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ABSTRACT: In this work, we have investigated the electrical properties of Au/n-InP contacts with a thin layer of polyvinyl alcohol
(PVA) as an interlayer. The current—voltage (I-V) and capacitance—voltage (C-V) measurements are carried out in the temperature
range of 175-425 K. The Au/PVA/n-InP Schottky structure show nonideal behaviors and indicates the presence of a nonuniform dis-
tribution of interface states. The temperature dependent interface states densities (Nss), ideality factor n(V, T) and barrier height
¢y(V, T) are obtained. An abnormal decrease in zero-bias barrier height (BH) and increase in the ideality factor (n) with decreasing
temperature have been explained on the basis of the thermionic emission theory with Gaussian distribution (GD) of the BHs due to
the BH inhomogeneities. The experimental -V characteristics of Au/PVA/n-InP Schottky diode has revealed the existence of a double
GD with mean BH values of (¢,,) of 1.246 and 0.899 eV and standard deviation (g,) of 0.176 and 0.137 V, respectively. Conse-
quently, the modified conventional activation energy In (I,/T?)—(q*a%/2k}T?) versus 10°/ T plot gives ¢, and Richardson constants
(A%) and the values are 1.17 and 0.71 eV and 9.9 and 6.9 A/cm® K7, respectively, without using the temperature coefficient of the
BH. The effective Richardson constant value of 9.9 A/cm” K? is very close to the theoretical value of 9.4 A/cm* K* for n-InP. The dis-
crepancy between Schottky barrier heights estimated from -V and C-V measurements is also discussed. © 2013 Wiley Periodicals, Inc. J.
Appl. Polym. Sci. 2014, 131, 39773.
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Developing organic/inorganic heterojunction is a promising
technology due to several advantages of organic materials such
as flexibility, light weight, low cost, easy manufacturing and ver-
satile applicability. The electrical properties of the MS can be
usefully modified by organic layer sandwich between the metal
and semiconductor. Such type of heterojunction fabrication and
the extraction of the diode parameters is an attractive research
field for photovoltaic devices.” The organic/inorganic structures
can be sensitive probe useful in establishing process for mini-
mizing interface states, surface charges, dislocations and con-
taminations that may ultimately increase the quality of devices
fabricated using the semiconductor. Thus, a large number of
Schottky devices have been prepared and characterized using

INTRODUCTION

Schottky barrier diodes (SBD) are important in the field of elec-
tronic and optoelectronic devices. SBDs are not intimate metal/
semiconductor (MS) contacts; rather, they have a metal/interfa-
cial layer/semiconductor structure unless specially fabricated.'
There is always native thin insulating layer (oxide) on the sur-
face of the semiconductor in most practical MS contacts.” This
layer converts the MS structures into metal-insulator-
semiconductor structures. Many researchers have extensively
investigated interfacial parameters such as the interface states
and interfacial layer, because the electrical characteristics of
SBDs are controlled mainly by its interfacial layer.'™ This inter-
facial layer modifies some electrical parameters of the devices

like rectification performance in which the values of barrier
height and ideality factors are greater than conventional MS
structures. This performance and reliability has been attributed
to the space charge region of the semiconductor, which is influ-
enced by the interfacial layer in MS structures.

© 2013 Wiley Periodicals, Inc.
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organic with metals and semiconductors.”'® The ultimate
advantages of organic materials is their ability to be produced
in large quantities by simple procedures such as spin coating,
electrospinning method, high electrical conductivity and good
environmental stability under ambient conditions compared to
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inorganic materials. Another advantage of organic material is,
when comparing to inorganic semiconductors, they do not need
surfaces with regularity at the atomic level.

Many researchers have studied by using polymer as an interfa-
cial layer at MS junction such as poly (vinylalcohol), polyani-
line, poly (alkylthiophene) polypyrrole, polyophen and poly (3-
hexylthiophen). Among them, polyvinyl alcohol (PVA) has
unique chemical and physical property as well as its industrial
applications."" ™ In this work, PVA is selected as an interfacial
layer because it has many advantages: a good surface alignment
effect and photosensitivity, processing with a nonharmful sol-
vent, low-cost material and processing, compatibility with flexi-
ble substrates, and good resistance to damage by the solvents
involved in the lift-off process. Further, PVA is an interesting
synthetic organic material because it is water-soluble and bio-
compatible, which is mainly due to hydrogen bonds between
hydroxyl groups on the chain and water molecules or bio-
molecules. The hydrogen bonding between hydroxyl groups
plays a very important role in the properties of PVA, such as its
wide crystallinity and high crystal modulus. The presence of
crystalline and amorphous regions in semicrystalline PVA is
result from the crystal-amorphous interfacial effect. Especially,
PVA has a very high dielectric strength (>1000 kV/mm) and
good charge storage capacity. As a result, this can be used as
passivation layer to enhance the performance of the dielectric
properties of the organic thin film transistor.

