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ABSTRACT

An (n)PbS–(p)Si hetero-structure was developed by preparing the lead sulfide

(PbS) nanostructure thin films deposited on p-type Si wafer using the successive

ionic layer adoption and reaction (SILAR) method. To investigate the radiation

detection capability of (n)PbS–(p)Si hetero-structure. For this purpose, nanos-

tructure, photoluminescence, optical bandgap and I–V characteristic have been

examined with various c-ray dose 0, 25, 50 and 75 kGy. X-ray diffraction of as

deposited PbS comparing to the irradiated samples suggested that the crys-

talline is improved with the c-ray up to 50 kGy dose. The morphology studies

showed that the average sizes increased from 55 to 105 nm with increasing the

incident c-ray dose level and decreased with further increase of dose. Energy

dispersive X-ray (EDX) analysis confirmed the elemental composition of the as

deposited PbS thin films. The reflectance of the (n)PbS–(p)Si hetero-structure in

the ultraviolent–visible–near infrared reflectance (UV–Vis–NIR) region reduced

about 40% compared to as deposited sample. The band edge shifted to longer

wavelengths with increasing dose level to 50 kGy, and the reverse trend is

observed at 75 kGy dose. Photoluminescence (PL) spectra revealed that the

(n)PbS–(p)Si hetero-structure received the lowest recombination rate at 50 kGy.

The rectifying current–voltage (I–V) characteristics revealed impact of the c-ray

irradiation dose on the hetero-structure electrical parameters. The rectifying

ratio and turn-on voltage reduced from 22.3 to 7.4 at 5 V, and 1.25–0.5 V with c-

ray irradiation, respectively. All ideality factors of as deposited and irradiated

(n)PbS–(p)Si hetero-structure are greater than 4. The barrier height, series

resistance exhibited minimum values (0.49 eV, 1.47 kX) and the largest satura-

tion current 1.69 9 10–4 A, at 50 kGy.
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1 Introduction

c-ray is highly energetic electromagnetic radiation

with large penetration power. It has the ability of

repositioning the atoms of the irradiated materials

from their lattice that may induced modifications in

the properties of nanostructure materials [1]. The

impact created by the c-ray depends on the radiation

dose, nature of irradiated host material and the

incident angle of interaction [2, 3]. The perceived

variations in nanostructure, electrical and optical

properties of materials thin films due to the exposure

to radiations may open a new window for the irra-

diated material for radiation detection and dosimetry

applications. Understanding the induced modifica-

tions in the thin film properties, when they are irra-

diated by c-ray, is required to design and improve

the thin film and nanostructure based dosimeters

[4, 5]. Several investigations have been reported on

the properties of nanomaterials; however, insufficient

studies on the nanostructure outcomes with large

Z value nanomaterials have been examined with

irradiation [6–10].

Semiconductor materials with comparatively high

attenuation coefficients, large bandgap, good mobil-

ity, short carrier lifetime, as well as high resistivity

exhibit a good radiation response [11]. Among them,

lead-sulfide (PbS) may be a good candidate to

observe the c-ray impact due to its attractive prop-

erties, such as good electronic structure, large Z with

an effective atomic number of 77 and tunable energy

bandgap. Moreover, it can be grown in different

dimensions [12, 13]. Recently, the radiation response

of different semiconductor-based structures, such as

Au/TiO2 Schottky diode [14], Au/p-TiO2/n-TiO2

homojunction [15], Pt/TiO2 metal–semiconductor–

metal structure [16], and TiO2/p-Si hetero-structure

[17] have been investigated at different radiation

doses. Compared to the above mention semiconduc-

tor based nanostructures, (n)PbS–(p)Si hetero-struc-

tures are incredibly simple to fabricate and are more

effective for radiation detection as reported by [18].

The present investigations have described that

hetero-structures properties may be meaningfully

improved by c-ray exposure due to the radiation

induced influences, such as formation of defects

states, charge trapping, deviations in the crystalline

nanostructure on core deposited material, [19, 20].

