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  1.     Introduction 

 The development of photo-capacitor-based optical sensors with 
a high dynamic range and wavelength (color)-discrimination 
capability is an important goal in current electronics due to 
their broad range of applications such as medical tomography, 
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industrial monitoring system, surveil-
lance system, computer vision system, 
scientifi c research applications, broad-
casting system, and consumer appliances, 
hyperspectral imaging. [ 1 ]  Device effi ciency 
depends on the availability of photosensi-
tive materials with a dielectric constant 
and a capacitance that change upon illu-
mination with a high dynamic response 
and in a broad wavelength range. [ 2,3 ]  Inser-
tion of the device in a radiofrequency 
oscillator would thus allow to generate a 
wireless frequency-modulated signal in 
response to intensity modulation of inci-
dent light. [ 2,4,5 ]  Several inorganic semicon-
ductors, ranging from Si to GaAs, GaN 
and AlGaN, have been employed in meta-
insulator-semiconductor (MIS), Schottky 
barrier or (p-type)-intrinsic-(n-type) (p-i-n) 
semiconductor-based conceived photoca-

pacitors. In all cases, either depletion or metal-oxide-semicon-
ductor (MOS) capacitance is changed upon illumination. [ 4–10 ]  
Despite satisfactory performances, however, inorganic photo-
capacitive detectors, like those based on Si, suffer from draw-
backs relating to high costs and high environmental impact. An 
attractive alternative would be offered by soft, friendly and more 
easily processable organic semiconductors. Unfortunately, 
organic photocapacitive and photoresistive detectors generally 
show a low photo-effi ciency, due to the narrow spectral respon-
siveness, and have been little investigated, with phthalocya-
nine-based systems being the most signifi cant examples. [ 4–10 ]  
A possible convenient means of circumventing the intrinsic 
limitations of organic photocapacitors is to create a hybrid 
photosensitive device by coating a silicon substrate with a suit-
able organic fi lm (such as a conjugated polymer) serving as an 
’enhancement layer’ for broadband UV-visible detection. [ 11,12 ]  To 
fulfi ll this scope, the organic layer should exhibit a broadband 
spectral response, absorbing light at high energies where the 
silicon photo-response is poor, and should emit at longer wave-
lengths. [ 12 ]  Improved photo-effi ciency would thus results from 
both a higher UV absorption coeffi cient and a substantial emis-
sion at longer wavelengths of the organic polymer, providing 
the silicon with photons enhancing the opto-electrical response. 

 Among the various classes of organic semiconductors that 
can be considered as possible silicon enhancing layers, the 
melanins appear to be particularly attractive candidates. These 
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are complex and structurally heterogeneous phenolic pigments 
of different origin which are found in man and various organ-
isms at all levels of the evolutionary scale and play a variety of 
biological roles. [ 13 ]  Main classes of human melanin pigments 
comprise: a) the eumelanins, black-to-brown insoluble pig-
ments resulting from the oxidative polymerization of L-dopa via 
5,6-dihydroxyindole (DHI) intermediates; and b) the pheomela-
nins, yellow-to-reddish brown pigments resulting from the oxi-
dative conjugation of dopa and cysteine to give cysteinyldopa 
precursors, mainly 5-S-cysteinyldopa, which polymerize via 
benzothiazine and benzothiazole intermediates. While eumela-
nins are supposed to be photoprotective due to a broadband 
absorption throughout the entire UV-visible range, structure-
dependent free radical properties and effi cient UV dissipation 
properties, [ 14 ]  pheomelanins display marked photosensitizing 
properties, which are commonly implicated in the familiar sus-
ceptibility of red-haired fair-skinned individuals to sunburn and 
skin cancer. [ 14,15 ]  Following the demonstration that eumelanins 
behave as unique hybrid electronic-ionic conductors, [ 16 ]  consid-
erable interest has been directed to investigate the potential of 
eumelanin-type materials for exploitation in organic electronics, 
e.g. in light emitting diodes and fi eld effect transistors. [ 16–21 ]  

 Recently, we demonstrated that polydopamine (pDA) (or 
dopamine-melanin), a versatile eumelanin-type polymer with 
strong adhesion properties, [ 22–26 ]  displays semiconductor-like 
properties that can be modifi ed by chemical manipulation. In 
particular, covalent incorporation of aromatic amines into the 
pDA structure during polymerization induced a marked shift 
of the fl at band voltage tuning its intrinsic semiconductor prop-
erties to n-type behavior. [ 27 ]  Considerable interest was there-
fore raised in this context by the possibility of using pDA as a 
silicon enhancing layer in hybrid photo-capacitive sensors. [ 2,4,5 ]  
Use of pDA as the photoactive matrix was envisaged to offer 
better opportunities compared to other melanins for the supe-
rior adhesion and processability properties, coupled with an 
intense absorption in the UV region. [ 22,26,28–31 ]  Moreover, the 
high dielectric constant makes pDA/Si structure a valuable 
alternative to SiO 2 /Si or similar photocapacitive structures. 
The impedance frequency dispersion spectra also suggests that 
melanin-based photocapacitors could use the alternate current 
(AC) signal frequency to modulate the device sensitivity and 
the dynamic range. [ 27 ]  In principle, a critical drawback in the 
application of pDA, and more in general of eumelanins, for 
photosensitive devices is related to non-radiative excited state 
decay associated with poor emission properties despite a high 
extinction coeffi cient in the UV range. [ 14 ]  It was envisaged, 
however, that this limitation could be circumvented by chem-
ical manipulation of the pDA structure. It is worth mentioning 
in this regard a paper reporting insertion of a p-doped pDA 
thin fi lm with a dense and conformal surface as an optically 
active channel in OTFT transistors to implement an organic 
phototransistor with high photosensitivity and photo-controlled 
switching properties. [ 21 ]  

