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Supplementary Figure 1 — Viscosity of fibre components (PC cladding — blue; As,Ses — red; CPE
— black) as a function of temperature and fit to exponential functions (dashed lines). For more
details, see Supplementary Note 1
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Supplementary Figure 2 — (a) Transmission optical micrograph of a fibre after break up, which
contains semiconducting spheres with an average radius of 107um, and CPE electrodes. (b)
Reflection optical micrograph of the fibre shown in (a). (c) Sphere radius distribution estimation,

from a sample of 30 spheres — average size - 107um, standard deviation - 10pm. For more
details, see Supplementary Note 2
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Supplementary Figure 3 — (a) Transmission optical micrograph of a fibre with a semiconducting
core radius of S5um designed to undergo selective break up — prior to break up. (b) Transmission
optical micrograph of the active region in the fibre, shown by the red square in (a), shown with a
greater magnification. (c) Transmission optical micrograph of a fibre after break up with
chalcogenide glass spheres with an average radius of 11um, connected to continuous electrodes.
(d) Reflection optical micrograph of a fibre shown in (c). (e) Sphere radius distribution estimation,
from a sample of 30 spheres — average size - 11um, standard deviation - 1pm.
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Supplementary Figure 4 — (a) Transmission optical micrograph of a fibre with a semiconducting
core radius of 2.5um designed to undergo selective break up — prior to break up. (b) Transmission
optical micrograph of a fibre after break up with chalcogenide glass spheres with an average radius
of Sum, connected to continuous electrodes. (c) Scanning electron microscopy micrograph of a
fibre with average sphere radius of Sum, after chemical removal of the fibre cladding. (d) Sphere
radius distribution estimation, from a sample of 30 spheres — average size - 5um, standard
deviation - 0.5um.
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Supplementary Figure 5 — f —a function proportional to the perturbation growth rate (1/7) as a
function of 4/a at 230°C. For more details, see Supplementary Note 1
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Supplementary Figure 6 - Main figure - Measured current versus voltage curve of the
photodetecting fibre with spheres with an average radius of 5 pum under laser illumination (green),
compared to the dark current (black). The setup shown in Figure 4(a) was used, while illuminating

a single sphere, as shown in Figure 5(a); Inset - IV curve obtained in the dark (black), the dark
current of the fibres prior to break up (red) — shows no measurable current due to lack of contact
between the semiconducting core and the electrodes.
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Supplementary Figure 7 — Index of refraction and extinction coefficient of As,Ses. For more
details, see Supplementary Note 4
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Supplementary Figure 8 — Qqps calculated by Mie theory vs. wavelength for different sphere
diameters. For more details, see Supplementary Note 4
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Supplementary Figure 9 - (a) Experimentally measured responsivity (black) compared with
theoretically calculated responsivity (red), as a function of wavelength for a fibre with a spheres
radius of 11 um. The fibre was illuminated by a spherical lens in a single sphere excitation as
described in Figure 5(a). (b) The FFT density of the experimental responsivity
(black) and the theoretical responsivity (red) as a function of wavelength between two adjacent
resonant peaks are described in the upper and the lower graphs, respectively. The location of the
firstorder peak in the experimental and the theoretical results is Adpea= 3.9+0.3 nm and
Apeak = 4.0nm, respectively (marked by an arrow).
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Supplementary Figure 10 - (a) Experimentally measured responsivity (black) compared with
theoretically calculated responsivity (red), as a function of wavelength for a fibre with a spheres
radius of 11 um. The fibre was illuminated by a cylindrical lens in a multiple sphere excitation as

described in Figure 5(b). (b) The FFT density of the experimental responsivity

(black) and the theoretical responsivity (red) as a function of wavelength between two adjacent
resonant peaks are described in the upper and the lower graphs, respectively. The location of the

first order peak in the experimental and the theoretical results is Adpea= 4.15+0.3 nm and
Apeak = 4.2nm, respectively (marked by an arrow).
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Supplementary Figure 11 - The FFT density of the experimental responsivity
(black) and the theoretical responsivity (red) as a function of wavelength between two adjacent
resonant peaks are described in the upper and the lower graphs, respectively, for fibres containing
spheres with radius of 5 um. Multiple excitation scheme. The location of the first order peak in the
experimental and the theoretical results is marked by an arrow.