Hence, the promising variations on the hetero-struc-

tures characteristics with and without c-ray

irradiation should be systematically examined for

improvement of considerable hetero-structures based

detecting application. Recently, we have reported the

variations influenced in the nanostructural, optical,

and electrical investigation of lead sulfide thin films

on glass substrate [21]. In this study, c-ray irradiation

impact on the nanostructure, current–voltage, optical,

surface and morphological characteristics of (n)PbS–

(p)Si hetero-structures as a diode and their correla-

tions with c-ray irradiation dose have been thor-

oughly investigated. Moreover, the novelty of present

work is to analyzed the impact of c-ray irradiation

(n)PbS–(p)Si hetero-structures at different dose

levels. The PbS thin film is a nanostructure material

with narrow-gap, high attenuation coefficient, large

mobility and used as a material for temperature

sensors, photodetectors, photoresistors, and selective

sensors. Such type of material is good candidate to

understanding of the irradiation effects for c-ray

sensor application. To understand the impact of

irradiation in any structural, optical and electrical

modification in the PbS thin films owing to c-ray

irradiation dose, sample characteristics such as crys-

tallinity, morphology, optical bandgap energy, pho-

toluminescence and electrical changes were studied.

To the best of our current knowledge, such type of

study in which the irradiation with high-energy c-ray

to hetero-structures, with impact on dislocation of

lattice with ionization damages that create defects in

the PbS and produce the carrier trapping interface of

hetero-structures is not investigated previously.

2 Materials and methods

2.1 Fabrication of the hetero-structures

To assemble the (n)PbS–(p)Si hetero-structure, PbS

thin films were developed on the p-type Si with a

(100) orientation wafer. To eliminate the contami-

nants and the SiO2 layer on the wafer surface, it was

washed away with solution of dilute Hydrofloric acid

(HF) and deionized water (DIW) and then dehy-

drated by purging with nitrogen. Lead nitrate

(Pb(NO3)2 with purity of 99.9% and sodium sulfide

(Na2S with purity[ 99%), purchased from Sigma

Aldrich, were used for the deposition of PbS thin

films. Two precursor solutions as the cationic (Pb2?)

source (0.5 M solution of Pb(NO3)2 in DIW) and as

the anionic (S2-) source (0.5 M solution of Na2S in
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ethanol) were prepared. The cleaned wafer was

immersed in the cationic solution for 1 min, thereby

starting an adsorption of Pb ions on clean Si wafer

and then soaked with DIW and heated at 100 �C.

Afterward, it was dipped in an anionic solution for

1 min to react S2- with Pb2? ions, rinsed with ethanol

and heated at 100 �C to dry. Consequently, a SILAR

deposition cycle of PbS preparation was finished. To

achieve the appropriate thickness, 20 cycles were

completed, followed by annealing at 300 �C under a

vacuum condition.

2.2 Thickness measurement

The thickness of the deposited PbS thin films on Si

was calculated using the relation:

t ¼ M=qA; ð1Þ

where ‘M’ is the mass of deposited PbS, A is area of

the film, and q = 7.6 g/cm3 of PbS. The deposited

thickness of PbS was measured to be approximately

237 nm.

2.3 c-ray irradiation

Three sample (total of four) of the (n)PbS–(p)Si het-

ero-structure was exposed to c-ray irradiation with

various radiation doses in the range of 0–75 kGy

using source 60Co with an energy of 1.31 meV and

activity of 7.328 kGy/h, (Model SC220E, MDS Nor-

dion). The samples were positioned at 6.5 cm from

the source in a closed chamber.

2.4 Characterization

The phase structural investigations of the pristine

and c-ray irradiated hetero-structure were studied by

X-ray diffraction using Panalytical X’Pert3 with an

X-ray source of CuKa. The morphologies of hetero-

structures samples were explored by field emission

scanning electron microscopy (FESEM) using JEOL.

The diffuse reflectance spectra were recorded using

an integrating sphere in spectrophotometer (JASCO-

V 670) and spectrofluorometric (JESCO FP-8200) is

used to performed photo emission spectra. For elec-

trical properties, the Platinum (Pt) contact electrodes

were prepared on the (n)PbS and (p)Si sides of het-

ero-structure via sputtering with active area of 0.25

cm2 and thickness of about 50 nm. The dark envi-

ronment I–V characteristics of hetero-structure before

and after irradiation were measured in a by semi-

conductor characterization system (KEITHLEY 4200).