In most of the previous studies,"®!” the Schottky barrier height

(SBH) was determined at room temperature by measuring the
current-voltage (I-V) and capacitance—voltage (C-V) measure-
ments of the organic Schottky devices. Analyzing the -V and
G-V characteristics of MS and MIS structures only at room
temperature cannot provide us with detailed information
regarding their current conduction mechanisms or the nature of
barrier formation at the MS interface. However, the temperature
dependence of the -V characteristics could allow us to gain
insight into different aspects of characteristics such as nature of
interfacial insulator layer and carrier conduction mechanism of
these devices. With this aim in mind, the electrical characteris-
tics of the Au/PVA/n-InP Schottky structure have been studied
in the temperature range of 175-425 K.

Polymer-based schemes for the fabrication of Schottky contacts
on semiconductor have been extensively investigated.'®> For
example, Gullu et al.'® evaluated electrical characteristics of the
DNA-based device in a wide temperature range. They reported
that the barrier height (BH) and ideality factor (n) ranged from
0.40 eV and 2.96 at 80 K to 0.98 and 1.26 at 300 K. Soylu
et al.'’ investigated temperature dependence of I-V characteris-
tics of the Au/pyronine-B/moderately doped n-InP SBD in the
temperature range 160—400 K. They achieved modification of
the interfacial potential barrier using the thin interlayer of the
pyronine-B. Dokme et al.®® studied electrical and dielectric
properties of Au/PVA (Ni, Zn-doped)/n-Si Schottky diodes in
the temperature range 80-400 K. They showed that dielectric
constant (¢'), dielectric loss (¢”), dielectric loss tangent (tan o)
are strongly temperature-dependent. Tunc et al.*' investigated
the -V characteristics of Au/PVA/n-Si (111) SBDs in a wide
temperature range. They showed that the BH (¢,,) increases
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and ideality factor (n) decreases with an increase in tempera-
ture. Recently, Demirezen et al.”” investigated the electrical
properties of a fabricated Au/PVA (Bi-doped)/n-Si photodiode
in dark and under 250 W light illumination intensity at room
temperature. They reported that the high value of ideality factor
and Rg are attributed to the particular distribution of interface
state density (Nss) at metal/PVA interface, surface and fabrica-
tion process, barrier inhomogeneity of interfacial polymer layer
and the form of barrier height at MS interface. Very recently,
Ozavci et al.*? study the detailed information on the conduction
mechanism of the Au/n-GaAs SBDs. They have explained the
temperature dependence of forward -V characteristics in terms
of the TE mechanism with a double GD of BHs for low bias
region (LBR) and moderate bias region (MBR).

In this work, we fabricate Au/n-type InP Schottky junction with
a PVA interlayer and studied its electrical properties in the tem-
perature range of 175-425 K. The SBH (¢,,) and ideality factor
(n) of Au/PVA/n-InP Schottky diodes are estimated at different
temperatures. The possible current conduction mechanism of the
Schottky contacts modified using PVA interlayer is also exam-
ined. Further, the temperature dependent of the energy distribu-
tion of interface state density (Nss) profile is obtained on the
basis of the variation of ideality factor with forward bias and
temperature. Temperature-dependent barrier characteristics of the
Au/PVA/n-InP Schottky diodes are also interpreted by using a
double Gaussian distribution (GD) of the barrier heights.

EXPERIMENTAL

The Schottky diodes were prepared using a one side polished n-
InP wafer with donor concentration of 4.9-5.0 X 10" cm?
(given by the manufacturer). The wafer was cleaned with warm
organic solvents like trichloroethylene, acetone and methanol by
means of ultrasonic agitation for the duration of 5 min each step
to remove contaminants, followed by rinsing in deionized (DI)
water and drying in N, flow. The wafer was then etched with HF
(49%) and H,O (1:10) to remove the native oxides from the sub-
strate. Prior to deposition of organic layer on the n-InP substrate,
the ohmic contacts were made by evaporating indium on the
rough side of the n-InP. The contacts were then annealed at
350°C for 1 min in N, ambient. First, the PVA film was coated
on smooth surface of n-type InP by spin-coating technique using
spin coater (Delta spin-1) at a rotation speed of 2000 rpm for 5
min without any surface treatment. The thickness of the film so
obtained was in the range of 10-20 nm across the whole sub-
strate surface used is uniform. Finally, Au (50 nm) as a top metal
electrode (diameter of 0.7 mm) was deposited by using e-beam
evaporation system. The temperature-dependent -V and C-V
characteristics of the Au/PVA/n-InP Schottky structures were
measured in the temperature range 175-425 K in steps of 25 K
using a precision semiconductor parameter analyzer (Agilent-
4155 C) and a precision LCR meter (Agilent-4248 A).