 An attractive bio-inspired strategy to improve the light 
response of pDA is based on the incorporation within the 
pDA scaffold of pheomelanin-type benzothiazine and benzo-
thiazole units that could serve as photosensitizing components. 
Although pheomelanins exhibit intrinsically poor emission 
properties with a complex dependence of quantum yields on 

the excitation energy, they can easily eject electrons upon pho-
toexcitation, as evidenced by free electron laser-photoelectron 
emission microscopy. [ 32 ]  The use of pheomelanin-like mate-
rials for technological purposes is entirely unprecedented and 
was envisaged to offer valuable opportunities to enhance the 
electrical properties of the Si substrate. [ 32,33 ]  Prompted by the 
above considerations, we report in this paper the synthesis 
and characterization of poly(dopamine/5-S-cysteinyldopamine) 
(p(DA/CDA)) as a new material incorporating photosensitizing 
pheomelanin-related units into a eumelanin-type skeleton to 
enhance the light response of the polymer. Combining the fea-
tures of the two main classes of human pigments, eumelanins 
and pheomelaninsm, is an innovative approach in materials 
science and a new entry to pDA modifi cation, which differs 
profoundly from the previously reported strategy, involving 
polymerization of DA in the presence of aromatic amines as 
modifi ers of π-electron properties. [ 27 ]  In the present study, 
pheomelanin-type units are incorporated into the pDA system 
via copolymerization with CDA, a product of DA metabolism [ 34 ]  
resembling the pheomelanin precursor 5-S-cysteinyldopa but 
replacing the alanyl side chain with an ethylamine side chain 
on the catechol ring. Use of CDA rather than 5-S-cysteinyldopa 
was motivated by the closer similarity to DA preventing an 
unnecessary increase in the number of functional groups in the 
copolymerization products.  

  2.     Results and Discussion 

  2.1.     Characterization of p(DA/CDA) 

 The structural investigation of melanin-type materials is a 
notoriously diffi cult task which is usually carried out by com-
bining spectral techniques and chemical degradation method-
ologies. [ 15 ]  Recent studies have succeeded in characterizing the 
fundamental structural properties of pDA, revealing the pres-
ence in the material of uncyclized catecholamine units and 
cyclized 5,6-dihydroxyindole building blocks, together with 
pyrrolecarboxylic acid components. [ 28–31 ]  Likewise, the nature 
of the species produced by oxidation of CDA was elucidated in 
early reports [ 34–36 ]  showing the formation of 1,4-benzothiazine 
and benzothiazole structures arising from a chemical route 
similar to that described in the conversion of 5-S-cysteinyldopa 
to pheomelanin pigments ( Figure    1  ). [ 37 ]   

 For the purposes of this study, pDA and pCDA were pre-
pared by autoxidation of 10 mM catecholamine in 0.05 M NH 3  
buffer, pH 8.5, while p(DA/CDA) samples were synthesized by 
co-oxidation of DA and CDA at 10 mM overall concentration 
under the same conditions. All samples were characterized by 
combining spectral techniques with an established chemical 
degradation methodology. [ 15 ]  Analysis of the UV-visible spectra 
of the mixed p(DA/CDA) copolymers in comparison with those 
of pDA and pCDA ( Figure    2  ) revealed signifi cant differences. 
The pDA spectrum (trace a) showed as distinguishing feature 
an intense band at ca. 280 nm, attributed to uncyclized catecho-
lamine units, [ 29 ]  with very modest shoulders around 420 nm. 
On the other hand, the UV-visible spectrum of pCDA (trace d) 
proved similar to that of 5-S-cysteinyldopa pheomelanin, dis-
playing a shoulder around 305 nm and a broad band below 
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400 nm, which can be attributed to benzothiazole and 2,2’–
bi(benzothiazine) units, respectively. [ 38 ]   

 Inspection of the spectra of p(DA/CDA) samples (traces b 
and c) indicated in both cases the almost complete loss of the 

intense pDA UV band at ca. 280 nm, replaced 
by modest shoulders at slightly shorter 
wavelengths, and a signifi cant absorption 
enhancement throughout the entire visible 
region with respect to pDA and pCDA traces, 
due in part to a very broad and fl at band 
around 400 nm. The relative visible absorp-
tion properties of the materials can thus be 
conveniently expressed in terms of A 400 /A 280  
absorbance ratios, which gave values of about 
0.33 for pDA, 0.66 for pCDA, and 0.73 for 
both p(DA/CDA) samples. 