3 Results and discussion

Figure 1 illustrates the XRD results of the (n)PbS–

(p)Si hetero-structure with different c-ray doses from

0 to 75 kGy. In Fig. 1, five diffraction peaks are

detected for PbS with (111), (200), (220), (311), and

(422) indexes, at positions 26.43�, 30.13�, 44.14�,
49.73�, and 78.74�, respectively. The peaks repre-

sented by (111) and (200) appeared to the prominent

peak as compare to the other, that indicates the

structural orientation. The indexed XRD peaks

approve the cubic structure of PbS, which corre-

sponds to JCPDS reference no. 03-066-0020. The

investigated results are well consistent with the data

on PbS thin films [22]. In addition, the peak at posi-

tions 31.34� corresponds to the (110) reflection with

the low-intensity PbO (JCPDS card # 03-610). The

high intensity of Si diffraction peak (400) arising from

wafer at positioned 69.42� is detected. It can be

observed that the intensity of the preferred diffrac-

tion increases with the c-ray dose, which may be due

to the increased heat as the incident radiation energy

increases. The increasing temperature induces the

enhancement of the crystallization of PbS thin films.

The Scherrer formula [41] is employed to compute

the crystallite size (D) of the pristine and c-ray irra-

diated samples using the (111) plane:

Fig. 1 X-ray diffraction spectra with and without c-ray irradiated

(n)PbS–(p)Si hetero-structure
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D ¼ 0:9k
b cos h

; ð2Þ

where (k = 1.54 Å) is the incident X-ray wavelength,

‘b’ is the full width at half maxima (FWHM), and ‘h’

is the angle for the considered peak. The estimated

crystallite sizes for all the samples are tabulated in

Table 1. It is clear from the calculated sizes that the

crystallite size increases with the c-ray dose up to

50 kGy, after which it starts to decrease as the inci-

dent c-ray dose increases further (75 kGy). This

upsurge in the crystallite size with the c-ray irradia-

tion is associated with the agglomeration of small

crystallites, which leads to the establishment of big

crystallites [20]. The decrease in the crystallite size

with a high c-ray dose may be due to the high-energy

transfer in the host material, which explains the

breaking of the large crystallites into small fragments.

The lattice parameter of the cubic structure is deter-

mined using Millar indices of the (111) plane [23]:

a ¼ d h2 þ k2 þ l2
� �1=2

; ð3Þ

where ‘a’ is the lattice parameter, ‘(h, k, l)’ are the

indices of plane, and ‘d’ is the inter planer spacing.

The variation of the measured lattice constant from

the bulk material (a0 = 5.936 Å) reveals that the

pristine PbS thin films were under strain. The normal

stress and micro strain in the pristine and c-ray

irradiated thin films were determined using the fol-

lowing relations [24]:

S ¼
ao�a
ao

n o
Y

2r
; ð4Þ

e ¼ b
4 tan h

; ð5Þ

where Y = 70.2 GPa is Young modulus and r = 0.28

is Poisson ratio of PbS bulk material. The decrease in

the stress and structural strain is due to the increase

in the crystallite size, increase in the lattice disloca-

tion, and narrowing of the XRD diffraction. Table 1

demonstrates the deviation of stress with different

values of incident c-ray doses. Noteworthy, the cal-

culated stress and micro strain values decrease as the

c-ray dose increases up to 50 kGy. The reduction of

the micro strain is responsible for the increase in the

XRD peak intensities [25]. The lattice imperfection

(dislocation density) was determined using the

equation [26]:
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d ¼ 1

D2
ð6Þ

According to this Eq. (9) that the lattice imperfection

or dislocation density of samples is indirectly associ-

ated to the square of the crystalline size. It is indicated

in Table 1, the calculated dislocation densities of the

unirradiated sample are smaller than those of the c-ray

irradiated samples. The minimum value of the lattice

imperfection was found for the 50 kGy c-ray dose with

the smallest crystallite size. These dislocations in the

PbS gradually transfer to close the grain boundaries

and become neutralized [27]. The number of crystal-

lites per unit area (N) of the pristine and c-ray irradi-

ated PbS was estimated as follows [28]:

