the same radius.

2.2.3 Experimental results

The equations (10) show a simple behavior of the dark current with the length of the
fiber: an hyperbolic tangent. This trend can be verified by measuring the dark current
flowing in one device, while cutting bits of the fiber from its free end (Fig 5). This
actually gives us another way of determining the value of § by simply fitting the curve
Iy tanh % to the data. We did so for two different samples of fiber using AST}y and AST}g
solid-cores The results are shown in Fig 6.

L

- -

& | &

Figure 5: The cutback measurement.

For the ASTy5 sample, the correlation was R? = 0.9945 and led to 6 = 15¢m. For the
ASTio sample, the correlation was R* > 0.9999 and led to § = 40cm. Besides, as we can
see in (10), we can deduce from the value of I the value of the resistivity of both glasses.
With this method, we found p1s = 8,1x10° Q.m and pio = 7,7x107 Q.m.

It is important to compare these results to those that a fiber with two metallic elec-
trodes would have. In such a fiber, the current would be proportional to the length of
the fiber. We would thus observe a straight line on the Fig 6. Besides, these excellent
correlations show that the calculated profile of V' (z) is very close to the real profile. This
means that the equations and conditions at the boundaries are the right ones, and also

13
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Figure 6: The cutback measurement.

that our fibers do not present major defects, and that their diameter is uniform along
the length.

2.3 Behavior under the beam of light

If a beam of light reaches the fiber, photons will be absorbed by the glass between
Tog = To— % and zf = zo+ %, creating charge carriers. As the conductivity of the glass
is proportionnal to the density of charge carriers, it will locally increase. The profile V(z)
will thus not be the same as under homogeneous light, and will depend on the features
of the beam.

Before calculating the new profile V() we first determine the density of charge carriers

photogenerated under the beam of light

2.3.1 Density of carriers

In this project, we have limited our study to distributions of light constant in time.
Thus, we have always neglected the time to establish the potential V(z), as well as
the time for the device to reach a steady state under illumination. This means that the
measurements of io and iy, must be made when the current is stable, which can sometimes
take a few minutes.

Along the r direction, the beam is absorbed by the glass with a coefficient of absorption

ayg, resulting in a photon flux @ e (7, ) o1 Player(r, ) (depending on the geometry) inside
the glass, given by:

14



D epre (7, ) = B ¥e(ra=") if z€lzg;zd]andr <r, (11a)
Blayer (1, ) = Poe s tto=r) if x€lzg;zg]andry <r<r,+i, (11b)
=0 otherwise (11c)

In those expressions, we neglected the shadow caused be the electrodes, as well as the
absorption by the cladding of the fiber, that in fact slightly modify ®,. It thus appears
that as aig is usually much smaller than 4, the glass core behaves as a glass layer whose

thickness is a few aig From now we will carry on with the glass core geometry, r will
always be smaller than 7,4, meaning that we study the behavior of the core of the fiber.
The calculations for the glass layer geometry as well as the final results are similar to
those of the glass core geometry.

As each photon absorbed by the glass creates an electron-hole pair, the rate G(r, z)
of generation of charge carriers in the glass is given by the variation of the photon flux
as it goes deeper in the glass:

_0®(r,x) g (rg—r) Az
G(T, ZL‘) = T = Oég(D06 g\e if |ZL’ — xol < 7 (12)
=0 otherwise

In the glass, the volumic density of electrons (holes) is n (p), and the volumic density
of surplus of electrons (holes) is An (Ap). Those quantities evolve with time as following:

on 0® An 10J,

ot 0z 71 ear
op 0® Ap 19J,
% 5 7 eor (130)

(13a)

where 7 is the recombination time of the carriers (which has to be the same for the
electrons and the holes). J, (J,) is the density of current for the electrons (for the holes).
This density is given by:

I on
- —Dn5+nunE (14a)
J, o)
* —D,,—f oy E (14b)

where 1 and D are the mobilities and the scattering coefficients of the carriers.

The glasses we are working with are usually p-type. This way the neutrality of the
material is ensured by the holes (main charge carriers) and the initial number of electrons
is always very small (thus n + An = An). After the time t.,, a steady state is reached
(because « varies with @ with a saturation mechanism). The equation for the electrons
is therefore the following:

15



2

% — Dn'aa_rgAn - g;(n pin E) = ctg®oe (a7 (15)

In absence of illumination, An is null. In those conditions, %(n tn E) = 0, and so,

by neglecting An u,, E, the final equation for An, volumic density of the photogenerated
electrons is, for z € [zg; 2]

2
% - Dn%An = agéoe_"g(“’_’) (16)
The expression of An is thus of the following type, where A and B are to be deter-
mined:

’I‘g—’f' T'g—T'

An = Ae Ls +Be_ Ls

ag’/"q)o
1- (agLS)Z
where L, is the scattering distance of the electrons in the glass L, = /D, 7.

e~ @a(rg=7) (17)

In order to determine A and B we have to write the conditions at the boundaries. In
our case, the first condition is that no electron created by the light can get out of the
glass at r = ry. As the fiber polymer is an insulator this hypothesis is reasonable. The
second condition is that, because of the symmetry, the current is null at the center of the
glass core. Those two conditions mean that J, = Dng—;‘ =0at r=0and r = ry which
gives:

2L,
A-B= g—OQe“’ng (18a)
1 — (agLs)
Tg Tg 9
- - Lyt®
Ae Ls —BeLs = 2o 70 (18b)
1 — (agLs)

Thus, the exact expression of An(r, z), and of n(x), number of photogenerated elec-
trons in the fiber between r and z + dz can be established. However, these expressions
are uselessly complicated, and it should only be underlined that An(r,z) and n(z) are
proportional to 7®, between z; and zg and null outside this domain.

2.3.2 Potential

We can now describe the impact that the beam of light has on the profile of the
potential V(z) along the fiber, when a voltage Vj is applied at one of its ends. Indeed,
as charge carriers are created in the glass under illumination, its resistivity is bound to
decrease. If a significant number of charge carriers are created, then the drop of resistivity
between z; and zg short-cuts the part of the fiber where z > z§.