RESULTS AND DISCUSSION

Extraction of Schottky Diode Parameters from I-Vand C-V
Characteristics

Figure 1 shows the -V characteristics of the as-deposited Au/
PVA/n-InP Schottky diodes in the temperature range of 175—
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Figure 1. I-V characteristics of Au/PVA/n-InP Schottky structures meas-
ured at various temperatures. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

425 K. It is found that the leakage currents at —1 V, is increases
with an increase in temperature and the values are range from
1.20 X 107° A (at 175 K) to 6.81 X 10 ° A (at 425 K). To
achieve the SBH and the ideality factor (n), the forward bias
characteristics in terms of thermionic emission (TE) over the
barrier can be analyzed as’

X APo qv qv
I=AT*A - =1, 1
Rexp ( kBT)exp (T’lkB T) eXp (ﬂkB T)’ ( )

The pre-factor I, is the saturation current, T is the absolute
temperature, kp is the Boltzmann’s constant, n is the ideality
factor, ¢, is the SBH, and A} is the modified Richardson con-
stant, is assumed to be 9.4 A/cm* K? for n-InP.** From eq. (1),
the ideality factor n can be written as

_ 49 dv
" T (dln (1)) @

The experimental values of ¢, and n are determined from inter-
cepts and slopes of the forward bias In I versus V plot at each
temperature using TE theory, respectively. The values of the
experimental ¢,, and n for the device is 0.23 eV and 4.39 (at
175 K) and 0.85 eV and 2.2 (at 425 K). Generally, Schottky bar-
rier to n-InP yield low barrier contacts. The SBH values of 0.44,
0.46, 0.48, and 0.51 eV at 300 K obtained by Benamara et al.,*’
Szydlo et al.,”® Ucar et al,?” and Shi et al.,”® respectively. Further,
Soylu et al.'” found that the BH of Au/pyronine-B/moderately
doped n-InP contact was 0.66 eV. In our work, it is found that
the interfacial layer of PVA increases the BH (0.63 eV) at 300 K
by the influence of the space charge region of the Au/n-InP
Schottky junction. The increase or decrease in effective barrier
height for the organic modified Schottky diode may be due to
the energy level alignment of the lowest unoccupied molecular
orbital (LUMO) with respect to the conduction band minimum
(CBM) of the inorganic semiconductor at the organic/inorganic
semiconductor interface. This interface difference in vacuum lev-
els is attributed to interface dipoles. In fact, modification of
semiconductor surfaces by molecules can lead to the changes in
the electronic properties of the metal/semiconductor junctions.
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The experimental reverse bias C °~V characteristics of the Au/
PVA/n-InP Schottky diode over the temperature range of 175—
425 K. The junction capacitance has been measured at a fre-
quency of 1 MHz. In Schottky diodes, the depletion capacitance
is expressed as’

) o
q

where &g is the permittivity of the semiconductor (¢ = 11 ¢,)
and Ny is the doping density. The x-intercept of the plot of (1/
%) versus Vi is V, and related to built-in potential Vi, by the
equation Vi,; = V, + kgT/q, where T is the absolute temperature.
The BH is given by (pg‘y = Wi t V,, where V,, = (kzgT/q) In
(NJ/N,). The density of states in the conduction band edge is
given by N, = 2(2nm kT/h*)** (at room temperature N, = 5.7
X 10" cm™? for InP). The values of N, varied from 2.62 X 10"
cm ® to 9.44 X 10" cm? in the temperature range of 175-425
K, respectively. In addition, the temperature dependence of the
experimental donor concentration (N,) is determined from
reverse bias C~ 2=V characteristics. A plot of N, values as a func-
tion of temperature is shown inset of Figure 2. The estimated
values of N, are varied from 2.24 X 10" ecm ™ to 4.79 X 10"
cm > for the n-type InP wafer in the temperature range between
175 and 425 K. As shown from inset of Figure 2, the donor con-
centration of the n-InP slightly decreases as temperature
decreases. At low temperatures, mostly all impurities are frozen
out and cause a strong increase in the Rg of the diode, which
makes the measure capacitance to appear smaller. More electrons
may be frozen at the donor level in the freeze-out region and
conduction mechanisms in the freeze-out region are complex. As
a donor concentration decreases then capacitance also decreases
with decreasing temperature. The experimental values of ¢$" are
0.89 eV at 175 K and 0.61 eV at 425 K.

