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 Optical fi bers have been actively investigated for remote 
chemical sensing applications. [  1–17  ]  Luminescence-based detec-
tion schemes [  18  –    22  ]  are of particular interest for detection of 
hazardous materials, such as explosives, where optical fi bers 
are used for collecting and transmitting an emissive signal to 
a detector at the fi ber end. Inherent to this approach are sev-
eral limitations. First, the standoff distance and sensitivity of 
detection are restricted by the fi ber’s numerical aperture (NA), 
its transmission and bending losses, and the sensitivity of 
the detector. While the NA can be increased with hollow core 
photo nic bandgap fi bers [  15  ,  17  ]  and highly sensitive photodetec-
tors can be implemented, limitations on coupling effi ciency and 
propagation losses present challenges to distributed sensing 
over large areas. 

 Here, we introduce and demonstrate an approach for 
remote luminescence-based chemical detection that is inher-
ently adaptable for distributed sensing and circumvents the 
aforementioned limitations. Rather than rely on the propaga-
tion of the optical signal to a distal external detector, we mono-
lithically realize the photodetecting function as an integral part 
of the fi ber itself along its entire length. This approach maxi-
mizes signal collection effi ciency, while eliminating the need to 
propagate the optical signal along the fi ber. Previously reported 
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metal-semiconductor-metal photodetecting fi bers [  23–26  ]  were 
characterized under relatively high incident power (mW scale); 
however, their high noise equivalent power (NEP) precluded 
their use for chemiluminescent (CL) sensing applications, 
which require the detection of radiation at the nW scale. By 
designing and optimizing the fi ber materials and architecture 
for chemical sensing, we succeeded in reducing the NEP by 
nearly two orders of magnitude compared to previous work. [  24  ]  
Consequently, we demonstrate trace-level detection limits 
of peroxide vapor down to 10 parts per billion (ppb), on par 
with current state-of-the-art hydrogen peroxide vapor sensors, 
that hitherto have been developed only for non-remote detec-
tion. [  21  ,  22  ]  Liquid peroxide-based explosives (PBE) have emerged 
as materials of choice for makeshift explosives. Indeed PBE have 
been used in a number of recent incidents involving bombing 
of mass transit systems, [  27  ]  leading to world-wide restrictions on 
liquids carried on board aircraft that is still enforced today. The 
small footprint, potential for multiplexing, fl exible form factor, 
scalable manufacturing, and compatibility with miniaturized 
electronics of the fi ber architectures demonstrated here enable 
remote and distributed sensing schemes to meet current soci-
etal needs. 

 The design of the fi ber structure dictates its detection capa-
bilities. First, the azimuthal numerical aperture of the detec-
tors should be maximized in order to collect as much of the 
isotropically emitted CL detection signal as possible. Second, 
the chosen chalcogenide glass should absorb at the detection 
wavelength, while remaining thermomechanically compat-
ible for drawing with the other materials comprising the pre-
form. The central wavelength emitted by the peroxide sensing 
material is 532 nm, [  17  ]  which makes crystalline Se 97 S 3  ( E  g   =  
1.74 eV) [  28  ]  a suitable candidate. This glass can be codrawn in 
its amorphous state with polysulfone (PSU) and crystalized 
post-draw, which makes PSU a good candidate for the polymer 
cladding material. [  29  ,  30  ]  Third, in order to be detectable, the 
small photocurrent signal resulting from the CL emission must 
be greater than the noise current level. For weak signals, this 
noise is proportional to the square root of the dark current, [  31  ]  
which should therefore be minimized to enhance the signal-to-
noise ratio (SNR). Consequently, the appropriate geometry of 
the Se 97 S 3  layer should be implemented. [  24  ]  Note also that if  n  
identical photodetectors are connected in parallel, both  I  bright  
and  I  dark  scale linearly with  n . However, the noise only grows 
as  

√
Idark ∝ √

n  , while the signal  I  bright   −   I  dark  grows as  n , and 
therefore the SNR scales as  