Let pj, be the resistivity of the glass under illumination, where p, is its resistivity in
the dark (or under the homogeneous bagkground light). As the conductivity of the glass

16



follows the law o, = i = Nep, where N is the total density of free charge carriers in the
glass, then the relation between p, and p; is simply:
1 ) 1
— = N'ep, = Nepy, + Anep, = ; + Anepu, (19)
9 9
where An has been calculated in the section 2.3.1.
We define as well & = § ,/Z—j, which is the characteristical distance of the drop of
potential between z; and zg. The potential V(z) across the glass and along the length
of the fiber is now solution of the problem:

oV

V(z) =6" ) ifz € [zg;2d] (20a)
2
V(z) =62 (37‘2/ otherwise (20b)
If we call V™ = V(z5) and V' = V(af), two voltages that are for now unknown,

then V(z) is given by:

V'~ sinh (%) + Vp sinh <a70 5_ :r)
smh( 5 )

— - +_
V™ sinh (x (5’%) + V7~ sinh (xo 5 :1:)
V(z) = Vo(z) = ifz € [zg;25]  (21b)

ifre [0;2y] (21a)

L e
cosh ( 6’% )

In order to determine V'~ and V+ we write that the electric field has to be continuous

at z =2y and z = 7, i.e.

ifze [zf;L] (21c)

(21d)

Vi oV

% = % at zf (22b)
(22c)

Finally this lead to a 2x2 system for V~ and V*:

17



V- L el y+ b Y%
§ tanh%1 5’tanh% o’ sinh%’*’— c?sinh%‘i

(23a)
1 1 1 L -z,
-V — +V* | ———— + = tanh L ={j 23b
5’ sinh 2 (5, tanh32  § 0§ (235)
It is easy to verify that this system has only one solution, that is:
B 0’ tanh % TS
V=W p— (24a)
ey 52+ 1 ] + tanh £=% "1_5tanh;;:‘L
Sin — a.
P\0% " fan e \0tanh 32 T §' tanh 22
vVt =V, !

< By 1 1 & o tanh £=%0
sinh 35’— sinh % 5 RS - ( =T 5 tanh £ ;” ) + A‘L
tanh “:_60_ tanh = tanh 5

(24b)

The profile of the potential can thus be deeply changed by a beam of light, if the power
or the width of the beam is important enough. The Fig 7 shows, for a 5mm-wide beam
at a position zg = 10.25cm of a 20.5cm-long fiber, how the profile of V(z) is modified
depending on the resistivity of the glass under illumination.

Profile of the voltage along a fiber for light dependent glass conductivity
Comsol simulation - beam of light between 10 and 10.5cm - System CPC - CPC
100

80

70

—Light independent

— 10 times more conductive

~— 50 times more conductive
100 times more conductive

60 -

20

Voltage across the glass core (V)
8

10

Auxis of the fiber (cm)

Figure 7: Profiles of the voltage for different alleged impacts of the light on the resistivity
of the fiber between x=10cm and x=10.5cm
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For a same width of the beam as well as a same resistivity p’g under illumination, the
profile of V(z) can significatively vary with zp, as shown in Fig 8. The beam of light
bend the profile of the tension. The closer the beam is from the connected end of the
fiber, the deeper is this effect. It is thus clear that the measured current depend on the
position xg of the beam, and we will now calculate this current.

Impact of the position of the light beam on the profile of the voltage
Comsol simulation for a glass 50 times more conductive under the light

100

0

80
S — No light
il — Light at 1cm
E» Light at 2.5cm
2 X — Light at 5cm
§ Py — Light at 10em
@ —li
8 % Light at 15¢cm
g

-y
o

o
o
w

10 15 2
Axis of the fiber (cm)

Figure 8: Profiles of the voltage for different positions of the 5mm-wide beam when
Py =5

2.3.3 Current

Now that the profile of V(z) is known, there are two ways of calculating the total
current flowing from one electrode to the other through the glass, that are equivalent.
A first approach is simply to integrate the current di flowing through the piece of glass
between x and x + dz. As Ry is the resistance of such a piece of glass given in (53), we
have, for a glass core geometry, the following expression for the total current:

% x5 zq B
2
I{"tat:/ 2V (x) d:c=] ’ de_;_/ ’ —K?@dlur/ Mdz (25)
0 0 L %

pg(z)m pgT pyT &Py
where Vi, V5 and V3 are given in (21).

A second approach is to consider that the current divides itself in two different cur-
rents: a 'dark current’ I{, resulting from the integration of V(z) given in (21) over the
whole fiber of uniform resistivity pg, and a photocurrent, 12", resulting from the movement
of the charge carriers photogenerated under the beam, a movement that is due to the
voltage V5 in that area. We will see in the section 2.4 why this approach is in practice
very useful. With this approach, the ’dark current’ I¢ is given by:
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I = / " wda: (26)

PgT

In this case, the potential V(z) across the glass and along the fiber is given by
the equation (21). The electrons photogenerated move in the electric field E(r,0,z) =
—VV(r,8,z), with V(ry,0,2) — V(rg,m, x) = V(). This electric field will therefore have
the following shape:
Viz) oV

. £i(r,0) o (27)

where f, (r,6) is an adimensional vector field defined in the cross section (e, eq) of the
glass. The variations of the potential along the e, direction have a magnitude of the
order of —Q where those in the cross section have a magnitude of the order of . As d in
the final dev1ce will be around 50cm where 7,4 should never be more than 0. 5mm we can
neglect the effect of the electric field along the direction e, of the fiber, inside the glass.

