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A B S T R A C T   

The palladium sulfide/p-type Si (PdS/p-Si) heterojunction was used to investigate the effects of gamma ray 
exposure on the structural, optical and current-voltage (I–V) characteristics, for gamma detection. High-quality 
PdS thin films was deposited onto p-Si substrates and evaluated as active components of the heterojunction. The 
PdS thin films was prepared using a successive ionic layer adsorption and reaction (SILAR) technique. The 
samples were then irradiated using a60Co gamma source at dose of up to 100 kGy. X-ray diffraction (XRD) 
analysis indicated the formation of a tetragonal phase in the PdS thin films, an increase in crystallinity and a 
decrease in the crystallite size. The distributions of spherical grains on the surfaces of the substrate were observed 
using a field emission scanning electron microscope (FE-SEM) and energy dispersive X-ray (EDX) analysis was 
performed to determine the stoichiometric compositions of the PdS thin films. The FE-SEM images revealed the 
presence of voids after irradiation. Photoluminescence (PL) spectroscopy indicated an increase in the recombi
nation rate of electron-hole pairs after irradiation, and spectral broadening occurred as a function of the gamma 
dose. The I–V characteristics of the PdS/p-Si heterojunction were investigated before and after irradiation. 
Changes in the electrical properties of the heterojunctions induced by irradiation, including the saturation 
current, ideality factor, barrier height, series resistance and shunt resistance, were investigated. The linear 
electrical responses of the PdS/p-Si heterojunction indicated that they were highly sensitive to gamma radiation. 
The outstanding electrical and optical responses of the PdS/p-Si heterojunction in accordance with the gamma 
dose indicated that they could be used for radiation dosimetry.   

1. Introduction 

Transition metal sulfides have electrical, optical, magnetic, and 
structural properties [1] that are important for a variety of advanced 
technical applications. These include infrared (IR) detectors, photo
conductors [2], solar cells [3], gas sensors [4], fuel cells [5], 
light-emitting diodes [6], lithium ion batteries [7] and spintronics [6]. 
As compared to the other the transition metal sulfides (CdS, PbS, CuS, 
ZnS), palladium sulfide (PdS) is one of the least studied. Palladium 
sulfide structural phases are diverse and include PdS, Pd3S, Pd4S, PdS2, 
Pd25S, Pd22S and Pd28S. Vysotskite PdS which has a band gap of ~2 eV is 
the most common among them. It is highly conductive [8] with semi
conducting properties that makes it a potential candidate for advanced 
applications and devices. These include photocatalysis [9], 
high-temperature electrodes [10], semiconducting electronic devices 

[11], acid-resistant films and lithographic films [12]. 
Several PdS deposition techniques have been developed, which 

include solvothermal routes, chemical vapor deposition (CVD), non- 
CVD methods, photochemical CVD, thermal deposition, AACVD and 
low pressure MOCVD [13–19]. In this work, PdS thin films were 
deposited using a successive ionic layer adsorption and reaction (SILAR) 
method. The SILAR technique has the advantages of low cost and 
simplicity. Deposition can be performed over a large area at room 
temperature and ambient pressure and the thickness of the film can be 
controlled [20]. 

Exposure to gamma rays generates a wide variety of defect states in a 
host material which is due to the transfer of large amounts of energy. 
Changes in the electron configuration alter the electrical properties of 
the material and consequently its structural and optical properties [21, 
22]. The induced deviations depend on the gamma ray dose. These 
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defects generally act as recombination centers that reduce the diffusion 
lengths and lifetimes of charge carriers, which leads to changes in the 
properties of the heterojunction. The electrical parameters of the het
erojunction, such as the saturation current, ideality factor, barrier 
height, series resistance and shunt resistance, also depend on the gamma 
ray dose. Energetic photons transfer energy in the material lattice 
following gamma ray exposure. This can either produce defect states or 
remove existing defects, which can change the defect density within the 
material. These variations could potentially change the electronic, 
nanostructural and optical characteristics of PdS/p-Si heterostructure 
[23]. To the best of our best knowledge, the effects of gamma ray 
exposure on the properties of PdS/p-Si heterojunctions have not been 
thoroughly investigated. There have been a few studies on the effects of 
gamma rays on the nanostructural, optical, and electronic properties of 
p-n heterojunction. For example, Laranjeira et al. reported that the op
tical characteristics of polyaniline (PANI) were strongly affected by in
teractions with gamma radiation in a study on polyaniline/silicon 
heterojunction for gamma radiation detection [24]. Balboul et al. 
studied alterations in the direct current (DC) electrical conductivity and 
activation energy of CdS thin films due to gamma ray exposure [25]. 
Zhang et al. reported on the effects of 60Co gamma irradiation on the DC 
and AC characteristics of a InGaP/GaAs single heterojunction [26]. 

