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Abstract The electrical and photoresponse properties of
an Al/p-Si/organic layer/Al diode were investigated. The
organic layer containing novel 2,2-bis[spiro(7,8-dioxy-
4-methylcoumarin)]-4,4,6,6-bis[spiro(2’,2”-dioxy-1",1"-
biphenylyl)]cyclotriphosphazene compound was coated by
the drop casting method on p-Si having ohmic contact. The
structural characterization of the novel cyclotriphosphazene
compound was confirmed by using 'H, '3C and 3'P-NMR,
elemental analysis and FTIR spectroscopic techniques. The
diode exhibits a photoconducting and photodiode behavior
under solar light illumination. The electrical parameters
such as ideality factor, barrier height and series resistance
of the diode were determined from I-V characteristics. It
is seen that the photocurrent of the diode under illumina-
tion is higher than the dark current. Also, the frequency
dependence of capacitance (C) and conductance (G) was
explained on the basis of interface states. It is evaluated
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that the hybrid photodiode can be used as a photosensor in
organic photodetector applications.

Keywords Organic photovoltaic diode -
Cyclotriphosphazene - Coumarin-phosphazene

1 Introduction

Cyclotriphosphazenes have a characteristic ring structure
comprising of phosphorus (P) and nitrogen (N) atoms [1].
Cyclotriphosphazenes are one of the major classes of phosp-
hazene compounds. Phosphazenes, which consist of repeat-
ing units of -P=N- in their structure, are chemical com-
pounds having linear or cyclic structure connected to the
two organic or inorganic side groups (R) of each phosphorus
atom. Due to the reactivity of the -CI atom in their structure,
the type of organic or inorganic group bonded as side groups
to the phosphazene compounds changes physical, biolog-
ical and chemical properties of these compounds [2—4].
Phosphazene compounds have been used in many applica-
tions such as liquid crystals [5], polymer solid electrolytes
[6], cathode material for rechargeable lithium batteries [7],
flame retardants [8, 9], organic light emitting diodes and
fluorescence sensors [10-13]. These compounds exhibit
numerous properties such as high thermal and chemical sta-
bility [14, 15], biocompatibility [16, 17], gas permeability
[18], and high conductivity [19].

Coumarin derivatives are an important group of com-
pounds of synthetic and natural organic chemistry. The
compounds with a carbonyl group in the a-position of the
benzopyrane ring are called coumarin (2H-1-benzopyrane-
2-one). Coumarin analogs possess different physical and
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biological properties such as antioxidants, fluorescent
chemosensors, lasers, antifungal, anticoagulant, stabilizers
and anticancer agent [20-24].

Although there are many reports on the synthesis of sub-
stituted cyclotriphosphazene derivatives [25-29], there is no
study about synthesis of the cyclotriphosphazene derivatives
bearing dihydroxycoumarin groups.

Therefore, firstly, the novel 2,2-bis[spiro(7,8-dioxy-
4-methylcoumarin)]-4,4,6,6-bis[spiro(2’,2”-dioxy-1",1"-
biphenylyl)]cyclotriphosphazene 2 was prepared by the
reaction of 2,2-dichloro-4,4,6,6-bis[spiro(2’,2”-dioxy-1,1"
-biphenylyl]cyclotriphosphazene 1 with 7,8- dihydroxy-4-
methylcoumarin in the CspCOz/xylene system for the first
time. In other words, 7,8-dihydroxy-4-methylcoumarin
was reacted with compound 1 in order to get substituted
cyclotriphosphazene 2. Dioxycoumarin substituted cyclo-
phosphazene 2 was designed, synthesized and characterized
by 'H, 13C, 3'P-NMR elemental analysis and FTIR spec-
troscopic techniques. The optoelectronic properties of the
fabricated Al/p-Si/organic layer/Al diode were investigated
by electrical and impedance spectroscopy techniques.

2 Experimental Details
2.1 Materials and Methods

Hexachlorocyclotriphosphazene, N3P3Clg(TCI), was puri-
fied by the crystallization from n-hexane. 7,8-dihydroxy-4-
methylcoumarin and 2,2’-dihydroxybiphenyl were obtained
from Sigma Aldrich and Merck, respectively. The solvents
were obtained from Merck.

'H, BC and 3'P-NMR spectra were recorded in
chloroform-d solutions on a Bruker DPX 400 MHz spec-
trometer using TMS (an internal reference for TH-NMR)
and 85% H3PO4 (an external reference for 3'P-NMR).
Microanalysis and FTIR spectrum were obtained using a
Leco 932 CHNS-O apparatus and PerkinElmer FTIR spec-
trometer, respectively.

