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Organic Semiconductor: Graphene-Oxide/p-Si
Photodiodes

A. Mekki', R. O. Ocaya?, A. Dere®, Ahmed A. Al-Ghamdi®, K. Harrabi', and F. Yakuphanoglu®**

The device parameters of Al/p-Si/PCBM:GO/Au diodes were investigated using direct current—voltage
(I-V), photocurrent and impedance spectroscopy. The ideality factor of the diode was found to depend
significantly on GO content. The calculated barrier heights had low variance over the range of illu-
mination intensities per doping level. Under dark conditions the barrier height averaged 0.767 with a
variance of less than 40 parts per million and the ideality factors averaged 10.2 £0.4, both param-
eters taken across all the varying GO contents. The high ideality factors (>9) of the heterostructure
organic/inorganic diodes are explained in terms of the low carrier mobilities of the organic interlayer.
Capacitance—voltage measurements indicate that the capacitance decreases with increasing frequency, sug-
gesting a continuous distribution of interface states over the surveyed 100 kHz to 1.0 MHz frequency
range. The photocurrent results indicate that the photocurrent increases with illumination intensity. The
Al/p-Si/PCBM:GO/Au diode exhibits a similar photosensitivity with an illumination coefficient of approx-
imately 1.23+£0.001 over a wider range of PCBM:GO weight ratios and reverse bias. This suggests
that the device photoconductivity is reasonably predictable and particularly suited for photoconductive
sensing.
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1. INTRODUCTION

There is currently much theoretical and practical inter-
est in graphene oxide (GO) hybrid structures, particu-
larly those that are used in conjunction with organic
compounds as scaffolding structures. The interactions
between GO and organic nanocomposites have been
studied in detail by various researchers using varied meth-
ods in the literature. It has been shown that the interac-
tions do not follow a simple donor-acceptor mode but
follows a complicated two-way process. Firstly, there is
the transfer of an electron from the graphitic domain to
the adsorbed/intercalated interlayer, which in the present
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investigation is phenyl-C61-butyric acid methyl ester
(PCBM). For instance, it has also been shown that the
adsorption of cobalt phthalocyanine on functionalized
graphene yields a tunable hybrid material that allows
sensing because of the intrinsic electrical properties pro-
vided by functionalized GO and the nanocomposites.! It is
then followed by feedback from the Co ions through the
ligand-like attaching of oxygen functional groups of GO
to the central cobalt ions.>3 An improved understand-
ing of the mechanisms of transfer and the impact of low
mobility of the organic interlayer may open up appli-
cations of the nanocomposites to solid-state sensing and
photovoltaic applications.* In this paper, we report an
investigation on the use of the structural hybrid nanocom-
posites of PCBM with varying contents of graphene oxide
in a p-Si heterojunction. The resulting Schottky diodes
have the structure Al/GO, :PCBM/p-Si/Au, where (x) is
the weight fraction of GO in the hybrid. The device
parameters are established through the use of different
characterization methods. Through detailed characteriza-
tions using standard methods we show that the con-
structed devices have a clear potential in photosensing
applications.
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2. EXPERIMENTAL DETAILS

2.1. Preparation of PCBM and GO Hybrid Films

GO was synthesized by the modified Hummers method.’
Firstly, 2.0 g of graphite was dissolved in 250 mL H,SO,
in ice bath with constant stirring for 2 hrs and then 6.0 g
KMnO, and 1.0 g NaNO; were added while stirring. It was
stirred in a water bath for 20 min. After 20 min, 250 mL
of de-ionized water was slowly added, and the temperature
of the solution was raised to 98 °C for additional 30 min.
The reaction was then stopped by adding de-ionized water
(300 mL) and H,0, (40 mL, 35%). The color of the solu-
tion transformed to brilliant yellow. The obtained pow-
der was washed, filtered, and dried at 50 °C for 2 days.