The density of photocurrent will thus also be perpendicular to the axis of the fiber,
and its exact expression is:

E(r,0,z2) = —

Jon(r,0,2) = —An(r,z) e p, E(r, 0, x) (28)
where An(r,z), the volumic density of electrons photogenerated, has been calculated
in the section 2.3.1. We will not give the explicit expression for J,;(r, 8, z) because it
requires a complicated calculation, that is not needed. Indeed, we already know, thanks
to the equations (17), (27) and (28), that the photocurrent per unit of length j7* flowing
through the fiber has the shape:

7M@) = Krpe 2
g

=0 otherwise

if =€ [zg;z8]

(29)

where K is a number and /, a length depending of the geometry and of the properties of
the glass. [, depends on ay4, 74, Ls and ¢, in the case of the glass layer geometry. Again,
a complicated integration would lead to the exact expression of K and [y, but in the
real device, several parameters have unknown values, and that it is the calibration of
the device that allows us to determine the value of complicated objects like K T,une%ﬁl,
which is the only value we actually need. ’

Finally, the photocurrent Ié’h, measured when a beam of width Az, reaches the fiber
at the position zo with a power of ®, photons.m™2.s~! when a voltage V; is applied at
the position x = 0 is:

Ig":/o Ph( dx—/ Krp OV"( 2oVa(2) ;. (30)

As the conductivity of the glass follows the law (19), the ﬁrst method leads to another
expression of [iot:
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% 9V, % b2
[ietel — / W) / O Md$+ / 2V4(2) 4, (31a)
0 z z

PgT o PgT g P
L2v 13' f 0 2
ool _ / () 4y 1 / we [ an L(10) ae?Ve®) (31b)
0 Py 7y Sy "g i

where we recognize the sum of I¢ and Igh when integrating An on the cross section of
the glass. The two approaches and thus equivalent. We thus have the choice to carry on
using the unknown parameters K%”e or simply ¢’. Indeed, we have just shown that &’

contains p, that is directly linked to the absorption mechanism whose parameter is K%:‘"—e)

We choose to carry on using the parameter ¢’ that simplifies the following expression of
the current. Indeed, we can integrate (25) to obtain an explicit expression for the total
current:

[rotel = o (V7 — 4 tanh =2 (32)
TPg Vo sinh %0— g

where we used (23), and where V'~ is given in (24).

2.3.4 Experimental results

In the previous section, we obtained the expression (32) of the total current flowing
in the device when exposed to a beam of light and when a voltage Vj is applied at the
end x = 0 of the fiber. In the real system, because the temperature as well as the stress
endured by the fiber during the process of drawing can induce variations of the resistivities
Pg and pepe, 0 is badly known. These variations will be discussed in the section 3.3.2. Of
course, as it depends on the features of the beam, §' is totally unknown as well.

In order to determine these parameters, as well as to verify that the found expression
for the current is right, we set up a simple experiment: a single beam of light of known
position and width enlightens the device that delivers a tension Vj either at x = 0 or
at * = L. We measured the current (ip or ip) for several position g of the light and
used Matlab to fit to the experimental data one of the following expressions (obtained by
combining (24) and (32) for the expression of iy(z), and doing a similar calculation for

ir(20)):

5 -
< + tanh L 0
28V, §’ tanh 6—,” zy
io(zy) = — P + tanh 5 (33a)
Tpg _ 2 — )
é 1 3 L—x §tanh —s-
S‘nh2 ibm 7 + N ( ’ Az + tanh (; ’ ) + ’ Ar
& sanh ﬂ&L 8’ tanh SF 8’ tanh 27
) Pr
—————— + tanh =0~
20Vy 4’ tanh % 3 L— 3’
ir(xg) = - + tanh (33b)
Py —+ 2 + ‘”0+
—3 1 é Stanh
&' 4anh L—x &/ tanh 5 &’ tanh 57
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where 4, 0" and p, were the parameters to be determined. We summarize here the results
obtained for several samples of two glass-core fibers (ASTo and AST}g) (the goodness of
fit R? is also given) and a few examples are given in Fig 9. In several case, two different
values for these parameters have been found for the same sample, one at the z = 0 end
and another at the z = L end. This is due to the fact that the diameter of the fiber is
not always exactly constant along the length.

cgg;é""issv

i 8 0% i & ¥ 4 %

s

A

Figure 9: For different samples, fitted expression (33) to the experimental data.

Glass | Sample | End | Electrodes | § (cm) | ¢’ (cm) | p, (MOhm.m) | R?

AST18 v z=0| CPC-CPC 12.62 3.83 4.24 0.9984
ASTI8 VII =0 | CPC-CPC 20.73 6.44 5.32 0.9956
AST18 VII z=L| CPC-CPC 21.69 6.18 5.28 0.9939
ASTI18 VIII T = CPC-metal 9.06 2.67 3.19 0.9993
AST18 VIII z =L | CPC-metal 10.22 2.45 3.89 0.9958
AST18 IX r=0| CPC-CPC 16.29 3.38 5.66 0.9995
AST18 IX =L | CPC-CPC 12.16 | 2.59 3.93 0.9978
AST10 5 z=0| CPC-CPC 37.35 6.93 48.7 0.9975
AST10 9 T = CPC-CPC 35.02 6.23 60.5 (0.9984
AST10 14 =0 | CPC-metal | 28.74 4.83 57.5 0.9966
AST10 21 z=0 | CPC-metal | 34.24 5.64 65.5 0.9971

As for the found values of §’, they depend a lot on the width Az of the beam entered
by the user in the Matlab program. Yet, this width is badly known because scattering
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of the light occurs in the cladding of the fiber, leading to a beam of light seen by the
glass whose shape is expected to be quite different from the one described in Fig 3. In
this case, Az has been estimated at 5 mm. But we could re-fit the expressions (33) to
the data with a different value of Az, it would change the values found for §’. This is
because Az and ¢’ are linked by a relation that gives the total quantity of light absorbed
by the fiber. The values of §’ are thus only approximations, that are useful to estimate
the impact of the light on the resistivity of the glass. Here we can see that ¢’ is usually 3
to 6 times shorter than ¢, meaning that the resistivity of the glass drops by ten to thirty
times under the light that has been used in this experiment. However, the values found
for 6 and p, are independent of this estimation of Az, and we can use them to verify
(Fig 10) that ¢ is really proportionnal to the diameter of the fiber, as predicted in (55).