Further, it is noted from Table I, the barrier heights (BH)
increase in -V technique and decrease in C-V technique which
may be due to the biasing modes. According to thermionic
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Figure 2. The experimental reverse bias C >~V plots of Au/PVA/n-InP
Schottky structures for different temperatures at 1 MHz frequency. Varia-
tion of the donor concentrations from C-V characteristics at different
temperatures is shown in the inset. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Table I. The Temperature Dependent Parameters of n, ¢, and N, Deter-

WILEYONLINELIBRARY.COM/APP

mined from (pi\n/ (eV) and (pg(}’ (eV) Measurements in the Temperature

Range of 175-425 K for Au/PVA/n-InP Schottky Structures

Temperature o} Ideality Ny x 10%°
(K) (eVv) factor () g’ (eV)  (cm™3)
175 0.23 4.39 0.89 2.24

200 0.33 3.91 0.88 2.36

225 0.41 3.56 0.86 2.49

250 0.47 3.25 0.84 2.63

275 0.53 2.99 0.82 291

300 0.63 2.78 0.80 3.13

325 0.70 2.63 0.77 8.88

350 0.75 2.49 0.74 3.64

879 0.79 2.36 0.70 3.86

400 0.82 2.27 0.65 4.37

425 0.85 2.20 0.61 479
theory (TE) mechanism, the zero-bias barrier height

¢ calculated from -V characteristics is found to increase with
increasing temperature where biasing mode is forward biased.
The increase of ¢}V with temperature is ascribed to homogeneity
of the Schottky barrier at the metal/semiconductor junction.
For an inhomogeneous barrier, the effective BH for TE increases
with temperature due to the spreading of electric field distribu-
tion of charge carriers.”” Though, the BH determined from the
C ™%~V characteristics at high frequency decreased linearly with
increasing temperature where biasing mode is reverse biased.
The BH determined from C-V technique, ¢ is governed by
depletion region thickness and this is less sensitive to small scale
inhomogeneity.*

Furthermore, the discrepancy between ¢fYand ¢}V can be
explained by the existence of excess capacitance and SBH inho-
mogeneities.”’ >’ The reason for this discrepancy between the
measured SBHs is clear. The current in the -V measurement is
dominated by the current which flows through the region of
low SBH, and the measured -V SBH is significantly lower than
the weighed arithmetic average of the SBHs. Conversely, the
barrier height measured from the G-V or flat band is influenced
by the distribution of charge at the depletion region boundary
and this charge distribution follows the weighted arithmetic
average of the SBHs. As a result, the SBH calculated from the
zero-bias intercept assuming TE as a current transport mecha-
nism is well below the C-V or flat-band measured BH and the
weighted arithmetic average of SBHs.

Effect of Thermionic Field Emission

The high values of ideality factor and its temperature depend-
ence suggest that the current transport is predominated by
thermionic field emission (TFE).>* If the current transport is
controlled by the TFE theory, the -V characteristics of Au/
PVA/n-InP Schottky structure can be given by’

I=1I,exp <%—V> (4)
0

with
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- Foo ) _ _ koo ko
Ey=Eycoth (kBT) Neankp T kBTcoth <kBT> (5)

The characteristic tunneling energy (Eyy) parameter is related to
the tunneling transmission probability and is given by®

Eoo=- ( Na ) (©)

4n m*eg

The calculated values of Ey, are 1.31 meV at 425 K and 0.88
meV at 175 K, respectively. To find, the dominant current trans-
port mechanism of the Au/PVA/n-InP Schottky structure, we
normalized Ej, with kT in the investigated temperature range.
Figure 3 reveals, Ey/kgT values increase with decreasing in
temperatures and temperature and Eoo/kgT « 1 is satisfied for
the investigated temperature range. According to the theory,
field emission (FE) becomes important when Ey/kgT » 1
whereas, TFE dominates when Ey/ksT ~ 1 and TE is domi-
nates if Eyo/kgT « 1. Therefore, we can suggest that all over the
temperature range TE is the predominant current conduction
mechanism. From eq. (5), the ideality factor of Au/PVA/n-InP
according to TFE results as 1.08 at 175 K and 1.19 at 425 K,
respectively. These values are too low when comparing to our
measured values (from I-V characteristics) and are constancy
over the entire temperature range. The calculated values are
very close to unity for the wide temperature range (175-425 K).
Consequently, the tunneling current is not useful for calculation
of BH and ideality factors. Then, the origin of the TFE and FE
can be ruled out. Therefore, the higher ideality factor values
may be related to TE over a Gaussian barrier height
distribution.

