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PHOTOELECTRIC AND PHOTOCAPACITANCE CHARACTERISTICS OF
Au/PYRENE/n-Si MIS STRUCTURES
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This paper presents in-depth analysis of the current-voltage (I-V) and capacitance-voltage
(C-V) characteristics of identically prepared Au/Pyrene(CisH10)/n-Si hybrid organic-on-
inorganic semiconductor photovoltaic cells (total 43 diodes). The barrier heights, ideality
factors and reverse bias saturation currents of all devices were extracted from the electrical
characteristics. The mean barrier height, mean ideality factor and mean saturation current
from I-V measurements were calculated as 0.79 = 0.01 eV, 1.40 £ 0.08 and (1.01 +
0.46)x10® A, respectively. Also, the photoelectric (I-V) and photocapacitance (C-V and
conductance (G)-voltage (V)) characteristics of the Au/Pyrene/n-Si device under 100
mW/cm? light illumination were investigated. It has been seen that the light illumination
increases strongly the current, capacitance and conductance values of the device due to
electron-hole charge pair generation. The C-V and G-V characteristics under illumination
have shown a non-monotonic dependence of capacitance on frequency giving rise to a
peak. This is attributed to the existence of electrically active traps. The open circuit
voltage and short circuit current of the Au/Pyrene/n-Si device were extracted as 80 mV
and 30 YA, respectively.
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1. Introduction

The interfaces of Metal/Semiconductor (MS) diode structures have implicitly been
assumed to be laterally uniform and it has been seen that the junctions were characterized by their
barrier heights (BHs) and ideality factors [1,2]. Mott defined the barrier height of MS contact as
the difference of the semiconductor electron affinity and the related metal work function[3]. The
ideality factor (n) can be found from its forward current—voltage (I-V) characteristics [3-4]. Barrier
height and ideality factor are the fundamental parameters of Schottky structures [5]. Although they
have been studied for over 50 years, it is only during the last decade that inhomogeneity of the
Schottky device interface has been considered [3,6]. In the early 1990°s, Tung [5,8-10], Werner et
al.[7] and Biber et al.[11] mentioned that the BH is likely to be a function of the interface atomic
structure, and the atomic inhomogeneities at the MS interface which are caused by facets, defects,
grain boundaries and mixture of different phases. However, Tung et al. [5,8-10], and Sullivan et al.
[8], and Rau et al. [12] already pointed out that inhomogeneities may play an important role and
have to be taken into consideration in the evaluation of experimental current-voltage (I-V)
measurements. The application of standard procedures to these characteristics gives effective BHs
and ideality factors only. Both parameters change from diode-to-diode even if they are identically
prepared. Recently, Tung and co-workers [5,8-10] studied theoretically and Ménch and co-
workers [1,2] showed experimentally, that a correlation exists between effective BHs and ideality
factors, which may be approximated by a linear relationship [1,2]. This result has been attributed
to the barrier inhomogeneities [1,2,13-15]. Some authors have also reported experimental evidence
that nanometer-sized lateral variations in BHs exist [16-18]. It was only during the last decade that
by considering the inhomogeneities of the MS interface these devices have attracted much
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attention and progressed to play a crucial role in constructing some useful devices in electronic
technology as well as being used for technical deficiencies such as surface processing, clean room,
vacuum preparation and deposition techniques to produce proper contacts [19].
Metal/interlayer/Semiconductor (MIS) devices formed by organic thin layers grown on
inorganic semiconductor substrates have extensively been investigated by many researchers for
their potential use in the electronic and optoelectronic technologies so far. For example, many
devices using the polymeric [20-25] and nonpolymeric organic materials [26-33] have been
fabricated by including light emitting diodes and Schottky-type devices like an MIS structures and
their electrical and photoelectrical properties have been investigated for more than three decades.
Pyrene with molecular formula CyHy used in the present work is a typical conjugated organic
compound. The molecular structure of Pyrene is shown in Fig. 1. Pyrene is well known due to
intense fluorescence with long life time and strong excimer emission and widely used as

phohtophysical probe [34-37].