2.2 Synthesis

Biphenyl substituted cyclotriphosphazene 1 was obtained
and purified as defined by Carriedo et al. [30].

2.2.1 Preparation of 2,2-bis[spiro(7,8-dioxy-4-
methylcoumarin)]-4,4,6,6-bis[spiro(2’,2”-dioxy-1",1"-
biphenylyl)cyclotriphosphazene 2

Compound 1 (1.0 g, 1.75 mmol) and Cs,CO3 (0.67 g,

2.08 mmol) were dissolved in 30 mL of dry xylene (mix-
ture of isomers) in a 100 mL two-necked reaction flask.
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7,8-Dihydroxy-4-methylcoumarin (0.36 g, 0.52 mmol) in
20 mL of dry xylene was slowly added to the stirred solu-
tion at 0 °C. The reaction mixture was stirred and refluxed
in xylene for 24 h. After cooling the reaction mixture, the
mixture was filtered to remove the formed cesium chlo-
ride. Xylene was removed by a rotary evaporator. The
resulting light yellow solid was redissolved in 10 mL of
xylene and then poured into n-hexane. The precipitate was
filtered and dried in a vacuum. The product was puri-
fied by column chromatography using chloroform as the
mobile phase. Chloroform was removed on a rotary evap-
orator. The pure white product (2) formed 0.23 g (60%).
Anal. Calc. for C34H2oN3OgP3(MW = 693.47 g/mol): C,
58.89; H, 3.20; N, 6.06. Found: C, 58.71; H, 3.35; N,
6.18%. FTIR (KBr, cm™!): 3027 and 3065 vc—_H(Aromatic)»
2917 and 2956 vc_H(Aliphatic)» 1751 vc=0, 1499, 1588 and
1634 ve—c, 1175 and 1193 vp_n, 974 vp_o—_c. >'P NMR
(CDCl3) 8/ppm: 24.63 (2P, d, P,(0O,C2Hg)), 36.66 (1P, t,
P,(04C1oHs)). "H NMR (CDCl3)8/ppm: 2.42 (3H, s, H'®),
6.34 (1H, s, H'%), 7.01-7.58 (18H, m, H3, H*, H>, H!
and H'?). 3C NMR (CDCl3)8/ppm: 147.79 C!, 128.49 C?,
126.48 C3, 129.84 C*#, 130.11 C, 122.06 C®, 147.82 C7,
152.52 C8, 153.94 C°, 128.67 C'°, 113.68 C'', 118.93 C!2,
116.65 C'3, 108.68 C'4, 159.05 C'> and 19.05 C'.

2.3 Fabrication of Al/p-Si/organic Layer/Al Diode

Before forming the organic layer on the p-Si sub-
strate, the native oxide layer of p-Si was etched by
HF. Subsequently, the Si substrate was ultrasonically
cleaned in a bath of deionized water for 10-15 min,
followed by chemical baths of methanol and acetone.
Afterwards, a solution of 2,2-bis[spiro(7,8-dioxy-4-
methylcoumarin)]-4,4,6,6-bis[spiro(2’,2”-dioxy-1",1"-
biphenylyl)]cyclotriphosphazene compound (2) was pre-
pared and it was coated by the drop coating method on p-Si
having aluminum (Al) ohmic contact. Then, it was dried at
50 °C for 10 min. Ohmic contact was prepared by evapo-
rating aluminum metal on the silicon wafer at 5x 10~ Torr
and annealing at 570 °C for 5 min in a nitrogen atmosphere.
Top contact was prepared by Al metal on the organic
layer. A diode contact area of 7.85x 1073 was formed by
evaporating Al metal on the organic layer. Structural char-
acterization of compound 2 was performed using 'H, 13C
and 3'P-NMR, elemental analysis and FTIR spectroscopic
techniques. Electrical measurements of the diode were
carried out using a FYtronix Electronic Device characteri-
zation system (Fig. 1a) at room temperature. Photoelectrical
measurements of the diode were done in dark and illu-
mination conditions The intensity of solar light is cont-
rolled using a FYtronix Electronic Device characterization
system.
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3 Results and Discussion

3.1 Synthesis

2,2-Dichloro-4,4,6,6-bis[spiro(2’,2”-dioxy-1",1”-biphenyl]
cyclotriphosphazene 1 was prepared from the interac-
tion of N3P3Clg(HCCP) with 2,2’-biphenol under an
argon atmosphere [30]. The reactions of compound 1
with 1.1 equiv. of 7,8-dihydroxycoumarin in the pres-
ence of CspCO3 in dry xylene (mixture of isomers) gave
the substituted cyclotriphosphazene 2. The structure of
dioxycoumarin-cyclotriphosphazene 2 was confirmed by
'H, 13C and 3'P-NMR, elemental analysis and FTIR spec-
troscopy techniques. General presentation of cyclotrip-
hosphazene compounds 1 and 2 is shown in Scheme 1.

