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ABSTRACT

Gamma irradiation induced modifications on the structural, morphological, and electrochemical characteristics
of the n-SnO,/p-Si heterojunction diodes incorporating their influences on the electrical properties of diode have
been systematically studied. The results indicate that irradiation exposure improves the crystallographic
structure of the SnO, layer as expected but, reduce the device capacitance due to changes in the dielectric
characteristics of the SnO,. In addition, the surface roughness of the SnO, thin films become smoother as the
irradiation exposures enhanced. On the other hand, low dose irradiation exposure generates the local heating
that neutralizes a portion of the dangling bonds which are especially close to the interface between SnO, and Si.
Hence, interface state density decreases after low dose irradiation exposure. However, high irradiation doses
create a large number of oxygen vacancies and interstitial defect. These generated defect sites lead to changes on
the barrier potential and conduction mechanism of the diode. It can be concluded that complex irradiation
induced mechanism has been observed for SnO,/Si heterojunction diodes. Any irradiation-induced changes on

the film structures and electrochemical parameters directly affect the electrical responses of the diodes.

1. Introduction

Owing to the continuous development of microelectronic tech-
nology, researchers have devoted great efforts to explore new pro-
mising materials in order to improve the device performance for future
technology. Thus, various insulating and wide band-gap semi-
conducting oxide materials such as Bismuth Ferrite Oxides (BiFeOs)
[1], Yttrium Oxide (Y5,03) [2,3], Hafnium Oxide (HfO,) [4], Titanium
Oxide (TiO,) [5], Zinc Oxide (ZnO) [6] etc., have been investigated by
researchers to improve device performance for various applications.
Among these materials, wide band-gap semiconductor Tin Oxide (SnO,)
[7] with n-type electrical conductivity in the presence of oxygen va-
cancy is one of the unique materials for the wide range applications
including the gas sensor, photovoltaic, and optoelectronics [8-14].
There exist many studies on structural, optical and electrical properties
of promising oxide materials but only a few of the device responses with
these materials have been investigated under irradiation environment
[15-19]. The present studies have depicted that initial device char-
acteristics may be significantly changed by irradiation exposures due to
irradiation-induced effects on the core oxide material, e.g., generation
of the defect sites, trapped charges, variations on the crystalline
structure etc. [4,15,20,21]. Hence, the possible variations on the device
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characteristics under irradiation exposures should be systematically
investigated for development of reliable oxide-based devices. In this
study, gamma ray-irradiation influence on the structural, morpholo-
gical, chemical properties of n-SnO,/p-Si heterojunctions and their
correlations with the electrical features of SnO, based devices have
been systematically investigated. The irradiation-induced effects on the
crystallography and morphology of the SnO, films have been desig-
nated by analyzing the X-ray diffraction (XRD) and Atomic Force Mi-
croscopy (AFM) measurements before and after irradiation respectively,
while the electrochemical behaviors have been analyzed by X-ray
Photoelectron Spectroscopy (XPS). Furthermore, Capacitance-Voltage
(C-V), Conductance - Voltage (G/w-V) and Current Density-voltage (J-
V) measurements have been performed for analyzing the irradiation-
induced effects on electrical characteristics of the fabricated Al/n-
SnO,/p-Si devices.