Delta in the dark Vs Diameter of the fiber
Draw June AST18 and July AST10

B AST18 Data
¢ AST10 Data

- —AST18 lrend line
— AST10 trend line

Delta (cm)

0,0 0,2 0,4 0,6 0.8 1,0 1,2 1.4 16 1.8

Diameter of the fibers (mm)

Figure 10: For a given glass, the proportionnality between ¢ and the diameter is observed.

2.4 Simplification of the profile expression

The previous results (Fig 9) show that the expressions (33) of #"(zo) and i#"(x,) are
accurate. Yet, the complexity of these expressions does not allow the user to retrieve the
position xg of the beam from the values of the currents.

However, it has been witnessed, and verified with Matlab, that for reasonably wide
(Az < 10mm) and powerful (p, divided by less than 100) beams, the shape of the
function V() is fairly similar to the profile (8) of the tension V' (z) under homogeneous
illumination, with a new couple (6¢//, VE7):
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L — Zo
§eff

cosh
Vo(zo) = V! contact at x = 0 (34a)

cosh W

cosh %
Vi) = VI o) contact at x = L 34b
0 L

cosh SerF

The following array shows, for different sets (L, Az, %) (with Vo = 100V), how good,
g

and for which values of (6¢/7, Oef ! ) this simplified expression fits the exact expression of
V(o) that is:

V+ sinh (%) + V™ sinh <-§—§—)
V(xo) = (35)

L (cm) | 5 (em) | Az (mm) | 22 | 2 [ verr (vy | R

Py | 87
41 20 5 20 [ 115 | 9555 | 0.9986
41 20 5 50 [ 1.32 | 89.08 | 0.9932
41 20 5 75 [ 145 | 8453 | 0.9873
41 20 5 100 | 1.56 | 81.65 | 0.9810
20.5 10 10 20 [ 143 ] 78.70 | 0.9891
20.5 10 10 50 [ 1.86 | 58.86 | 0.9658
20.5 10 10 75 [ 216 | 48.83 | 0.9526
205 10 10 100 | 2.44 | 41.73 [ 0.9427

20.5 10 2 100 | 1.47 84.07 0.9858
100 10 ) 75 | 1.59 64.94 0.9862
100 20 5) 75 | 1.38 81.68 0.9900
5
)

100 150 75 | 1.28 100.8 0.9949
100 300 75 | 1.30 100.4 0.9908

We thus see that, for the typical set of values with which we are working - where Az
is much smaller than d who is itself a few times smaller than L, and where p; does not
drop by more than 100 times - the simplified expression (34) of V(zo) is accurate.

This observation is extremely important for the practical utilisation of the described
device. Indeed, as we already explained in the section 2.3.3, the total current measured by
the device can be considered as the sum of a ’dark current’ and a photocurrent. We saw
that this approach was equivalent to the integration of the potential over the resistivity
along the fiber. We will now make two different approximations:
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e first, we will consider that the 'dark current’ is independent of the light beam. This
means that once the device is set, the user has to measure the current 7; when
the fiber is in the dark or under the background homogeneous illumination (that
remains when the beam is applied). This approximation can seem quite big when
looking at the Fig 8, as this current is the integral under the curve, but we will see
that the error is mainly corrected by the calibration of the device.

e second, as we work only with thin beams of light, we will consider that V(z) for
T € [zg; xd] is equal to V(zg). The photocurrent due to the light is thus given by:

b Ktpne

g

Therefore, because of the similarity of the function V(zg) with the simplified profile
(34), we can approximate the currents io(zo) and i1 (zo) with the following expressions:

cosh :ffo
io(z0) = ia + Co®oAaVy!f ——0% (37a)
cosh 57
o
cosh
ir(10) = iy + Co®oAgVe/ I 09T (37b)
cosh SeFF

where Cy = is a capacity times a length, in Farad.m, that depends only on the

Ktpne
1
materials and geometry chosen for the fiber.
We show in the next section how these simplified expressions for the currents enable

the device to retrieve the position zq of the beam.

2.5 Position detection: method and results

For a given beam of light, in order to determine §¢// and the value of C’0<I>0Aa:V0ef 1
we measured the total current 4o or ¢, flowing through the device. First in the dark, to
obtain i4, then for different positions g of the beam. We then used Matlab to fit the
simplified formulas (37) to the data. The figure 11 shows the typical quality of the fit.

Then, using a beam of known power (®g), position (zo) and width (Az) we can
measure the total current i( or i, flowing through the device and thus, given the equation
(37a) or (37b), determine the value of Cy:

L L
(iO - Zd) cosh — (ZL — Zd) cosh —
Cy = oeff Seff (38)
L - e l'()
o AzVE cosh T;ZT:CO DoAzVy!7 cosh 57
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Current Vs position of the light beam in photodetecting fiber
2600

2 400

2200

g’ 2000 1 —— Current measured

— Theory with delta = 4,02cm

Ly
1600

1400

1200 —— 7T T T—Fr——f—p—r—7 '+ T [ T v i = 1t r i1

Figure 11: Fitted simplified theory for the current ig(zo) for an AST18 sample. §eff =
4.02 cm

where iy is the dark current, that has to be measured in absence of light, or under the
background light. In the following we call igh 19 — 1g and z'ih = i — iq the two
photocurrents.

Knowing the value of Cy is not sufficient to determine the characteristics (®o, Az, Zo)
of an unknown beam from the measurement ig or i;. Indeed, a thin beam localised
near £ = 0 can lead to the same value of iy than a larger one of the same power, but
localised further on the fiber. It is based on that observation that the idea to measure two
photocurrents (" and 2") is born. Indeed, as our first goal is to determine the position
zo of a beam reaching the fiber, we now see that the ratio of those two currents gives us
access to that position:

Iy
gl_ _ cosh (f.ET (39)
igh‘ i L —x
COS 6eff

Finally, even if its width and power are unknown, the position o of a beam can be
determined, using the ratio (39):

iBh - L
'L _ T gelf
L ot | g
e 4
To 2 -+ 5 n o I ( )
1-— %e oeff
)

The figure 12 displays the results of position detection for a sample of AST18-glass-
core-fiber.
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Position detected Vs real position in photodetecting fiber
Sample AST18_VII - position of the beam and error

1,8
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e
= 0,5 LI‘.'I
0,4
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-0
45

Pasition (cm)

Position (cm)

Figure 12: Position of the beam detected by an AST18-based device. The error made by
the device is given and refers to the right scale.