In this work, we investigated the dose-dependent effects of gamma 
rays on the properties of PdS/p-Si heterojunction. To fabricate the PdS/ 
p-Si heterojunction PdS thin films was deposited onto p-Si substrates 
using the successive ionic layer adsorption and reaction (SILAR) tech
nique. The prepared samples were irradiated using a60Co gamma source. 
The crystalline properties, surface morphology, stoichiometry, diffuse 
reflectance, energy band gap and I–V characteristics of each sample 
were evaluated before and after gamma irradiation. The dose-dependent 
responses of the PdS/p-Si heterojunction were also examined to evaluate 
the feasibility of using this material for radiation dosimetry applications. 

2. Methods and techniques 

To fabricate the PdS/p-Si heterojunction, thin films were first pre
pared on p-type Si substrates using palladium nitrate (Pd(NO3)2) and 
sodium sulfide (Na2S) via the SILAR method. To remove the oxide layer, 
the Si substrate was dipped in 35% HCl for 10 min at room temperature 
and washed with deionized water prior to thin-film deposition. We 
prepared a 0.5 M solution of Pd(NO3)2 in water and added a few drops of 
triethanolamine (TEA) to serve as a Pd2+ source. A 0.5 M solution of 
Na2S in ethanol was prepared to provide S2− . The Si substrates were first 
dipped in the cation solution for 30 s to allow the Pd2+ to adsorb. The 
substrates were rinsed with deionized water to eliminate the excess 
Pd2+, then immersed in the anion solution for 30 s. The S2− was allowed 
to react with the adsorbed Pd2+ and the surfaces were rinsed with 
ethanol to remove loosely bound ions. The entire process comprised one 
SILAR cycle for PdS thin-film deposition. Fifteen SILAR cycles were 
performed to obtain PdS thin films with the desired thicknesses. 

The prepared PdS/p-Si heterojunctions were irradiated using a 1.25 
MeV gamma cell 220 Excel irradiator (MDS Nordion). The activity of the 
60Co gamma source was 7.328 kGy/h, and the heterojunctions were 
subjected to doses of 25, 50, and 100 kGy. After gamma ray exposure, 
50 nm thick Pt electrodes were deposited over an area of ~2.5 × 10− 5 

m2 at the top and bottom using a sputter coater. 
The PdS/p-Si heterojunctions were structurally characterized before 

and after irradiation. X-ray diffraction (XRD) analysis was performed 
using a Panalytical X’Pert3 MRD diffractometer (Malvern Panalytical) 
equipped with a CuKα radiation source. The morphology of the films was 
examined using a field emission scanning electron microscope (FE-SEM, 
JEOL). Optical characterization was performed using a V-670 UV–vi
sible spectrophotometer (JASCO) and a FP-8200 spectrofluorometer 
(JESCO). The electrical properties were investigated using a 4200 
semiconductor characterization system (Keithley). 

3. Results and discussion 

The XRD patterns of the PdS/p-Si heterojunctions before and after 
gamma irradiation are shown in Fig. 1 (a). The results confirmed the 
crystalline nature of the PdS thin films. The intensity and full width at 
half-maximum (FWHM) in the preferred direction increased as the 
gamma dose increased, which was consistent with increasing crystal
linity and decreasing crystallite size. The XRD peaks were indexed to 
JCPDS card no. 78–0206 and confirmed the presence of a Vysotskite 
crystal structure in the tetragonal phase (P42/m). The lattice constants 
were 6.28 Å (a) and 6.69 Å (c), which were in good agreement with 
previously reported values [27–29]. The XRD patterns did not indicate 
the presence of impure phases, such as Pd28S, PdO, Pd3S, Pd4S, Pd22S, 
and Pd25S. 