 The FTIR spectra of pDA, pCDA and the 
mixed p(DA/CDA) materials, recorded in 
the attenuated total refl ectance (ATR) mode, 
are shown in  Figure    3  . The spectrum of 
pDA exhibited, besides an ammonium band 
at 1403 cm −1 , [ 26 ]  a rather broad band in the 
range between 1550–1600 cm −1  attributed 
to aromatic C = C and C = N stretching. [ 39 ]  
The spectrum of pCDA exhibited a char-
acteristic series of bands in the region 
between 1450 and 800 cm −1  similar to those 
reported for synthetic pheomelanins from 
cysteinyldopa. [ 40 ]  It is tempting to assign 
the band at 1450 cm −1 , which is missing in 
the pDA spectrum, to benzothiazole units, 
since the parent heterocycle gives two close 
bands in the range between 1500–1400 cm −1  
(see Figure S2) Inspection of the p(DA/
CDA) spectra revealed features that were 
attributable to a prevalent pDA component 
obscuring seemingly pCDA contributions. In 
one sample, a few very weak bands could be 
identifi ed as possible signatures of distinctive 

structural components (Figure  3 , trace c) but their assignment 
is not straightforward based on current data  

 The nature of the species contributing to p(DA/CDA) com-
position was also investigated by straightforward  13 C CP-MAS 
NMR analysis in comparison with pDA ( Figure    4  ). The spec-
trum of p(DA/CDA) (panel B) exhibits as expected the typical 
features of pDA (panel A), namely intense aliphatic resonances 
around δ 30 and 40, and sp 2  carbon bands in the range between 
δ 110 and 150, suggesting the coexistence of uncyclized (dopa-
mine-like) and cyclized (indolic) elements, as reported previ-
ously. [ 28 ]  Major differences concern a more complex aromatic 
region in the case of p(DA/CDA), due evidently to the super-
position of different signals, with intense contributions around 
δ 135 and 165. While the former band, which is missing 
in pDA, can be reasonably attributed to aromatic signals 
belonging to benzothiazine and benzothiazole units, the latter 
is typical of amide-type carbons in benzothiazinone moie-
ties and of C2 carbons in 2-substituted benzothiazole rings, 
as recently reported [ 41 ]  (see representative pCDA structural 
components in Figure  1 ). Carboxylic functions are likely to 
contribute to the low fi eld infl ection of the band at δ 170. It is 
worth noting that during pheomelanin synthesis a substantial 
proportion of cysteinyl carboxylate groups are usually lost fol-
lowing cyclization. [ 41 ]   
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 Figure 1.    Structures of dopamine and 5-S-cysteinyldopamine, representative structural com-
ponent of pDA and main structural units in pCDA (A, benzothiazine units, B, benzothiazole 
units), and standard eumelanin-pheomelanin structural markers.

 Figure 2.    a) UV visible spectra of pDA, mixed type copolymers with b) 
25% and c) 50% cysteinyldopamine, and d) pCDA. Spectra were taken 
from oxidation mixtures at 8 hrs reaction time following 1:50 v/v dilution 
in water.



FU
LL

 P
A
P
ER

7164 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

 Finally, all copolymers were analyzed by a state-of-the-art 
chemical degradation methodology for melanin characteriza-
tion, which is based on alkaline hydrogen peroxide degradation 
followed by HPLC quantifi cation of four specifi c markers: [ 15 ]  
a) pyrroledicarboxylic acid (PDCA), derived from unsubstituted 
pyrrole moieties; b) pyrroletricarboxylic acid (PTCA), an index 
of polymerized 5,6-dihydroxyindole units; c) thiazoledicarbox-
ylic acid (TDCA), and 4) thiazoletricarboxylic acid (TTCA), both 
markers of pheomelanin-type benzothiazine/benzothiazole 
units. [ 36 ]  It should be noted that the chemical degradation pro-
cedure does not allow to distinguish benzothiazine units and 
benzothiazole units, which derive from irreversible rearrange-
ment of the former. 

 The results of chemical degradation experiments are shown 
in  Table    1  . From these data it can be concluded that p(DA/
CDA) copolymers contain CDA-derived benzothiazine and 
benzothiazole units within the pDA backbone, as evidenced 
by the formation of both pheomelanin markers TTCA and 
TDCA. Although TTCA and TDCA are usually regarded as a 
reliable indices of pheomelanin levels in mixed samples, their 
use to determine the composition of mixed melanins may be 
subject to caveat due to the intrinsic limitations of the harsh 
degradation methodology when applied to a quantitative deter-
mination. [ 15 ]  The formation of the eumelanin marker PDCA 
from pCDA suggested cyclization of the aminoethyl chain of 
CDA, as already observed in a previous study, [ 36 ]  but it was not 
possible to estimate the extent of cyclization based solely on 
the small yields of PDCA. We have recently demonstrated [ 29 ]  
high proportions of uncyclized amine-containing units in 
pDA samples giving PDCA and PTCA yields similar to those 
of the present copolymers, whereby it seems likely that both 
pCDA and its copolymers retain a signifi cant amount of 
amine-containing uncyclized units. Overall, the spectral and 
chemical characterization data reported herein unambigu-
ously demonstrate the presence of pheomelanin units in the 

mixed polymers, thus providing the neces-
sary chemical background to investigate the 
photocapacitive properties of the new mixed 
materials. [ 35,36 ]    

