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Al/p-CulnAlSe; polycrystalline schottky diodes fabricated by flash evaporation method were undertak-
en for their electrical analysis at room temperature. Diode parameters of the undertaken diodes were then
derived from the current-voltage (I-V) as well as capacitance-voltage (C-V) characteristics. It has been ob-
served that the schottky barrier height deduced from the room temperature I-V is lower to that obtained
from the C-V characteristics and is attributed to the fact that I-V analysis includes both the image force
and dipole lowering effects and is also reduced by the tunneling and leakage currents. The slope variation
of the frequency dependent C-2-V characteristics for the Al/p-CulnAlSe: Schottky diode at varying fre-
quency values from 50 kHz to 1 MHz suggests a large density of slow traps or interface states at the M-S
junction. As emerging from the parameters values energy band diagram of Al and P-CulnAlSe: has been
reconstructed.
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1. INTRODUCTION

Cu(In, Al)Sez is a direct bandgap quaternary semi-
conductor in which the bandgap can be controlled from
1.0 eV (CIS) to 2.7 eV (CuAlSez) by substitution of Al to
In [1]. This makes it a potential candidate for low cost
solar cells. As on today two kinds of photovoltaic devices
exists differing from each other through production
method. One of these is in the form of schottky junction
whereas another one is in the form of p-n junction (homo-
junction or hetrojunction). The later can be made of the
same semiconductor by different type doping, yielding
relatively more complex structure compared to M-S one
[2, 3].Further, M-S structures forms an important re-
search tools in the characterization of new semiconductor
materials and at the same time, the fabrication of these
structures plays a vital role in constructing some useful
devices in technology [4, 5]. The electrical properties of
the schottky contacts depend on the density of interface
states which play crucial role on determination of diode
parameters such as schottky barrier height (¢) and ide-
ality factor (7). Besides, the control of interface property
is very promising for device performance, stability and
reliability [5-7].

In view of this, we first time report the fabrication of
Al/p-CulnAlSe: polycrystalline schottky diodes over flash
evaporated CIAS thin films. Their current-voltage (I-V)
as well as capacitance-voltage (C-V) characteristics has
been measured at room temperature and various junction
parameters were calculated.

2. EXPERIMENTAL

Polycrystalline Culni-xAl:Sez (CIAS) material with
x =0.19 was prepared by reacting all the constituent ele-
ments with appropriate proportion in weight in an evac-
uated quartz ampoule at1400 K at the rate of 3 K/ min.
The composition as well as structure of the material was
established from EDAX and XRD analysis respectively. It
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was then used as a source material for depositing
CulnosiAlo.19Ses (CIAS) thin films on organically cleaned
sodalime glass substrates held at 473 K by flash evapora-
tion technique. The rate of deposition was maintained at
0.2-0.3 nm/s and typical thickness of the film was 500 nm
was obtained which was continuously monitored during
the deposition using a quartz crystal thickness monitor
DTM-101 (HindHiVac., India). The substrate tempera-
ture was measured using Chromel-Alumel Thermocouple
kept in good thermal contact with the substrate. The de-
posited films were also thermally annealed at 573 K in a
vacuum chamber at a base pressure of 10~2 mbar for 1 h.
The films were found to be p-type as determined by Hall
experiment. The Schottky diodes of the area 9 x 10-2cm?
were prepared by depo-siting Aluminum thin films over
the deposited CIAS thin layer. The structure of CIAS
based Schottky diode is shown in Fig. 1 where CIAS layer
act as a P-type semiconductor and Aluminum(Al) forms a
schottky contact while Silver (Ag) acts as a back ohmic
contact. The thicknesses of silver and aluminum films
were kept to be 150 nm and 250 nm respectively. The
current-voltage (I-V) characteristics of Al/p-CulnAlSe2
schottky diodes were measured at room temperature by
using Probe Station and Keithley’s Source Meter (Model
2400). The data of current-voltage measurements were
recorded to a personal computer using GPIB data trans-
fer card.