2. Experimental details

A 500 um thick p-type Silicon (Si) wafer with a resistivity of 1-5
Ohm-Cm was used as a substrate for deposition of the Tin Oxide (SnO5)
layer. Before the deposition of the SnO, layer, Si wafer was cleaned by
following the standard RCA cleaning process. Electron Beam
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Evaporation (E-Beam) technique was used for the deposition of the
SnO,. The pressure of the E-Beam chamber was adjusted to be
5 x 10~ * Pascal. The e-beam was focused on SnO, granular target to
grown oxide layer onto Si. The deposition rate was approximately
1.0nms ™. The thickness of the Tin Oxide layer was measured to be
110 nm by using Spectroscopic Reflectometer. The fabricated SnO,/Si
samples were annealed at 400 °C for one hour under nitrogen gas am-
bient at atmospheric pressure. Afterward, the annealed samples (n-
Sn0,/p-Si) were separated into six pieces. Three of these samples were
transformed to heterojunction diodes. The heterojunction diodes were
fabricated by depositing Aluminum (Al) metal onto the front side of the
annealed n-SnO,/p-Si samples using a shadow mask with circular dots
of 1.5mm diameter. The fabricated Al/n-SnO,/p-Si samples were di-
vided into three groups. In each group, there is one heterojunction thin
film (n-SnO,/p-Si) and one heterojunction diode (Al/n-SnO,/p-Si). The
first group was separated as-deposited (virgin), while the second and
third group samples were irradiated under Co-60 gamma irradiator at a
dose rate of approximately 417 Gy per hour at the TAEK, Ankara. The
second group samples were exposed to the totally 1000 Gy called as low
dose exposed samples, and the third group samples were exposed to the
totally 4000 Gy called high dose exposed samples in this study. The
irradiation effects on crystallographic and morphological character-
istics of the films have been analyzed by XRD and AFM, respectively.
Radiation-induced chemical variations on the film structure have been
discussed by XPS analysis. In order to explore the irradiation-induced
changes on electrical properties of the devices, high frequency (1 MHz)
C-V, G/w-V and J-V characteristics of the heterojunction diodes have
been measured and analyzed.

3. Results and discussion

3.1. Irradiation induced changes on the structural and morphological
characteristics of the Tin Oxide

The XRD patterns of the SnO, thin films prior to and after gamma
irradiation exposures are shown in Fig. 1. With vaguely seen and low
intensive peaks, a poorly crystallized SnO, thin film structure has been
obtained for the pristine sample. After low dose irradiation exposure, a
sharp increment in the intensities of the peaks has been observed. The
obtained peaks were analyzed using the International Centre for Dif-
fraction Data (ICDD) base and patterns are matched with the orthor-
hombic phase of the SnO, (ICDD No: 29-1484 and 78-1063). Further
increase in the radiation exposure also slightly improves the peak in-
tensities and does not form the new sub-peaks in comparison with XRD
patterns measured after low dose exposure. This means that radiation
exposure continuously enhances the crystalline structure of the SnO,
without forming secondary phases. On the other hand, peak angles
slightly shift to higher angles. The peak angles of the most intense peak
of (2 0 4) plane before and after gamma irradiation exposures are listed
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Fig. 1. The XRD spectra of SnO, thin films under gamma irradiation exposures.
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in Table 1. These shifts in the peak angle are due to the displacement of
atoms on the film structure under irradiation exposure [22]. Moreover,
the peak angle of the (2 04) plane locates at 44.52° for the standard
bulk SnO, layer obtained from ICDD database. The continuous shifts
toward higher angle demonstrate that the possible stress on the film
structure increases with irradiation exposures. Irradiation-induced
modifications on the SnO, crystalline having tetragonal phase have
been also observed in the literature [23,24]. It is known that different
phases of the same material may exhibit different characteristics under
similar conditions [25,26]. However, it is seen that the crystallographic
behavior of SnO, is strongly dependent on the gamma irradiation ex-
posures for both orthorhombic and tetragonal phases.

In addition, the average grain size (P) of the films is also calculated
using the well-known Scherrers’ formula [27]. The broadening of the
(2 04) peaks was used, during the grain size calculation. Hence, the full
width half maximum (FWHM) and the calculated P values are tabulated
in Table 1. It is observed that the FWHM narrowed, thus the average
grain sizes of the sample enhance after irradiation exposures, particu-
larly after low dose exposure. The evolutions on the crystalline struc-
ture and grain size of the films can be attributed to irradiation-gener-
ated local-heating of the Nano-scale particles, which may also affect the
local stress-strain between the grains [4,23,28]. The presence of local
heating may cause coalition of a smaller grain in a larger cluster. Thus,
reorganization of the grains may cause variations in lattice volume and/
or parameters.