Property Expression As,Ses CPE PC

Cross sectional radius (um) a 50 72*
Surface tension with PC** (m]) % 114 30
Viscosity at 230°C (Pa - s) n 7-10* 1.2-103 2-10*

Activation energy (eV) Ea 2.02 2.31

*Effective cross sectional radius calculated from square cross section area.

Supplementary Table 1 — Fibre constituent properties. For more details, see Supplementary Note
1

Continuous core radius Sphere radius Period wavelength
a (um) R (um) A (um)
50+1 107 £ 10 660 + 90
5+0.1 11+1 68 + 12

2.51+0.7 5+0.5 35+5

Supplementary Table 2 — Summary of the initial core and sphere radii and period wavelength of
the sphere separation after the break up. Errors shown correspond to standard deviations. For more
details, see Supplementary Note 1



Sphere radius A (AV™D) B (m®5 v—0%)

R (um)
5 2-10715+1-10715 9.2-107*+1.2-10~*
11 8-10713+4-10"13 6.9-10"*+1.2-10~*

Supplementary Table 3 — Summary of fit results. For more details, see Supplementary Note 3

Sphere Radius Ageom, Single sphere Ageom, Multiple sphere
R (um)
5 7.5 85.9
11 2 34.4

Supplementary Table 4 — Summary of geometric correction factors. For more details, see
Supplementary Note 3



Property Symbol R = 5um R=11um

Carrier lifetime (s) T 2-107°

Voltage (V) 4 100

Carrier mobility (m?s™1) U 1.58-107°

Transit time (s) Teransit 6.3-107% 6.1-1073
Carrier collection efficiency ¢ 0.031 3.25-1073
Dark current (A) Ljark 1.3-10711  1.88-10710
Sphere periodicity wavelength (um) A 68 35
Concentration of intrinsic carriers 1 (m~3) Ndark 1.3 - 1017
Specimen length (m) 0.05

Supplementary Table 5 — Properties used for theoretical responsivity calculation. For more
details, see Supplementary Note 3

Sphere Radius Pm Single Sphere Pm Multiple Sphere Calculated pp,
R (um) (mAW-1v-1) (mAW-1v1) (mAwW-1v-1

5 19.3 12.5 20.5

11 14.4 141 191

Supplementary Table 6 — Summary of the measured normalized responsivity and the calculated
responsivity from theory. For more details, see Supplementary Note 3



Supplementary Note 1: Timescale for break up and characteristic period

Tomotika model* predicts the perturbation growth rate of a Rayleigh-Plateau instability** in a
“cylindrical thread of a viscous liquid surrounded by another viscous fluid”:

(1) 7=1/[(1 = x*)P(X, Uinner/ Hclad) ]

Where x = 2ma /A, a is the radius of the inner fluid, either the semiconducting core or the
electrodes; Ty = 2apcad/Y, Helad @aNd Winner are the viscosity of the cladding and the inner fibre
component, respectively; y is the interfacial surface tension between the two liquids. T and 1/t
are the perturbation growth time and rate respectively, and A is the periodicity of the spheres that

are present in the fibre after break up. Function @ has the following form®:

Hinner
( HUinner ) N (x, HUclad )
b x, = -
‘[[Clad D (x, .umner)
Hclad

With

N (3 22 = L (A — (xla () ~ LG4,

D (3,0 = (B0 51 ) — 1, (), = (E220) (G2 4+ DL () = 21 ()4,

’ Hclad Hclad Hclad
— {xKo (x) + Ky (0)}A5 — {(x* + DK, (x) + xKo(x)}A,

In these expressions A;, A,, A; and A, are all functions of x expressed in determinantal form

as follows:
xlp() =11 (x)  Ky(x) —xKo(x) — Ky (%) I; (x) Ki(x) —xKo(x) — K;(x)
A = Ip(o) + xI;(x) —Ko(x) —Ko(x) + xK; (x) A, = Io(x) —Ko(x) —Ko(x) + xK;(x)
Bmer () Ko@) —xKp(0) Bmer) ) Ko@) —xKo(0)
Hclad Hclad
I; (x) xlo(x) =11 (x) —xKo(x) — K;(x) I; (x) xlo(e) = 1;(x)  K;(x)
A, = Io(x) Ip(x) + xI;(x)  —Ko(x) + xK; (x) - Io(x) IoQe) + xI;(x)  —Ko(x)
Hinner ’ -

