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In this paper, the electrical characteristics of spin-coated PCBM:ZnO interlayered Al/PCBM:Zn0O/Si diode
are investigated under the aim of photodiode application. Under dark condition, the diode shows about
four orders in magnitude rectification rate and diode illumination results in efficient rectification with
increase in intensity. The analysis of current-voltage curve results a non-ideal diode characteristics ac-
cording to the thermionic emission model due to the existence of parasitic resistances and interface
states. The measured current-voltage values are used to extract the barrier height and ideality factor
under dark and illumination conditions. Under illumination, photo-generated carriers contribute to the
current flow and linear photo-conductivity behavior in photo-current measurements with illumination
shows the possible use of hybrid PCBM:ZnO layer in Si-based photodiodes. In addition, change in the
series and shunt resistance values under illumination is found to be effective in this light-sensing
behavior of the diode. This characteristic is also observed from the typical on/off illumination switch-
ing behavior for the photodiodes in transient photo-current, photo-capacitance and photo-conductance
measurements with the quick response to the illumination. The deviations from ideality are also dis-
cussed by means of distribution of interface states and series resistance depending on the applied fre-

quency and bias voltage.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Depending on increasing demand for renewable energy sources,
optoelectronic devices, that can transform solar light into current,
have been extensively investigated with the aim to further develop
low cost and efficient technology with alternatives to traditional
materials. In fact, most of these devices on the market are domi-
nated by silicon (Si) and compound thin film based heterojunctions
[1]. Similar to the process in semiconductor/semiconductor (p-n)
junction photovoltaic devices, photodiodes with metal/semi-
conductor (Schottky) junction has a depletion region to separate
photo-generated carriers with a high electric field and it has a
potential to be used in solar light conversion to current [2,3]. This
type of diodes is also a rectifier at forward biases whereas limit the
carrier conduction at reverse bias region. Since these devices
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contain a semiconducting active layer to direct formation of a
barrier between their surface and rectifying metal, insulator/
dielectric/oxide materials have been deposited between these
metal and semiconductor layer surfaces to improve capacitive
response together with tailoring the current flow mechanisms and
diode parameters to the field of interest in device applications [4,5].
The most efficient devices in this research field have been fabri-
cated by chalcopyrite absorber layers and their earth-abundant
alternatives with promising properties have been still ranked
below the results of the reported studies for solar energy genera-
tion [6—8]. On the other hand, Si-based technology still a main
source of active semiconductor layer in these optoelectronic ap-
plications. In the field of photodiodes, instead of inorganic mate-
rials, organic semiconductors have also triggered considerable
interest in the use of solar power due to the promising direct
detection of light in solar spectrum and potential advantages in the
application of lightweight, flexible and cheap devices [9—11].
Alternative to these materials, organic materials have been focus of
interest to improve light sensing properties together with the
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large-scale applicability of these type of devices [12—14]. Therefore,
in the production of p-n and Schottky junctions, organic materials
can offer alternative low-temperature layers having potentials for
many applications of customary inorganic materials. They exhibit a
potential in the development of optoelectronic applications, how-
ever, in the solar cell application, they cannot reach comparable
efficiencies with the inorganics [15]. In addition to the response to
the solar illumination, photo-stability of [6,6]-Phenyl C61-butyric
acid methyl ester (PCBM) based layers have motivated researches
to achieve drawbacks of the organic devices based on low electrical
characteristics with instabilities in the diode [9,16,17]. From the
economic viewpoint of the solar energy industry, these devices
offer low cost and fast fabrication with low-temperature solution
based techniques [18,19]. PCBM thin films behave as an electron
conductor with high mobility, and they have favorable character-
istics as high transparency and high flexibility in the device appli-
cations [20]. With several photodiode applications, PCBM is also
used in perovskite solar cells as an electron transport layer and
interfacial modifier [12,16,21]. In literature, based on Si which an
abundant, nontoxic and well-known material, PCBM/p-Si hetero-
junction have been studied from ultra-violet to infrared photo-
detection [9,17]. On the other hand, in this device application,
material characteristics of this layer results in non-ideal rectifying
behavior. The carrier flow through this layer limits the current-
voltage characteristics under the effects of charge traps in PCBM
and it is still a challenging problem in this technology [17,18].
Therefore, there are several attempts to improve the diode char-
acteristics with interface engineering between PCBM and metal
contact; and to enhance the photovoltaic response of the diodes
with combination of organic and inorganic materials and new class
of materials. These alternative low-temperature layers have been
fabricated with inserting additional layers such as LiF, Ca, TiOx and
ZnO in the PCBM/contact interface; incorporation of inorganic
nanoparticles such as PbS, ZnO and TiO; to the PCBM layer; and
hybrid active layer of PCBM [9,15,20—23]. Since organic materials
have low mobility when compared to inorganic materials, these
alternatives as a combination of organic and inorganic materials
have been considered to be used in high effect devices without
changing the possible advantages in the fabrication of organic
materials [24]. Thus, there are several efforts that have been
devoted to utilize the potential of PCBM layer with incorporation of
ZnO0 [21,23]. Due to having direct wide band gap, expectable optical
transparency and high exciton binding energy, n-type semi-
conductor zinc oxide - ZnO has been mostly preferred as an inor-
ganic material for the photodiode and photodetector applications
[12,14,25,26]. It is an attractive material as an interface layer in
advanced optoelectronic applications with its superior electronic
performance. This characteristic due to having a higher electron
mobility has been adapted to several electronic and optoelectronic
applications. Enhancement device characteristics, mostly power
improvement in photodiodes and photovoltaics have been ach-
ieved with use of ZnO as an individual layer or incorporation into
the interface [14,16,27—29]. Additionally, doping ZnO in a photo-
active material has been also point of interest to improve the device
performance of organic diodes and development of PCBM:ZnO
hybrid layer can offer lower cost optoelectronic devices together
with higher mobility characteristic. In this study, Al/PCBM:ZnO/p-
Si/Al diode structure was fabricated by solution-processed ZnO
incorporation to the PCBM layer. The effects of this interface layer
on the electrical properties of the diode have been discussed in
detail with the help of current-voltage (I — V), capacitance-voltage
(C — V), conductance voltage (G — V) measurements under dark and
illuminated conditions.

