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Abstract

In this work, polycrystalline tin oxide thin films were prepared and studied in order to
fabricate heterojunctions by growing them on n-type silicon substrates. The electrical
measurements on the prepared samples were performed at different substrate and annealing
temperatures. The results of these measurements showed good uniformity of these films
throughout the current-voltage characteristics in both forward and reverse bias conditions at
different annealing temperatures. They showed that the I-V characteristics were highly
improved by thermal annealing. The reflectivity and internal quantum efficiency of the
SnO,/Si were measured as functions of the incident light wavelength. As well, the short-
circuit current density and open-circuit voltage were measured as functions of the incident
light intensity. These measurements showed good optoelectronic characteristics of the
fabricated structures stimulating to optimize their employment in solar cell applications. In
addition, the low-cost production of such structures makes them very good candidates for

solar energy conversion systems as cheap alternative energy techniques.
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Introduction

Metallic oxide semiconductors have attracted an intense interest in optoelectronic applications
during the last two decades. Among them, tin oxide (SnO:) was the subject of too many

research works due to its characteristic features, especially the variation of band gap within
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3.6-4.2 eV. This variation is mainly determined by the preparation method and the type of
substrate [1]. Controlling the deposition conditions of SnO; films is an important step in
controlling their electrical properties, facilitating the device design. Apart from the optical
properties, it is of crucial importance to understand the charge transport processes in SnO». In
this regard, the overall temperature behavior of the electrical conductivity can reveal the
underlying charge transport mechanisms in this material [2]. The electron tunneling from the
silicon conduction band into SnO> conduction band occurs at the participation of traps in the

depletion region as shown in Fig. (1).

In this work, polycrystalline tin oxide (SnO3) thin films were prepared to form heterojunctions
on n-type silicon substrates and study their electrical characteristics as functions of the

temperature and illumination.

Theortical Concept

For deep understanding of the conductivity behavior in the studied samples, it should be

considered as a logarithmic derivation which is given by [3]:

W) = (E)g O

where W(T) can be used to determine the metallic and insulating behaviors of conductivity

When the slope of plot between In[#(T)] and InT is negative, then the sample is considered as
insulator, whereas the positive slope of the W(T) plot indicates that the sample is considered
as metal. On the other hand, in more detail, the decrease of W(T) towards zero with decreasing
temperature identifies the sample as a real metal, while the temperature-independent behavior

of W(T) indicates that the sample is weakly insulating [3].

In polycrystalline materials, a high density of defects is expected at the grain boundaries,
which are often charged with majority carriers. The charged states at the grain boundaries
create depleted regions and potential barriers, which provide resistance to the passage of

carriers [4]. According to the grain boundaries model [5], an increase in the crystallite size (L)
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causes a decrease in the grain boundaries scattering and this leads to a decrease in the surface

trap density (N;).

The relative internal quantum efficiency (IQE) of the fabricated cell is calculated according to

the following equation:

IQE = he 1
g1 —R, F@ @)

The IQE is a more fundamental quantity, which differs from EQE in the term (1-R;), which

accounts for reflection losses.

In solar cell construction, high film transmittance and conductivity are required in order to
minimize the efficiency losses due to absorption of a part of the spectrum and the Ohmic drop
in the oxide layer. The analysis of the system is based on considering the current density (J)-
voltage (V) relationship as a function of the effective series resistance (R;) according to the

following [6]:
] =Jwh—],0 '(lamkT(V+JR;s]1-1) (3)

where J,, is the photo-generated current density, J, is the reverse saturation current density

(=107 A.cm™), n is the diode quality factor (=1.6), and k, ¢, and T have their usual meaning

For the short-circuit conditions (¥=0)

R;

_ kT (h,a —Jsc +In)

e Jo (4)

Experiment

Single crystal silicon substrates of (111) orientation, n-type conductivity, 1x1 cm? area, and a
resistivity of (1.5-4) Q.cm were used. In order to remove any residual oxides on these

substrates, they were etched with (3:3:5) CP4 solution consisting of HNO3;, CH;COOH, HF,
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respectively. Then they were cleaned by alcohol and ultrasonic machine for 15 minutes then

they were cleaned by water and ultrasonic waves for another 15 minutes.

High-purity tin (Sn) thin films were deposited on silicon substrates using thermal evaporation
technique under vacuum pressure of 10 Torr. Tin oxide (SnO2) films were obtained with aid of
rapid thermal oxidation. For this purpose, a halogen lamp was used as the oxidation source
under an oxidation condition of 600°C for 90s to form SnO. on the silicon substrates to
produce TCO's/Si heterojunction. Ohmic contacts were fabricated by evaporating high-purity
(99.999) aluminum wires for back contact and high-purity (99.999) gold was used as front
contact using Edwards coating system. The reflectance of the fabricated SnO»-(n)Si structure

was measured using SP-H 1011 spectrophotometer.