Density of Interface States

To increase the quality of devices fabricated using the inorganic
with organic like as organic/inorganic structures. These struc-
tures can be useful for decreasing surface states, surface damage
and contamination. In fact, communication of the interface
states with metal by tunneling decrease with increasing interfa-
cial layer thickness. Accordingly, if there is a sufficient thick
oxide layer between the metal and the semiconductor, the
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E /k,T
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Figure 3. The plot of normalized Eyo/ksT values as a function of tempera-
ture. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 4. Plots of the forward bias dependent ideality factor n(V;T) for
Au/PVA/n-InP Schottky structure at different temperatures. [Color figure
viewed in the online which is available at

can be issue,

wileyonlinelibrary.com.]

change in occupancy of the interface states in equilibrium with
the semiconductor is determined by the change in energy of the
state relative to the Fermi energy in the semiconductor.””

The bias dependence of the SBH is described in terms of the
dependence of the ideality factor on the applied bias due to sur-
face states, and shift in BH with forward bias V is given by"***’

1
W) (V—IRs) (7)
From eq. (1), the ideality factor directly determined for each
measuring temperature at any given forward bias from the slope
of the InI—V characteristics: n(V)=(q/kgT)(dV/dInI). Fig-
ure 4 shows the plots of the forward bias-dependent ideality
factor n(V) at various temperatures taken from the experimen-
tal temperature dependent InI—V measurements of Au/PVA/n-
InP Schottky structure given in Figure 1. It is clearly observed
from Figure 1, the ideality factor is varying slowly respective to
forward bias in the region where the influence of the series
resistance (RgI) is small and followed by a large varying func-
tion of the forward bias where the influence of the series resist-
ance is dominates the InI—V measurements. Then, the latter
influence gives rise to the curvature at higher current in the
semilogarithmic -V plot. Moreover, divided thee parts of semi-
log I-V plot as: the low-forward bias region where the recombi-
nation current can dominate the current flow, the linear region
where the TE assumption can be applicable and the upper cur-
rent range where the influence of the series resistance is high.
Our Au/PVA/n-InP Schottky structures clearly shows ideality
factor larger than unity in the linear region. The downward cur-
vature of forward bias semilog -V plots shows a deviation in
ideality factor at high current is due to the interfacial layer
thickness, the interface state density and series resistance. That
is, it can be concluded that the BH and other characteristic
parameters are mostly controlled by the interface states and play
an important role between conducting polymer/semiconductor
interface. The density distribution of interface states (Nsg) in

?e(V) = Pop,= <1—
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equilibrium with the semiconductor can be determined from
the forward bias -V data by taking the voltage-dependent
ideality factor n(V, T) with effective barrier height (¢,(V, T)).
The parameters of n(V,T) and ¢,(V,T) can be determined
from the following equations.*

_ q 14 _ 5 &s
"V)= 4T [m (1/10)} “ {WDWN‘”} ®)
1
(V. T) =0+ V=0 + (1_m> 9)

where Wp, is the space charge region width, ¢ is the thickness of
interfacial organic layer, & and &g are the permittivities of the
interfacial layer and semiconductor, and f{=d¢./dV=
1-1/ n(V)2 is the change in effective BH with bias voltage. For
Au/PVA/n-InP Schottky structure having interface states in
equilibrium with the semiconductor, the ideality factor becomes
greater than unity as proposed by Card and Rhoderick,** and
interface state density (Nsg) is given by

Nss.(V)=l [ﬂ (11(V7 T)—l) —S—S]

AF o (10)

Furthermore, in n-type semiconductors, the energy interface
states with respect to the conduction band edge (E—Ess) are
obtained as

Ec—Ess=q(p,—V) (11)

Substituting in eq. (8) the values of the voltage dependence of
n(V), 0, and Wy, the values of Ngg as a function of (E—Esg)
are obtained which are shown in Figure 5. The Nss value of Au/
PVA/n-InP Schottky structures decreases with increasing E—Ess
values as a function of temperature. Moreover, the exponential
growth of the Ngss toward the top of the valance band is very
noticeable. Such behavior of Ngg is a result of molecular restruc-
turing and reordering of PVA and InP molecules at the metal/
semiconductor interface under the influence of temperature.*'
From Figure 5, a typical results of the interface state density
(Nss) range from E—0.21 eV to E-0.29 eV at 175 K and E—
0.49 eV to E0.70 eV at 425 K. The magnitude of the interface

B A DO O*S 4 bon
w
o
o
~

-1 -2
N, (eV cm™)
¢
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2
5,
" " | . "
nmuA R BEEEE
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3x10" %
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0 T = T ¥ T L T X T ¥ T
0.2 03 0.4 0.5 06 07

E-E. (eV)