Al (250 nm) Rectifying contact

/

S

"TAS (S
Ag (150 nm), CIAS (500 nm) Ohmic contact

—

Glass Substrate

Fig. 1 - The cross-sectional schematic view of the structure of
Al/p-CulnAlSe: Schottky diode
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3. RESULTS AND DISCUSSION
3.1 Current-Voltage Characteristics

The forward and the reverse bias I-V a characteris-
tics of Al/p-CulnAlSe2 Schottky diode at room tempera-
ture are shown in Fig. 2. In the forward bias, the cur-
rent increases exponentially with voltage, however, in
reverse bias, the current measured within the given
bias did not show any trend of breakdown. This could be
due to the domination of edge leakage current and the
presence of some thin oxide layer at the interface and
also due to the generation of excess carriers in the de-
pletion region at higher fields. The existence of SBH
inhomogeneity offers a natural explanation for the soft
reverse characteristics observed experimentally. For
inhomogeneous MS contacts, the reverse current may be
dominated by the current which flows through the low-
SBH patches, which is controlled by the potential at the
saddle point; hence, the reverse current increases with
increasing reverse bias and does not saturate [8].
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Fig. 2 - I-V characteristics of Al/p-CulnAlSe: Schottky diode
(a), forward In(I) vsV characteristics of Al/p-CulnAlSe:z Schott-
ky diode (b)

Also, the forward and the reverse bias I-V a charac-
teristic of Al/p-CulnAlSe2 schottky diode depicted a recti-
fying behaviour. Therefore, it can be assumed that the
device behaves as a Schottky diode and the thermionic
emission theory can be used to obtain electrical parame-
ters of the device. Also, according to the thermionic
emission theory net current can be determined through
the relation [21]

_ a(V-IR,))_
I—Is{exp( KT j 1} (1)
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where I, the saturation current and s, the saturation
current density, defined as:
IS

J, === = A"T? exp| - Ll 2
s exp( o (&)

The quantities A is the diode area (=9 x 10-2cm?),
A* effective Richardson constant for p-type CulnSes,
(30 A/lecm?) [18], T is the measurement temperature in
Kelvin (303K), k is Boltzmann’s constant
(1.38 x 102 J/K), q is the electron charge (1.6 x 10-19C),
V is the forward applied voltage, ¢po is the zero bias bar-
rier height and Rs is the series resistance. The ideality
factor n is a measure of conformity of the diode to pure
thermionic emission and 1 is equal to 1 for pure thermi-
onic emission [9]. For values of V > 3kT/q, the ideality
factor using Eq. (1) can be expressed as

no 9 dV 3)
kT \ dIn(I)
The barrier height and ideality factor of

Al/p-CulnAlSe2 schottky diodes were found as 0.59 eV
and 1.59 respectively, as determined from the intercept
and slope of the forward-bias In(I)-V plot by the help of
Egs. (2) and (3). The ideality factor greater than unity
refers the deviation from an ideal diode, the deviation
can be attributed the formation of thin interfacial layer
and/or surface effects like, the surface charge and image
force effects at Al/p-CulnAlSes interface[10]. As can be
seen in Fig. 1, the semi logarithmic I-V curves are non-
linear in nature. The results demonstrate that the non-
linearity in the current-voltage characteristics arises due
to series resistance in a subtle way when a number of
non-interacting parallel diodes with a Gaussian distribu-
tion of barrier heights act simultaneously. Consequently,
the linearity of the In(I)-V plot was found short and
therefore according to S. Chand et al. that as the linear
region of the forward In(I)-V plots is reduced, the accura-
cy of the determination of ¢w and 7 becomes poorer.
Hence, same was not considered for extraction of barrier
parameters (viz., gpo and 7).

Therefore, to determine the barrier height and the
series resistance an alternate approach developed by
Norde [12] was used. This approach has been modified
as [13]

F(V) = K—@(%j @
y q\AA'T

where y is a the first integer greater than n and I(V) is
the current obtained from the I-V curve. Here, y has been
taken as 2 and the barrier height of device can be ob-
tained by using

v, kT

¢y =F(V,)+—= ®)
y g

where F(Vp) is the minimum F(V) value of F versus V
graph and Vb is the corresponding voltage. Fig. 3 shows
the F(V)-V graph of the Al/p-CulnAlSez Schottky diode.
The series resistance can be calculated by the Norde’s
method through the relation
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R - kT(y—n)

s o G

The barrier height and the series resistance values
were determined using Egs. (5) and (6) as 0.61 eV and
6.4 KQ, respectively.
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Fig. 3 — F(V) vs V graph of Al/p-CulnAlSe: Schottky diode