Results and Discussion

Figure (2) shows In[W(T)] vs. InT for the samples. The temperature-dependent W(T) studies
were carried out in the range of 60-200K for the samples at different deposition temperatures
(Ta) as shown in Fig. (2). Here, therefore, the investigated samples exhibit metallic-like and

weakly insulating behavior for 7<100K and 7>100 K, respectively.

The plot of In(C1T)"? vs. 10%/T for the samples with varying deposition temperature is shown
in Fig. (3). The conductivity increases rapidly with increasing temperature from 100 to 200 K,
and increases slowly below 100 K. The data show the presence of two different conduction
mechanisms. One is the thermoionic emission through the grain boundaries, which has
activation-type temperature dependence due to the carrier activation in the grain boundaries in
the temperature range above 100 K, and the other is the tunneling below 100 K, in which the
conductivity may be considered to be temperature independent. We believe that this residual
temperature dependence of conductivity is due to the tunneling effect. It is well known that,
unlike thermionic emission, the tunneling effect is independent of temperature [4]. In the case
of tunneling carriers can overcome the depletion region by tunneling. If tunneling takes place
between the top of the barrier and the Fermi level, the thermoionic emission occurs. In this
case, when the barrier height is small, carriers can surmount the barrier [4,5].
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As previously mentioned, the conductivity of our samples has an activated character,
including two intervals with different slopes as can be observed from Fig. (3). This situation
is consistent with the behavior of W given in Fig. (2). In Fig. (2), one can expect that the
high-temperature slope (T>100 K) is connected to the thermoionic emission for the samples

by the following equation [7]:

_ {Le*nv, %
Org = kT g (5)

where Ej is the barrier height

The crossover temperature between thermoionic emission and tunneling in the films is about
100 K. The conductivities progressively cross over to a very weakly temperature-dependent
regime below 100K. A metallic-type regime with an essentially constant conductivity below
100 K is clearly found for all the samples. We believe that the physical origin of this behavior

is related to the tunneling effects because of the polycrystalline nature of the films.

The electrical conductivity in the tunneling regime is given as [8]:

Le? dgrl,
7= (;—fj P TN ©)

where

ey

.=
Y =2m'E, N &N , [ is the depletion layer width, 4 is the Planck's constant, [y is

the dielectric constant of vacuum, [1 (=11.65) is the static dielectric constant, and Ny is the

donor concentration

The values of /» are calculated by fitting Eq. (6) to the low-temperature range shown in Fig.
(3) and then the values of Ny are obtained. One can expect that the width of /> decreases with
the increase in Ny, while the tunneling probability increases. As a consequence, the

conductivity increases as the width of /> decreases. However, we should consider a combined
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effect of Ny and /> on the conductivity of the investigated films as explained before. Figure (4)
shows the variation of depletion layer width with the doping concentration at different barrier

height energies (Eb).

The investigated films exhibit this expected behavior. The surface trap density (V) of the
films was found to decrease with the increase in the deposition temperature. Trapping states
are capable of trapping free carriers and, as a consequence, more free carriers become
immobilized as the number of trapping states increase. There are two cases: either the
depletion layer (/») extends throughout the crystallite, or only a part of the crystallite is
depleted of carriers. In the latter case, the depletion layer width is smaller than the crystallite

size (l<L) and the surface trap density is given as [4]:

1||| EEEDNd Eb
e (7)

N, =

The SnO; films in this study satisfy the condition L<L. Utilizing Eq. (7), we can now
calculate the values of N; The obtained N; values agree well with the values of the surface

state density for various polycrystalline systems [9,10].

This study indicated that 7, has an important effect on the electrical properties of the films.
The conductivity of the films was found to increase with the increase in the deposition
temperature from 400 to 500°C and then decrease with a further increase in the 74. At 400°C,
the conductivity is the lowest of the films and the conductivity decreases with 74 from 500 to
600°C. This effect is also confirmed from the values of the N;. Knowing the values of /> and
E}, the values of Ny can be calculated as mentioned before. Note that N, of the films increases

with the increase in 7 from 400 to 500°C and then decrease with a further increase in 74.

The I-V characteristics of the SnO»/Si structure for a thickness of 500 nm are shown in Fig.
(5). The dark forward I-V characteristic for the SnO»-(n)Si structure were measured in the
annealing temperature range 25-150°C, the SnO> thickness was 500nm. The independence of

the slope of the forward branches of the I-V characteristics on the temperature is their
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peculiarity. Such behavior of the forward current is characteristic for the case of tunnel

processes.