(a) 0.1GO at x5000

(c) 0.3GO at x5000

(e) 0.5GO at x5000

The phenyl-C61-butyric acid methyl ester (PCBM)® was
dissolved in dicholoro benzene. The synthesized GO was
dispersed in deionized water (1.5 mg/mL) using stirring for
10 min. and then ultrasonicated for 2 h. The nanocompos-
ites of PCBM and GO were prepared using PCBM and GO
solutions having different weight ratios of GO (0.1, 0.3 and
0.5). The films of PCBM:GO were coated onto the surface
of p-Si substrate by drop casting. The films were dried
at 150 °C for 3 min. Before deposition of the PCBM:GO
composite, the native oxide layer of the silicon substrate
was etched by HF and then rinsed in deionized water
using an ultrasonic bath for 10—15 min. Finally, the silicon
wafer was chemically cleaned according to method based

(b) 0.1GO at x50000

(d) 0.3GO at x50000

(f) 0.5GO at x50000

Fig. 1. SEM images at different magnifications of GO:doped PCBM at 0.1, 0.3 and 0.5 weight ratios.
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on successive baths of methanol and acetone. The top con-
tact of the diodes was Au metal, obtained by sputtering
system in the form of circles with area of 3.14 x 10~ cm?.
Surface morphology of the films was investigated using a
scanning electron microscopy (SEM). The current—voltage
(I-V) characteristics of the diode were performed with
KEITHLEY 4200 semiconductor characterization system.

Photoresponse measurements were performed using a solar

simulator. The intensity of the illumination was measured
using a solar power meter (TM-206).

2.2. Structural Properties of PCBM:GO Hybrid Films
The structural properties of PCBM:GO hybrid films were
investigated by scanning electron microscope (SEM). The
SEM images of the films are shown in Figure 1. As
seen in SEM images, the films are formed from GO and

(a) 0.1GO

(b) 0.3GO

(c) 0.5GO

Fig. 2. EDS spectra of GO:doped PCBM with 0.1, 0.3 and 0.5 weight ratio of PCBM:GO, with insets showing the elemental composition.
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PCBM particles. The GO was coated by PCBM parti-
cles. The structural properties of the PCBM:GO hybrid
films are changed with molar ratio of PCBM:GO organic
compound.

Figure 2 shows the EDS spectra of GO:doped PCBM
with 0.1, 0.3 and 0.5 weight ratio of PCBM:GO.
The embedded insets show the elemental composition of
the PCBM:GO. Analysis of the embedded data shows that the
percentages of the elements present in the samples are
nearly stoichiometric as expected at 0.1, 0.3 and 0.5 GO.

3. RESULTS AND DISCUSSION

The current voltage characteristics (/-V) of the diodes
were measured under dark and illumination. Figure 3

(e) 0.3GO

shows the I-V characteristics of the diode under different
conditions of illumination and GO doping concentration.

Deviations from the ideal thermionic emission theory of
the Schottky diode can be explained on the basis of series
resistance, popularly estimated using either /-V methods
or the method developed by Cheung and Cheung.”-8 The
barrier height (dy), ideality factor (n) and resistance (Rg)
are calculated from the following equations:

dv kT
— =RJ+n[— (1)
n q

Over wide ranging currents the plot of H(I) versus [ is
linear, i.e.,
H(I) =RJ+noy (2)

(d) 0.1GO

(f) 0.5GO

Fig. 3. Current—voltage characteristics of the diode under different illumination intensities and GO doping levels.
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where

H(I):V—n(%)ln(AAI*TZ) (3)

The resistance values obtained using Eqs. (1) and (2)
are ideally equal, but the presence of interface states,
and a voltage drop across the interfacial layer tends to
bring in differences in their values.® In the present work
it can be seen that they are within the same order of
magnitude, and can be said to be equal within analytical
bounds.