N ¼ t

D3
ð7Þ

As reported in Table 1, N decreases as the incident

c-ray radiation dose increases up to 50 kGy, after

which it increases with a further increase in the c-ray

dose. The crystalline density (q) of the pristine and c-

ray irradiated samples were determined by means of

Eq. (8) and are given in Table 1:

q ¼ 2M

NAV
ð8Þ

where (NA = 6.02 9 1023) is stand for Avogadro’s

number, ‘M’ is the molecular mass of PbS

(239.39 g/mole) and ‘V’ is the volume unit cell of

cubic structure. Comparing all the c-ray irradiated

doses, the crystallite densities along the (111) plane

are the lowest at 50 kGy. This might be due to the

enhancement in the nucleation, that may account for

the growth in the crystallite and reduction in surface

area. Surface area (S) of crystallite PbS with the effect

of c-ray irradiation was calculated and is given in

Table 1:

S ¼ 6000

q�D
ð9Þ

The Eq. (9) is used to measure for spherical parti-

cles, as detected in the prepared thin film. Lowest

specific area observed with a large crystallite size at

the 50 kGy c-ray dose, which may be due strain

generated during the c-ray irradiation.

Figure 2a–d shows the FESEM morphologies of the

pristine and c-ray irradiated (n)PbS–(p)Si hetero-

structure. It can be observed in Fig. 2a, that the PbS thin

film is densified grain in spherical granular shape with

an estimated average diameter of * 55 nm and that

they consistently cover all area of Si wafer. After c-ray

irradiation with the dose increased up to 50 kGy, the

grain size also increased to 105 nm, which may be due

to the agglomeration of small grains and formed

cluster of particles in different shapes, as shown in

Fig. 2b, c. At a high c-ray dose (75 kGy), significantly

high energy is transferred to the PbS lattice, that is

changed to the kinetic energy of the particles; this may

be the reason of thermal spurts. By this principle, the

grain size decreases to 42 nm as compared to the case

of the 50 kGy-irradiated sample, as displayed in

Fig. 2d. The FESEM consequences are in well agree-

ment with the XRD oucomes. At 50 kGy c-ray irradi-

ation dose, the agglomeration of grains increases the

atomic diffusion on the surface, which consequently

leads to the formation of extra atoms sideways to the

surface grown larger compact grains and enhance-

ment of the mobility and crystallinity of the PbS thin

films [29]. The EDX analysis results of the as-deposited

(n)PbS–(p)Si hetero-structure are illustrated in Fig. 2e.

Which indicates the energy peaks corresponding to Pb,

S, and Si that confirms the elemental composition of the

prepared hetero-structure (see inset of Fig. 2e).

When (n)PbS–(p)Si is irradiated by c-ray, c-ray

photons may affect the optical properties of the

junction by creating defects inside the bandgap.

These induced defects may alter the results of the c-

ray sensing experiment. Therefore, the influence of

the c-ray irradiation on the hetero-structure was

studied with different c-ray doses to elucidate the

impact of the radiation on the optical properties. By

varying the c-ray radiation dose, it was demonstrated

that the radiation changes the diffuse reflectance of

the (n)PbS–(p)Si hetero-structure significantly, as

shown in Fig. 3a in the wavelength range of

200–1100 nm. It is detected that PbS has less reflec-

tance from 200–700 nm with band edge at 848 nm.

For the pristine sample, the band edge is shifted

toward longer wavelengths with increasing the c-ray

dose from 0 to 50 kGy; thereafter, it exhibited the

reverse behavior for high doses. The normalized

reflectance of PbS thin films is efficiently reduced

after c-ray irradiation, and the minimum reflectance

is achieved at the dose of 50 kGy, may be due to the

increase in the defects generated by the irradiation in

the host material and decrease in the non-homo-

geneity of the prepared thin films.

The bandgap can be accurately estimated using the

reflectance spectra. According to the theory of

11620 J Mater Sci: Mater Electron (2021) 32:11616–11627



Kubelka and Munk, the absorption coefficient from

the reflectance can be corresponded to the equation

[30, 31]:

FðRÞ ¼ ð1 � RÞ2

2R
ð10Þ

where ‘R’ is reflectance, and F(R) is Kubelka–Munk

function, that can be converted into the absorption

coefficient (a) by Eq. (14). The energy bandgap is

obtained using Tauc’s equation [32, 33]:

a ¼ FR

t
ð11Þ

ðahmÞ ¼ FðRÞhm
t

¼ Bðhm� EgÞn ð12Þ

where ‘B’ is constant independent on energy of

energy, ‘Eg’ is the optical bandgap, ‘h’ is Planck’s

constant, m is the incident photon frequency and n is a

constant that influenced by on the kind of electron

transition; for direct transition, the value of n = 1/2.