2. Experimental details

PCBM doped ZnO diode was synthesized using PCBM organic
compound that was supplied from Sigma-Aldrich Ltd. and used
without further purification. For this purpose, firstly, PCBM solution
was prepared by dissolving in 1—2 dichlorobenzene with a con-
centration of 25 g/L. Then, the dissolved materials were stirred at
60 °C for 3 h in a dry nitrogen environment. These solutions were
stirred for 10 min at 500 rpm by using a magnetic stirrer. The
stirring process was followed by the preparation of PCBM:ZnO
organic blend. Solutions of PCBM doped ZnO films were prepared
by the precursor including zinc acetate dihydrated
(Zn(C3H303)2-2H50). The concentration of zinc acetate was 0.2 M
and methanol was 2 at.% in this blend solution. The prepared so-
lutions of PCBM doped ZnO were ultrasonically dispersed overnight
prior to the spin casting for complete mixing. The PCBM doped ZnO
films were deposited on the p-Si wafer substrate having (111) with
600 pm thickness and 5—10 Q cm resistance. In the fabrication
process of the Al/PCBM:ZnO/p-Si photodiode, wafer was chemically
cleaned using the RCA cleaning procedure to eliminate the impu-
rities and native oxide layer as discussed in our previous publica-
tions [30,31]. Aluminum (Al) (with a thickness of 150 nm and purity
99.99%) was thermally evaporated to the entire back surface of the
Si layer by a vacuum evaporator and subsequently annealed at
570 °C for 5 min in nitrogen atmosphere to form Al ohmic contacts.
The prepared PCBM:ZnO blend solution was coated on Si substrates
by the spin coating technique at a spinning rate of 1500 rpm for 30 s
with Fytronix SC500 spin coater. After this process, the sample was
thermally annealed on the hot plate at 150 °C for 15 min to evap-
orate the solvents and simultaneously to dry the samples. After spin
coating of organic layer, top contacts having a contact area of
3.14 x 10~2 cm? were grown on the front surface of the PCBM:ZnO
film by evaporating the Al metal with thickness of 150 nm in a high
vacuum thermal evaporation system (Edwards, E-306A). As a
result, the Al/PCBM:ZnO/p-Si/Al diode was obtained. Schematic
diagram and energy band diagram of the diode can be seen Fig. 1 (a)
and 1 (b), respectively.