The OH stretching vibrations were not observed in the
FTIR spectra of compound 2. The absence of the OH
peaks in the FTIR spectra of 2 indicates that all hydro-
gen atoms of the OH groups have been replaced. The aromatic
(-CH) stretching frequencies were at 3027 and 3065 cm™!.
The carbonyl group in the structure of coumarin was

8 70 60 50 40 30 20 10 0 -0 -20 30 -40 50 -60 -70
ppm

observed at 1751 cm~!. The -P=N stretching frequencies,

which are between 1175 and 1193 cm™!, are characteristic

of cyclotriphosphazene derivatives. The P-O-C stretching

vibration was observed at 974 cm™!.

The 3!'P NMR spectrum for compound 2 is given in
Fig. 1b (AB; system). There are two peaks in the 3'P NMR
spectrum of the coumarin substituted cyclotriphosphazene
compound. The 3'P NMR spectrum of 2 gives two sets
of peaks around § = 24.63 and 36.66 ppm in a doublet-
triplet.

The 'H and '3C-NMR data also confirm the structure
of compound 2 (Scheme 1). The characteristic peaks in the
'H and '3C-NMR spectra of 2 are given in the Experimen-
tal section. In the 'H-NMR spectra of 2, the absence of the
OH protons indicates the coumarin substituted cyclotriphos-
phazene compound. The methyl protons for the compound
2 were observed at 2.42 ppm. The aromatic protons for 2
appear between 7.01 and 7.58 ppm. The 3C-NMR spectrum
of 2 is depicted in Fig. 2. The carbonyl carbon peak (C=0,
C'3) for 2 was at 159.05 ppm. The methyl carbon for 2 was
observed at 19.05 ppm.
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Scheme 1 General presentation of the reactions

3.2 Photocurrent-voltage (I-V) Characteristics of the Diode

The electrical behavior of a typical Schottky diode can be ana-
lyzed by conventional thermionic emission (TE) theory. In
Schottky barrier diodes, the current (I) is due to thermionic

Fig. 2 '3C-NMR spectrum of
compound 2 (chloroform-d)

Acetone
K,CO,

emission of electrons over the barrier. In this theory, the
current is expressed by the following relation [31-33].

V — IR,
1=1 |:exp (Q(nk—T) — 1:| (H

77.07
76.75
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\
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Fig. 3 1-V characteristics of the diode under dark and illumination
conditions

where k is the Boltzman’s constant, T is the absolute tem-
perature, Ry is the series resistance n is the ideality factor,
and for forward values of V in excess of 3kT/q, a plot of In
I against V gives a straight line. Iy is the reverse saturation
current given by the following equation

®
I,=A A* T? exp (-qk—T”) @)

where @y, is the barrier height, A is the diode contact area,
and A* is the Richardson constant (32 A/cm?.K? for p-type
Si). The barrier height is obtained by Eq. (2). The ideality
factor is expressed by the following equation

n=i< dVv ) 3)
kT \d(nlI)

Dark and photoelectrical (I-V) characteristics of the diode
are given in Fig. 3. As seen in Fig. 3, the fabricated diode
shows a rectifying behavior in the dark, and the value of
the current under illumination is substantially higher than
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Fig. 4 Plots of F(V) vs. V of the diode for dark and 100 mW/cm?

almost unchanged with illumination. This confirms the pho-
toconductive behavior of the diode. Upon illumination of
the diode, a photocurrent is created by the photo-generated
charge carriers at the interface on the diode [34-39]. The
value of ideality factor and barrier height determined from
the forward bias I-V characteristics for dark and 100
mW/cm? is given in Table 1. The obtained ideality factor
value is higher than unity due to series resistance, inhomo-
geneities of barrier height and interface states [40—45]. In
addition, the series resistance affects the linear region of for-
ward bias [-V curves and in turn, the linear region deviates
from linearity.