11 (x) Hinner xIO (x) —XKO (x) Hinner Il(x) Hinner
Hclad Helad Hclad HUclad

xlp(x) K, (x)



Where I, and K,, are the modified Bessel functions of the first and second kind respectively.
As to our problem, we used Tomotika model to evaluate the timescales for break up, as a function
of temperature, for the different components in our fibre structure. The cross sectional radius and
the surface tension were assumed to be constant with regards to the temperature. The values of the
cross sectional radius and the surface tension with PC that were used are summarized in
Supplementary Table 1.
The viscosity of the fibre constituents were measured under varying temperature by rheometry,
and fit to exponential functions, as the viscosity depends exponentially on the temperature. These
results are shown in Supplementary Figure 1.
The viscosity of PC and As,Ses has been fitted to Arrhenius function: n = n, exp(E,/kT) , where
E, is often referred to as the activation energy, such that

No=129-10"°+49-10"2°Pa-s and E, = 2.31 + 0.02 eV for PC;

No=39-10"%4+5-10"17Pa-s and E, = 2.02 + 0.01 eV for As,Ses. The viscosity of CPE
weakly depends on the temperature, and was taken as a constant.
Based on Tomotika model (Supplementary Equation 1), we calculate the characteristic rate for
break up (1/z) for every component in the fibre. The characteristic rate corresponds to the maximal
perturbation growth rate possible, for a given set of parameters. This maximal rate (or minimal 7) is
obtained for a characteristic wavelength — A, which is frequently referred to as Tomotika
wavelength. This characteristic wavelength, A, is therefore set by the maximum of the function
f(A/a) = [1 — Rra/2)?]PQ2ra/A, tcore/ Heiad) < 1/7. The function f is shown in
Supplementary Figure 5, as it was calculated for the semiconducting core of the fibre at the break
up temperature of 230 °C. The maximum in the function f(1/a) isat A = 13.66a, where a is the

radius of the initial core. Similarly, we have calculated the values of t, both for the electrodes and



the core, as a function of temperature and these are summarized in Figure 1(c) in the main text. At
a given temperature, whenever the fibre is heated for a time that exceeds this timescale (t > 1), we
expect this component to break up.

Additionally, we have measured the radii of the initial semiconducting core and the radius of the
resulting spheres and their period for three different initial core diameters. The results are

summarized in Supplementary Table 2 and are in agreement with Tomotika® model.

Supplementary Note 2 — Additional Results and Data — Sphere Size and Shape
Supplementary figures 2-4 show the fibre structure for different fibre core sizes, which result in
spheres radius of 107 + 10pum, 11 + 1um and 5 + 0.5pum respectively.

We have found that a normal distribution fits well the distribution of sphere radii, where the stated
error is the standard deviation of the distribution. As can be seen in the Supplementary Figures 2-4,
there are contacts between the vast majority of the spheres and the electrodes for spheres of radius
of 107um and 11um. Some of the 5um spheres are not connected to the electrodes
(Supplementary Figure 4), due to a shape fluctuation of the electrodes during the break up process.
This is consistent with the relatively lower responsivity when measuring multiple spheres as
described in Supplementary Note 3 (Supplementary Table 6, multiple sphere excitation).

Additionally, as can be seen in Supplementary Figures 2(b), 3(d) and 4(c), the semiconducting
particles are very close to spherical. By measuring their diameter in two perpendicular directions

allows us to estimate the ellipticity of these particles. The ratio between the minor and major axes

yields in a maximum ratio of dminor — ) 95, Thus, we assume that the particles are very close to

major

spherical.