Figure 5. Interface state density Nss as a function of E—Ess for the Au/
PVA/n-InP Schottky structure at different temperatures. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Zero-bias SBH an ideality factor as a function of temperature
for Au/PVA/n-InP Schottky structure the dotted and solid lines without
symbols are for the calculated SBHs using (14) for double Gaussian distri-
butions of BHs in temperature range (175-275 K: Distribution 1) and
(300—425 K: Distribution 2), respectively. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

state density (Nss) at 175 K is varied from 2.69 X 10"
eV lem™? (E—0.29 eV) to 8.24 X 10" eV ™' em™? (E~0.21
eV) and the magnitude of the interface state density (Nss) at
425 K is varied from 4.32 X 10" eV™! cm™? (E~0.70 V) to
1.56 X 10" V™' cm™? (E—0.49 ¢V). These values are similar
to the results reported in the literature.*>* It is well known
that the interface traps charges, which are the charges located
the insulator/semiconductor interface with energy states in the
semiconductor forbidden band gap. When the thickness of insu-
lator layer is >30 A, interface trapped charges are entirely
depend by the semiconductor.** As a result, the forward bias I-
V characteristics deviate from the ideal case where as the ideal-
ity factor is controlled by the interface states. These surface
states nonuniformly distributed in the semiconductor band gap
are directly proportional to the temperature.

Barrier Inhomogeneities

The experimental values of zero-bias BH dependence are irre-
spective of temperature, whereas the n decreases with increasing
temperature. This indicates that the current transport deviates
from the ideal TE model. Because the current transport across
the Schottky structure interface is a temperature-activated pro-
cess, electrons at low temperatures are able to surmount the
lower barriers.**> The temperature dependence of zero-bias BH
and ideality factor is shown in Figure 6. At the over tempera-
ture 300 K observed that the variations of the SBH and ideality
factor with temperature are limited. Under temperature 300 K,
a respective increase and decrease of ideality factor and BH is
observed with decreasing temperature. Similar results have
already been reported in literature for other semiconductor con-
tacts. For instance, Tung et al. showed that the presence of a
wide distribution of low SBH patches caused by a laterally inho-
mogeneous barrier could be attributed to a higher ideality fac-
tor. Moreover, an ideality factor value greater than the unity
could be due to the mechanisms such as the image force effect,
recombination-generation, and tunneling.*® Therefore, the cur-
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rent transport will be dominated by the current flowing through
the patches of lower SBH, leading to a larger ideality factor,
attributed to secondary mechanisms at the interface such as lat-
eral inhomogeneous distribution of BH which may be created
by interface defects.

Interestingly, it is noted that the experimental value of ideality
factor is found to be decreased with an increase in temperature.
It is observed from Figure 7, at higher temperatures, n is nearly
equal to unity and shows temperature dependent, which may be
described as the “Tj effect or anomaly.” Such behavior of the
ideality factor has been attributed to the inhomogeneities in the
Schottky barrier.' When the temperature is lowered, the func-
tion current is dominated by low-SBH regions with lower-
effective SBH and larger ideality factors.*>™*” In addition, the
ideality factors are not constant with temperature, and they
shows linear behavior with inverse temperature. The ideality
factor of the diodes showing this behavior varies with tempera-
ture as

n(T)=ny+ T
where, the 1y and T, are constants which are found to be 0.61
and 660 K, respectively. The increase in the ideality factor with
decreasing temperature is known as the T effect. Explanations
of the possible origin of such case have been proposed taking
into account the interface state density distribution, quantum
mechanical tunneling, and image force lowering.” In fact, the
forward bias -V characteristics of the Au/PVA/n-InP Schottky
structure explained on the basis of the TE theory reveal an
abnormal decrease in the BH and a increase in the ideality fac-
tor with decreasing temperature, which leads to nonlinearity in
the conventional activation energy plot of In(I,/T?) versus
10°/T. Such nonlinear behavior of Au/PVA/n-InP Schottky
structure at low temperature in the forward bias can be attrib-
uted to the special variation in the BHs. Similar observations
like the behavior of BH and the ideality factor with the increas-
ing temperature reported by several researchers.*>*~*

(12)

4.5
4.0 n(T)=0.61+660/T

3.5 =

3.0 4 .