Under the aim of material characterization of the deposited
interface layer, surface topography is evaluated using Nano-
Magnetics Instruments Ambient AFM system and it is observed that
this layer has particles in an approximately equal size and their
surface coverage is very high (Fig. 1(c)). The root-mean squared
(RMS) roughness of the film is measured from the 40umx40um large
scale AFM scan and it is found as 47 nm. The surface characteristics of
this layer is also detailed using Hitachi Schottky field emission
scanning electron microscope (FE-SEM) SU5000. As shown in Fig. 2,
top-view planar SEM micrographs clearly show the surface homo-
geneities and uniformity of this film layer. In addition, the compo-
sitional information is obtained using EDAX detector attachment
into the SEM and the results of the elemental mapping analysis on
the film layer is given in Fig. 2. Observed energy dispersive X-ray
spectroscopy (EDS) mapping pattern indicates homogeneous distri-
bution of the constituent elements in the film structure without any
segregated region on the surface of the film. From the EDS profile,
the ratio of the ZnO in the PCBM:ZnO layer was found as to be about
0.5 in weight percentage. In addition to the expected contribution to
the electrical characteristics of the diode, the observed homoge-
neous surface coverage can also support the photo-active charac-
teristics with enhancing the surface roughness of the top layer. The
electrical and photo-response measurements of fabricated photodi-
odes were performed using a FYTRONIX 7000 solar simulator which
adjusts the light intensity automatically from 20 mW/cm? to
100 mW/cm? under cold light lamp [32].
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Fig. 1. (a) Schematic diagram and (b) energy band diagram for the Al/PCBM:ZnO/Si diode (c) AFM image of the PCBM:ZnO layer.

3. Results and discussion

characteristics of the diode are investigated under different illu-

mination intensities in the range of 20—100 mW/cm?. As shown in
Forward and reverse bias I —V characteristics of the Al/

PCBM:ZnO/p-Si/Al diode structure is examined under dark and

room temperature conditions, and also

photo-response

Fig. 3, the diode shows a rectifying behavior in which current can
flow in the forward bias region, however the diode blocks the
reverse current transport. In the ideal case, the forward biased
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Fig. 2. SEM images and EDS mapping patterns of the PCBM:ZnO layer.
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Fig. 3. | -V plots of the Al/PCBM:ZnO/Si diode under dark and illumination with
different illumination intensities.

current flow in a diode is expected to be under the effect of barrier
depletion region explained by thermionic emission (TE) model
with the pure exponential I — V relation. Although TE is a dominant
factor in the transport mechanism with weak deviations from the
ideal case neglecting the other contributions of different mecha-
nisms, I — V characteristics can be found under dominant effects of
these different transport mechanisms in the conduction [33,34].
Under dark condition, the diode shows about four orders in
magnitude rectification rate of forward and reverse biased currents
(RR). Compared with literature, PCBM:ZnO hybrid layer presents
better rectification than PCBM organic layer, and it is also roughly
comparable with single ZnO layer [9,23,27,28,35,36]. Although
PCBM layer has a high mobility characteristic, it can be used as an
interface layer to direct the carrier transport between the metal and
semiconductor layers where it has a low conductivity with respect
to the metal-Al and Si layer [23]. Literature works indicates the
effects of possible charge trapping in this material to the carrier
conduction through the diode [21,23,35,37]. It is expected from this
layer to present a very low free carrier density and a high trap
density [23]. This choice is also an application to control the current
flow of carriers where interface layer can increase the barrier height
for the carrier’s conduction between metal and semiconductor
[23,29,35]. Compared to these results, the current work presents a
comparable intensity of current flow at the forward bias whereas
the reversed bias currents are lower than the use of single PBCM
[23,35]. Increasing number of the carriers at the interface with ZnO
incorporation can promote the forward biased current flow and the
values are in the order of the diodes with only ZnO layer [29,38]. On
the other hand, the use of hybrid interface material can suppress
the trap filling effects of PCBM [23] and ZnO additives can be the
reason to observe relative high reversed bias currents to the diode
with only PBCM whereas lower values compared to the use of only
ZnO [9,27,28,35]. The charge injection with the use of ZnO in the
PCBM is also effective in the conduction process. As this contribu-
tion increases, increase in the carrier concentration at the interface
is expected to support the current flow through the diode [23].
Based on this rectifying behavior, the electrical parameters such as
ideality factor (n), zero-bias barrier height (®;,) and series resis-
tance (Rg), are extracted using the relation between measured
forward biased current value (I) and applied voltage (V) modeled
according to TE as,

I=I, {exp(%) —1} (1)

where this model is applied to the bias voltage region in the limit of
V >3kT/q in order to eliminate possible effects of reverse current
contribution. In this expression, Iy is the reverse saturation current,
q is the electronic charge, IRs term is the voltage drop under the
effect of R, k is the Boltzmann constant and T is the temperature of
interest [34,39]. The linearity in the forward bias I — V relation
shown in Fig. 3, can be due to the TE of majority carriers in the
diode with carrier diffusion [34,40]. On the other hand, I; is the
parameter related to the reverse current occurring by the diffusion
of the minority charge carriers, this behavior is formulated in the
Schottky-type diodes as,