Supplementary Note 3: Electrical behavior model of spherical semiconductor fibres

Our goal is to develop a model for the electric behavior of fibres that contain continuous electrodes

and semiconducting spheres. We will do it in several steps.

1. Resistance of a single sphere: Since a resistance of a perfect sphere is infinite due to two
singular contact points, we approximate this problem, by introducing a truncated sphere.
Assuming the sphere has a homogeneous conductivity a, an infinitesimal unit of the sphere
has a resistance of: dR = dz/gA(z), where z is the axis pointed between the two truncated
caps, and A(z) is the area that is defined by z, which is normal to the area of the sphere.

Integrating dR with respect to z gives the resistance of a sphere - R:

@) R = 1 | (R+b)_ 1 | (1+(2)
“ZRe "\R—b) " 7rRe "\1 -0

Where R is the sphere radius, ¢ is the conductivity of the semiconductor, b is the distance
between the truncated cap and the center of the sphere, and 2 = b/R is the contact factor,
which is a function of the contact between the electrodes and the sphere.

2. The next step is to consider a fibre system which contains only one sphere that is connected to
continuous electrodes. Here we assume that conductors have much smaller resistance than the
semiconducting sphere, as it is in our case, and that there is no junction resistance between the
electrodes and the sphere, at the contact.

The carrier generation rate® is given by Supplementary Equation 3.

(Tl - ndark) — TI‘p — 37}45
T Volume 4nR3

(3)
Where n is the carrier density in the semiconductor, ngark is the carrier density in the

semiconductor without illumination, 7 is the carrier lifetime, @ is the photon flux and 7 is



the quantum efficiency. For the case of As,Ses which is an amorphous arsenic selenium
semiconductor, the electric transport is governed by holes’.
Quantum efficiency of photo-generation and collection n for a spherical particle is given by

Supplementary Equation 4:

(4) N = ¢ Qaps

where { = —

Is the carrier collection efficiency that depends on the carrier lifetime and

Ttransit

the transit time of the carrier from the location of formation to the collecting electrode; Q. is
the normalized absorption cross section of a sphere, which is derived by Mie theory® as
described in Supplementary Note 4. This value describes the interaction of electromagnetic
radiation with the sphere and is the ratio between the absorbed photo-energy versus the
incident energy, when the sphere is illuminated. Substituting Supplementary Equation 4 into
Supplementary Equation 3 we can obtain the conductivity of a semiconducting sphere o,
which is given by Supplementary Equation 5:

3eudQapsPT

(5) o=enu= g

+ €UNGark

Where e is the electron charge and u is the hole mobility.
The illuminated sphere resistance is given by substituting Supplementary equation 5 into

Supplementary Equation 2:

1+ !2) 4R (157)

1-0) " ep(4R3mngan + 377D Qaps)

1
6) R= ln(
(6) nmRo
In this step we look at a fibre that contains continuous electrodes, and a series of spheres all
connected to these electrodes. At this step only one sphere is being illuminated while other are

in the dark. In this case only the dark current should change. We now have N = L/A spheres

in the system, where L is the length of the active fibre region that is defined by the distance



between the connections to the fibre electrodes by the external measurement setup and A is the
wavelength of periodicity which evolves during break up. Conductivity of the illuminated
sphere is given by Supplementary equation 5, while the conductivity of the spheres that are not
illuminated is:

(7)  Odark = eMNgark
The resistance of the illuminated sphere is given by Supplementary equation 6 and the

resistance of the spheres in the dark is:

in(125)

8) R = —
( ) dark Ren'.undark

Since these spheres are all connected in parallel, the total resistance R, of the system is:

L
1 1 771 eu(4RPLungari + 3319 Qqpsh)

=—+
Rtot R :Rdark 4R2 |n (%) A

€)

The current in the system [ is thus:

V. Veu(4R*Lungap + 3070 Qqps)

Reot 4R?In (%) A

(10) I =

Where V is the applied voltage.
The dark current which is present when the fibre is not illuminated (¢ = 0) is given by
Supplementary Equation 11.