  2.2.     pDA, p(DA/CDA), pCDA-Based Devices 
Testing 

  2.2.1.     MIM Devices Results 

 Due to their DA-related basic units, bio-
inspired p(DA/CDA) materials bear structural 
resemblance to the neuromelanin pigment of 
human Substantia Nigra and can be consid-
ered as biological–like items. [ 36,42 ]  The imped-
ance vs. frequency  (Z  vs.  f)  spectra readouts 
and subsequent extraction of the real (ε′) and 
imaginary (ε′′) part of permittivity and loss 
factor tan δ = ε′/ε′′ are sensitive methods 
to discriminate if a medium behaves like a 
biological or as a (poly)electrolyte material, 
because of the well known typical features 
of the impedance spectra of biological media 
(see S.I. and Figure S3). [ 43–45 ]  The commonly 
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 Figure 3.    a) FTIR spectra of pDA mixed type copolymers with b) 25% and 
c) 50% cysteinyldopamine, and of d) pCDA. Spectra were recorded on 
solid samples in the attenuated total refl ectance (ATR) mode. A possible 
benzothiazole band is shown by the empty arrow, while distinctive bands 
of the mixed melanins are indicated by black solid arrows.

 Figure 4.     13 C CP-MAS NMR spectra of A) pDA and B) p(DA/CDA) solid samples (neat). Black 
arrows in panel B denote characteristic signals of benzothiazine-benzothiazole units.

  Table 1.    Formation yields of chemical markers of eumelanin (PDCA and 
PTCA) and pheomelanin (TDCA and TTCA) in pDA, pCDA and mixed 
polymers.  

Sample Yield (± SD)% w/w

 PTCA  PDCA  TTCA  TDCA 

 pCDA —- 0.718 ± 0,058 7.409 ± 0.282 0.326 ± 0.085

 p(DA/CDA) 50:50 0.057± 0.019 0.599 ± 0.049 4.330 ± 0.423 0.337 ± 0.131

 p(DA/CDA) 75:25 0.077 ± 0.028 0.457 ± 0.114 3.015 ± 0.063 0.470 ± 0.134

 pDA 0.052 ± 0.003 0.503 ± 0.050 —- —-



FU
LL P

A
P
ER

7165wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

adopted circuit confi guration ( Figure    5  a) suitable for measuring 
the  Z  vs.  f  spectra and the dispersion of the real and imagi-
nary parts of the dielectric permittivity is the metal – insulator 
– metal (MIM) one. This structure is realized by sandwiching 
the polymer layer (the “insulator”) between a top metallic elec-
trode (in our case gold, Au) and a glass support covered by a 
conducting indium tin oxide (ITO) fi lm (i.e. ITO-glass) consti-
tuting the bottom electrode (see also details in the Experimental 
Section).  

  Figure    6   compares the in air real (ε′) part of permittivities 
(6a) as extracted from the impedance spectra readouts obtained 
on p(DA/CDA) and on the pure pDA, pCDA-based MIM 
devices. Data representing the imaginary (ε′′) part are shown 
in S.I. A strikingly different behavior was observed between 
copolymers and pure ones. It is noteworthy to observe that 
with respect to pDA and pCDA, in p(DA/CDA) copolymers the 
occurrence of a β-region indicates the similarity of the mixed 
polymer AC signal response to that of a biological item. [ 43,44 ]  
In pDA and pCDA pure polymers, the α relaxation region is 
the only one evidenced while the corresponding feature due to 
the double layer formation is shifted to a frequency lower than 
10 Hz (data not shown). The mixed copolymer permittivity vs. 
frequency trend is furthermore similar to that observed in those 
of commercial synthetic melanin (SM). Relevant to note, the 
magnitude of the real permittivity was found one order higher 
than that of commercial SM layers. The inspection of the loss 
factor behavior vs. frequency  (tan δ vs. f),  as derived from per-
mittivity results, showed (Figure  6 b) a β related loss peak fur-
thermore occurring at the same frequency for both p(DA/CDA) 
and SM layers. The large increase of the loss factor at low fre-
quency in the copolymers demonstrates the increasing of the 
AC conductivity. [ 45 ]   

 Figure  6 (c–e) summarizes the capacitance behavior at three 
different frequencies (10 kHz, 1kHz and 100 Hz) of the AC 
voltage signal of p(DA/CDA) 75:25 (c) and 50:50 (d) and pCDA 
(e) based MIM devices under the on/off of a continuous white 
light source. No detectable response to white light illumination 
was observed in pDA-based MIM devices at all the AC voltage 
signal frequencies (data not shown). On the other hand, the 
response of pCDA-based MIM devices to white light started 
at around 10 kHz, and was particularly pronounced with an 
oscillating behavior at 1.0 kHz and 100 Hz. Such results evi-
denced the CDA promoted photo-generation of charges able to 

be coupled from 100 Hz up to a 10 kHz signal frequency and 
resulting in a peculiar light induced oscillating behavior of the 
polymer photoimpedance.  