Fig 1. Molecular structure of Pyrene organic compound.

Recently, some researchers in the literature have reported similar studies by using an oxide
interlayer in metal/interlayer/semiconductor structures [38,39]. For example Altindal and co-
workers [39] have recently investigated the 1-V and capacitance-voltage (C-V) characteristics of
identically prepared Al/oxide/p-Si MIS structures (total 33 diodes). They [39] have shown that
even though they were identically prepared, the Schottky barrier diodes reveal different BHs,
ideality factors, series resistance and density of interface states. They [39] have found that there
was a linear relationship between the experimental effective SBHs and ideality factors of
Al/oxide/p-Si Schottky diodes. The experimental BH distributions obtained from the 1-V and C*-
V characteristics have been fitted by a Gaussian function, and their mean values have been
calculated to be 0.708 and 0.810 eV, respectively [39].

In this work, we identically prepared the Au/Pyrene/n-Si Schottky photovoltaic structures
on the same inorganic n-type Si semiconductor wafer and then, calculated the electrical parameters
of each device by using the I-V and C-V measurements. The obtained results were evaluated
according to laterally inhomogeneous barrier height analysis and effect of formation of the
interfacial native oxide and the organic Pyrene thin layer between the semiconductor and top
contact metal. Our aim is to study the suitability and possibility of organic/inorganic
semiconductor diodes for use in barrier modification of Si metal-semiconductor diodes. For this
purpose, we will investigate some junction parameters of the structure by the electrical
measurements such as current-voltage and capacitance-voltage.

2. Experimental Details

Pyrene (CisH10) (99% pure) purchased from Aldrich Chemical Co. The organic/inorganic
semiconductor diodes (total 43 diodes) were prepared by using one side polished (as received from
the manufacturer) n-type Si wafer with (100) orientation and 1-10 Q.cm resistivity, and (5.03 *
2.4) x10™ cm™ doping density obtained from C-V measurements in this study. The wafer was
chemically cleaned using the RCA cleaning procedure (i.e. a 10 min boil in NH3;+H,0,+6H,0
followed by a 10 min boil in HCI+H,0,+6H,0). The native oxide on the front surface of the
substrates was removed in HF:H,O (1:10) solution and finally was rinsed in de-ionized water for
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30 s. Then, low resistivity ohmic back contact was made by evaporating Au onto the back of the n-

Si substrate, then it was annealed at 420°C for 3 min in N, atmosphere. The native oxide on the
front surface of substrate was removed in HF+10H,0 solution. Finally it was rinsed in de-ionised
water for 30 s and was dried in N, atmosphere before forming an organic layer on the n-type Si
substrate. Pyrene organic film was formed by thermal evaporation of Pyrene material onto the
front surface of the n-Si wafer. To perform the electrical measurements Au top contact metal was
evaporated on the Pyrene layer at 10 torr (diode area A = 0.018 cm?).

The 1-V, C-V and conductance(G)-voltage(V) measurements of the Au/Pyrene/n-Si
structure were performed with KEITLEY 4200 SCS (Semiconductor Characterization System) at
room temperature (see Fig. 2). Photoelectric effect on the Au/Pyrene/n-Si device was measured by
using Scientech SF300B solar simulator.

Au top contact

Pyrene organic thin layer

MeasurementSy
stem

[¢—n-Si inorganic substrate

< -Au back contact (chmic)

Fig. 2. The components of the Au/Pyrene/n-Si organic/inorganic semiconductor device for
the electrical characterization

3. Results and Discussion
a) In-depth analysis of the dark I-V and C-V Characteristics of Au/Pyrene/n-Si MIS
Diodes

The current vs. voltage for a Schottky barrier diode for qV>3KT is given by the following
well known equation named the Richardson equation [40,41].