() 0.1GO

(1) 0.3GO

(k) 0.5GO

3.1. Dependence of the -V Characteristics on
INlumination Intensity

In Figure 3, which is a plot of the /-V characteristics of
the Al/p-Si/PCBM:GO/Au diode under dark and various
illumination intensities and GO concentrations, the typi-
cal forward and reverse bias photodiode characteristics are
observed. According to thermionic emission theory!%!! the
current flowing through a rectifying barrier diode as a func-
tion of applied bias voltage (V) and temperature (T) is

I:IOexp[%} “4)
(h) 0.1GO
(j) 0.3GO
1) 0.5GO

Fig. 4. Current-voltage characteristics obtained using dV /d(Ln/l) and H(I) versus current method for different concentrations of GO and illumi-

nation intensities.
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Fig. 5. A plot of the calculated illumination exponents for different GO
content at a reverse bias of —3.0 V. The average value of the exponent
is ¥ = 1.230 £ 0.001 over the GO content.

where I, is the reverse saturation current given by

%]

I, = AA*T? exp(—%) )
where ¢ is the electronic charge, A is device area, A* is the
effective Richardson’s constant equal to 32A/cm’K? for
p-Si and @, is the barrier height,'? n is the ideality factor
of the diode and k is Boltzmann constant. Barrier height
inhomogeneities and the existence of interface states give
ideality factors greater than unity.'* The distribution of
interface states can be investigated using photocurrent
characterization methods. In Figure 3, an increase in illu-
mination intensity has an associated increase in photocur-
rent. This suggests that more free carriers are generated
upon illumination. For a heterogeneous junction photosen-
sitivity is expressed in terms of the illumination intensity
(y) according to the function

Iy = aP? (6)

where Iy is the photocurrent, « is a constant.'* !> Setting
a = 10P for a constant 3 allows Eq. (3) to be rewritten

Fig. 6. Variation of calculated ideality factor versus illumination inten-
sity at different concentrations.

which allows vy to be deduced from the log—log plot of
diode current versus illumination intensity. Figure 5 is such
a plot for the GO doped PCBM interlayer at —3.0 V
reverse bias. A higher value of (y > 0.5) indicates a
lower density of the unoccupied trap level and suggests
a less degraded crystal structure and that the recombi-
nation mechanism is mononuclear.!*'® Figure 5 shows
a plot of Eq. (7) for concentrations of 0.1GO, 0.3GO
and 0.5GO. The calculated coefficient is found to have
low variance over the concentration at y = 1.230£0.001,
suggesting that in the photoconductive mode the Al/p-Si/
PCBM:GO/Al diode can be used over wider doping con-
centrations for similar photosensitivity. An inspection of
the reverse bias region of the /-V plots also suggests that
similar sensitivity figures may be obtained at a wider range
of bias voltages.

Table I summarizes the parameters of the Al/p-Si/
PCBM:GO/Au diodes having varied GO weight fraction
over a wide range of illumination intensity. The large
ideality factor suggests significant deviations from the
thermionic emission theory of the Schottky diode.!® It has
been reported'* that the barrier height in many heterojunc-
tion devices varies with illumination intensity, according to

loglpy = ylogP+p (7 ®, = D, — aP (8)

Table I. Al/p-Si/PCBM:GO/Au diode parameters using the dV /d(Lnl) and H(I) current-voltage methods.
0.1 GO 0.3 GO 0.5 GO
-V H-I -V H-I -V H-I