  2.2.2.     MIS Devices Results 

  In A  ir : The impedance spectroscopy characterization performed 
on pDA, pCDA and p(DA/CDA) -based MIM devices was suit-
able for evidencing the dielectric response in dark and under 
white light of the polymers layers. The MIS device confi gura-
tion on pSi with pDA, pCDA and p(DA/CDA) as ‘insulating’ 
and optically active layers was instead adopted in order to check 
the MIS photocapacitive effect when the device is exposed to 
white light under depletion conditions. [ 6–9 ]  

 The  Figure    7   compares the C-V (7a) and G-V (7b) hysteresis 
loops read outs at 1 MHZ of the full set of pDA and p(DA/CDA)-
based MIS devices collected in dark. The selected high fre-
quency of the AC voltage signal allowed to avoid any infl uence 
of the interface state charges on the measured impedance. [ 46 ]  
The results showed the well known C-V hysteretic behavior in 
pDA-based structures, somewhat decreased in mixed p(DA/
CDA) structures. [ 19,27 ]  The loop direction was clearly detect-
able in pDA and p(DA/CDA) 75:25-based MIS devices, thus 
confi rming the hole trapping mechanisms observed in similar 
pDA-based MIS structures on pSi. [ 27 ]  The fl at band capacitance 
and conductance relative variations respect to pDA insulating 
layer, (Figure  7 c), increased by one order of magnitude with 
the addition of the CDA component. The fl at band voltage was 
left shifted i.e. it increased (Figure  7 a) with the pCDA propor-
tion and suggested, together with the observed increase in AC 
conductance, a ‘doping effect’ (Fermi level shift) similar to that 
previously reported. [ 27 ]   

  Figure    8   summarizes the C-V read out at different fre-
quencies in the dark (Figure  8 a, c, e, and g) and under white 
light (WL, Figure  8 b, d, f, and h). In the dark and at the fl at 
band voltage, the capacitance increased with decreasing the 
frequency of the AC signal. This effect was a consequence 
of the dielectric constant frequency dispersion of the pDA 
and p(DA/CDA) insulating layers (see also Figure  6 a). At the 
lowest frequency and under depletion conditions (0V ÷ +3V), 
no charge inversion layer was detected. This behavior sug-
gested a lower ‘doping effi ciency’ of pCDA with respect to the 
recently described pDA manipulation by aromatic amines (for 
example by  p -phenylenediamine). [ 27 ]  In the present case, the 
fl at band voltage value indicated that a higher threshold voltage 
is required to induce the formation (at low AC frequency) of the 
charge inversion layer at the interface able to compensate the 
accumulaton capacitance. [ 46 ]   

 The pDA and p(DA/CDA) -based MIS devices showed a pro-
nounced sensitivity to white light illumination (see Figure  8 b, d, 
f, and h). Notably, the curves collected on p(DA/CDA)-based MIS 
structures at the higher frequencies, i.e. 100 kHz and 1 MHz, 
showed a marked photo-induced bump in the depletion region 
(0 V ÷ 3.0 V). This indicated a fast build up of a photo-induced 
capacitance, although the photocarrier density was not suffi cient 
to compensate that the accumulation capacitance. Such a com-
pensation occurred in the p(DA/CDA)-based devices at an inter-
estingly high frequency value (f = 10 kHz, Figure  8 f, h). 
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 Figure 5.    Simplifi ed scheme representing a) left, the p(DA/CDA)-based 
MIM (on ITO/glass) and b) right, the p(DA/CDA)-based MIS on pSi 
devices.
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 To gain a deeper insight into the observed phenomena, the 
photo-assisted capacitance effects were examined at different 
frequency of the AC voltage signals and the photo-capacitance 
yields were compared. As an example, the readouts on the full 
set of MIS devices at f = 1.0 kHz are shown in  Figure    9  a. The 
results evidenced that mixed p(DA/CDA) 50:50-based MIS 
structures posses the highest photo-capacitance yield that 
combines with a photo-carrier charge density able to follow a 
high frequency signal. In order to quantitatively evaluate the 
photo-capacitive response, the yield was calculated by using 
the results from light-induced on-off of the photo-capacitance 

(Figure S6) whne applying the same AC voltage signal frequen-
cies and biasing the MIS device under the depletion condition 
(V DC  = +2.5 V, see Figure S8 in S.I.). It is noteworthy that, on 
the whole, the pDA and pCDA -based MIS device displayed 
the lowest photo-capacitance yield in the overall frequency 
range of the AC voltage signal (Figure  9 b). However, in pDA-
based devices the higher yield was at the low frequency, while 
it was slightly increasing at high frequency in pCDA ones. 
Interestingly, in the structures made by p(DA/CDA) copoly-
mers the higher the AC voltage signal frequency the higher 
the photo-capacitance yield was. Specifi cally, the 75:25-based 
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and 50:50-based p(DA/CDA) structures display a noticeable 
yield increase up to 10 kHz and 1.0 kHz, respectively. This was 
explained as being due to a combined effect of the pCDA-driven 
yield enhancement towards the high signal frequency and of 
the higher optical absorption cross-section observed in mixed 
polymer-based structure.  