IO:AA*TZexp( —%) (2)
where [ is expected to be almost independent from the reverse
bias voltage, and the parameters A is the active diode area defined
by the Al-metal contact region on top of the PCBM:ZnO layer and A*
is the effective Richardson constant of 32 A/cm?K? for the p-Si as an
active layer with the assumption of uniform barrier height forma-
tion [34]. Using I value found from the straight line intercept of
In(I) vs. V graph (Fig. 3) at zero-bias point, @, is found as 0.76 eV
according to Eq. (2) and in a good agreement with the literature
[9,37,41]. This value is also close to the value reported for the diode
with pure ZnO interface layer where the carriers injected PCBM can
increase the mobility of this layer and affect the Fermi level [23,29].
High free carrier concentration and therefore better conductivity of
the p-Si layer compared to PCBM:ZnO layer indicates the dominant
effect of p-Si layer on the current flow mechanism in the diode
[9,15]. Additionally, from the slope of the In(I)vs. V plot, deviation
from the ideal Schottky behavior depending on the current trans-
port mechanism through the junction other than TE, n is calculated
from the slope of linear region in the forward biased semi-
logarithmic I — V plot as,

" :% (dlcriXI)) 3)

As a result of Eq. (3), the n value is calculated as 8.53 which is
greater than unity depending on the non-ideality in diode behavior
deviating from pure TE mechanism [42,43]. This behavior can be
related to the existence of parasitic resistances and in-
homogeneities in ¢, depending on possible interface states in the
junction and native interface layer between metal and semi-
conductor separation [44,45]. Although the diode parameters are
extracted from the ideal TE model (Eq. (2)), the observed I —V
characteristics with the obtained n value higher than unity shows
that there can be generation-recombination currents within the
space-charge region contributing to TE current conduction mech-
anism [9,46]. The choice of PCBM:ZnO layer results in higher values
of n compared to the pure ZnO and PCBM layer, individually
[23,29,38]. Although this contribution can direct the carriers to the
more conductive paths, increase in the non-ideality indicates in-
crease in inhomogeneity at the interface which can be associated
with the increase in surface states originate from possible defects in
the material [37].

In addition to the dark I — V analysis, illuminated I — V plots of
the Al/PCBM:ZnO/p-Si diode are given in Fig. 3. As shown in this
figure, there is no remarkable change of forward current value at
dark condition with applying ninety-degree direct solar illumina-
tion and also increasing in the illumination intensity. On the other
hand, there is a change in the reverse bias current value with
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illumination and it increases with the increase in the illumination
intensity. It is the case affected by the contribution of photo-
generated charge carriers to the dark current under illumination
and this light response with a good rectifying behavior shows a
photo-conducting behavior of the fabricated diode [9,21,23].
Similar to the dark I — V characteristics, the diode shows a recti-
fying behavior under each illumination condition; however, in-
crease in the reverse current value due to the generation of photo-
carriers, it decreases with illumination. The change in the I- V
characteristics of the diode under illumination is detailed by
extracting electrical parameters formulated in Eq. (2) and Eq. (3),
and the results are tabulated in Table 1. As listed in this table, it is
found that there is an increase in n and slight decrease in @, values
due to the small RR values and the carrier transport process across
the diode is controlled by the existence of photo-generated carriers
[46]. The observed increase can also be originated from the addi-
tional paths for the carriers due to the existence of this hybrid layer
with ZnO incorporation at the interface and together with the
leakage paths, carrier transport can be promoted with increasing
number of carriers [29].