These results are very satisfying, as the highest error in detection is 1.54 cm in this
case. The length of the fiber is 42 cm so the highest error is only of 3.7% , where the
average error (0.58 cm) is only of 1.4% of the length of the fiber.

This simple-structure device is therefore capable of detecting the position of a single
beam of light with sufficient precision. However, it has to be kept in mind that, for the
expression (40) to lead to the actual position z of the beam, the value of 6%/ has to
be well known by the user. Now, it has been showed in the section 2.4 that this value
depends on the power of the beam (on its impact on the resistivity of the glass). The
device thus has to be calibrated with a beam of power (and width) of the same order of
magnitude than the expected beams to detect. This way, we have verified with Matlab
that the error of detected position should never exceed a few centimeters. Obviously,
the more precisely the power and width of the beam is known, the more accurate is the
detection, especially around the middle of the fiber, where both currents " and " have
quite important values. Devices for specific applications where the intensity and width of
the beam to be detected would be known can thus be set up with this method. However,
because of the impact of the light on the shape of the profile V(x), the device is not
able to detect anything else than a single beam. In fact, it is limited to the detection
of the average position of the added light (compared to the ’dark’ background). We will
now describe a more elaborate structure, this time capable of detecting a more complex
distribution of light ®(z) with less restrictions.

27



3 Hybrid device: thin-film/solid-core structure

3.1 Establishing a light-independent non-uniform electric po-

tential
(A) Fiber Cross-section (B) Voltage Profile
Thin 100 |y e ";“'m
-film 99| - - - White light

--&= Green light

0 10 20 30 40 50 60 70 80 90100
z(cm)

\ [

Figure 13: A: SEM micrograph of a fiber with the new thin-film /solid-core structure.
B: Experimental results (dots, the lines are added for clarity) of the voltage profile of a
one-meter long fiber piece from panel A in the dark (in blue), and under a spot of white
light (in red) and green light (in green) at the same location, same width and of similar
intensity. C: schematic of the electrical connection to one fiber end.

3.1.1 Convex potential in the hybrid structure

Solid core fibers can hence support convex potential profiles that can be tuned using
different glass compositions or fiber structure. When an optical signal is impingent on the
fiber however, ¢ is no longer uniform as we considered earlier, since the glass resistivity is
locally changed. This will in turn affect V/(2) that becomes an unknown function of the
intensity distribution of the optical wave front. Moreover, thin-film structures are a more
attracting system to work with in light of their better sensitivity and other advantages
described in ref. [22]. To address these observations we propose an hybrid structure that
enables to impose convex potential distributions that remain unchanged under illumina-
tion, accross a semiconducting thin-film that is used as the higher sensitivity detector.
The fiber cross-section is shown in Fig 13A, where a CPC electrode contacts both a
solid-core and a thin-film structure.
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The equivalent circuit is represented in Fig 13C, where one can see that the two

systems are in parallel. The drop of potential between the CPC channel and the metalic

1 1
electrodes (both at the same potential) expressed in Eq (2) now becomes: V(F + E)

where R. and Ry are the resistance of a slab of cylindrical semiconducting solid-core and
thin-film respectively, of length dz. This leads to a new differential equation:

o*V 1 1 V
—=V|s+=s]~== 41
022 (53 5;) 52 (41)
since d. and d , the characteristic parameters for the solid-core and the thin-film
respectively, verify d. << df as can be anticipated from earlier results. The potential
distribution is hence imposed by the solid-core system, while the current flowing through
the photoconducting film can be measured independently, thanks to the different metal-

lic electrodes contacting the solid-core and the thin-film structures. Similar boundary
conditions can be imposed to the solid-core sub-system as before.

3.1.2 Experimental results

To verify our approach we fabricated a fiber integrating a structure with a CPC
electrode in contact with both a solid-core of AST 4 and a thin layer of the AsySesoTes
glass. This glass composition was chosen for its better thermal drawing compatibility with
the polysulfone (PSU) cladding used here, which results in a better layer uniformity. Note
that in this fiber, the metallic electrodes were embedded inside a CPC electrode. The
conductivity of this assembly is still dominated by the high conductivity of the metal.
The high viscosity of CPC in contact with the thin-film is however beneficial to maintain
a layer of uniform thickness [35]. The contacts between the CPC electrodes and the
glasses were found to be ohmic.

We reproduced the experiment described in section 1.2.3 to measure the potential drop
between the CPC and the metallic electrodes along a one-meter long fiber piece. This
time however, the experiment was done under three conditions: first in the dark, then
when the fiber was illuminated, at the same location, by a white light source and then by
a green (532 nm) LED, with intensity so that the generated photo-current in the thin-film
by both illumination was almost the same. The results are shown in Fig 13B and illustrate
the proposed concept very well. Indeed, since the green light is almost fully absorbed in
the semiconducting layer [24], a significant change of thin-film resistivity (and hence a
high photo-current) can be obtained while leaving §., and thus the potential distribution
across the layer, unchanged. White light on the other hand penetrates much deeper in
the material and will change the conductivity of both the thin-film and the fiber core,
changing d, and the voltage distribution. From these experiments we could extract the
value 6, = 143 cm for this fiber system. This value is much larger than previous ones in
solid-core structure because of the increase of S¢,c imposed by the new structure design.
Note that we used green versus white light for this proof of concept, but many fiber
parameters such as the glass composition or fiber geometry can be tuned to apply this
approach to a wide range of radiation frequencies.
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This new fiber system can now support a fixed potential profile V(z) that can be
varied by changing the applied boundary conditions. Given the Eq (41), one realizes that
all possible profiles are a linear combination of the two functions:

VI(z) = —SE%/J—C) sinh h (ég—z) (42)
and
VI(z) = m sinh h (%) (43)

obtained for the boundary conditions Vo = V and V;, = 0, and vice versa. A third
independent voltage profile can also be imposed by applying a voltage between the CPC
electrode and the electrode contacting the thin-film only, resulting in a nearly uniform
potential V(z) = V, since §; is much larger than the fiber lengths considered. Hence,
we can measure three independent photo-currents that result from the integration of the
stimuli intensity profile modulated by these different voltage distributions, from which
some axial information about o, and hence ®, can be extracted as we show below.