√
n  , which is an incentive to inte-

grate multiple independent detectors into one fi ber. 
 Taking into account the above design considerations, a 

hollow core rectangular preform was assembled and thermally 
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     Figure  1 .     Fiber fabrication process: a) Schematic of the preform assembly. (1) Thin PSU sheet (75
 μ m) with Se 97 S 3  layer (35  μ m) evaporated onto its laminar facet. (2) Sn 63 Pb 37  electrodes and (3)
CPC pads are incorporated in between (4) PSU plates, which are machined to encapsulate all of the
components. The assembly is then thermally consolidated to form a monolithic macroscopic pre-
form. b) Schematics of the thermal drawing process showing the preform fed through the hot zone
of a furnace (red ring) and drawn into a fi ber. c) Cross sectional SEM micrograph of the resulting
fi ber. (1) Se 97 S 3  layer, (2) Sn 63 Pb 37  electrodes, (3) CPC pads, (4) PSU matrix.  
consolidated under vacuum at  ≈ 225   °  C as shown in  Figure    1  a. 
In this design, two identical independent photodetecting struc-
tures were incorporated into the preform to demonstrate the 
aforementioned sensitivity enhancement. The aspect ratio for 
each of the photoconductive channels was maximized in order 
to increase the azimuthal numerical aperture while decreasing 
the dark conductance of each detector, which scales inversely 
with the layer thickness. [  24  ]   

 Additional preform materials design constraints emerge 
from the fact that drawing a thin and wide Se 97 S 3  sheet is com-
plicated by its tendency to undergo capillary break up into thin 
fi laments while being thermally drawn. [  29  ,  30  ]  We found that 
controlling the surface roughness of the preform materials 
surrounding the Se 97 S 3  layer was key to maintaining its conti-
nuity during the draw. Thus, the preform is designed in such a 
way that only laminar polymer surfaces are in contact with the 
Se 97 S 3  layer. Conductive polycarbonate (CPC) pads are inserted 
between the Se 97 S 3  layer and the metal electrodes in order to 
decrease cross sectional discontinuity of interfacial tension and 
viscosity at the transition from the insulating to the conductive 
regions along the Se 97 S 3  edge. These pads prevent shear fl ow 
of Se 97 S 3  during the draw, further improving its continuity and 
uniformity. 

 The preform was thermally drawn at  ≈ 265   °  C at a stress of 
 ≈ 650 g mm  − 2  into a fi ber containing two independent photo-
conducting structures fl anking opposite sides of the fi ber as 
illustrated in Figure  1 b. Scanning electron microscopy (SEM) 
images of the fi ber cross section, shown in Figure  1 c, reveal 
the continuous Se 97 S 3  layer linking the CPC pads for each of 
the detecting structures. After the draw, the fi ber was annealed 
under vacuum at 150   °  C for two days in order to crystalize the 
Se 97 S 3  layers for improved conductivity. [  30  ,  32  ]  

 We characterized the fi ber’s electronic and optoelectronic 
properties under AC driving conditions. The dependence of 
the impedance on the driving frequency was measured on 
one of the detectors inside a 7-cm-long fi ber using an LCR 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhe
Meter (Hioki 3532-50) both in the dark 
and under illumination by an LED 
(Thorlabs, M530L2) from a distance of 
 ≈ 10 cm, as shown schematically in  Figure    2  a. 
To explain the frequency-dependent 
impedance, we claim that the fi ber’s elec-
tronic behavior can be derived from the 
equivalent circuit suggested on Figure 
 2 b, which stems from the cross sectional 
geometry of the fi ber. The impedance Z 
of the circuit is given by

 

Z = 2R + 2RCPC /(1 + j RCPCCCPCω)
+ RSe /(1 + j RSeCPSUω)

  
(1)

     

  R  is the contact resistance and  C  PSU  is 
the parasitic capacitance between the 
electrodes. These two parameters are 
independent from any illumination.  R  Se  
is the Se 97 S 3  layer resistance, where the 
most signifi cant illumination-induced 
change is expected to occur.  R  CPC  and 
 C  CPC  are the effective resistance and 

 
 
 