At high forward and reverse bias regions, the effects of the
parasitic resistances (R;) become apparent in the I— V plots (Fig. 3)
and the exponential [-V behavior deviates from linearity at these
saturation regions [34]. The resistance effects of both diode struc-
ture and contact regions can be attributed to Rs and it dominates
the I — V behavior at high forward bias region. Existence of inter-
face state can cause a disarrangement in the periodic lattice of the
structure at the surface and therefore it can also be attributed to
this effect [37]. Similarly, the presence of Ry, can be associated with
the deviation from ideal reverse current behavior at high bias re-
gion depending on leakage currents due to the contacts and the
surface inhomogeneities in the diode structure [47,48]. According
to the parasitic resistance relation as R; = 9V/dl, the Ry and Ry,
values are extracted from the corresponding linear regions as,
3.2 x 10% and 7.6 x 103 Q under dark condition, respectively. The
role of ZnO decrease the value of Rs compared to the use of single
PCBM layer in the diode and R, value is also lower than this diode
because of increase in the leakage of current through the device [9].
These values are also calculated from illuminated I- V plots. With
increasing illumination intensity, Rs found in decreasing behavior
to 4.7 x 10% whereas R, values increase up to 1.5 x 10* Q at
100 mW/cm? illumination condition. This observation can be
attributed to the common fact on the change in number of carriers
in the conduction with generated photo-carriers. Therefore, it de-
creases the electrical resistance of the diode to the current flow
[29]. The complete set of R; values as a function of temperature is
derived from the reverse bias spectrum that can be associated with
Ry, and forward bias voltage spectrum that shows saturation
mainly due to Rs. In addition to the strong temperature de-
pendency, this analysis shows that both these values decrease with
increasing temperature. This behavior observed in both bias re-
gions can be related to the increase the density of the free charge
carriers as a result of bond breaking or de-trapping in the diode
with increasing temperature [9,49]. Moreover, the variation in Rg

Table 1

n and @, values under dark and illumination conditions.
[llumination condition n P, (eV)
Dark 8.53 0.76
20 mW/cm? 6.73 0.77
40 mW/cm? 5.86 0.80
60 mW/cm? 3.94 0.80
80 mW/cm? 3.36 0.82
100 mW/cm? 2.27 0.85

values under different illumination at a fixed bias is given in Fig. 4.
At each voltage step, Rs values give reverse response to the illu-
mination intensity and they are found to be quite sensitive to bias
voltage as well as temperature and illumination intensity where
they are in increasing behavior with decrease in bias voltage.

The effect of illumination intensity on the current flow can be
expressed as,
I, =BP™ (4)
where I, is the photo-current generated by solar light illumination
on the diode, P is the applied illumination intensity on the diode
front surface, m is the illumination coefficient as an exponent of P,
and Bis the proportionality constant of the relation between I, and
P [50]. As shown in Fig. 5, I, values increases with increasing the
solar light intensity from 20 to 100 mW/cm?. The observed straight
line behavior indicates a linear photo-conductivity behavior
[46,51]. With this result, the diode shows a photoconductive
mechanism similar to the effects of ZnO and PCBM layer, individ-
ually [9,23,29,52]. This photo-conduction mechanism in the diode
can be explained with the value of m in which it is related to the
lifetime of the photo-carriers. In this analysis, if it is within 0 and 1,
the lifetime is under the influence of trap centers continuously
localized in the PCBM:ZnO interface [9,23]. However, from the
slope of the linear fitting process to the logarithmic I, vs. P relation
(Fig. 5), mis found as 1.5 which is greater than unity and away from
the O<m<1 interval. Apart from the case of m =1 that points
monomolecular recombination, the obtained value can be origi-
nated from the low-density uninvaded trap levels [9,51]. The
response of the diode under illumination can also be associated
with the electrical characteristics of the interface layer and the
variation in the value of mobility (¢) can be used to evaluate this
effect on the diode performance. According to the space charge
limited current method [53,54], the current density (J) of an organic
material under the applied electric voltage (V), can be formulated
as,

9 V2
J=geoeshl (5)

where ¢y is permittivity of free space, ¢ and d are the relative
permittivity and thickness of the interfacial material, respectively.
Eq. (5)is based on the relation between J and V based on the Child’s
law [55] and it is also a modified version using trap factor (¢) which
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Fig. 4. R; values derived from I — V results for different illumination conditions.
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is the ratio of free hole/electron carrier density to the total carrier
density [56,57]. Using this equation, u is found as to be 9.05 x
10~ cm?/V under dark and in decreasing trend from 1.08 to 1.46
( x 10~% cm?/V) with increasing illumination intensity. The ratio of
ZnO can also be effective on the photodiode performance. Although
it can support the carrier conduction process with suppressing the
effects of the intrinsic traps in the PCBM, under illumination the
most convenient structure was reported with low ZnO concentra-
tion. In comparison between the different ZnO ratios, photo-
generated carriers with low contribution of ZnO to the PCBM
layer are expected to be in the most significant role in the photo-
conduction [23].