Peak broadening is related to crystallite size and micro-strain, which 
arises from crystal deficiencies and distortion [30]. The relationship 
between the peak positions, crystallite size (D) and micro-strain (ε) was 
investigated by creating Williamson-Hall (W–H) plots based on Equation 
(1) [31]. 

β cos θ=
λ
D
+ 4ε sin θ, (1) 

Fig. 1. (a) XRD patterns of as-deposited and gamma-irradiated PdS/p-Si het
erojunctions. The (210) peaks of the samples are enlarged in the inset. (b) 
Williamson-Hall plots of the samples. 
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where β is the FWHM of the peak. D and ε were determined by plotting 
βcosθ against 4sinθ for the indexed peaks of PdS thin films containing 
the tetragonal phase. The slope and y-intercept of the fitted line repre
sent micro-strain and crystallite size, respectively. The W–H plots of the 
as-prepared and irradiated samples are shown in Fig. 1 (b) and the 
calculated values are summarized in Table 1. The results indicated that 
micro-strain and crystallite size in the irradiated samples decreased as 
the gamma dose increased. This is due to the lattice mismatch with the Si 
substrate or structural defects caused by irradiation, such as dislocations 
[32]. 

FE-SEM images revealing the surface morphologies of the PdS/p-Si 
heterojunctions before and after irradiation are shown in Fig. 2(a–d). 
The spherical PdS grains were randomly distributed on the surfaces of 
the Si substrates. Voids that were present prior to gamma ray exposure 
were larger after irradiation and their sizes increased with dosage. Nano- 
grains on the irradiated surfaces were agglomerated with a ginger-like 
morphology. This may have been due to the large surface area of the 
nano-grains. They absorbed more energy as the gamma dose increased 
which resulted in agglomeration and the formation of clusters [33]. 
With increasing dosage the surfaces grew increasingly non-uniform and 
the thin films become rough. The average grain size decreased from 
~54 nm to ~34 nm as the dosage increased from 0 kGy to 100 kGy. A 
cross-sectional view of a PdS/p-Si heterojunction is shown in Fig. 2 (e). 
The deposited PdS thin film on the Si substrate had a dense and crys
talline structure with a thickness of ~165 nm. The Pt electrode and the 
PdS thin film could be clearly distinguished which indicated good con
tact with the Si substrate. 

The EDX spectrum of an as-prepared PdS/p-Si heterojunction is 
shown in Fig. 3. The spectrum confirmed the presence of Pd, S and Si in 
the prepared sample. The elemental composition of the as-prepared 
sample is shown in the inset. 

Diffuse reflectance (DR) spectroscopy was performed to investigate 
the optical behavior of the as-prepared and irradiated PdS/p-Si hetero
junctions. The spectra of the as-prepared and irradiated heterojunctions 
from 600 nm to 850 nm were recorded at room temperature. The spectra 
are shown in Fig. 4 (a). PdS absorbed strongly at wavelengths between 
600 nm and 675 nm with a band edge at 729 nm. A red shift was 
observed as the gamma ray dose increased. The DR spectra indicated 
that the reflectance of the PdS thin films in the visible region was lower 
following gamma ray exposure, which may have been due to a decrease 
in the roughness of the thin films. The most important feature of the DR 
spectroscopy data was that it allowed us to precisely determine the 
energy band gaps of the thin films. 

The energy band gap value of the PdS thin films with non-irradiated 
and irradiated PdS/p-Si heterojunctions were determined by applying 
the Kubelka-Munk function based on Equation (2) [34,35]. 

F(R)=
(1 − R)2

2R
, (2)  

where R is the DR value. F(R) is the Kubelka-Munk function, which is 
related to the absorption coefficient (α). The absorption coefficient was 
calculated using Equation (3). 

α=
F(R)

t
, (3)  

where t is the thickness of the PdS thin film. The energy band gap was 
obtained using the Tauc’s equation [36,37] as shown in Eq. (4). 