In Fig. 3b, the straight part of plots (ahm)2 vs (hm) is

extended to the x-axis and provides the values of the

energy bandgap. The variation of the estimated

optical bandgap values with c-ray irradiated dose of

the (n)PbS–(p)Si hetero-structure is depicted in the

inset of Fig. 3b. It is observed that the bandgap sig-

nificantly reductions as the c-ray dose rises up to

50 kGy, after which it increases at 75 kGy. The

growth in the optical bandgap indicates that the

Fig. 2 FESEM images

a without irradiation,

b 25 kGy, c 50 kGy and

d 75 kGy c-ray irradiated

(n)PbS–(p)Si hetero-structure.

e Represents the EDX analysis

of the as deposited (n)PbS–

(p)Si hetero-structure
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energy gap among the conduction and valence bands

are being enlarged by the c-ray irradiations. Subse-

quently, the defects or trap level of the PbS near to

the conduction or valence edge, which can have

improved population of charge carriers. This phe-

nomenon were studied for other reported c-ray irra-

diated materials, e.g., AgInSe2 [34] thin films and

ZnO nano rods [35]. Maity et al. [36] reported the

enhancement of optical bandgap due to the defects

produced in the bandgap and the decrease in the

approachability of charge carriers in the PbS.

The radiation induced crystal defects variation of

the (n)PbS–(p)Si hetero-structure caused by exposure

to different c-ray irradiation doses can be studied by

evaluating photoluminescence (PL) analysis. Fig-

ure 4a depicts the PL varieties for all samples, where

the structural deficiencies can be detected at the

excitation of 675 nm. It is noticeable from the PL

spectra that the pristine and c-ray irradiated (n)PbS–

(p)Si hetero-structure have one inherent PL peak at

761.67 nm in different intensities. The extensive PL

peak is associated with the charge transition in PbS

from the conduction to valence band. After c-ray

irradiation, a hump appears at 778 nm, which is

attributable to the deficiency linked to the charge

capturing inside defects. The clear reduction in the

full width at half maxima value up to 50 kGy of the

PL peak, as shown in Fig. 4b, can be attributed to the

good improvement in the crystallinity of the structure

with c-ray irradiation [37], and the decrease in the PL

intensity with growing c-ray doses is attributable to

the reduction of the charges recombination rate [21].

The c-ray irradiation generates traps and induced the

localized energy level inside energy bandgap, and

acting as recombination centers. These traps influ-

ence the generated carrier lifetime and their mobility.

By c-ray irradiation charge carrier defects density is

increased, which increased the significant reduction

of the carrier recombination rate and caused to

decreased of PL intensity [38]. The blue shift in the PL

peak with increasing the c-ray doses is associated

with the band structure modifications in the depos-

ited PbS. The irradiated (n)PbS–(p)Si hetero-structure

with 50 kGy c-ray dose has the lowest recombination

rate, and it is more crystalline than all the samples.

For the reverse and forward biased (I–V) charac-

teristics of (n)PbS–(p)Si hetero-structure, the voltage

is applied between the p-Si wafer and the PbS contact

in the range of - 10 V to 10 V. The applied voltage

scheme is shown in Fig. 5a. The room-temperature I–

V characteristics of the (n)PbS–(p)Si hetero-structure

with and without c-ray radiation (0–75 kGy) in a

dark environment are illustrated in Fig. 5b. The I–V

characteristics show the noticeable rectifying behav-

ior in the positive bias presenting ‘‘on state’’ with high

current, whereas in the negative, an ‘‘off state’’ is

demonstrated with low current. The rectification ratio

decreases from 22.3 to 7.4 at 5 V, and the turn-on

voltage varies from 1.25 to 0.5 V with c-ray irradia-

tion. This decrease in the turn-on value results in low

power consumption [39]. It can be observed that the

I–V characteristics of the (n)PbS–(p)Si hetero-struc-

ture demonstrate the parallel shift in both forward

and reverse biases after c-ray exposure. The current

values increase in both the polarities up to 50 kGy,

after which they decrease with more increase in the c-

Fig. 3 a UV–Vis diffuse reflectance spectra and b Tauc’s Plot for

the bandgap of (n)PbS–(p)Si hetero-structure with and without c-
ray irradiation and (inset) shows the variation of bandgap with the

c-ray dose
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ray dose. The enhancement of current in forward and

reverse direction can be linked with the reduction of

the charge pair recombination rate, which was

already observed in the PL analysis of the c-ray

radiation electron traps defects inside the forbidden

gap [40].