In order to detail the photoconduction mechanism dominant in
the diode, transient I, measurements were carried out and the
corresponding current-time (I, — t) plots are given in Fig. 6
depending on the applied illumination intensity. Photo-response
of the diode is investigated with the I,, values at applied -5 V
bias. As shown in this figure, I, increases in a short time, about in a
second, and reaches a certain value when the diode surface is
illuminated. Although there is no significant variation in the
response time of the diode to reach a maximum value under
different illumination intensities, the peak intensity and maximum

2.0x1 0’4 =1 )20 mW/cm’
40 mW/cm’
: @60 mW/cm’
@30 mW/cm’
4 2
_ 1.5x10" @ 100mW/cm
<
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Fig. 6. Transient photo-current-time plots of the Al/PCBM:ZnO/Si diode.

value of I, increases with increase in illumination intensity. Under
illumination, photo-carriers are generated; contribute to the cur-
rent flow and the number of free charge carrier increases. Photo-
response of the diode increases with the light intensity and
therefore photo-generation process intense Iy, values. In a time,
generated photo-carriers are started to be trapped by the defect
states and transition region originated from the defects can be
observed. It is also possible that tapping/de-trapping of the charge
carriers can occur and these carries can be recombined with other
states and re-excited into the conduction band [9,51]. In the illu-
mination case, the diode exhibits a typical on/off illumination
switching behavior for the photodiodes with the quick response to
the illumination, increase in I, values to a certain level and reaches
the saturation level. After turning of the illumination, I, values
return back to the initial value following a similar way in the illu-
minated case. On the other hand, the observed sudden decay is
related to the trapping carriers into the deep impurity levels; and
intrinsic carrier concentration controls the recombination of these
carriers and therefore changes the I, values [9,23,51].

The transient photo-capacitance (Cp,) and photo-conductance
(Gpp) measurements as a function of time are shown in Fig. 7(a)
and (b), respectively. It is observed that, as in the transient I,
values, there is a strong effect of illumination and change in illu-
mination intensity on C,, and Gpy, values; and both of these values
increases with the increase in intensity from 20 to 100 mW/cm?2.
With the illumination applied on the diode, photo-generation takes
place and generated carriers contribute to the conduction process
with increasing Cp,j, and Gpy, values. In a similar observation with I,
plots, the highest values are obtained at the highest illumination
intensity condition. Due to trapping of the charge carriers into the
deep levels, these values decrease o their initial values after
switching illumination off.

The C —V graph of the diode with PCBM:ZnO interface layer
between Al metal and p-Si semiconductor is shown at
10 kHz—1 MHz frequency range in Fig. 8(a). The main figure is used
to enlarge the variation in the C values with frequency and the inset
shows the whole profile. As shown in Fig. 8(a), the C values are
saturated in the high reverse bias region at each frequency, give a
maximum value at low forward bias region and decrease to a
negative values with increasing frequency. In the frequency scan of
C — V relation, decrease in C values with increasing frequency can
be due to the existence and response of interface charges to the
change in alternating current (AC). On the other hand, there is a
peak in the low forward bias region and the magnitude of the peak
decreases towards higher frequencies. This peak is observed at the
accumulation region and the change in R with frequency can be
related to the position shifting towards depletion region [29]. The
higher values can be related to the density of interface states (D;;)
which is in equilibrium with the semiconductor that can follow AC
signal. At low frequency, interlayer variation can assist the capaci-
tive response and these states can easily track the applied AC signal.
These excess values contributing to the capacitive response of the
diode can vary with the applied frequency and also intrinsic char-
acteristics of the interface states as relaxation time of charges
[58,59]. The observed variations are mostly in depletion and
accumulation zones in which the effects of both D;; and Rs are
dominant. In addition, under the effect of applied electric field, the
dielectric polarization of the PCBM:ZnO layer depending on time-
dependent response of the interface state charges can be effective
in this behavior [60,61]. Similarly, Fig. 8(b) presents the conduc-
tance (G) characteristics with the change in the applied frequency.
As shown in this figure, depending on the existence and possible
effects of D;; and also Rs, G values are in increasing behavior with
increasing frequency and there are in very slight peaks in the low
forward bias region as illustrated in the main plot of G— V. The
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Fig. 7. (a) Photo-capacitance and (b) Photo-conductance behavior of the Al/PCBM:ZnO/Si diode.