 
 

capacitance of the CPC pads, respectively, which include con-
tributions from the CPC-Se 97 S 3  junction that are also affected 
by illumination, though not as signifi cantly. Figure  2 c displays 
the measurement results together with the best fi ts from the 
suggested equivalent circuit. Note that while these measure-
ments were performed with an external illumination source, 
we expect the photo-response to be the same for light gener-
ated inside the fi ber since the optical losses of the PSU clad-
ding are negligible over the distances considered here. The 
values of R and C PSU  resulting from the fi ts were found to be 
4 k Ω  and 7 pF, respectively. R CPC , C CPC  and R Se  were found 
to be 498 k Ω , 1162 pF and 2031 k Ω  in the dark and 422 k Ω , 
950 pF and 1196 k Ω  under illumination, a photo-induced 
change of 15%, 18% and 41%, respectively. The quality of the 
fi ts stresses that the simple equivalent circuit suggested here 
accurately describes the detector’s optoelectronic frequency 
response. The optical bandwidth of this detector under a DC 
driving voltage and sinusoidally modulated optical source was 
measured to be 400 Hz, which is suffi cient for recording CL 
signals resulting from intake of the analyte, having a typical 
rise time on the order of seconds. [  17  ]  

 Since the impedance of the detector depends on the driving 
frequency, we can obtain the frequency  f  max  ( SNR ) at which the 
SNR performance of the registration setup will be optimal. 
We notice from Figure  2 c that the ratio of impedances under 
illumination and in the dark  

∣∣Zbright

∣∣/
| Zdark|   is minimized at 

 fmin

(∣∣Zbr ight

∣∣/
| Zdar k |

)
= 2.3 kHz  . At this frequency the photocurrent 

signal maximally contrasts the dark current background. Since 
the noise current (and thus the NEP) is strongly correlated 
to the dark current amplitude, the SNR is maximized at this 
frequency, i.e  fmax(SNR) = fmin

(∣∣Zbright

∣∣/
| Zdark|

)
  . Note that the same 

expression for  f  max  (SNR) can be derived by explicitly consid-
ering the scaling of the noise current (see the Supporting Infor-
mation). This study represents the fi rst frequency-dependent 
characterization of photodetecting fi bers and will be relevant 
for other electronic and optoelectronic fi ber devices. 
im Adv. Mater. 2012, 
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     Figure  2 .     Characterization of the photodetecting structure: a) Schematic 
of the optoelectronic characterization setup used to measure the current 
in the dark and under illumination for one of the fi ber-embedded photo-
detecting structures. b) Suggested equivalent circuit for the photode-
tecting structure. c, top) Fiber impedance frequency response (absolute 
value) in the dark -  | Z dark  |  (black squares) and under illumination -  | Z bright  |  
(red circles), with the best fi ts of  Equation 1  (blue and green curve, respec-
tively). c, bottom)  

∣∣Zbright

∣∣/
|Zdark |   (black triangles) as a function of driving 

frequency, together with the ratio between the respective fi ts (red curve).  
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 An important characteristic of this photodetector is its 
responsivity, which we measured by illuminating the fi ber 
with the aforementioned LED at a known optical intensity and 
recording the corresponding photocurrent through one of the 
photodetecting structures. This measurement was performed by 
driving the fi ber and measuring its photo-response with a lock-
in amplifi er (Sanford Research System, SR810) at the optimal 
driving frequency (2.3 kHz) under driving voltage amplitudes 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 
DOI: 10.1002/adma.201203053
ranging from 0–2 V, for which the responsivity was found to be 
invariant when normalized to  I  dark . Accordingly, we express the 
responsivity in terms of the % of  I  dark  addendum to the photo-
current per unit of optical fl ux through the detector area, which 
we found to be  r = 0.090 ± 0.003

[
% of Idark

nW

]
  . This normalized 

responsivity  r  translates into an actual responsivity of 0.246 nA/
nW for a typical dark current of 0.273  μ A used in the subsequent 
CL measurements. Furthermore, noise current measurements 
for this range of driving voltages revealed that the sensitivity of 
our signal registration setup is limited to 0.1 nA by the lock-in 
amplifi er resolution rather than by the fi ber detector itself. 