The morphological changes after irradiation exposures have been
analyzed by AFM images of the samples shown in Fig. 2(a)—(c). A slight
change has been observed after irradiation exposures on the surface
morphology on the SnO, thin films. Although the variations on the film
morphology, no hillock and crank formation was observed. This ob-
servation points out that the surface strain/stress generated by irra-
diation exposure were not too high to damage the surface morphology
[22]. On the other hand, the surface roughness of the images was
analyzed using the AFM software and the Root Mean Square (RMS)
roughness values for the SnO, films prior to after irradiation exposures
are listed in Table 1. The surface roughness of thin films became
smoother as the irradiation exposures increased [29]. Together with
ionization and atomic displacement effects, ionizing irradiation also
causes lattice vibration in the structure. During the irradiation transfer
its energy to lattice points, significant lattice vibration can be gener-
ated. These generated lattice vibration cause lattice phonon scattering,
which releases local heating [22,30]. With the released local heating
energy, the surface atoms may get enough energy to immigrate to the
substrate regions [31]. This atomic motion may be the reason for the
improvement of the surface morphology of the SnO, thin film.

3.2. Irradiation influence on electro chemical characteristics of SnO,/Si
thin film

The effects of irradiation on the chemical characteristics of n-SnO5/
p-Si heterojunction have been studied by analyzing the XPS spectra.
The XPS spectra of the core levels of Tin (Sn) and Oxygen (O) de-
pending on the irradiation exposures are shown in Fig. 3(a) and (b),
respectively. All peaks are calibrated to C1s peak at 284.5 eV to remove
the feasible impurity effect, during the XPS analysis. The calibrated XPS
peaks were analyzed by de-convolution software and possible sub-oxi-
dation states have been specified. The obtained sub-states are num-
bered and also depicted in Fig. 3(a) and (b). The essential parameters
for these sub-states are listed in Table 1. Themlin et al. [32] assigned
the positions of each binding energy (BE) of Sn3ds,, to 486.3¢€V,
485.6 eV, and 483.8 eV for Sn**, Sn®** and Sn°, respectively. In addi-
tion, Choi at. al. [33] assigned that the positions of each binding energy
of the O1s to 530.5 eV, and 530.15 eV for O~ and 0%~ pieces, respec-
tively. These findings are actually the oxidation states of the O~
(0-Sn**) in the oxygen-deficient SnO,_,, and O*~ (0-Sn**) in SnO,
[33]. Sn° denotes the metallic bonding states of Sn-Sn or Sn-Si



S. Kaya, et al.
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Some structural and electrochemical characteristics of n-SnO,/p-Si heterostructure before and after gamma irradiation exposures.

Sample Peak Ang. (degree) FWHM (degree) Grain size (nm) RMS roughness (nm) [01/[Sn] ratio Sn states (eV) O states (eV)

Peak No:1 Peak No:2 Peak No:1 Peak No:2
Virgin 44.55 0.345 24.86 12.80 1.10 485.98 485.50 529.81 529.62
Low Dose 44.59 0.259 33.11 11.51 1.12 486.02 486.13 529.87 530.13
High Dose 44.62 0.241 35.62 10.92 1.09 485.84 486.35 529.90 529.97