observed behavior is related to the ability of the interface states to
follow the applied AC signal and the contribution of charges in
these states controls the conductive behavior. At lower frequencies,
applied electric field with bias voltage can be effective on the
charges trapped at interface states and the time dependent
response of these charges can cause a polarization and therefore
increase the total capacitance of the diode can be observed [62,63].
This fact can be associated with D; profile since the interface
charges can follow the applied AC signal at this frequency range and
with the contribution of these charges, the intense capacitive
behavior can be found. At high frequencies, carrier lifetime cannot
be compatible with the signal period and in this case, the interlayer
variations cannot track the signal variations with frequency.
Therefore these charges cannot follow the AC signal at high fre-
quencies and G values decreases [61—64]. In addition, G/ w— V is
given in Fig. 8(c) as a function of frequency and the inset shows the
voltage effect on these values. It is observed that G/ w values are
sensitive in the forward bias region at low frequencies and the
observed decrease in these values with frequency can be related to
the variations in AC signal with frequency on trap states [65]. In the
inset of Fig. 8(c), the higher G/w values at low frequency can be due

to the excess values resulting from D;; which is in equilibrium with
the semiconductor that can follow AC signal. These values are
almost insensitive to the change in frequency under constant bias
voltage.

The observed non-ideality behaviors in the C—V and G-V
spectra can be occurred due to inhomogeneties in the interfacial
layer and barrier height in the diode structure. At this point of view,
the effects of Rs; and D;; have become indicative characteristic pa-
rameters in the analysis of the origin of these frequency dependent
variations [62]. As in the I — V characteristics, Rs is expected to be
dominant in strong accumulation zone and therefore, these values
can be extracted according to Nicolian Brews method as,

(G/wC)?

Re= [1+(G/w6P|G

(6)

where w = 27f is the angular frequency of the AC signal [63]. The
measured C and G values shown in Fig. 8 are used to calculate Rg
values. The obtained values are presented in Fig. 9(a) as a function
of bias voltage in various frequencies and in Fig. 9(b) as a function of
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Fig. 8. Frequency dependent (a) C— V, (b) G—V and (c) G/w — V plots of the Al/PCBM:ZnO/Si diode. Inset shows voltage dependent G/w — V plot.

frequency at constant bias voltages. These R; values are found in the
same order of magnitude that is calculated from I- V measure-
ments. As shown in Fig. 9, the calculated values strongly depend on
frequency and voltage; and all frequency dependent R; profiles
exhibit peaks and it can be observed due to the localized interlayer
states and possible interface layer formation on Si surface [66]. As
in the case with ZnO itself at the interface, the variation in the D;,
profile can be effective on the observed change for low frequencies
in the depletion region [29]. At constant frequency, Rs values de-
creases with increase in bias voltage (Fig. 9(a)) and in a similar
behavior, at constant voltage, Rs values decreases with increase in
frequency (Fig. 9(b)). These variations in Rs with the change in both
voltage and frequency can be attributed to the inhomogeneity in
the diode interface and the distribution of D; [67]. In further
analysis, the other effective parameter in the diode characteristics,
the frequency and voltage dependent D;, values are investigated
using Hill-Coleman conductance and high-low frequency capaci-
tance (Cyr — Cir) methods, respectively. According to the Hill-
Coleman method, the change in D;; with respect to the applied
frequency can be formulated as [68],

2 (G/®)max
i <<<c/w>maxc,»>2 +(1- CmHX/Ci)2> 7

where (G/w) ;¢ 1S the maximum values in the measured conduc-
tance profile and Cpqy is the capacitance value corresponds to these
peak values; and C; is the capacitance in the accumulation zone due

to possible effects of the interfacial layer [65]. Therefore, in Eq. (7),
C; values in the strong accumulation region can be expressed as
[69];

Gmax 2
Ci=Cnax| 1+ (wcmax) (8)