 The fi ber is prepared for peroxide measurement by coating 
the inner surface with the sensing material [  17  ]  and hermetically 
sealing one end to tubing that is attached to a syringe pump. 
The optofl uidic system and electronics setup is shown sche-
matically in  Figure    3  a–c. A standard measurement protocol 
is divided into a number of stages, each labeled by a corre-
sponding Roman numeral in Figure  3 d, which depicts a typ-
ical measurement. First (I), the current in the fi ber-embedded 
photodetector is recorded for 20 s in order to obtain the base-
line. Second (II), the syringe pump is turned on at a fl ow rate 
of 50 cc/min and the fi ber is purged for 30 s with air. During 
this phase the current slightly decreases due to the purging of 
the peroxide residue from the previous measurement. Third 
(III), the free fi ber end is exposed to the headspace of a vial 
containing an aqueous peroxide solution of known peroxide 
concentration for 20 s. During this phase vapors of peroxide 
fl ow through the fi ber core and interact with the sensing mate-
rial which results in CL. This light is captured by the fi ber-
embedded photodetecting structure, and the lock-in amplifi er 
registers the resulting photocurrent as a current addendum to 
the baseline. Fourth (IV), the vial is removed while the pump 
continues to run for an additional 20 s. Finally (V), the pump 
is turned off and the current gradually returns to the baseline 
level.  

 According to the protocol described above, photocurrent 
measurements were performed for liquid phase peroxide con-
centrations increasing from 1 to 35%, from which vapor phase 
concentrations were calculated using Henry’s Law. [  33  ]  All meas-
urements were performed at the driving frequency of 2.3 kHz 
while the dark current was 0.273  μ A with a driving voltage of 
0.5 V. The curve describing the photocurrent vs. vapor phase 
peroxide concentration resulting from these measurements has 
a slope of 0.043  ±  0.001 nA/ppm and is shown on Figure  3 e 
together with the noise current of 0.127 nA (standard deviation 
over a 1 s interval). Using the detector’s normalized responsivity 
and the above dark current, these measurements were translated 
into a sensitivity curve having a slope of 0.176  ±  0.005 nW/ppm 
with a noise level of 0.517 nW corresponding to a NEP of 
0.731 nW Hz  − 0.5 . The detection limit at SNR  =  1 was found to 
be 3.0  ±  0.1 ppm for this sensitivity slope and noise level. 

 In order to increase the performance of the all-in-fi ber 
chemical sensor, we integrated it into a system that provides 
heat to the peroxide sensing material ( ≈ 80   °  C) in order to 
obtain optimal CL effi ciency and uses a peristaltic pump at a 
continuous fl ow rate of 60 cc/min for analyte vapor delivery. 
The electronics for this setup were limited to operation at a 
DC voltage, which is not the optimal condition, as was shown 
earlier. Measurements were performed on a 7-cm section of 
3wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     Chemiluminescent measurement setup and results: a) Schematic of the measure-
ment scheme. (1) The fi ber is secured into (2) an adaptor connected to the fl exible tubing of
the syringe pump intake. PSU cladding is locally removed to expose the electrodes connected
to (3) the photodetector, and (4) external wires are connected to the individual electrodes. The
fi ber is inserted into (5) the headspace of the vial containing the peroxide solution. b) The fi ber
section schematic in greater detail. c) Block diagram of the setup. The syringe pump delivers
the peroxide vapor into the fi ber. The photodetecting fi ber structure is driven by a voltage
input from the lock-in amplifi er and the result of a sensing event is registered as a current
output. The signal is then recorded by a data acquisition (DAQ) card and buffered to computer.
d) A typical photocurrent measurement resulting from the protocol described in the text. Raw
current data (grey curve) is overlaid with the current moving average over 1 s (red curve).
e) Peroxide sensitivity curve. Experimental points (black squares with error bars) are depicted
with the linear fi t (red solid line) and the noise level (patterned strip).  
fi ber with a cross section similar to the one in Figure  1 c. The 
CL material was coated on the inner wall of a coating-stripped 
silica capillary (Polymicro TSP530660) of the same length as 
the fi ber and was then inserted into the fi ber’s core. Five volts 
DC was applied across the photodetecting structures’ electrodes 
contacted in parallel and the current was registered by an elec-
trometer (Keithley 6517). Although heating the fi ber from room 
temperature up to 80   °  C reduced photoconductivity by a factor 
of three and slightly increases the noise due to a doubling of 
4