To compute the ideality factor (n), barrier heights

(Ub), and saturation current (Is) of the (n)PbS–(p)Si

hetero-structure with and without c-ray irradiation,

the I–V response of the hetero-structure under bias-

ing can be modeled using the ideal diode equation

[41]:

I ¼ Is e
V
nkTð Þ � 1

� �
ð13Þ

where ‘k’ is the Boltzmann’s constant, ‘V’ is the

applied voltage across the junction and ‘T’ is room

temperature. The values of the saturation current are

calculated from the Y-intercept of the linear portion

of the forward bias ln (I)–V graph (Fig. 5c), as given

in the following relation [41]:

Is ¼ AA� exp
�q/b

kT

� �
ð14Þ

where ‘A’ is area of thin films, ‘A*’ is for p-type Si the

value is 31.6 A/cm2 material called Richardson con-

stant [40]. The ideality factor is calculated from the

gradient of the straight line of the ln (I)–V graph

using the following equation [42]:

n ¼ q

kT

dV

dðln IÞ

� �

ð15Þ

Using the calculated values of Is, the barrier height

can be determined by the relation [43]:

/b ¼
kT

q
ln

AA�

Is

� �
ð16Þ

The ideality factor value of the pristine and c-ray

irradiated samples is greater than the perfect condi-

tion (n = 1). The larger values of the ‘n’ indicate that

the charge transport phenomena is not conquered to

the thermionic emission, but by other processes for

example tunneling through traps or by electron–hole

recombination [44]. The measured electrical parame-

ters of all the PbS samples are provided in Table 2.

The increase in the values of ‘n’ and ‘Is’ indicates that

the presence of dynamic equilibrium due to the dis-

similar attitudes of defect creation and the inhaling

caused by the exposure to c-ray. Ali et al. [20]

reported comparable findings. The barrier potential is

in fact the intrinsic blockade at the junction of the PbS

thin film and the p-Si wafer. The barrier height

decreases as the c-ray doses increase to a certain

level, after which it begins to increase at 75 kGy. The

increase of in the current in both direction demon-

strates the improvement of charge mobility across the

(n)PbS–(p)Si hetero-structure [44]. The series resis-

tance (Rs) is a significant parameter of the hetero-

structure. The I–V characteristics deviate meaning-

fully with the change of the ideality factor, that may

due to the effect of the series resistance (Rs). The ‘Rs’

and ‘n’ of the hetero-structure can be derived by

Cheungs’ method [45]:

dv

dðln IÞ ¼ IRs þ n
kT

q

� �
ð17Þ

Fig. 4 a PL spectra of the (n)PbS–(p)Si hetero-structure with

different gamma irradiation dose. b Represents variation of

FWHM and intensity of PL peaks as a function of gamma dose
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To determine the ‘Rs’ and ‘n’, the graph of dV/

d (lnI) against I, established on equation 20, is plotted

as shown in Fig. 5d. The gradients of the linear line

give the series resistance, and the intercepts corre-

spond to the ‘n’ [45]. Table 2 also provides the values

of the ‘Rs’ and ‘n’ calculated by Cheungs’ method.

The variation between the calculated values of the ‘n’

from the both way presented above is due to the

existence of the ‘Rs’ and the barrier potential at the

junction [46]. The ‘Rs’ decrease as the incident c-ray

doses increase, and the minimum values are exhib-

ited at 50 kGy. This decrease is probably due to the

decrease in the trap concentration at the junction

between the PbS film and the Si wafer.