V
I =1g exp(r?k—_l_j 1)

Here, V is the voltage drop across the Schottky barrier, n is the ideality factor and I, is the
saturation current determined by

l, = AAT? exp(— %) )

where A is the diode area, A” is the effective Richardson constant, k is the Boltzmann constant, T is
the absolute temperature, q is the electron charge and @, is the barrier height. From Egs.1 and 2,

ideality factor n and barrier height @ can be written as:

n:i( dvj .
kT\dInI

and
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T2
@b:k_Tm[AAT j @
q o

respectively [40,41].

Fig. 3 shows the experimental semi-log I-V characteristics of selected seven Au/Pyrene/n-
Si MIS Schottky devices at room temperature. As clearly seen from Fig. 3, it is so good the
rectifying properties of Au/Pyrene/n-Si MIS Schottky devices. Because, reverse bias current
saturates with the applied reverse bias voltage. We formed Au/Pyrene/n-Si (total 43 diodes) MIS

Schottky devices on the same n-type Si semiconductor substrate. The ideality factor n and BH @,

are obtained from the slope and the current axis intercept of the linear regions of the forward bias
I-V plots, respectively. As seen from the Fig. 3, there is a great linear region on a logarithmic scale,
in contrast to higher currents that show a curvature due to a series resistance for the MIS
photovoltaic device. The values of barrier height, ideality factor and saturation current of the
Au/Pyrene/n-Si diodes range from 0.76 eV to 0.80 eV, 1.27 to 1.64 and 5.70x10”° A to 2.80x10°
A, respectively. The ideality factor determined by the image-force effect alone should be close to
1.01 or 1.02 in ref. 1. Our data clearly indicate that the diodes have ideality factors that are
significantly larger than this value. Higher ideality factors are attributed to secondary mechanisms
which include interface dipoles due to interface doping or specific interface structure as well as
fabrication-induced defects at the interface [1,5,17]. According to Tung et al. [5,8-10], the high
values of n can also be attributed to the presence of a wide distribution of low-Schottky barrier
patches caused by laterally barrier inhomogeneity.
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Fig. 3. Current-Voltage characteristics of the selected seven Au/Pyrene/n-Si
organic/inorganic semiconductor devices

As seen from data, the effective BHs and ideality factors obtained from I-V measurements
varied from diode to diode even if they are identically prepared. This result shows that the
potential barrier at real organic/inorganic (Ol) semiconductor interfaces depend more strongly on
the applied voltage than predicted by the image-force effect for ideal contacts [1,2,38]. Therefore,
it is common practice to take averages for these values. Figs. 4,5 and 6 show the statistical
distributions of the BHs, the ideality factors and the saturation currents obtained from the forward
I-V plots for the Au/Pyrene/n-Si diodes (total 43 diodes). The experimental distribution of the BHs
and ideality factors were fitted by the Gaussian function. The statistical analysis of these
parameters has given a mean BH value of 0.79 eV with a standard deviation of 0.01 eV, and a
mean ideality factor of 1.40 with a standard deviation of 0.08 for the Au/Pyrene/n-Si Schottky
structures. This mean BH value is much higher than 0.50 eV obtained for Au/n-Si MS structures
[40]. Additionally, lateral homogeneous barrier height was calculated as 0.84 eV by extrapolation
of barrier height vs. ideality factor curve given in Fig. 7. The value of the mean barrier height
closes to lateral homogeneous barrier height as above mentioned. The case may be explained by
being inhomogeneous of the Pyrene organic film/Si inorganic semiconductor interface. These
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findings also indicate the Pyrene organic thin film formed on inorganic substrate that the barrier
height of MS Schottky diodes enhanced in significant rate. Therefore, the Pyrene organic thin
films can be used for obtaining Schottky structures with higher BH in future. Recently, Van
Meirhaeghe et al. [42] have found that Ag/n-GaAs and Au/n-GaAs Schottky diodes with an
interfacial oxide layer (20-200 A) showed Mott-Schottky behavior, in contrast to the usual MOS
(Metal/Oxide/Semiconductor) devices. According to them [42], when a metal is evaporated on the
oxidized semiconductor surface, the metal and semiconductor do not make intimate contact
because of interfacial layer. Also, carrier tunneling traps localized in the interfacial layer close to
the n-GaAs surface can cause @y, to increase [42].
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Fig. 4. The Gaussian distribution of barrier heights from the forward bias 1-V
characteristics of the Au/Pyrene/n-Si organic/inorganic semiconductor device.
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Fig. 5. The Gaussian distribution of ideality factors from the forward bias 1-V
characteristics of the Au/Pyrene/n-Si organic/inorganic semiconductor device
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Fig. 6. The Gaussian distribution of saturation currents from the forward bias I-V
characteristics of the Au/Pyrene/n-Si organic/inorganic semiconductor device
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Fig. 7. The Barrier height vs. ideality factor plot obtained from the forward bias I-V
characteristics of the Au/Pyrene/n-Si organic/inorganic semiconductor device