The electrical parameters such as barrier height and
series resistance of the diode were also extracted by using
another method proposed by Norde [46—48]. In this method,
the Norde function can be defined as

vV kT 1
F =3 = () @

where y is an integer which is greater than the ideality
factor. The barrier height for the diode is obtained by the
following equation

its value in the dark. Also, reverse current under illumina- _ ) Vimin kT
. . . q)BO = F(me) + - (5)
tion called as a photocurrent while the forward current is q
Table 1 Electrical parameters
of the diode derived from I-V P(mW/cm?) n (I-V) Dp(eV) (I-V) ®y,(eV) (Norde) R4 (k€2) (Norde)
characteristics and the Norde
method Dark 4.29 0.82 0.90 59.22
100 3.95 0.83 091 33.59
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Fig. 5 Plot of log(I,p) vs. log(P) of the diode (at —5 V)

where F(Vnin) is the minimum value of F(V). In the Norde
method, the series resistance (Ry) is expressed by the fol-
lowing relation

kT (y —n)

q Imin
where I, is the current in the diode corresponding to
voltage Vin.

The plots of the Norde function F(V) versus V of the
diode for dark and 100 mW/cm? are given in Fig. 4. A min-
imum point in F(V)-V plots was observed, as seen in Fig. 4.
The calculated values of @y, and R are given in Table 1. The
@y, values obtained from both the Norde function and I-V

R, (6)

characteristics are close to each other. The Ry value is quite
high due to the electrical conductivity of the organic layer.

The photoconducting behavior of the diode can be ana-
lyzed by using the following relation [49-52],

I,5=BP" 7

where B is a constant, P is the illumination intensity, Ipp
is the photocurrent and m is an exponent determining the
photoconduction mechanism. The variation of photocurrent
with illumination of the diode is given in Fig. 5. The value of
m was determined from the slope of the log(Iyn) vs. log(P)
plot, and it was calculated to be about 0.67. The obtained
m value indicates that the photoconducting mechanism is
controlled by the presence of the trap centers.

3.3 Transient Photocurrent, Photocapacitance
and Photoconductance Measurements

The photoconduction mechanism of the diode can be ana-
lyzed by the transient photocurrent-time measurements.
Figure 6 shows current-time measurements of the diode. As
seen in Fig. 6, the photocurrent increases quickly up to a
certain level in the switching on state. The increase is due
to the increase in the number of free charge carriers. In the
switching off state, the photocurrent decreases quickly and
comes back to its original level. Trapped charge carriers in
the deep levels cause a decrease in current [52-56].

In addition, the dynamic transient photocapacitance and
photoconductance characteristics of the diode were mea-
sured and are given in Fig. 7 (a) and (b), respectively. As
seen in these figures, the photocapacitance value increases
while the photoconductance value decreases with increas-
ing illumination intensity. In the switching on and off states,
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Fig. 7 Transient (a) photocapacitance (b) photoconductance measurements at various illumination intensities and 10 kHz
a sudden change in the photocapacitance and photoconduc- that the interface charges in the interface of the diode follow

tance is taking place, i.e, the capacitance is increased with  the frequency of the applied electric field. The conduc-
illumination. This confirms the photocapacitor behavior of  tance value increases with frequency, as seen in Fig. 8 (b).

the diode. The change is explained by the presence of interface states

[56-59]. The lowest peak intensity in the C-V plots sug-

3.4 Capacitance/conductance-voltage (C/G-V) gests that the interface states at the higher frequencies are
Measurements non-dispersive.

The series resistance profile is important to understand

The C-V) and G-V plots of the diode at various frequen-  the charge transport mechanism. To analyze this effect, we

cies are given in Fig. 8 (a) and (b), respectively. It is seen =~ measured the series resistance (R;) of the diode and it was

in Fig. 8 (a) that the capacitance is decreased with increas-  analyzed with the conductance method. In the conductance

ing frequencies in the reverse bias region, whereas it did not method, Ry is expressed as follows [60]
change with frequency. A peak was observed in the C-V

curves of the diode. This resulted from the interface states G
ma

in the negative voltage region. The increasing frequency R, = — 8)
causes a decrease in peak intensity. This decrease suggests Ging + (@Chia)
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where Cp,, is the measured capacitance, and G, is the References

measured conductance. The series profile under various fre-
quencies is shown in Fig. 9. The series resistance plots
exhibit a peak due to the presence of the interface states.
The peak intensity is decreased with increasing frequency.
The change in Ry is indicative of interface charges following
the frequency of the applied electric field. The peak inten-
sity is related to the number of interface states under various
frequencies [61-64].

4 Conclusions

The photoelectrical properties of the fabricated Al/p-
Si/organic layer/Al diode were analyzed in detail. I-V
characteristics under illumination indicate that the diode
exhibited a photodiode behavior. The photodiode behav-
ior of the diode is explained by the transient photocur-
rent, photocapacitance and photoconductance measure-
ments. The photodiode exhibited a high photoresponsivity.
The photoelectrical results show that the fabricated photo-
diode can be used as a photosensor in organic photodetector
applications.
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