     Figure  4 .     Improved sensitivity and vision: a) Three sensitivity measurements for a typical fi ber 
sample. b) Concept drawing for remote and distributed sensing using hollow core photo-
detecting fi bers. Slots can be introduced through the fi ber cladding along its entire length to 
enable distributed, large area sample collection and measurement.  
the dark current, in this confi guration the 
photodetecting fi ber was found to sense 
hydrogen peroxide vapor concentrations as 
low as 10 ppb as shown in  Figure    4  a. This 
detection limit is comparable to state-of-the-
art commercially available systems and three 
orders of magnitude more sensitive than the 
performance depicted in Figure  3 e. About 
an order of magnitude in this increase is 
attributed to the higher driving voltage and 
the rest arises from the enhancement in CL 
material sensitivity to peroxide at the elevated 
temperature. [  21  ]  Note that in the present 
measurements, a signal from water sets the 
detection limit. Importantly, this signal is 
not the result of an optical event, but arises 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, W
from transient heating/cooling of the fi ber 
when moisture-rich air from the headspace 
of a water-only vial passes through a heated 
inlet tip before entering the fi ber. If elimi-
nated, the prototype limit-of-detection would 
improve by another order of magnitude and 
would be able to measure single ppb level of 
peroxide vapor.  

 We point out several practical consid-
erations that are relevant in the design of a 
remote and/or distributed chemical sensing 
system using these fi bers. First, unlike 
optical transmission fi bers, photodetecting 
fi bers are not immune to electromagnetic 
interference. This problem can be alleviated 
by using standard electronic fi ltering tech-
niques and/or by engineering electromag-
netic barriers for blocking particular radiation 
from reaching the photoconductive struc-
ture. [  23  ,  34  ]  Second, the dark current will scale 
linearly with fi ber length if all of the chalco-
genide glass is crystalized. [  24  ]  To circumvent 
the reduction in sensitivity associated with 
the increased dark current, the fi ber may be 
selectively crystalized [  30  ]  only at those axial 
locations where a sensing event is expected 
to occur. For example, in a remote sensing 
application, only the last few centimeters 
of a fi ber would need to be coated with CL 
material and crystalized, in which case the 
sensitivity would not depend on the length 
of the remaining fi ber segment. This length 
independence stems from the fact that the 
conductivity of the in-fi ber crystalized Se 97 S 3  

 
 
 
 
 
 
 
 
 
 
 

is about 8 orders of magnitude higher than in the amorphous 
state. [  30  ]  A particular advantage of the extended photodetecting 
structure is the potential for distributed sensing, such as illus-
trated in Figure  4 b, where a periodic array of intake holes can 
be introduced along the fi ber length for large area vapor sam-
pling. As in the example with remote sensing, not the entire 
fi ber but only short sections near the intake holes need to be 
crystalized. Moreover, the location of a peroxide vapor plume 
along the fi ber axis could be determined by implementing this 
einheim Adv. Mater. 2012, 
DOI: 10.1002/adma.201203053
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distributed sensing scheme with fi ber architectures having the 
ability to axially resolve the optical detection event along their 
length as described in Ref. [  26  ]  

 In conclusion, we have reported the fabrication and character-
ization of an all-in-fi ber chemical sensor for detection of trace-
levels of peroxide vapor down to 10 ppb. The sensing principle 
is based on fi ber-embedded Se 97 S 3  photoconductive structures 
that fl ank a hollow core and detect CL from the reaction of a 
sensing material with peroxide vapor fl owing through the core. 
These photodetecting structures can extend hundreds meters 
in length, suggesting possible applications for remote and dis-
tributed sensing. In principle one can further improve the NEP 
of the device by employing an in-fi ber photodiode structure as 
described in Ref. [  35  ]  Furthermore, the ability to create multiple 
microfl uidic channels in multimaterial fi bers [  36  ]  paves the way 
towards intrafi ber multianalyte detection.  
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