Ideality factor, n

2.54 |

2.0 T T & 8 L, T & L & &
2.0 25 3.0 35 4.0 4.5 5.0 55 6.0

10°T (K"
Figure 7. Temperature dependent of the ideality factor for the Au/PVA/n-

InP Schottky structure. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 8. Conventional Richardson plots of the In(I,/ T%) versus 10°/T and

10°/nT for the Au/PVA/n-InP structure. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

To extract the BH, one normally uses a conventional TE theory.
However, there have been several reports about deviation from
this classical TE theory.**™® To determine the BH in another
way, the Richardson plot is drawn. Equation (2) can be rewrit-
ten as

In (%) =In (AA})— ‘Z’hT (13)
Figure 8 shows the conventional Richardson plot of In(I,/T?)
versus 10°/T and 10°/nT. The temperature dependence of
experimental In (I,/ T?) versus 10°/nT gives a straight line. The
values of the activation energy and Richardson constant were
obtained from the slope of this straight line as 0.91 eV and 1.5
X 107% A/em® K%, respectively. However, the temperature
dependent In (I,/T?) versus 10°/T plot has two linear tempera-
ture ranges. In the first region between 300 and 425 K (Distri-
bution 1), the values of the activation energy and Richardson
constant are obtained from the slope and intercept of this
straight line as 0.118 eV and 5.11 X 10~ ' A/ecm® K2, respec-
tively, whereas in the second region between 175 and 275 K
(Distribution 2), the values of the activation energy and
Richardson constant are obtained from the slope and intercept
of this straight line as 0.021 eV and 9.4 X 10~ A/em® K2,
respectively. These experimental Richardson constant values are
much lower than the theoretical values of 9.4 A/cm® K* for n-
InP. Above results elucidate that the deviation in Richardson
plot may be due to the spatial inhomogeneous BH and poten-
tial fluctuation at the interface that consist of low and high bar-
rier areas.*>”*® In addition, the current through the barrier
will flow preferentially through the lower barriers in the poten-
tial distribution.

There is a linear correlation between the experimental zero-bias
BH and ideality factors explained by Tung. A plot of the experi-
mental zero-bias BH and ideality factor as a function of temper-
ature is shown in Figure 9. There are two linear regions
between the experimental zero-bias BHs and ideality factors of
the Au/PVA/n-InP structure, which can be lateral inhomogene-
ities of BHs.**® In the low temperature region (175-275 K,
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Distribution 2), the extrapolation of the experimental BH versus
ideality factor plot to n = 1 gives a homogeneous barrier height
of 0.98 eV. In the high temperature region (300-425 K, Distri-
bution 1), the extrapolation of the experimental BH versus
ideality factor plot to n = 1 gives the value of 0.80 eV. These
results confirm that the current transport is not only due to TE
in our diodes. Thus, is notify that the presence of double GDs,
namely, GD1 and GD2 BHs in the contact area.

A GD of the BH (an analytical potential fluctuation model)
introduced by Song et al.°* can be used to explain the nonideal
behavior of Au/PVA/n-InP Schottky structures, the -V can still
be well described by eq. (1), except that ¢ and n should be
replaced by ¢,,and 14, The GD of the BHs with a mean value
@,and a standard deviation o, yields the following expression
for the BH

2
99,

 2ksT

Pap=Ppo(T=0) (14)
where ¢,, is the apparent BH measured experimentally and the
temperature dependence of ¢, is usually small and can be
neglected.”” The observed variation of ideality factor with tem-
perature in the metal is given by®'

1 _ qps

<”_ap 1)_ P2t 2keT

where ng, is apparent ideality factor, p, and p; are the voltage
coefficients, which may depend on temperature, and they quan-
tify the voltage deformation of the BH distribution. The experi-
mental ¢,, versus q/2kpT plots in Figure 10 are drawn to
obtain evidence of a GD of the BHs. The calculated ¢,, versus
q/2kgT and (1/ng—1) versus q/2kgT plots (Figure 10) drawn
by means of the data obtained from Figure 1 respond to two
lines instead of a single straight line with transition occurring at
300 K. These observations indicate of two GD BHs in the con-
tact area. The intercept and slope of this straight lines gives two

set of values (piba of 1.246 eV and o, of 0.176 V in the tempera-
ture range of 300-425 K (Distribution 1) and 0.899 eV and

(15)

094
%0 ,=1.378-0.395n

" ]
a n=1, 4,=0.98eV
0.7 - 9

0.8+

1 )
064

0.5+ o (@ &71.008:0214n

0.4; e n=1,¢=0.80eV

Barrier height (eV)

1 2
0.3+

0.2

2.0 ' 25 I 3.IO I 3‘|5 ' 4.IO ' 4?5
Ideality factor, n

Figure 9. SBH versus ideality factor of the Au/PVA/n-InP Schottky struc-
ture at various temperatures. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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0.137 V in the temperature range of 175-275 K (Distribution
2). Similar results showed by Chand and Kumar,*® the existence
of a double GD in the metal/semiconductor contacts can be
attributed to the nature of the inhomogeneities themselves in
the two cases. This may involve variation in the interface com-
position/phase, interface quality, electrical charges and nonstoi-
chiometry, etc. Further, such inhomogeneities might occur on a
scale that inhibits their detection by the usual characterization
tools. They influence the -V characteristics of the Schottky
diodes at particularly low temperatures. Hence, -V measure-
ments at very low temperatures are capable of revealing the
nature of barrier inhomogeneities present in the contact area.
Furthermore, these results have shown that the temperature
dependence characteristics of Au/PVA/n-InP Schottky structures
can be explained on the basis of a TE mechanism with double
GD of the BHs.