3.2 Resolving a single optical beam
3.2.1 Beam localization

Let us consider the case of an incident uniform light beam, with a rectangular optical
wave front, at a position 2y along the fiber axis, and with a width 2Az. It generates a
photo-conductivity profile o,n(2) = op if 2 € [20 — Az, 20 + Az], and 0 otherwise. The
generated current for each configuration can be derived, integrating over the illumination
width and re-arranging the hyperbolic terms:

. 20V, . L—2z)\ . Az
r — == P —_— hh
h " Ginh (L/6.) sinhf < O, ) S ( O > (44)
. 2CVo,, . 20\ . Az
II P
= h
Toh = o T/5) sinh h (56) sinh h ( 5 ) (45)
i{,{f =2CVopAz (46)

The first two currents are a function of the beam position which can be simply extracted
T
7
by taking the ratio r = % alleviating the dependence on the beam intensity and width.
i
ph
Much like we did with the first device after simplifying the potential profile expression in
Eq (40), we can extract zp from the measurement of r through the relation:

Oe { ellde +r ]
In

S Yl P 7

(47)

The main difference is that this time, we do not need a 6*/f and we therefore do not have
to limit ourselves to narrow, light-powered beams like we had to in section 2.4. This was
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experimentally verified by illuminating a one-meter long piece of the fiber shown in Fig 13,
with a 1 em width beam from a green LED, at different locations along the fiber length.
The results are shown in Fig 14A where the straight line represents the experimental
points of illumination of the fiber while the dots are the reconstructed positions from
measuring the ratio of photo-currents r. The agreement between the experimental and

measured positions is excellent, with errors made on the position smaller than + 0.4 cm
in the middle of the fiber.

(A) mm lmaﬁon 1w 1 L] I ] L] ) L) L) LI
8o =
lluminating Photodetecting [ g ]
Beam Fiber E 60 | _F T il
\ / \‘:’.. S - i
I N° 40 - e 2 -
- pr - e A Be H'
J } ! 20 "' g « " Ma:Tu‘::: I;::hion ]
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(B) Rectangular profile g z (cm)
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Figure 14: Schematic of the illuminated fiber by a single optical beam and graph of the
real position (black dashed line) and reconstructed position with error bars(blue dots) of
an optical beam incident on a 1 m-long fiber at different positions. (B) Schematic of the
illuminated fiber by a rectangular optical wave front. And graph of the real profile (black
doted line) and reconstructed profile (blue dots) of a rectangular wave front incident on
the same fiber.

3.2.2 Position error

Error over the beam position depends on a large number of parameters (Fiber length,
dc, beam position and intensity, geometry etc... ). Indeed, fluctuations of the photo-
currents, that come from various sources [30-32], lead to variations on the ratio T, Tesult-
ing in errors in the measured beam’s position. To assess the resolution of our system,
we first measured the dark current noise iy, considered in good approximation to be the
only source of noise here. We found it to be around 10 pA in our experimental condi-
tions, using similar techniques as those explained in ref. [22]. This noise current is the
same for configurations I and II given the symmetry of the system. Intuitively, when

one measures a photo-current ii’hf £ , its mean value lies within the segment defined by
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T II . . . .
zp;{ + ix. In a simple and conservative approach, we define the resolution of our system

as the difference zp, - zo_ of the two obtained positions zp; and zp_ when the maxi-

. . . _ -I . .[I .
mum error on the currents are made, i.e when r is given by r, = (zph +in)/ (th —iN)
_ .I . .II . . .
and r_ = (zph —1 N) / (th +1 N) respectively. These error bars are represented in the

graph of Fig 14A. The resolution found is sub-centimeter, corresponding to two orders of
magnitude smaller than the fiber length. This is to the best of our knowledge the first
time that a beam of light can be localized over such an extended length and with such
a resolution, using a single one dimensional distributed photodetecting device requiring
only four points of electrical contact.

3.2.3 Other beam characteristics

The beam position is not the only spatial information we can reconstruct with this

system. Indeed, the ratio of zﬁl and /}T allows us to reconstruct Az as zp is known,
sinh(Az/0,
by measuring the ratio ——Z(—/# This also enables to evaluate oy, using ié{ll , and
z/0.

hence reconstruct the associated beam intensity . In Fig 13B we show the experimental
illumination profile of a green LED light (black dashed line, centered at 43 cm, width
18 c¢cm, with a conductivity o,, = 604erk) and the reconstructed profile from current
measurements (blue data points, centered at 43.5 cm, width 24 cm and o, = 4.7040rk)-
The positioning is very accurate as expected from the results above, while a slightly
larger width is measured. This error is due to the large value of J. compared to Az,
which results in a ratio of ¢/} to 717/ more sensitive to noise than the ratio of i, over i, .
It is however clear from discussions above that the fiber system can be designed to have
a much better resolution for different beam width ranges, by tuning . to smaller values.

Also under study is the integration time required for this system. The speed at which
we can vary the potentials depends on the bandwidth associated with the equivalent
circuit, taking into account transient current effects in amorphous semiconductors. In
this proof-of-concept, measurements were taken under DC voltages applied, varying the
boundary conditions after transient currents are stabilized (typically after a few seconds).
Novel designs, especially fibers where the semiconducting material has been crystallized
through a post-drawing crystallization process [14], and integrating rectifying junctions
that have proven to have several kHz of bandwidth [15], could result in significant im-
provement in device performance and speed.
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3.3 Extracting axial information from multiple incoming beams

When more than one beam are incident on the fiber, each one brings a set of three
unknown parameters to be resolved (its axial position, width and power). Since our
detection scheme provides three independent photo-currents, some prior knowledge on
the stimuli is then required to localize each beam along the fiber axis. For example, we
can localize two similar illumination events (with approximately same width and power),
that are incident at different axial positions.