(αhν)=F(R)hν
t

= A
(
hν − Eg

)n
, (4)  

where A is a constant, Eg is the energy band gap, h is Planck’s constant, ν 
is the frequency of the incident photon, and n is a constant that depends 
on the type of transition. For a direct allowed transition, n = 1/2. The 
deviation of (αhν)2 is shown as a function of hν in the Tauc plots in Fig. 4 
(b). The linear regions of the plots were extrapolated to the x-axes to 
determine the energy band gaps of the PdS/p-Si heterojunctions shown 
in Table 1. The band gap increased significantly with increasing gamma 
dosage. Increasing the gamma dosage reduced the mobility of free 
charge carriers in the PdS thin films which widened the band gap [38]. 
However, the influences of smaller crystallites and the presence of 
structural defects could not be ignored. An increase in the apparent band 
gap is referred to as the Burstein-Moss effect [39,40]. This is observed 
when states near the conduction band become more populated, and the 
Fermi level merges with the conduction band. 

The photoluminescence properties of the PdS/p-Si heterojunctions 
were examined to investigate charge recombination and defects in the 
non-irradiated and irradiated samples. The photoluminescence (PL) 
spectra in Fig. 5 were collected at room temperature with excitation at 
715 nm to gain insight into the recombination processes in the PdS/p-Si 
heterojunctions. The PL spectra of the as-prepared and irradiated sam
ples contained a sharp emission band at 729.87 nm and a shoulder near 
770 nm, which varied in intensity. The sharp band was attributed to the 
electron transition from the interstitial band of PdS to the valence band. 
The shoulder was ascribed to defects, which were associated with carrier 
trapping at the grain boundaries [41]. The notable broadening of the 
peak near 730 nm and the increase in excitation intensity with gamma 
dosage attributed in the pristine monolayer. The increase in intensity 
with increasing dosage was ascribed to spectral broadening and an in
crease in the recombination rate of electron-hole pairs [42]. Which may 
have been due to contributions from excitons trapped within the band 
gap. 

Charge carrier transport and the electrical properties of the hetero
junctions were analyzed by observing their current-voltage character
istics. We measured the current passing through each junction while 
applying a bias voltage. The I–V curves of the as-deposited and irradi
ated PdS/p-Si heterojunctions recorded in darkness at room temperature 
are shown inset of Fig. 6 (a). All of the samples exhibited nonlinear 
behavior, which suggested that fabrication of the PdS/p-Si hetero
junctions was successful. The PdS/n-Si heterojunctions revealed a 
rectifying effect at ±4 V. The rectification ratio decreased from 30 to 15 
as the gamma ray dose increased from 0 to 100 kGy. Several PdS/p-Si 
heterojunction parameters, including the saturation current, ideality 
factor, barrier height, and series resistance, were estimated from the I–V 
curves. The I–V properties of a heterojunction are defined according to 
Equation (5) [43]. 

I = Is exp
(

qV
nkT

)

, (5)  

where q is the charge of an electron, V is the applied voltage, k is the 
Boltzmann constant and T is the absolute temperature. Is the reverse 
saturation current, which is given by Equation (6) and the ideality factor 
(n) can be obtained using Equation (7) [44]. 

IS =AA* exp
(− qφb

kT

)
(6) 

and 

n=
q

kT

(
dV

d(ln I)

)

, (7)  

Table 1 
Nanostructural and optical parameters as-deposited and irradiated PdS/p-Si 
heterojunctions.  

Gamma dose 
(kGy) 

Crystallite size (D, 
nm) 

Micro-strain (ε, 
10− 3) 

Energy band gap 
(eV) 

0 44.60 11.34 1.47 
25 38.55 10.19 1.49 
50 33.49 9.96 1.56 
100 26.14 8.81 1.59  
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where A is the contact area and A* is the Richardson constant (31.6 A/ 
cm2 K2) for p-type Si [39]. The values of n and Is were calculated from 
the slopes and intercepts of the log (I) vs. V plots in Fig. 6(a). The barrier 
height (Φb) was estimated using Equation (8) [45]. 