Likewise, the plot of (1/n,,—1)versus g/2kp T (Figure 10) should
also possess different characteristics in the two temperature
ranges because the Au/PVA/n-InP diode contains two BH distri-
butions. The values of p,obtained from the intercepts of the
experimental (1/n,,—1)versus q/2kgTplot are 0.488 V in the
300-425 K range (Distribution 1) and 0.313 V in the 175-275
K range (Distribution 2), whereas the values of p;from the
slopes are 0.017 V in 300-425 K range (Distribution 1) and
0.009 V in the 175-275 K range (Distribution 2). The linear
behavior of this plot reveals that the ideality factor does indeed
express the voltage deformation of the GD of the BH.
According to these results, this inhomogeneities and potential
fluctuation in the barrier dramatically affect low temperature
-V characteristics. As shown from the experimental
(1/n4y—1)versus q/2kgTplot, p; value or the slope of Distribu-
tion 1 is larger than Distribution 2. Therefore, we can say that
the Distribution 2 at very low temperatures may possibly take
place due to some phase change on cooling below a certain
temperatures. A similar behavior of double GD has been
observed by Huang et al.%* and Gullu et al.%
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Figure 10. ¢, versus q/2ksT and (n;Pl—l) versus q/2ksT curves of an
Au/PVA/n-InP Schottky structure according to the double GD of BHs.
The data show linear variation in the two temperature ranges with a tran-
sition around 275 K. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Moreover, as indicated earlier, the conventional activation
energy In (I,/T?)versus 10°/T plot has showed nonlinearity at
low temperatures. To explain these behaviors, a combination of
egs. (1) and (14) can be written as

I 252 .

In (ﬁ) - (2’112; 722) =In (AA})— %
Figure 11 shows modified conventional activation energy
In(L,/T*)—(q*c%/2k} T?)versus 10°/Tplot. Two straight lines
(Figure 11) with transition occurring at 300 K, and according
to eq. (10), the slope of these straight lines directly yields the
mean BHs ((pibg) and intercept (=InAjy) at the ordinate deter-
mines Ajfor a given Schottky contact area. Thus, the
In(I,/T?*)—(q*c%/2k} T?)values were calculated for both two
values of o, obtained in the temperature ranges of (175-275 K)
and (300-425 K). As shown in Figure 11, the closed circles and
closed squares, it gives BH values 0.71 eV in 175-275 K range
(Distribution 2) and 1.17 eV in 300-425 K range (Distribution
1). The intercept at the ordinate gives the Richardson constant
Ay as 6.9 A/cm? K? in 175-275 K range (Distribution 2) and
9.9 A/em?® K? in 300-425 K range (Distribution 1) without the
temperature coefficient of the BHs. The obtained Richardson
constant values (9.9 A/cm? K?) are close to the theoretical val-
ues of 9.4 A/cm?® K? for n-type InP.

(16)

CONCLUSIONS

The influence of a thin polyvinyl alcohol (PVA) interlayer on
the electrical characteristics of Au/n-InP Schottky contacts have
been investigated in the wide temperature range of 175-425 K
by using -V and C-V measurements. The interface states den-
sity is extracted from both the forward bias dependence of the
SBH and ideality factor. Experimental results reveal an abnor-
mal decrease in the zero-bias barrier height ((pgf) and increase
in the ideality factor (n) with decreasing temperature. Electrical
properties also confirm that the temperature dependent -V
characteristics of Au/PVA/n-InP Schottky structure can be suc-
cessfully explained on the basis of double GD of the BHs. The
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double GD has mean BHs ((piba) of 1.246 and 0.899 eV and
standard deviation (a,) of 0.176 and 0.137 V, respectively. Thus,
the values of (pfboand Richardson constants (Aj) are obtained
from a modified conventional energy In(I,/T*)—(q*c2/
2k3 T?)versus 10° /T plot as two temperature regions as 0.71 eV
and 6.9 A/cm® K* (175-275 K), 1.17 eV and 9.9 A/em® K2
(300-425 K), respectively. This value of the effective Richardson
constant, 9.9 A/cm” K2, is very close to the theoretical value of
9.4 A/cm? K? for n-InP. Furthermore, we have reported that the
experimental data of the Au/PVA/n-InP Schottky structure can
be explained by assuming the existence of double GD distribu-
tions in the wide temperature range.
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