where the C and G values are measured at the highest frequency
point (1 MHz). The obtained D;; profile with variations in frequency
is shown in Fig. 10(a), and there is an inverse relation between D;,
and applied frequency. The frequency of dependence profile for D;;
can be related to the response of these to the change in the AC
signal. The results show that they can follow the field with low
frequencies and give contribution to the C and G values, however
high frequencies are not compatible with the lifetime of the charges
at the interface and they cannot yield an excess C and G values [59].
The calculated values decrease with increasing frequency and they
close to a constant value at the higher frequency region. The higher
values can be related to the non-ideal diode behavior and the
variation with frequency can be associated with the response of the
interface states to the change in the applied AC signal with fre-
quency [70]. The capture and loss mechanism at the interface
together with the interface polarization can be attributed to the
time dependent response of the interface charges [63]. In addition,
D;; values can be calculated using the high-low frequency capaci-
tance (Cyr — Cir) method as,
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where D;; values are in bias voltage dependent distribution with
Cyr and Cir values measured at the highest frequency capacitance
and lowest frequency capacitance steps (at 50 kHz), respectively
[71,72]. The voltage dependent D;; profile is shown in Fig. 10(b) and
there is a peak point at around 0.34 V. This peak profile in the
response of the interfacial states can be indicated to the interrup-
tion of the periodic lattice at the interface [40]. The obtained values
are in the same order with the use of interface with ZnO itself and
the layer without ZnO incorporation [29,37]. These states can be
originated from possible structural defects and chemical impurities
[52]. Therefore, the existence of additional energy levels close to
the band edge can take a role as trap states and they can change the
current conduction between a metal and semiconductor in MS
diode. These calculated values are closer to the works with only
ZnO interface layer and ZnO contribution to the interface structure
can alter the functioning of the device with change in D;; profile at
the interface [37]. Additionally, this interface state parameter can
be obtained using conductance method proposed by Nicollian and
Goetzberg [67,73]. According to this method, conductance of
interface states (G;;) can be formulated as,
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Fig. 10. D;; profiles of the Al/PCBM:ZnO/Si diode according to (a) Hill-Coleman and
(b) high-low frequency methods.

Qg G(C—Chr)
" KTA (G/w)? + (C - Cip)?

(10)

where I;. is the forward bias current. The obtained values are
shown in Fig. 11(a) as in the G;;/w — V plot and they give a peak
profile at the low forward bias region. The magnitude of these
peaks decreases with applied voltage and also there is a high-
frequency shift in the peak positions. The existence of these
maximum G;; /w values are the indication of uniform distribution of
the interface traps and the observed shift can be related to the
characteristic time of the interface states to fill and empty [74]. The
time constant of interface states (7) can be related to obtained Gj;
values as,

AqD;
Gi= ZT” ln(l+w272) (11)

and the maximum condition (8G;;/8(w7) = 0)is found as wr = 1.98.
At the peak observed in Fig. 11(a), by using maximum condition
value, Dj; values can be found as a function of voltage as,

Die = (Git/®)max/0.4029A (12)

The calculated D;; values are shown in Fig. 11(b) with the
experimental results found in Fig. 10(a). There exists an almost
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continuous distribution of D;; values based on the high-low fre-
quency method; however, the values obtained from the conduction
method given in Eq. (11) show a maximum with increasing bias. At
a given bias, interface trap level occupancy, and capture and
emission of the carriers in these levels at the interface can take an
effective role on the behavior of these values. Under the applied
field, these states at the Fermi level change their occupancy by
capture and emission process, and the capacitance and conduc-
tance are extremely sensitive to the interface properties and Rs
[9,37,52,75]. Because the interface states respond differently to low
and high frequencies, the response of the states to the applied AC
signal can give a shape to the capacitive characteristics of the diode
[62,76]. If the applied frequency with bias is not matched with the
capture rate of the related trap levels, the peak can be observed due
to the response behavior of these levels [75,77,78].

4. Conclusion

In this work, the electrical characteristics of spin-coated
PCBM:ZnO film interlayered Al/PCBM:ZnO/Si diode are discussed
in terms of I— V, C—V and G-V measurements under room
temperature and dark conditions. In addition, the illumination ef-
fects and light-response of the diode are investigated performing
these measurements under different illumination intensities. The

room temperature [ —V characteristics show a good rectifying
behavior with about @, and n of 0.76 eV and 8.53, respectively. The
leakage current profile is found in increasing trend with increase in
illumination, and as a result, ¢}, increases while n values decrease
with the contribution of photo-generated carriers to the current
flow. The complete set of R; values as a function of temperature is
derived from the I — V values and R is found in decreasing behavior
whereas Ry, values increases with increasing illumination intensity.
From the illuminated I — V curves, the effects of the low-density
uninvaded trap levels on the life-time of the photo-generated car-
riers are observed in the analysis of photo-conduction mechanism
of the diode. The transient responses indicate that the diodes
exhibit photo-conducting and photo-capacitive behaviors and this
result can be related to the potentials of this diode in several op-
toelectronic applications. Depending on the applied bias voltage
and frequency, C —V and G — V profiles are evaluated and as a
result, Ry and D;; values are discussed. The calculated Rs values
show a strong dependency to the change in frequency and voltage.
The R profiles exhibit peaks as a response to the frequency change
due to the localized interlayer states and possible interface layer
formation on Si surface. In addition, the D;, profiles are discussed
according to the high-low frequency, Hill-Coleman and conduc-
tance methods.
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