S. Cheung’s[14] has presented an alternate approach
to determine the value of 7, ¢n and Rs from I-V mea-

surement . Thus,
RSI+(77kTJ, %
q

av) _
dinl)

where = q/kT. Thus, a plot of d(V)/d(Inl) vs I will give

Rs as the slope and 1 / 8 as the y axis intercept. To
evaluate gro, we can define a function H(I)

H(I):V—(nqujln(AAisz. €©)

For equation (7) we can deduce
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Fig. 4 — Plot of dV/d(Inl) vs I and H(I) vs I used to extract the
SD parameters

Using the 71 value determined from equation (7), a
plot of H(I) vs I will also give a straight line with y-axis
intercept equal to ngr.. The slope of this plot provides a
second determination of Rs which can be used to check
the consistency of this approach.

Thus, performing two different plots equations (7)
and (9) of the I-V data obtained from one measurement
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can determine all the three key diode parameters n, @
and Rs. We have applied this procedure to characterize
Al/p-CulnAlSez Schottky diodes and various diode pa-
rameters so obtained are presented in Table 1.

3.2 Capacitance-Voltage Characteristics

The depletion region of a schottky barrier behaves
in some respect like a parallel-plate capacitor. It is
important to know what factors determine its capaci-
tance, not only because reverse-biased diodes are used
in practice as variable capacitors (varactors), but also
because measurements of the capacitance under re-
verse bias can be used to give information about the
barrier parameters [1].

Therefore, for the comparative study, an attempt
has been made to access the doping concentration and
barrier height from the C-2-V measurement. The C-V
relationship as applicable to intimate Metal-
Semiconductor Schottky diodes formed on uniformly
doped materials can be written as [15]

120V -Ve) (10)
C* gq¢N, A
where g5 the permittivity of the semiconductor, Vr is
the reverse bias voltage, Na is the acceptor concentra-
tion, q is the electronic charge, A is the area of the
diode (9 x 10-2 cm2). The slope of the above plot gives
the value of the acceptor concentration (Vo) while the x-
intercept of the plot of (1/ C?) versus Vg gives V, is re-
lated to the built-in potential or diffusion potential (Vi)
by the equation,

V=Vt an

where T is the absolute temperature in Kelvin.
The zero-bias barrier height (¢e) from the C-V
measurement is defined by

(pCU=V0+—KT+Vn or ¢,=V,+V,, (12)
q
v, = (ijln(N” j (13)
q N,

where V5 is the voltage axis intercept of the plot shown
in Fig. 5 and represents the energy difference between
the Fermi level and the bottom of the conduction band
edge in CulnAlSe2 and

(2nmkaJ3’2 ' a4

N, is the effective density of states in the conduction
band of CulnAlSes, where m, is the effective mass of
CulnAlSez = 0.15 mo eV

2 dv
Na= (qsogsAz J(dcz j (15)

is the acceptor density of CulnAlSes, & = 8.1; the dielec-
tric constant of CulnSes, £0=8.85x 10-12F m-1 ; the
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permittivity of the free space, A =9 x 10-2 cm?; the area
of the Schottky diode. Since the value of dielectric con-
stant of CulnAlSe: is not known, therefore, the va-lue of
its close derivative CulnSez was used. The value of carri-
er concentration (Na) is calculated from the slope of re-
verse bias C-2-V characteristics is 4.23 x 10cm -3 in
close agreement with that obtained from the electrical
analysis of CulnAlSe2 thin films(~ 1019 ¢cm -3).