ReLmungark
(11) Igark = T!;r

In (1 - !2) A
As can be seen in Figure 4(b) in the main text, the dark current is not linear with V. The reason for
this nonlinear behavior is the dependence of the mobility of holes on the field, which is described

by the Poole Frenkel effect”®. The dependence of the mobility on the field is exponential as shown



in Supplementary equation 12:

1
Ny U, BEZ
(12) u= (Vt) Ho €Xp ( ﬁ) exp| 7

where Ny is the density of states in the valence band, N, is the density of the trapping centers, u,
is the carriers’ microscopic mobility, U, is the thermal activation energy at zero field, and g is
the Poole Frenkel constant. There are no exact values in the literature of As,Ses for Ny, Ny, uo, Uy
and g, but for a very similar and commonly used material — As,Ses,

NT‘:“O ~3-1073m?V-1s! Uy =0.43eV and f = 1.85-10"%eV m®> V=5 as reported
in’.

The dark current has thus the following form:

1 1

ReLnVngar (Ny U pV2 V\2z

(13)  laark = —q v (W)“" p(‘ﬁ)exp —5 | =4 Vexp B(ﬁ)
In(=p)2 "™ KT(2R)>

where A and B are constants which were used as parameters to fit the expression in Supplementary
Equation 13 to the experimental data. The fit results are summarized in Supplementary Table 3.
According to the values of B in Supplementary Table 3 we find that the Poole Frenkel constant -

B remains constant regardless of the sphere radius, (811ym = 17 £ 3 peV m?%> v-05; Bsum =

23 + 3 peV m®5 V=°5; previously reported values="mr Reference sourcenotfound. ¢ o _ 18 4 2

peV m®> V=05) assuming that the temperature of the semiconductor didn’t change during laser
illumination.

On the other hand, the values of the pre-factor A change considerably between the experiments;
this could not be explained just by the difference in sphere radius. These differences are most
probably affected by the contact area between the sphere and the electrodes (mathematically

described by 2 factor), which has a significant influence on the pre-factor A.



The responsivity p of the fibre, when only one sphere is illuminated is given by Supplementary

equation 14:
(14) _ (I B Idark) _ 3eV{AinumHTQabs
P="p  ~ o (114
4hcR? In (m)

where P is the power of the illumination that is incident on the sphere/s, and @ = PAE%. his

Planck’s constant; c is the speed of light, Ay, 1S the wavelength of the incident light.
This relation could further be simplified, by substituting Supplementary equation 11 into
Supplementary equation 14:

_ 3(Aillum":QabsIdark/1
4hcR3 LTL'Tldark

(15)

In order to compare the responsivities between various experiments, we have normalized it by the
applied voltage:

p 35/1illumrQabsIdark/1
(16) Pm =3 = 3
% 4hcR3Lang,V

This theoretical value was compared with the experimental values obtained for the different sphere
sizes (radii of S5pm and 11um) and for single and multiple sphere excitation.

The experimental normalized responsivity (o, ) was calculated by using Supplementary
equation 17:

I -1
(17) pmex _ _meas dark

geom
Bneas

Where In,eas IS the measured current, P, IS the total power supplied by the laser, and ageom

is a geometrical factor that takes into account the relative power that was incident on the spheres.

Assuming that the laser beam flux is a two dimensional Gaussian, it is possible to calculate the



factor ageom by the following expression:

(18)  Imeas = pmexpmeas fG(X, y)ds
S

Where G(x,y) is the Gaussian beam, experimentally measured, with FWHM sy, s, in the
direction of the fibre axis and perpendicularly to the fibre axis, respectively. Comparing
Supplementary equation 17 and Supplementary equation 18 gives us the value of ageom:

1

(19) Ogeom = fSG(x, ¥)ds

The expression given in Supplementary Equation 19 gives Us ageom, for a single sphere excitation
regime.

Multi-sphere excitation factor is calculated by integration on all the spheres in the fibre, taking into
account their position relative to the Gaussian beam center, as given in Supplementary equation

20:

1
multi fso G(X, y)dS Zi e—xiz/ZcT)%

(2 0) Xgeom

Sx

2,/2log2’

Here S, is the area of the sphere that coincides with the Gaussian center, and o, =

The geometric factor ag.,m Was calculated for every experiment conducted using the following
experimental data: The FWHM of the beam in single sphere excitation (spherical lens) -

Sx = Sy = 22pm. The FWHM of the beam in multiple sphere excitation (cylindrical lens)

Sy = 462um; s, = 180um. The geometric corrections are summarized in Supplementary Table
4.