  In Vac  uo : In vacuo and in the dark, the C-V read outs for 
pDA and pCDA-based MIS devices revealed the well known 
reversal of the hysteretic loop direction (see Figure S5 a,c,e,g 
in S.I.) besides to the expected absence of the dependence 
on frequency of fl at band capacitance due to the water des-
orption and removal of water related interface states. This 
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behavior was also kept in structures including the mixed poly-
mers with the lowest CDA content. No reversal of the hyster-
esis loop direction was detected in p(DA/CDA) 50:50 –based 
structures while keeping a behavior similar to that observed 
in air. By comparing C-V and G-V loops ( Figure    10  ), a valu-
able increase of the fl at band capacitance (10a) and conduct-
ance (10b) values was encountered, similar to that observed in 
air. This result evidenced that the observed doping effect was 
not due to hydration. The relative variation as a function of the 
pCDA content of the fl at band capacitance (left, stars) and con-
ductance (right, circles) of the p(DA/CDA)-based MIS devices 
normalized to that of pDA-based MIS one were summarized 
in Figure  10 d.  

 With respect to ambient air measurements, an evident right-
ward shift was detected in fl at band voltage of pCDA and p(DA/
CDA)-based MIS devices (see arrows in Figure  10 a). Moreover, 
the higher the CDA content the higher the fl at band voltage dis-
placement. The results were straightforward, considering that 
in melanin-based polymers the displacement of ionic charge 
leading to a dipolar contribution can be better evidenced in a 
vacuum. This because, in ambient air, water-mediated transport 
via charge (electrons or holes) hopping mechanisms overwhelm 
that of dipole one. [ 47 ]  The fl at band voltage rightward shift in 
the pCDA-based MIS devices, with respect to pDA-based ones, 
also suggested the presence of a dipole on the pSi surface, as 
represented in the sketch of Figure  10 c. 
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  Figure    11   summarizes representative photo-capacitance 
results at 1.0 kHz (11a) and the extracted photo-yield behav-
iour under white light and at the different AC signal frequen-
cies (11b) Again, the best effi ciency was inferred in structures 
embodying the mixed polymer although in p(DA/CDA) 50:50-
based MIS devices the photo-capacitance effect starts at + 1.0 V. 
It is noteworthy that, with respect to pDA-based devices, the 
structures with pCDA and p(DA/CDA) 75:25 layers showed an 
increase in the photo-capacitance yield of one order of mag-
nitude while keeping it nearly constant throughout the entire 
signal frequency range up to 1.0 MHz. In pDA-based devices, 
a reduction of photo-effi ciency was observed at low frequency. 
These results can be explained because, in the dark, the low 
frequency signal already induce a charge inversion layer under 
MIS depletion, partially compensating the fl at band accumula-
tion capacitance (see Figure S5a)     

  3.     Mechanism of pCDA-Enhanced pDA 
Photoresponse 

 Polymerization of CDA or copolymerization with DA leads to 
heterogeneous disordered materials with pheomelanin-type 
benzothiazole and benzothiazine units, which exert a dual effect 
on the eumelanin backbone of pDA. In the dark, CDA-related 
units can account for a modest doping effect, which does not 
compare with that of aromatic amines. [ 27 ]  This can be attributed 
to the possible occurrence of benzothiazine units in different 
oxidation states, ranging from the oxidized o-quinoneimine 
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and benzothiazine to the reduced dihydrobenzothiazine forms 
( Figure    12  , Scheme (a)), which may interact with the molecular 
components of pDA, substantially altering their π-electron 
properties. However, pCDA-related units exhibit a relevant 
increase of dielectric permittivity (i.e. a high dielectric constant) 
while keeping the impedance spectra typically encountered in 
biological materials. [ 44 ]   

 The observed air/vacuum differences would suggest a pos-
sible involvement of reactive oxygen species. Based on the 
known behavior of photoexcited pheomelanins, it would be 
expected that irradiation of pCDA in air results in electron 
transfer from the oxidizable benzothiazine units to molecular 
oxygen (Scheme (b) in Figure  12 , path 1), giving rise to the pro-
duction of superoxide which in turn can inject electrons into 
the silicon substrate. [ 32 ]  A direct injection of electrons from 
photoexcited pCDA units to the silicon substrate (Scheme (b) in 
Figure  12 , path 2) may also be envisaged as a competitive route 
of electron transfer, likely the dominant one in vacuum. Upon 
exposure to visible light, pCDA-related units both in MIM and 

MIS devices elicit an enhanced photo-capacitive response, 
which may likely refl ect the lower photoionization threshold of 
pheomelanin units (benzothiazines and benzothiazoles) with 
respect to eumelanin units (5,6-dihydroxyindoles, catechols). 

 A light-induced generation of photocarriers is more effi cient 
in copolymers, probably due to the increased optical absorption 
cross section as well as to the presence of the surface dipole (see 
Figure  10 c).  In fact, t he dipole adds a surface potential able to 
promoting/increase the injection of the photocarrier from the 
gold electrode toward the pSi active layer, therefore enhancing 
the device photoresponse. [ 48–50 ]  It is worth mentioning, in this 
connection, the peculiar role of CDA in enhancing the opto-
electronic response in term of photocapacitive yield in a wide 
frequency range (up to 100 kHZ) in MIM and MIS devices as 
well as its photocarrier ability to follow an AC voltage signal 
frequency.  