Intensity (mW/cm?) n R,(Q) D (eV) n R, (Q) D (eV) n R.(Q) D (eV)
Dark 9.75 369 310 0.760 10.03 632 416 0.768 10.93 670 655 0.772
10 10.25 313 281 0.751 14.79 393 371 0.675 12.57 743 689 0.729
30 9.86 345 294 0.756 12.65 582 589 0.696 18.33 543 527 0.658
60 9.95 336 289 0.752 12.60 597 570 0.712 15.30 662 650 0.685
80 9.42 370 311 0.759 14.20 472 471 0.680 20.74 448 450 0.637
100 9.90 381 320 0.739 19.23 287 291 0.633 18.91 476 475 0.650
6 J. Nanoelectron. Optoelectron., 10, 1-11, 2015
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where P is illumination intensity and « is the illumina-
tion coefficient (eV - m?/W). The average barrier heights
and calculated variance at each illumination with respect to
changes in the doping fraction are 0.767 £0.000, 0.718 £
0.002, 0.703+£0.002, 0.716+0.001, 0.692 4+ 0.004 and
0.6744+0.003 eV for the dark, 10 mW/cm?, 30 mW/cm?,
60 mW/cm?, 80 mW/cm? and 100 mW/cm? illumination
intensities respectively. These values suggest that GO con-
centration does not significantly affect the barrier height.
However, the obtained results appear to agree with Eq. (8),
with an illumination coefficient of approximately 1.1 x
107" eV-m?*W. Soylu et al.'* have reported an illumina-
tion coefficient for a p-Si/GaFeO; heterostructure Schottky

(a) 0.1GO

(c) 0.3GO

(e) 0.5GO

diode of 2.52 x 10~* eV - m*/W, which is comparable in
magnitude to the silicon band gap thermal coefficient of
473 x 107" eV/K. In Table I the calculated resistance
values using the two methods are in close agreement,
although it is well known that the two methods often yield
very different values. At low illumination intensities both
the barrier heights and the ideality factors appear to have
low variance across the doping levels. At higher inten-
sities it is apparent that the ideality factor rises, while
barrier height decreases. The latter was established in
Eq. (8) above. At low GO doping density illumination
has less effect on the ideality factor. Figure 6 summarizes
these observations. Similar variations in the ideality factor

(b) 0.1GO

(d) 0.3GO

(f) 0.5GO

Fig. 7. Capacitance and conductance of the diode versus concentration and different characterization frequencies.
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and series resistance were obtained by Wiirfel et al.!®
under different mobilities. Their work suggests that charge
transport on the photovoltaic properties of organic solar
cells has a far greater impact that is currently understood.
It is typically observed that the analysis of /-V curves
of illuminated organic solar cells using the Shockley
equation gives ideality factor, photo-current and parallel
resistance, which lack physical meaning. This underly-
ing reason for this situation is that drift-diffusion analysis
of charge-carrier mobilities versus illumination intensities
indicate a pronounced accumulation of charge carriers as
a result of poor transport properties. In recent work, the
phenomenon has typically been classified together with
other effects under the generic term of interface states.
Another consequence of this particular that is effectively
not modeled in the Shockley equation is that the separation

(a) 0.1GO

() 0.3GO

(e) 0.5GO

of the quasi Fermi levels in the organic photoactive inter-
layer, which is expressly the built-in voltage (V,,), dif-
fers substantially from the external voltage for almost all
conditions of operation. The recent work!® supports the
foregoing assertion of the complexity of the electron trans-
fer mechanisms of the interlayer that is adsorbed or inter-
calated onto the graphene oxide,>>? and the need to
better understand the interface chemistry.?!??> They argue
that it is meaningless®*?* to apply the Shockley equa-
tion to current—voltage curves under illumination and to
extract information on physical parameters such as the
recombination order or the apparent Thevenin equiva-
lent resistance Ry in low mobility interlayer semiconduc-
tors such as PCBM.? There are presently much research
effort being spent to understand the impact of the orien-
tational dependence of charge carrier mobilities in organic

(b) 0.1GO

(d) 0.3GO

(f) 0.5GO

Fig. 8. Calculated adjusted capacitance and conductance of the diode versus concentration and different characterization frequencies.
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semiconductor crystals and the correlation with the crys-
tal structure. For instance, Stehr et al.?®?” apply quan-
tum chemical first principles calculations combined with
a model using hopping rates from Marcus theory in their
investigations. The methods used to measure organic semi-
conductor mobilities are many and give varied values,
but some guidelines have been proposed for lowering the
variance.?® % In spite of the fact that the consequences of
the low electron mobilities are not modeled in Shockley’s
equation, the implications on ideality factor and resistance
are significant in the forward bias of operation. In the
present work the primary intent is to use the diode in
reverse bias photoconductive mode for photosensing appli-
cations and therefore the high forward bias ideality factors
and series resistance are not of much concern.