containing bonds. In the present study, the first sub-peaks of Sn3ds >
peak locates at 485.98 eV and O1s peak locates at 529.81 eV, while the
second sub peaks of Sn3ds,» peak locates at 485.50 eV and Ols peak
locates at 529.62 eV for the virgin samples. The BEs of the Sn and O
peaks locate the lower values than stoichiometric SnO, compounds. The
first sub-peaks of virgin samples can be attributed to the oxygen-defi-
cient SnO, (SnO,_4) bonds, while the second sub-peaks of virgin
samples can be attributed to the metallic Sn-Sn and/or Sn-Si bonds. In
addition, the intensity ratio has also depicted that the SnO,_ is the
dominant phase in the structure. Hence, this initial investigation has
demonstrated that the oxygen-deficient (poor) SnO, layer has been
fabricated in this present work. When SnO,/Si films exposed to the low
dose irradiation, the BE of Sn and O shift toward higher values and the
intensity of the SnO,_4 peak enhances. It is also seen that the sub-states
of the Sn-Si and/or Sn-Sn have not been observed. The BE shift to
higher values can be attributed to either oxidation of the metallic bonds
thanks to the incorporation of oxygen where oxygen vacancies present

2.00

[4], or displacement of atoms in the disordered regions especially valid
for the rise in the interstitial defects in the structure [34,35]. On the
other hand, when the sample exposed to the high radiation doses, the
BE of the Sn and O states in the SnO,_ slightly shift toward lower
energies and intensities of the related peaks decrease. However, the
second sub-peaks shift toward higher BE, especially Sn?" exceeds the
486.30 eV where stoichiometric SnO, bonds present. Together with
intensity rise, large BE shift of Sn®>* points out the interstitial defects
formation is dominant in the high irradiation dose exposure [34]. The
lower BE shift indicates that bonds between Sn and O are broken. Thus,
more metallic bonds are formed [4,22], e.g., O=Sn=0 bonds can be
transformed into more metallic Sn=0 bonds. The broken bonds in the
structure may enhance the oxygen-deficient SnO,_, bonds which may
affect the electrical characteristics of the devices. With high continuous
irradiation energy, these oxygen-deficient bonds and other minor SnO,
phases move towards disordered regions which enhance the interstitial
defects. The theoretical report shows that the enhancement of the

Fig. 2. AFM measurements of the SnO, thin films for (a) pristine, (a) low and (c) high dose exposed samples.
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Fig. 3. Photoelectron spectra of a-) Sn3d and b-) O1s core levels of the pristine
and irradiated samples.

oxygen-related interstitial defects decrease the current conduction
characteristics of the SnO, layer, while the oxygen-related vacancy
enhances the conduction characteristics of the device [35]. Hence, the
atomic ratios of O over Sn were estimated prior to after the irradiation
exposure via the XPS software. The estimated net O/Sn ratios are listed
in Table 1. It has been seen that O concentrations on the film structure
enhance after low dose irradiation exposure, which may be pointing out
that the oxidation of the metallic bond occurs more efficiently rather
than formation of the interstitial defects because net oxygen con-
centration should be almost constant for the formation of the oxygen-
related interstitial defects. Thus, the binding energy shift towards
higher values after low dose exposure can be attributed to the diffusion
of the Oxygen present at the room atmosphere which is pulled into the
sample by radiation generated local heating. On the other hand, the
decreasing of the O concentration after high dose irradiation exposure
is demonstrating both oxygen vacancies and interstitial defects in the
structure enhanced. These defects may cause enhancement in the cur-
rent conduction characteristics of the diode [35,36].