The experimental reverse biased C-2 Vs Vr charac-
teristics of the Al/p-CulnAlSe:z at room temperature have
been shown in Fig. 5. The junction capacitance has been
performed at the frequency of 1 MHz. C-2-V characteris-
tics for the Al/p-CulnAlSe2 Schottky diodes have also
been measured at varying frequencies. The frequency
dependent C-2.V characteristics for the
Al/p-CulnAlSez Schottky diode at varying frequency
from 50 kHz to 1 MHz are shown in Fig. 6. The slope
variation suggests a large density of slow traps or inter-
face states for the prepared schottky diodes [18].
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Fig. 5 - Plot of 1/ C? versus Vg of AVCIAS Schottky Diode at
room temperature at 1 MHz frequency

1.00E+022 4 50KHz
—v— 100KHz
9.00E+021 | 500KHzZ
8.00E+021 - < 1MHz
RN
7.00E+021 -J- b
\\v N
AN
6.00E+021 | Dv g
SN
o SR
O 5.00E+021 M ANEE
= Y. N
- Dy g
4.00E+021 Ny L
\' Rl
3.00E+021 | N
2.00E+021 |
1.00E+021 4
0.00E+000 . . . .
1.0 0.5 0.0 05 1.0
Voltage(V)

Fig. 6 — Plot of 1/ C?versus Vr of Al/CulnAlSez Schottky Diode
at room temperature at (i) 1 MHz (i1) 500 kHz (ii1) 100 kHz (iv)
50 kHz

The barrier height obtained from C-2-V plot has been
presented in Table 1. It has been seen that the schottky
barrier height deduced from the room temperature I-V
analysis at room temperature is less than that obtained
from the C-V characteristics. This is may be due to the
reason that I-V analysis includes both the image force
lowering and dipole lowering effects and is also reduced
by the tunneling and leakage currents [18]. However, the
capacitance-voltage measurements can be used to direct-
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ly measure the barrier height. Nevertheless, it has to be
noted that the measured capacitance may be considera-
bly influenced by carrier trapping if the lifetime of the
trapping levels in the semiconductor is of the same order
as the period of the ac signal applied during the capaci-
tance measurement [2, 9, 17, 18, 19].

Table 1 — Comparison of diodes parameters extracted from four
different methods.

Para- |Linear Cheung’s | Norde’s |C-V

meters |Fitting Method |Method |Measurement
n 3.79 3.89

b (eV) 0.50 0.51 0.52 0.60

Rs (KQ) 28 27.5

3.3 Energy Band Diagram

The barrier height (¢wo) is related to work function of
the metal (¢m) and the electron affinity (y) of the semi-
conductor according to relation

990 =E,-q(0,- 7). (16)
where E; is the bandgap of the p-type semiconductor
(Eg=1.24eV) and @w 1is the barrier height of
Al/p-CulnAlSe2 Schottky diode. Assuming work function
of the metal (pn) as 4.28 V the electron affinity (y) of
CulnAlSe2in the present case was found to be 3.64 V.

Also, in M-S contact the work function for p-type
semiconductor can be written as

90, = (@ + Vi) an
and is found equal to 4.74 eV. Using the above experi-
mental values of various parameters the equilibrium
energy band diagram for the p-CulnAlSes/Al Schottky
diode system was constructed and is shown in Fig. 7.

Vacuum Level
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Fig. 7 - Energy band diagram of Al/p-CulnAlSe2 Schottky
Diode

Since the value of the metal work function is low com-
pared to that of semiconductor (ie. pm < ¢s), electrons will
move from metal to semiconductor. Each electron flow-
ing into the semiconductor removes a hole from the val-
ance band, leaving neutralized charge of ionized acceptor
in the semiconductor and thus, forming a potential bar-
rier at the metal-semiconductor interface region [4].
Since the current in a p-type semiconductor is carried
mainly by holes, so the contact of Fig. 7. is a rectifying
(or Schottky) contact and the barrier height to the holes
flow 1s 0.60 eV.
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4. CONCLUSION

In this study, Al/p-CulnAlSez Schottky diodes were
fabricated over flash evaporated soda lime glass sub-
strates. Various diode parameters like barrier height,
ideality factor and series resistance values were calcu-
lated by using several methods proposed by different
authors. The results obtained from different methods
were found in close agreement to each other. However,
due to the image force and dipole lowering effects as
well as tunneling and leakage currents in I-V charac-
teristics, the barrier height obtained from I-V analysis
was found lower to that determined from C-V analysis.
Also, the deviation from ideal diode for this structure
can be attributed a native interfacial layer at Al-
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