The values of the measured responsivity such as shown in Figure 5(c) and 5(d) in the main text
were calculated by Supplementary equation 17, taking into account the different values of the

geometric correction factors given in Supplementary Table 4. The theoretical values of the



responsivity were calculated by Supplementary equation 16, using the following summarized in
Supplementary Table 5.

The values of Qg Were calculated as described in Supplementary Note 4.

As a comparison between the experiments and theory, an average of the responsivity was taken in
a light wavelength range of 825-850nm. Supplementary table 6 summarizes the measured
responsivities and expected responsivity from theory, for one measurement from each type.

From Supplementary Table 6, we notice that the measured responsivity is very similar to the
theoretical prediction, taking into to account the fact that the calculation of the theoretical
responsivity was a first order model. The variance between the responsivity of the results obtained
for multiple-sphere and single-sphere excitations could be attributed to the number of connected
spheres. From these values it is most probable that in the multiple sphere experiment the majority
of the spheres were connected in specimens with spheres of 11pum radius, and ~35% of the spheres
were disconnected in specimens with Sum radius. It is reasonable that as the sphere radius
decreases, the effect of electrode fluctuations and sphere size dispersion will adversely affect the
contact between the electrodes and the spheres, increasing the number of misconnections, as

supported by the electrical measurements.



Supplementary Note 4 — Resonances theory

Mie theory® describes the interaction of electromagnetic radiation with spherical particles. The
ultimate result of the theory is given by the scattering, extinction and absorption factors. We focus
on the absorption as it will directly affect the absorption of the light in the semiconductor which
could be measured through the response of the photodetecting spheres in the fibres.

We have measured the refractive index and the extinction coefficient of As,Ses by
spectrophotometry using an evaporated film (thickness of 18um) of As,Ses and employing

I**. The results are shown in

Swanepoel method to calculate the refractive index of the materia
Supplementary Figure 7.

Using the values of the refractive index and extinction coefficient we obtain Qs for sphere radii
of 5um, 11pum and 107um as shown in Supplementary Figure 8.

From Supplementary Figure 8, for smaller spheres there are resonant peaks present and the free
spectral range (FSR) between these peaks get larger, as the sphere diameter is reduced, as expected
from theory. These features are then measured through the photoresistive response of the fibre that
contains sphere with the aforementioned radii.

Figure 5(e) was obtained by performing an FFT analysis on the calculated responsivity of fibres,
while continuously changing the sphere radius (in a single sphere illumination setup). The peak
location is inversely proportional to the sphere radius, as expected from conventional Fabry Perot
resonator theory.

The theoretical curves, as shown in red in Figure 5(c) and 5(d) were calculated by Supplementary
Equation 16. For the case of single sphere excitation, the curves were calculated by taking one

sphere with the corresponding radius. For the case of multiple spheres excitation, the calculated

responsivity was averaged for a random pool of spheres chosen from a Gaussian distribution with



a mean equal to the sphere radius and the standard deviation measured for each fiber type (see
Supplementary Table 2). The number of samples was chosen according to Supplementary
equation 21, where Ngample IS the number of samples selected, [, is the FWHM size of the spot
size used to excite multiple spheres and A is the wavelength at which the spheres appear in the
fibre (Tomotika wavelength).

l
(21) Nsample = Ia
For spheres with a radius of 5um, we have included 13 spheres in the calculation, and for spheres
with a radius of 11um, we have included 7 spheres in the averaging calculation of the

responsivity.

This averaging leads to “smoothing” of the sharp Mie peaks, but since we are interacting with a
relatively small amount of spheres, Mie peaks are still present, as can be seen in 5(d). The main
FFT peak is clearly present in both cases, as can be seen in Figures 5(¢) in the main text and in

Supplementary Figures 9-11.
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