  4.     Conclusions 

 In this paper we developed an innovative bio-inspired material 
combining the features of pDA with the characteristic photo-
chemical responsiveness of pheomelanin of red human hair. 
The new material exhibits remarkable impedance properties 
closer to those of biological materials rather than of poly-elec-
trolytes, and a marked photocapacitive behavior, fi nely tunable 
through the feed ratio of DA and CDA monomers. The incor-
poration of CDA-derived units resulted in a one order of magni-
tude enhancement of the photo-impedance of pDA to the white 
light in a wide frequency range of the AC voltage signal. The 
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effect of CDA can be attributed to the generation of cyclized 
benzothiazine and benzothiazole active moieties during oxida-
tive polymerization. Such units can be effi ciently photoexcited 
by visible light above the low energy photoionization threshold 
thus ejecting electrons into the silicon substrate. Interestingly, 
the photo-ejected charges are also pushed towards the silicon 
surface due to the presence of the surface dipole. The enhanced 
pDA photoresponse following tailoring via pheomelanin-type 
structures suggests a possible implementation of novel bio-
inspired photocapacitive sensors with a chemically tunable 
response to visible light. 

 The similarity of the novel copolymer to human Substantia 
Nigra neuromelanin [ 36 ]  paves the way for disclosing the neu-
romelanin response mechanisms to continuous or AC elec-
trical stimuli. In this sense, the described approach could be 
foreseen as an alternative tool for shedding light, for example, 
on the modifi cation of electrical signal transmission of diseased 
neuromelanin-based biological items as well as for probing the 
effectiveness of tissue repairing processes.  

  5.     Experimental Section 
  Synthesis and Characterization of CDA, pDA and p(DA/CDA) Melanins : 

5-S-cysteinyldopamine (CDA) was prepared on gram scale by the 
method previously described for the synthesis of 5-S-cysteinyldopa. [ 51,52 ]  
Identity and purity of the compound was secured by comparison with 
literature data. [ 34 ]  pDA and pCDA were prepared by autoxidation of DA 
or CDA in 0.05 M NH 3  buffer, pH 8.5 at 10 mM fi nal concentration 
according to Bernsmann  et al.  [ 53 ]  After 24 hours under vigorous stirring, 
the reaction mixture was acidifi ed to pH 2 with 3M HCl and the pigment 
that separated was collected by centrifugation at 7000 rpm at 4 °C, 
washed 3 times with slightly acidic water and lyophilized for 12 hours. 
pDA and pCDA w/w yields were 48% and 35%, respectively. p(DA/CDA) 
copolymers with different feed ratios of the two monomers (75:25 or 
50:50) were synthesized following the procedures described above using 
the starting monomers at 10 mM overall concentration. The w/w yield 
of 50:50 and 75:25 p(DA/CDA) was 28% and 36%, respectively. For the 
spectrophotometric analysis the oxidation mixtures were diluted 1:50 
v/v in water at 8 hrs reaction time and the spectra were taken at room 
temperature. Sample analysis by chemical degradation was carried out 
as described [ 54 ]  Briefl y, the melanin samples (5 mg) were suspended in 
1 M NaOH containing 1.5% H 2 O 2  (1 mL) and kept under stirring in air. 
After 18 h, the mixture was acidifi ed to pH 2 with 0.2 M HCl and analyzed 
by HPLC. Analyses of melanin markers were performed on an HPLC 
instrument equipped with UV-visible detector, set at 254 and 280 nm. A 
Synergi Hydro-RP80A column (250 × 4.60 mm, 4 µm) was used, with 1% 
formic acid taken to pH 2.8 with sodium hydroxide/methanol 97:3 (v/v) 
as the eluant, at a fl ow rate of 0.7 ml/min. All experiments were run in 
triplicate, and HPLC analyses was run in triplicate for each experiment. 
Solid state  13 C CP-MAS NMR spectra were collected at 100.47 MHz 
on a Bruker Avance II 400 spectrometer, equipped with a Bruker 4 mm 
MAS probe. The samples were packed into 4 mm zirconia rotors and 
spun at 8 kHz. Spectra were acquired with a 1H π/2 pulse width of 3.4 
s, a relaxation delay of 4 s and a CP contact time of 2 ms, averaging 
10,000 scans 

  pDA, p(DA/CDA), pCDA Layer Deposition : ITO/glass and pSi support 
were treated by dielectric barrier discharge plasmas as described 
elsewhere before polymer layer deposition. [ 18,19 ]  Synthetic melanin layers 
were casted from solutions on ITO/glass and spin coated on pSi (1500 
RPM) substrates. The layer thicknesses were measured by an Alphastep 
profi liometer. The measured thickness were 400 nm and 30 nm for the 
casted and spin coated layers, respectively. The solution were obtained 
by dissolving 70 mg of sample in water (0.5 mL) and 26% aq. ammonia 
solution (1 mL). Afterwards, the solutions were stirred and sonicated for 

1 h, centrifuged at 3500 rpm for 20 min, then fi ltered with 45 µm PTFE 
fi lter before layer deposition. The fi lms were dried under vacuum (2×10 −3  
mbar) for one day. 