The carrier transport mechanisms of (n)PbS–(p)Si

hetero-structure of pristine and c-ray irradiation

under applied voltage can be described using energy

band banding, as depicted in Fig. 6. The valance

band (VB) and conduction band (CB) p-Si and PbS

are shown in Fig. 6a, where the values of the electron

Fig. 5 a Structure and applied

voltage scheme of the (n)PbS–

(p)Si hetero-structure, b I–V

characterization, c Ln (I)–V

graph, and d Cheung’s plot of

(n)PbS–(p)Si hetero-structure

with and without c-ray
irradiation with different dose
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affinity and the bandgap of PbS are 4.35 and 1.76,

respectively [47]. When the thin films deposited on

the Si substrate, electrons drift from Si to PdS and

holes move in the opposite direction. With zero

biased at equilibrium, the Fermi level energy reached

at same level and an intrinsic electric field is gener-

ated at the interface and energy band banding is

occurred as revealed in Fig. 6b. The banding energy

barrier for n-type charge carrier is DEc-

= v(PbS) - v(Si) = 4.35–4.05 = 0.3 eV, and p-type

charge carrier is DEv = Eg(PbS) ? DEc - Eg(-

Si) = 1.76 ? 0.3 - 1.10 = 0.96 eV. Evidently, the

banding energy barrier for VB is larger as compare to

the CB. Therefore, the n-type carrier transported

more during the forward applied voltage across

(n)PbS–(p)Si hetero-structure. Hence (n)PbS–(p)Si

delivers a large forward current and a small reverse

current. After c-ray irradiation, the energy bandgap

of PbS decreases. Therefore, the energy barrier for the

hole is increased and more electrons are transformed

during the forward bias. By applying a reverse bias,

the Fermi level increases toward greater values, that

can improve the barrier potential at the interface

region steadily and as a consequence in the growth of

the barrier height. In the gamma irradiated samples,

the carriers are generated in both Si and PbS and

nonequilibrium is formed in the heterojunction, as

demonstrated in Fig. 6c. More gamma dose generates

more charge carriers and contributed in the forward

and reverser up to 50 kGy. At high gamma dose the

current is decreased, which may be due to the charge

trapping in the defects state.

4 Conclusions

Nanostructured PbS thin films has been grown on

boron doped Si (p-type) wafer by the SILAR tech-

nique, and the prepared PbS and Si wafer were act as

n-type and p-type semiconductors to construct a

Table 2 Computed electrical parameters by current–voltage characteristic of the (n)PbS–(p)Si hetero-structure

c-ray irradiation (kGy) Ideality factor Saturation current (A 9 10-4) Barrier potential (eV) Series resistance (kX)

lnI–V Cheung’s method

As-deposited 4.53 4.82 6.86 0.63 4.63

25 4.76 4.96 7.74 0.54 3.96

50 4.97 5.05 9.69 0.49 1.47

75 4.69 4.79 8.37 0.53 2.63

Fig. 6 a Band-edge alignment of the energy band of PbS and Si, b band banding at 0 V bias, c carrier transportation upon applying a bias
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(n)PbS–(p)Si hetero-structure. The impact of the c-ray

radiation dose on the nanostructure, photolumines-

cence, optical and I–V characteristic of the (n)PbS–

(p)Si hetero-structure was inspected. The c-ray pho-

ton energy attenuated considerably in the range of

1–31 keV and subsequently decreased to the mini-

mum level. The XRD results confirmed the cubic

structure of PbS and revealed that its crystallinity in

the preferred orientation improved with the c-ray

dose. FESEM results exposed the PbS thin films were

homogeneous and that the grain size increased from

27 nm to 65 after c-ray irradiation. At 50 kGy, the

agglomeration of grains increased the atomic diffu-

sion on the surface, resulting in the formation of extra

atoms sideways to the surface that grew relatively

large compact grains. EDX analysis confirmed the

stoichiometry of the fabricated hetero-structure. The

optical energy bandgap of the deposited thin film

firstly decreased from 1.78 to 1.70 eV, and then

increased to 1.72 eV after c-ray irradiation. The PL

spectra showed the decreased PL intensity and the

blue shift in the PL peak was ascribed to the elec-

tronic structure modifications in the PbS with

increasing the c-ray dose. The I–V characteristics of as

deposited and c-ray irradiated hetero-structure

showed a diode behavior. The increase in the ideality

factor and the saturation current indicated the exis-

tence of dynamic equilibrium was due to the differ-

ent attitudes of defect creation and inhalation due to

c-ray irradiation. The reduction in the series resis-

tance with increasing c-ray doses up to 50 kGy may

be due to the decrease in the density of the trap states

at the interface between the PbS film and the Si wafer.

This may improve the (n)PbS–(p)Si hetero-structure

for application in c-ray dosimetry.
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