φb =
kT
q

ln
(

AA*

Is

)

, (8) 

The n-values decreased as the gamma dosage increased. The PdS/p- 
Si heterojunctions had large values (>1) which may have been due to 
the recombination of electron-hole pairs in the depletion region [40]. 
The Is decreased as the gamma ray dosage increased, while the value of 
Φb increased. This may have been due to the defect density or in
homogeneity of the interfacial layer [46]. The calculated heterojunction 

Fig. 2. FE-SEM images showing the morphologies of (a) an as-deposited sample and samples subjected to (b) 25 kGy, (c) 50 kGy, and (d) 100 kGy gamma irradiation. 
(e) Cross-sectional view of a PdS/p-Si heterojunction. 

Fig. 3. EDX spectrum and composition of an as-deposited PdS/p-Si heterojunction.  
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parameters are listed in Table 2. 
The junction resistance (Rj) of each PdS/p-Si heterojunction was 

determined from the reciprocal slope of the I–V plot. The junction 
resistance of each heterojunction is plotted against the applied voltage 
in Fig. 6 (b). The series resistance (Rs) is the sum of the PdS thin-film 
resistance and the contact resistance in the heterojunction. The shunt 
resistance (Rsh) is due to the minor current flowing through the depleted 
region at the termini of the heterojunction. The Rs and Rsh values were 
determined from plots of Rj vs. V. With a large forward bias voltage Rj 
remained nearly constant and corresponded to Rs. When a large reverse 
bias was applied Rj approached Rsh [47]. The calculated Rs and Rsh 
values of the as-prepared and irradiated PdS/p-Si heterojunctions are 
shown in Table 2. Rs and Rsh increased as the gamma dose increased 
which may have been due to structural changes and interfacial in
homogeneities at the heterojunctions. 

4. Conclusion 

In this work the impact of gamma ray dosage on PdS/p-Si hetero
junction was studied to evaluate the feasibility of using PdS for radiation 
dosimetry applications. PdS/p-Si heterojunctions were successfully 
fabricated by depositing PdS thin films onto p-Si substrates using a 
SILAR technique. The influence of gamma irradiation on the 

Fig. 4. (a) Diffuse reflectance spectra and (b) Tauc plots of the as -prepared and 
irradiated PdS/p-Si heterojunctions. 

Fig. 5. PL spectra of as-deposited and irradiated PdS/p-Si heterojunctions.  

Fig. 6. I–V characteristics of the as-prepared and irradiated PdS/p-Si hetero
junctions. (a) Log(I) vs. V and (b) junction resistance vs. applied voltage. 
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nanostructural, morphological, optical and I–V characteristics of PdS/p- 
Si were then examined. XRD analysis confirmed a Vysotskite crystal 
structure in the tetragonal phase. Crystallinity increased with increasing 
gamma ray dosage, while the crystallite size decreased. FE-SEM images 
showed dense spherical grains which had agglomerated into ginger-like 
structures after gamma ray exposure. EDX analysis confirmed the pres
ence of Pd, S and Si in the prepared samples. The results of UV–visible 
spectroscopy indicated that increasing the gamma dosage reduced free 
charge carrier mobility in the PdS thin films, which increased the band 
gap from 1.47 to 1.59 eV. Sharp bands at 715 nm in the PL spectra of the 
samples were attributed to an electron transition from the interstitial 
band to the valence band of PdS. A shoulder was ascribed to defects 
associated with carrier trapping at the grain boundaries. Exposure of the 
PdS/p-Si heterojunctions to different gamma-dosages altered their for
ward and reverse I–V characteristics. These findings suggest that PdS/p- 
Si heterojunctions could be good candidates as radiation dosimetry 
materials. 
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Table 2 
Electrical parameters of the as-prepared and irradiated PdS/p-Si heterojunctions.  

Gamma Dose (kGy) Ideality factor (n) Saturation Current (A × 10− 3) Barrier Height (eV) Series Resistance (kΩ) Shunt resistance (kΩ) 

ln(I)–V Cheung’s method 

0 2.88 2.82 9.78 0.79 19 48 
25 2.72 2.76 6.82 0.84 23 64 
50 2.70 2.73 4.53 0.89 27 75 
100 2.68 2.65 3.25 0.97 36 81  
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