Norde proposed an alternative method to determine value of the barrier height and the
series resistance (Rs) [43]. The following function has been defined in the modified Norde’s

method:
\Y (V)
F(V)___ q o (AAT j ®)

where y is a integer (dimensionless) greater than n. I(V) is current obtained from the I-V curve.

Once the minimum of the F vs. V plot is determined, the value of barrier height can be obtained
from Eq. (6), where F(V) is the minimum point of F(V) and V, is the corresponding voltage.

V, kT
D, =F (Vo) +—*—— (6)
y q

Fig. 8 shows the F(V)-V plots of the selected seven Au/Pyrene/n-Si diodes. From Norde’s
functions, Rg value can be determined as:

R, =12 )
ql
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The values of @, and R, of the Au/Pyrene/n-Si structures have been calculated by using

F(Vo) and V, values from the F-V plots. The values of barrier height and series resistance (R;) for
the Au/Pyrene/n-Si diodes range from 0.84 eV to 0.87 eV and 98 ohm to 327 ohm, respectively.
Figs. 9 and 10 show the statistical distributions of the BHs and the series resistances obtained from
the F(V)-V plots for the Au/Pyrene/n-Si diodes (total 43 diodes). The experimental distribution of
the BHs and the series resistances were fitted by the Gaussian function. The statistical analysis of
these parameters has given a mean BH value of 0.860 eV with a standard deviation of 0.006 eV,
and a mean series resistance value of 226 ohm with a standard deviation of 48.7 ohm for the
Au/Pyrene/n-Si Schottky structures. There is a good agreement the values of @, obtained from the
forward bias Inl-V and Norde functions. Also, the value of series resistance may be high for the
higher ideality factor values. This indicates that the series resistance is a current-limiting factor for
this structure. The effect of the series resistance is usually modeled with series combination of a
diode and a resistance R;. The voltage drop across a diode is expressed in terms of the total voltage
drop across the diode and the resistance Rs. The high series resistance behavior may be ascribed to
decrease of the exponentially increasing rate in current due to space-charge injection into the
Pyrene thin film at higher forward bias voltage [44].
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Fig. 8. Norde F(V)-V characteristics of the selected seven Au/Pyrene/n-Si
organic/inorganic semiconductor devices
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Fig. 9. The Gaussian distribution of the barrier heights from the Norde functions (F-V) of
the Au/Pyrene/n-Si organic/inorganic semiconductor device
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Fig. 10. The Gaussian distribution of the series resistances from the Norde functions (F-V)
of the Au/Pyrene/n-Si organic/inorganic semiconductor device

The capacitance-voltage measurement is one of the most popular electrical measurement
techniques used to characterize a Schottky diode. Generally, the capacitance measured in the
Schottky diode depends on the reverse bias voltage and frequency. Its voltage and frequency
dependence originates from the particular features of the Schottky barrier, impurity level, series
resistance, interface states and interface layer between the organic layer and n-Si substrate, etc. At
low frequency the measured capacitance is dominated by the depletion capacitance of the Schottky
diode, which is bias-dependent and frequency-independent. As the frequency is increased, the total
diode capacitance is affected not only by the depletion capacitance, but also the bulk resistance
and dispersion capacitance, which is frequency-dependent and associated with electron emission
from slowly responding deep impurity levels. Due to these effects, the bias dependent diode
capacitance becomes less pronounced or disappears [45].