3.3.1 Two identical beams

Let us consider the simpler case where two such beams impinging the fiber have a
width 2Az much smaller than the solid-core characteristic length 6., so that
A
sinh((s—z)
— =
AL 1 (48)
Oc
They each generate a photo-conductivity o, at their positions z; < z,. The photo-
currents measured are the sum of the measured currents with individual beams. Defining

T = 21 ;r 22 and Zp = 252 | we can derive:
4CVo Az L—Z A
Ioh = T /5 sinh h ( 5 ) sinh h ( 5 ) sinh h ( 3 ) (49)
4 A D Z
il = —Singz;“/”g jsinh (5—z> sinh h (5—> sinh h (5—17) (50)

il =4CVoAz (51)

Following the same approach as in the single beam case, we can reconstruct Z,, and
Zp, and hence z; and 2,. On Fig 15A, we show the experimental illumination of a fiber
with two identical beams of width 6 cm from the same green LED (dashed black curve)
at positions 54 ¢cm and 75 cm. The blue dots represent the reconstructed beam position,
with measured position 51 + 3 cm and 78 +3 cm for the two beams. The error on the
positions were computed in a similar fashion as before.

3.3.2 Three identical, regularly-spaced beams

An optical signal made out of three beams requires even more additional constraints
to be resolved. For example, three similar beams equidistant from one to the next can
be detected and localized with our system. Indeed, here again only two unknowns have
to be found: the central beam position and the distance between two adjacent beams.
The derivation of the algorithm to extract these positions from the different current
measurements is very similar to what has been derived above. In Fig 15B we show
experimental results of the localization of three incoming beams of same width (Az = 6

33



(A) Two incoming beams 2 S R L UL L L L
'5 10 ' —— Conductivity T | | '
£ o 8F Profile | ( | ]
a——l+— N, 6F = Measured ‘ | \ T
| L 3 4 Positions h 1
; ——+ & 2f L ]

2y I 0 i PR WP 1 IR IR SR PR | 1
0 10 20 30 50 60 70 80 90 100

M 10 LA ) | 1 | B A L VRO WL AL I

B)Th ing b 3

(B) Three incoming beams §3 3 ._h 1
1 Il 1 1 L~ 5 4 '- [ \ ’ l 1 | -i
01 T T T Il-’ [3) 2 ] i ! ’ ! -

0 e EEDINE SETRS. (NS LTy BT JENEY G RS NEY TR g Y S

0 10 20 30 40 50 60 70 80 90 100

Z(cm)

Figure 15: (A) Schematic: photodetecting fiber illuminated by two similar optical beams.
Graph: position measurements of the two beams. In black doted line is the conductivity
profile generated by the two incoming beams while the blue dots are the reconstructed
positions with the error bars. (B) Schematic: photodetecting fiber illuminated by three
similar optical beams. Graph: position measurements of the three beams. In black doted
line is the conductivity profile generated by the three incoming beams while the blue dots
are the reconstructed positions with the error bars.

cm) and intensity (generating a photo-conductivity oy, = 8.50 4ark) at positions z; = 35.5
cm, zo = 55.5 cm, and 23 = 75.5 cm. The generated conductivity pattern is represented
by a black doted line on the graph. The reconstructed positions from photo-current
measurements were 30 £4 cm, 51.5 £ 4 cm and 73 + 4 cm, in very good agreement with
the real beams locations. Note that in these two multiple beams cases, we could only
extract the position of the beams but not their intensity nor width. If we knew the width
of each beam however, we would be able to extract the position and intensity assuming
that this intensity is the same.
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Conclusion

In conclusion, axially resolved optical detection was achieved in an axially symmetric
multimaterial fiber. Two fiber architectures that combine insulating and semiconducting
domains together with conductive metallic and polymeric materials was demonstrated.
Both architectures support a convex electric potential profile along the fiber axis that
can be varied by changing the boundary conditions. The simplest structure can under
restrictive conditions localize a single beam of light but its behavior depends heavily on
the measured light itself which limits it to very specific applications. A more elaborate
hybrid device displays much more stable properties when the materials and the internal
geometry are carefully chosen in regard of the light to be detected. As a result, the
position, width and the intensity of an arbitrary incoming rectangular optical wavefront
can be reconstructed. Under given constraints, two and three simultaneously incident
beams can also be spatially resolved. The ability to localize stimuli along an extended
fiber length using simple electronic measurement approaches and with a small number of
electrical connections, presents intriguing opportunities for distributed sensing.
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Appendix A: § calculation

Glass core geometry

We consider a fiber where a glass core is contacted by two opposed electrodes running
along the length of the fiber (Fig 16):

PSU . ™

; o “a | Wope E‘ ‘\\

/ " “\\l CPC

‘\\ T /

" ) CPC
Glass . “‘;4 or

\\\\L/./ Metal

Figure 16: The glass core geometry for the photodetecting fiber
The radius of the core is 74, while ¢ is the thickness of the CPC electrode and wep.
its width (wp is exaggerated in Fig 16). Neglecting the curvature of the electrode, the
cross section of one of the electrodes has a surface Sepe = tepe Wepe-
For the calculation we will approximate the contact between each electrode and the

core as being located on one single point. This is correct as long as we,e remains small
compared to r,. This way, the resistance R, is given by:

te dh
R, = S 2
¢ /_,.g P93 dx T4 c0SO 0%

where h and © are given by the Fig 17, and p, is the resistivity of the glass.

dh
L

Figure 17: Elements for the calculation

As h = 14sin©, then dh = r,c0s©dO and so:
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[ME]

de T
Ry = Pg/ Tdp PQ% (53)

£l

[N

It is remarkable that the resistance of a cylinder connected at two diametrically op-
posite points does not depend on the radius of this cylinder. This way a smaller glass
core could be used without changing the resistance, but allowing a higher electric field in
the glass for a same voltage applied.