3.3. Irradiation influence on the electrical characteristics of Al/n-SnO2/p-Si
heterojunction devices

The electrical device performances under gamma irradiation ex-
posures have been studied by analyzing the capacitance, conductance,
and current density characteristics of the devices. In this view, the C-V
and G/w-V curves are depicted in Fig. 4(a) and (b), respectively, while
J-V measurements are depicted in Fig. 5 prior to after irradiation ex-
posures. The series resistance corrections (not shown here) have been
performed for the capacitance and conductance characteristics shown
in Fig. 4(a) and (b) in order to get real device characteristics [37]. The
capacitance distribution of the semiconducting SnO, layer is particu-
larly important for the conduction speed of future devices. The capa-
citance characteristics of the device in Fig. 4(a) significantly decrease
with increasing the irradiation exposures. Selcuk et al. have reported a
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similar reduction on the capacitance curves and the reasons for this
reduction were basically attributed to leakage through the oxide layers
[38]. However, in the present study, no significant dependence between
the capacitance curves (seen in Fig. 4(a)) and leakage current density
characteristics (see —0.3V < J < 0.3Vin Fig. 5) have been observed.
In other words, capacitance curves are continuously decreased with an
increase in the irradiation exposures, while leakage current density
exhibits variation depending on the irradiation exposures. Clau-
sius—Mossotti relation [39,40] explain the relation between the di-
electric constant (k), molar volume (V,,) and molecular polarizability
(a) of a material [k = (V, + 2a/3)/(Vi, — a/3)]. It describes that any
changes in the molecular volume owing to variations on the crystalline
structure of the material may affect the dielectric constant [40,41]. The
molecular polarizability contribution to dielectric constant is almost the
same. Because, no any phase change was observed in XRD analysis.
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Table 2

Some electrical characteristics of the n-SnO,/p-Si heterostructure before and after gamma irradiation exposures.
Sample G/Omax (X 1071°F) C(x107°F) Dy (x10' em™2) I, (x1077 A) Ideality factor (n) ¢y (eV)
Virgin 1.75 3.09 1.83 3.85 1.94 0.65
Low D. 1.13 291 1.79 9.17 3.12 0.62
High D. 2.01 2.19 14.6 7.90 4.00 0.63

However, during the XRD analysis, we have observed that the peak
angle shift toward higher angles. These peak shifts demonstrate that
lattice volume changed with irradiation exposures. Hence, the variation
in the capacitance may be attributed to molar volume (V) fluctuation
of the SnO, layer which may affect the dielectric constant. In addition,
the irradiation influences on the interface state density of devices have
been studied by using the peak values in the conductance character-
istics in Fig. 4(b). The D;; of the SnO,/Si interface before and after
gamma irradiation exposures were calculated using well-known Hill
and Coleman technique [42]. The essential parameters used in the D;;
calculation and calculated D;; values are listed in Table 2. The D;; values
of devices decrease after low dose irradiation exposure, while it en-
hances after the high dose irradiation exposure. The decrement of D;;
value after low dose irradiation exposures are indicating the treatment
effect of irradiation. As mentioned in the XPS analysis, local heating
may be generated by irradiation which may cause the oxidation of the
dangling bonds in the structure. A small capacitance shift to lower
voltage site is maybe also associated with the generation of positive
defects during neutralization of oxygen vacancies. However, the rise in
the Dy value after high dose irradiation exposures depicted that the
bond breaking mechanism of the irradiation become more dominant
rather than a treatment effect.

Thermionic emission (TE) is a most dominant carrier conduction
mechanism in the heterojunction devices. Also, it is an ideal approach
to describe the experimental current through the barrier potential in the
diode [43,44]. In this theory, the forward current, which is obtained
when the positive voltage is applied to p-Si, can be denoted [45,46]

1= Io[exp(:k—VT) - 1]

(1-a)
— k2 _q_qob)
I, = AA'T exp( T 1-b)
1 _ k_T(dlnI)
n g\ av (1-¢)
kT (AA*Tz)
¢, =—In
q I (1-d)

where I is the reverse saturation current, V is the applied voltage, I is
the current, k is the Boltzmann constant, T is the ambient temperature,
A is the front contact area, A* (32 A cm™ 2K~ 2 for p-type Si) is the Ri-
chardson constant and ¢ is the barrier potential, n is a dimensionless
ideality factor. The I is determined from the intercept semilogarithmic
current-voltage (In(I)-V, not shown here) curve on the current axis and
the values of the I, are listed in Table 2. The rise on the I, value result of
the generation of the new defect site where mobile charges may con-
tribute the leak current flow.