In Schottky structures, the depletion layer capacitance can be written as [40,41]

1 2V, +V) -
C? qe AN,
where & is the dielectric constant of n-Si, Vq4 is the diffusion potential at zero bias and is
determined from the extrapolation of the linear C*2-V plot to the V axis. The value of the barrier
height can be calculated by the relation:

D, (C-V)=V, +V, 9)

where V, is the potential difference between the Fermi level and the bottom of the conduction
band of n-Si and can be calculated by knowing the donor concentration Ny and it is obtained from
the following relation:

V, = k—T In (&] (10)
9 (Ng
where N¢ =2.8x10" is the density of effective states in the conduction band of n-Si [46].

Fig. 11 depicts the reverse bias C-V characteristics of selected seven Au/Pyrene/n-Si
devices at 100 kHz at room temperature. Fig. 12 shows the C*-V characteristics of selected seven
Au/Pyrene/n-Si diodes shown in Fig. 11. The barrier height, diffusion potential and donor carrier
concentration values for each diode were extracted from its individual C*-V characteristics. The
barrier heights, diffusion potential and acceptor carrier concentrations for the MIS devices ranged
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from 0.94 eV to 1.48 eV, from 0.66 V to 1.16 V and from 1.00x10 cm™ to 8.44x10%* cm?,
respectively. As seen from Figs. 13,14 and 15, the experimental distributions of the barrier height,
diffusion potential and donor doping concentration were fitted by the Gaussian function. The
statistical analysis of the barrier heights, the diffusion potentials and donor doping concentrations
obtained from C2V characteristics has yielded a mean BH value of 1.12 eV with a standard
deviation of 0.15 eV, a mean diffusion potential value of 0.84 eV with a standard deviation of 0.13
eV and a mean donor density value of 5.03x10** cm™ with a standard deviation of 2.4x10™ cm™
for the Au/Pyrene/n-Si MIS devices.
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Fig. 11. Capacitance-Voltage characteristics of the selected seven Au/Pyrene/n-Si
organic/inorganic semiconductor devices
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Fig. 12. 1/C-V plots of the selected seven Au/Pyrene/n-Si organic/inorganic
semiconductor devices
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Fig. 13. The Gaussian distribution of barrier heights from the reverse bias C?-V
characteristics of the Au/Pyrene/n-Si organic/inorganic semiconductor device
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Fig. 14. The Gaussian distribution of the diffusion potential from the reverse bias C2V
characteristics of the Au/Pyrene/n-Si organic/inorganic semiconductor device
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Fig. 15. The Gaussian distribution of the donor carrier concentrations from the reverse
bias C*-V characteristics of the Au/Pyrene/n-Si organic/inorganic semiconductor device

According to the inhomogeneous barrier model for MS or MIS diodes, standard deviation
is a measure of homogeneity of interface. In this theory, barrier height value for charge carriers at
current-voltage measurements is generally lower than that of charge carriers at capacitance-voltage
measurements. Due to different nature of the C-V and I-V measurement techniques, the barrier
heights extracted from them are not always the same. The capacitance C is insensitive to potential
fluctuations on a length scale of less than the space charge region and C-V method averages over

the whole area and measures to describe BH (®p(C —V) is a mean value of the barrier height

distribution). The DC current | across the interface depends exponentially on barrier height and
thus sensitively on the detailed distribution at the interface (®p (1 —V) is a minimum value of the

barrier height distribution) [7,40]. Additionally, the discrepancy between the barrier height values
of the devices may also be explained by the existence of an organic interfacial layer and trap states
in semiconductor [47]. Furthermore, potential fluctuations for C-V are much higher than those for
I-V. Therefore, standart deviation value (0.01 eV) for I-V is lower than that (0.15 eV) for C-V.

b) Photovoltaic and Photocapacitance Characteristics of Au/Pyrene/n-Si MIS Diodes