  MIM and MIS Device Fabrication : A set of metal-insulator-metal 
(MIM) and metal-insulator-semiconductor (MIS) devices were 
tailored by thermal evaporating a series of Au dots by using a proper 
metallic shadow mask at room temperature (Ø = 500 µm, 150 nm 
thick), on structure consisting of pDA, p(DA/CDA) 75:25, p(DA/
CDA) 50:50, and pCDA on ITO/glass for the MIM device (Figure  5 a) 
and on pSi for the MIS device defi nition (N a (pSi) = 10 16 cm −3 , R(pSi) = 
10 ÷ 50 Ω, Figure  5 b). The ohmic back contact on pSi was obtained 
by painting InGa conductive past on the rough back surface of the 
structure. It should be emphasized that, for statistical purposes, all the 
measurements were collected for each polymer based device on several 
top contact pads built upon the pDa or p(DA/CDA) on ITO/glass or on 
silicon structures. 

  Device Characterizations: Outlook : The full set of electrical 
measurements on pDA and p(DA/CDA) – based MIM and MIS 
devices where performed under dark and white light illumination 
in air, at a relative humidity degree of 50%. Only for MIS devices, all 
characterizations have been replicated under vacuum too (p = 4 × 10 −5  
mbar). The Impedance vs frequency (Z vs. f), Capacitance (C) and 
Conductance (G) vs voltage V (C -.V, G – V) hysteresis loops, photo-
capacitance (C ph  – V) and photo-capacitance C ph  on-off effects ( C ph  vs. 
t) have been read out by using a Novocontrol Impedance Analyzer. The 
MIM and MIS device characterizations under white light illumination 
have been performed by using a 35 W continuous white light lamp as 
the illumination source. 

  MIM Device Characterizations : Z vs. f measurements have been 
performed at zero DC bias in the frequency range 1.0 Hz-1.0 MHz 
and applying an AC voltage V AC  = 5.0 mV. The data have been used for 
determining of the real (ε’) and imaginary (ε′′) part of the dielectric 
permittivity and of the loss factor tan δ = ε′′/ε′ following the well know 
theory on dielectric permittivity. [ 45 ]  On-off photo-capacitance effect at 
selected values of the AC voltage frequencies (100 Hz, 1 kHz, 10 kHz) 
was read out on MIM devices and at zero DC bias by switching on/off 
the continuous white light source at an interval of Δt = 50 s. 

  MIS Device Characterizations : The C-V hysteresis loops were read out 
under dark and white light in the frequency range 100 Hz – 1.0 MHz 
of the sine wave voltage signal with a signal amplitude V AC  = 50 mV, 
superimposed to the continuous voltage V DC  varying in the range ± VL 
= 3.0 V (from now ahead terming VL as voltage loop amplitude) and 
applied between the top and bottom contacts. The voltage was fi rst 
swept from the MIS depletion to the accumulation regime (i.e. from 
V L  to -V L  for the MIS structure on pSi) and vice versa for the backward 
sweep. (see also S.I. for all theoretical aspects on MIS device functioning 
regimes under an applied bias). The fl at band capacitance (C FB ) and 
conductance (G FB ) of the pDA-based MIS devices are used as the 
reference values for the estimate of the relative variation of the fl at band 
capacitance ΔC FB /C FB (DA) where ΔC FB  = C FB (pDA/DA)- ΔC FB (pDA), and 
conductance ΔG FB /G FB (DA) where ΔG FB  = G FB (pDA/DA)- ΔG FB (pDA). 
The C–V photo-capacitance effect of the MIS device was readout both 
in air and under vacuum. (see Figure S6 and S7) The experiments were 
accomplished by sweeping fi rst the MIS device from accumulation to 
the depletion conditions (i.e. from V L  = –2.5 V to V L  = + 2.5 V), then 
the white light source was switched on at V L  = +2.5 V and the photo-
capacitance read out was collected during the backward voltage sweep 
(i.e. sweeping MIS device from depletion to accumulation). The selected 
AC voltage signal frequencies have been fi xed at 100 kHZ, 10 kHz, 
1.0 kHZ and 100 Hz. A better estimate of the photo-capacitance yield 
was desumed by the photo-capacitance C ph  on–off effect vs time t (C ph  
vs. t). The (C ph  vs. t, see data in S.I.) behaviour has been detected at the 
elicited selected AC voltage signal frequencies, by illuminating the MIS 
device under depletion condition (i.e. by biasing the device under a fi xed 
positive value of the continuous DC voltage V DC  = + 2.5) for a certain 
interval of time (Δt = 50 s). The chosen V DC  value corresponds to the 
starting voltage of the backward step under white light in the elicited 
C ph  vs. V photo-capacitance experiments. The photo-yields have been 
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calculated as ΔC/C dk,  where C dk  is the capacitance value under dark and 
ΔC = C ph – C dk .  
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