On the other hand, the n should be one where the TE is the dominant
transport mechanism for an ideal diode behavior. The n values have
calculated from the slope of the linear region of the forward bias of In(I)-
V curves. The calculated n values are given in Table 2. In real device
applications, the n value is in the range between 1 and 2. When n values
exceed the 2, it demonstrates that TE over the barrier is not dominant
[43] and this shows the contribution of the other conduction mechanisms
to the carrier transport in the junction region become more effective such
as tunneling and recombination [47]. In addition, when n values ap-
proach to 4 or higher value than 4, it means that the current transport
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mechanism is dominated by defect-assisted tunneling and space charge
current at the device [48]. As seen from Table 2, the n value was 1.94
which is indicating that TE is a dominant transport mechanism. How-
ever, with irradiation exposures, the n values continuously increase and
exceed to 4 after a high dose of gamma radiation exposure. These var-
iations on the n values depict that irradiation exposures significantly
influence the current transport mechanism of the device. The irradiation
exposures may also degrade the ¢, of the device. Using the I,, the ¢ of
devices was also calculated [49] and their values are given in Table 2.
The ¢, values significantly decrease after low dose radiation exposures
and very slight increment was observed following the high radiation
exposures. These changes can be also attributed to the inhomogeneous
interfacial layer formation and the irradiation generated surface state
[47,48,50]. In other words, increases in the oxygen vacancies in the
oxide bonds and presence of the interstitial defect formation.

On the other hand, the J-V characteristics exhibit variation under
forward and reverse bias regimes. When absolute values of the applied
bias are higher than 0.4 V, the J value almost linearly changes with bias
owing to the presence of the series and shunt resistance [51]. Particu-
larly when applied bias is lower than —0.4V, the J characteristics
deviate from linear behavior. These fluctuations become more obvious
for irradiated samples. These observed deviations may be due to the
inhomogeneous distribution of the series resistance (Ry) effect, interface
states (D;;) and the presence of the parasitic layer at the SnO,/Si in-
terface [43,49]. In addition, the distributions of leakage regimes (J is
from —0.3V to +0.3V) have been carefully discussed. The J, under
reverse voltage is a bit higher than the J value under a forward voltage
at the similar absolute voltage especially for virgin and low dose ex-
posed samples. These may be due to the different carrier under the
different injection mode and conduction mechanism in the Al/SnO, and
Sn0,/Si interface [52,53]. These differences may also be explained by
the series resistance effects. It is known that series resistance is applied
voltage dependent and its distribution may changes with irradiation
exposures due to reordering and restructuring of radiation-induced
defects densities, like, generation of the deficient bonds and/or inter-
stitial defect formation [1,54]. Hence, the J, values in reverse bias re-
gimes are higher than the values in the forward bias regimes, this may
be due to the applied voltage dependency of the R; values which may
significantly influence the device characteristics [15].

4. Conclusion

We have demonstrated that irradiation may improve the crystal-
lographic structure and the surface roughness of the films. The changes
in the crystalline structure may directly affect the dielectric specifica-
tion of the SnO,. The capacitance of the devices decreases with increase
in irradiation doses due to the possible enhancement of the lattice vo-
lume. The electrochemical analysis, the distribution of the D;; value and
the J-V characteristics have demonstrated that low irradiation doses
may generate the local heating which may neutralize the some of
dangling bonds. However, when irradiation doses are enhanced, the
generation of the oxygen vacancies and interstitial defect densities
significantly increase. Due to these generated defects, the barrier po-
tential decrease and ideality factor of Al/n-SnO,/p-Si heterojunction
diodes significantly increase. In addition, defect-assisted tunneling be-
comes dominant conduction mechanisms than thermionic emission
especially after high irradiation exposures, due to the enormous
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generation of the defect sites. It can be concluded that irradiation may
significantly change the structural and electrochemical characteristics
of the SnO, layer which directly affect the electrical performance of the
heterojunction diodes.
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