Fig. 16 shows the current-voltage characteristics of one Au/Pyrene/n-Si Schottky junction
measured in dark and under 100 mW/cm? light illumination. As clearly seen, the device has a
photosensitive behavior. Therefore, the photovoltaic parameters of the device (Vo =80mV the
open circuit voltage, I = 30lA short circuit current) are obtained. Because of the presence of
photovoltaic properties, Au/Pyrene/n-Si MIS diodes could be used as a photodiode. If the
photovoltaic parameters could be made even better, the diode could be a good candidate for solar
cell technology.
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Fig. 16. (Color online) Current-Voltage characteristics of one of the Au/Pyrene/n-Si
organic/inorganic semiconductor devices in dark and under light illumination.

The capacitance—voltage and conductance-voltage characteristics of one Au/Pyrene/n-Si
diode in dark(black plots) and under 100 mW/cm? light illumination condition (red plots) at
5,10,20,30,40,50,60,70,80,90 and 100 kHz frequencies are shown in Figs.17 and 18, respectively.
The light illumination increases strongly the capacitance and conductance of the device due to
electron-hole charge pair generation. The capacitance and the conductance values for
Au/Pyrene/n-Si diode under illumination are higher than those of under dark. This indicates that
the light illumination increases the production of electron—hole charge pairs. The increase in
charge production is dependent on the difference in the electron affinities between n-Si and pyrene
layer [48].

2.0E-008

1.6E-008

1.2E-008

8.0E-009

Capacitance (F)

4.0E-009

0.0E+000 :
-4 -2 0 2 4
Voltage (V)

Fig. 17. (Color online) Capacitance-Voltage characteristics of the one of the Au/Pyrene/n-
Si organic/inorganic semiconductor devices for various frequencies in dark and under
light illumination. (Black lines are in dark, red lines are under light illumination)
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Fig. 18. (Color online) Conductance-Voltage characteristics of the one of the
Au/Pyrene/n-Si organic/inorganic semiconductor devices for various frequencies in
dark and under light illumination. (Black lines are in dark, red lines are under light

illumination)

Furthermore, as seen in Fig. 17, the C-V characteristics show a non-monotonic
dependence of capacitance on frequency giving rise to a peak at around -0.1 V for illuminated
device. As the frequency increases, the magnitude of the peak decreases under the illumination
effect and the position of the peak shifts slightly to the high forward bias region. This is attributed
to the existence of electrically active traps [49]. Due to disordered nature of organic
semiconductors, the energetic distribution of deep traps is Gaussian [50]. The presence of peak in
C-V can be explained by trapping or detrapping with respect to Fermi level measured with respect
to conduction band level of Si semiconductor [51].

Similarly, as seen in Fig. 18, the G-V characteristics show a non-monotonic dependence of
capacitance on frequency giving rise to a peak at around 1.06 V for illuminated device. As the
frequency increases, the magnitude of the peak increases under the illumination effect and the
position of the peak shifts slightly to the high forward bias region. This is attributed to the
existence of electrically active traps [49].

4. Conclusions

We have studied the electrical characteristics such as I-V and C-V measurements of
identically prepared the Au/Pyrene/n-Si Schottky contacts formed by evaporation of organic film
on n-Si substrate. It was seen that the pyrene organic thin film on the n-Si substrate showed a good
rectifying behavior. The obtained results were evaluated according to laterally inhomogeneous
barrier height analysis and effect of formation of the interfacial native oxide and the organic
Pyrene thin layer between the semiconductor and top contact metal. It was investigated the
suitability and possibility of organic/inorganic semiconductor diodes for use in barrier
modification of Si metal-semiconductor diodes. Also, the photoelectric(l-V) and photocapacitance
(C-V and G-V) characteristics of the Au/Pyrene/n-Si device under 100 mW/cm? light illumination
were investigated. The open circuit voltage and short circuit current of the Au/Pyrene/n-Si device
were calculated as 80 mV and 30 pA, respectively.
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