The resistance of a CPC electrode for a length dz of fiber is R = pcpc%, where
Pepe 15 the resistivity of the CPC. Finally, for a glass core geometry, § is given by:

R Pg T
6= 4] Zdx = g _8. . 4
chc dx lchpc 2 S ! (5 )

And so, if & is the draw-down ratio, i.e. the ratio between the diameters of the preform

and of the fiber and if 59, is the initial surface of the cross section of the CPC electrode
S%e  This leads us to the final result for §:

a?

1 [7mp
Ocore = —4 | = LS9 55
o zpcpc cpe ( )
Glass layer geometry

We consider now a fiber where a glass layer is contacted by two opposed electrodes
running along the length of the fiber (Fig 18):

in the preform, then we have S, =

PSU._— T
/ TP
3% = Jcrc
Glass  or
Metal

Figure 18: The glass layer geometry for the photodetecting fiber

The radius at which the layer is deposited is rg, while £, is its thickness. .. is the
thickness of the CPC electrode and wep. its width (w,. and ty are exaggerated in Fig 18).
Neglecting the curvature of the electrode, the cross section of one of the electrodes has a
ourfoes Sae =T Wee

For the calculation we will again approximate the contact between each electrode and
the layer as being located on one single point. This is correct as long as wp, remains
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small compared to 4. We will also always consider that {; << 7y, which is right, as ry is
100gm minimum, while ¢, is at most a few micrometers. This way, the resistance R, is
given by:

[SIE]

1 o

where © is defined on the figure 19, and the factor $ takes into account the fact that the
integral on © leads only to the resistance of half of the layer.

// - -“'\.‘_ =
T T \\\j
- "

/ Py = \
/ rd N \
/ =4

f,f fg_/‘/
i f""""j """"""
1 AN
\ Yoo/ / /
L A
e . o

Figure 19: Elements for the calculation

The resistance of the glass for a length dz is then:

iEs
B =g 57
9= P9odat, ar)
The resistance of a CPC electrode for a length dz of fiber is Repe = pcpcsici;. Finally,
for a glass layer geometry, d is given by:

s— | Ba gy [T Pa TeSere (58)
chc 2 pcpc tg

And so, if « is the draw-down ratio, i.e. the ratio between the diameters of the preform
and of the fiber and if S, is the initial surface of the cross section of the CPC electrode

0
in the preform, then we have Sgpe = Scpc Besides, if r0 and t) are respectively the radius

. This leads us to the

|‘QD

and the thickness of the glass layer in the preform, then :—;’ = Z

o)

final result for &:

L |7 pg Sgpcrg
6Iayevr = A5 "

59
a\l 2pepe tY (59)
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Appendix B: Stress and resistivity of the CPC

In the section 3.3.2, we have obtained, for both studied geometries, the expression
of 6. As ¢ is the main parameter of the system, it is important for us to control its
value precisely. We have already shown that ¢ is proportionnal to the diameter of the
fiber, and that we can use different glasses, with different resistivities pq (Fig 10). As the
cross-section Sfpc of the CPC electrode in the preform is more or less always the same,
the last parameter is pg.

As already mentionned, the Conductive PolyCarbonate has been used as a metal
in different projects of the group over the past few years. However no data on the
hypothetical evolution of its resistivity with the draw parameters (temperature, stress)
was available when we started to use it in our photodetecting fibers. It is only after
having recurrent problem in connecting several fiber samples that we decided to study
the variations of p... This study is however incomplete and further investigation is
needed, but the first results were very interesting and we give them here.

The electrical conduction inside the CPC is due to the carbon particles: their con-
centration is above the percolation level, and so the CPC is conducting. But during the
draw, if the temperature is low enough, the carbon particles might not flow fast enough
to ensure the electrical conduction in the final fiber.

Resistivity Vs stress for the PC cladding fiber
1,00E+09
1,00E+08
1,00E407 -
1,00E406 -
1,00E+05 -
1,00E+04 [ ] B Resistivity
1,00E+03

1,00E402

Resistivity (Ohm.m)

1,00E+01 "

1,00E+00
100 150 200 250 300 350 400 150 500 550 600

Stress (g/m?)

Figure 20: For the low temperature draw, as the stress endured by the fiber increases,
Pepe Increases of several orders of magnitude.

In order to verify whether that phenomenon occurs or not, we drew a simple fiber
where a layer of CPC is surrounded by insulating cladding, and studied the resistivity
of different samples, depending on the stress they endured during the draw. We did so
for two different fibers: in the first one, the insulating polymer was PolyCarbonate (PC),
and the temperature during the draw was 235 degrees. In the second one, the cladding
was PolySulfonide (PSU), and the draw temperature was 272 degrees.

For the PSU-cladding fiber, no sensible variation of the resistivity was observed: pe,.
remained comprised between 0.55 and 1 Ohm.m for fibers that had endured stress ranging
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from 100 to 600 g.m~2. However, for the PC-cladding fiber, huge variation of pe,. are
witnessed as the stress varies (Fig 20)

It thus seems that when the temperature of the draw is low enough, there is a transi-
tion conductive — insulating due to the stress applied on the fiber. It has been demon-
strated that this transition was not due to the diminution of diameter of the fiber often
linked with the increase of stress because some of the finest fibers have endured a very
low stress and conduct very well the current. However, in our draws, the increase of stress
is always linked to an increase of the capstan speed. This transition might be due to the
fact that carbon particles do not have enough time to reorganize within the insulating
matrix when the capstan speed is too high or the temperature is too low.

This study, even incomplete, has enabled us to demonstrate a metal — > insulating
transition in the CPC during the draw process. There is no reference to such a transition
in the existing litterature, and an exhaustive study of the variations of pc,. is needed to
understand the underlying mechanism occuring within the CPC during the draw.

During this project, as the fibers were all based on PSU cladding, the draw tempera-
ture was always high enough for this transition not to happen. However, if this transition
was well understood and the stress well controled during the draw, we could play on the
value of pgpe, via the stress during the draw, to modify the final value of 4.
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