The effects of series resistance and the true-space charge
capacitance in the device are taken into account to obtain
the corrected capacitance (C,p;) and conductance (G p;)

as follows!7-30-33
(G} + (0C,)°]
Cypy=—o——"— 9
ADJ a2+(wcm)2 m ( )
(G + (0C,)°]
GADJ = —a2 + (ow)2 a (10)

where a = G,, — [G2 + (0C,,)*]R,.
The variation of resistance (Rg) with applied bias volt-
age (V) at different frequencies for different GO content

(b) 0.3GO

Fig. 9.

are shown Figure 9. The series resistance of the device is
calculated using the equation'? 1434

(Gm/wcm)2

TG 0Cy w

The (Rg — V) plots exhibit peaks which shift towards
higher negative bias voltage as the frequency is increased.
The intensity of the peaks decrease with increasing fre-
quency, suggesting that the interface states changes with
frequency. At lower frequencies the interface states can
follow the AC signal resulting in excess capacitance. At
higher frequencies the interface states cannot follow the
AC signal and do not make a contribution to interface
states,!7-33:36

3.2. Transient Photocurrent Measurements

Figure 10 shows the transient photocurrent measurements
of the photodiode as a function of illumination intensity.
When the illumination is turned on the photocurrent ini-
tially increases rapidly up to a certain level and then grad-
ually reaches a peak value. After the illumination is turned
off the photocurrent decreases rapidly at first and then
decays to its initial value. The increase in the photocur-
rent under illumination is due to the increase in the num-
ber of free charge carriers increases which contribute to
the current. Similarly, after the illumination is turned off
the decrease in the photocurrent is due to the trapping

(a) 0.1GO

(c) 0.5GO

Variation of series resistance versus voltage at different doping levels.
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(b) 0.3GO

(a) 0.1GO

(c) 0.5GO

Fig. 10. Transient photoresponse of the Al/p-Si/PCBM:GO/Al Schottky photodiode at constant reverse bias.

(a) 10 kHz

(b) 1 MHz

Fig. 11. Transient photocapacitance taken at 100 mW/cm? at 10 kHz and 1 MHz for various PCBM:GO weight ratios.

of the charge carriers in the deep levels, which reduces
the current. The device clearly shows photoconducting
behavior.

Figure 11 shows the transient photocapacitance of the
diodes at 10 kHz and 1 MHz. This data shows that the
capacitance of the device depends very strongly on the illu-
mination intensity, the frequency and also the PCBM:GO
weight ratio. The highest photocurrent was observed at
the 0.3GO PCBM:GO weight ratio at any given incident
intensity. At 10 kHz the 0.3GO also exhibited the largest
photocapacitance, which became very small at 1 MHz. The
device therefore exhibits a photocapacitive behaviour.

4. CONCLUSIONS

In this paper we report on the fabrication and characteri-
zation of an organic on inorganic p-Si Schottky diode with
the structure Al/p-Si/PCBM:GO/Au. The device param-
eters were evaluated using current—voltage, capacitance—
voltage and phototransient methods with respect to the
fraction of graphene-oxide to phenyl-C61-butyric acid
methyl ester (PCBM) ratio. These measurements indicate
that the Schottky diode is sensitive to light and there
exists the possibility to optmize its performance based on
the content of GO. It has been observed in the present
analysis that the device photoconductive sensitivity shows
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low variance at the investigated PCBM:GO weight ratios
and averages approximately 1.23. The highest photore-
sponse current and the most tunable photocapacitance was
observed for a weight ratio of 0.3GO. The calculated ide-
ality factor and series resistance are in agreement with
recent studies for low mobility organic semiconductors.
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