The doping level of n-type Si (10°cm™) is too small for direct tunneling through the barrier,
and the electron tunneling from the silicon conduction band into SnO; conduction band
occurs at the participation of traps in the depletion region [11]. Figure (6) shows the reverse I-

V characteristics of the SnO2-(n)Si structure at different annealing temperature.

For voltage less than 0.65 V, the reverse current is proportional to the voltage, but at voltage
greater than 0.65 V, a sharp rise of current due to tunnel transition of electron from the
conduction band of SnO; into the conduction band of Si is noticed. The reverse current is
determined by the transport of the minority carries from the Si valance band to the SnO;
conduction band for the small indirect bias up to 0.65 V. For large values of reverse voltage,

the voltage drops due to the semiconductor and insulation film characteristics.

The photoelectric properties have been investigated at the illumination of the structures
through the wide gap semiconductor (SnO3). The short circuit current density depends on
illumination intensity. The current starts increasing at [1>0.5Jm and the maximum current

obtained at wavelength equal to 0.95Im.

The photosensitivity region of the SnO,/Si heterojunction structures is limited by the photon
energies [11], which correspond to the band gaps of SnO, and Si. The generation and
separation of electron-hole pairs occurs only in silicon. Figure (7) shows the relation between

reflectivity and the incident light wavelength for a wavelength between 0.3 to 1.1m.

The reflectivity of the fabricated cell increases as the wavelength is moved toward the
transmission region of silicon. It has a value of 0.4 at short wavelength while this value
increases to about 0.57 at longer wavelength. The lower values of reflectivity can be
attributed to the SnO; layer, which acts as an anti-reflecting coating as well as a transparent

upper contact.
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Figure (8) shows the relative IQE for the fabricated SnO.-(n)Si structure with 500 nm
thickness and at 150°C. It is clear that the IQE of the fabricated cell increases with the
increasing of wavelength. The cell exhibit about 40% IQE at wavelength of up to 750 nm.
The IQE start to increase at wavelength equal to 900 nm, and the maximum IQE value occurs
at wavelength equal to 1050 nm. Practically, IQE approaches minimum value at long
wavelength because of parasitic absorption losses, such as absorption in the rear reflector and

free carrier absorption [3].

For all studied solar cells, the SnO» layers are almost of the same thickness, therefore Ry of the
cell is then proportional to the film conductivity. According to Eq. (4), a film conductivity of
>150 ['.cm™ is necessary to eliminate (or reduce) limitations of short-circuit photocurrent
flow by Rs [12]. Since the conductivity of the proposed samples is higher than this value
(5x10° [J-'.cm!), then the short-circuit current flow limitations shown in Fig. (9) may be

attributed to absorption of a part of the spectrum in the barrier layer.

The analysis of the fill factor can be obtained by considering the slope of the J vs. V' relation
(Eq. 3) at the open-circuit potential (Voc)

e = (i) =[r oo ()] ®)

Considering different open-circuit potentials ranging between 0.45 and 0.6 V and an ideal

situation of R0 [1[J a slope of -0.2 A cm™ V! is obtained. The value of this slope indicates
that there exists a range of R, values which have nearly no effect on the short-circuit current
but strongly affect the shape of the J-V characteristics and consequently the fill factor. It

means that the fill factor is too much affected by the conductivity of the barrier layer.

The high conductivity of the films is reflected in an increase in the fill factor to the extent
which overcomes short-circuit current limitation due to the decrease in the transmittance and
also the decrease of the open-circuit potential. The decrease in the open-circuit potential is
now easy to explain in terms of the increased bandgap energy of the barrier layer. The

increase in the bandgap energy is accompanied by an outwards shift of the band edges of the

Vol: 9 No: 2, May 2013 77 ISSN: 2222-8373



DIYALA JOURNAL FOR PURE SCIENCES

g
W
—

Optimization of Temperature-Dependent Optoelectronic

Characteristics of Polycrystalline SnO2/Si Hetero-junction Structure

Mahdi S. Edan

semiconducting SnO; layer and hence a decrease in the available junction potential (V) is
expected. This decrease is reflected in a corresponding decrease in the measured open-circuit

potential of the considered cell.

Conclusions

The results of these measurements showed good uniformity of these films throughout the
current-voltage characteristics in both forward and reverse bias conditions at different
annealing temperatures. They showed that the I-V characteristics were highly improved by
thermal annealing. Measurements showed good optoelectronic characteristics of the
fabricated structures stimulating to optimize their employment in solar cell applications. In
addition, the low-cost production of such structures makes them very good candidates for

solar energy conversion systems as cheap alternative energy techniques.
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Fig. (1) The Energy band diagram at forward bias of SnQ»/Si structure
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