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Boron (B) is considered as an important impurity in semiconductor physics and optoelectronic devices,
especially to produce p-type silicon (p-Si). In this paper, we investigate the effect of Boron doping on
the structural, electrical, optical, and photo-sensitivity properties of tin oxide (Sn0Oz) semiconductor
thin films. Boron doped tin oxide (SnOz: B) thin films were deposited on glass substrates at Ts=500" C
for different atomic concentration of x=[B/Sn] = 0, 0.02, 0.04, 0.08, 0.10, 0.20, 0.30, and 0.50 by spray
pyrolysis technique. The results of X-ray diffraction (XRD) analysis show the tetragonal rutile SnO:

structure with orientation along the (211) plane. The films have polycrystalline structure with granular
and island-like grains morphology by Field-Emission Electron Microscope (FE-SEM). The SnO2:B films
have shown n-type conductivity and decreasing - increasing behavior of electrical resistivity with B-
doping for x < 0.04 and x> 0.04, respectively. Also, carrier concentrations were obtained in the order
of 1018-1020 cm-3. Average optical transmittance of SnO2:B thin films changed in the range of 65% to
87% in the visible region and Sn02:B (x=0.08) sample has highest transmittance. The optical gap of
films was obtained in the range of 3.47-3.87 eV. From the photoconductive results, the x=0.50 film has

exhibited the most optical sensitivity under light radiation.

1. Introduction

Nanostructures and thin films of transparent
conductive oxides (TCOs) have been widely used in various
applications. The two of the most important of these oxides
are fluoride- tin oxide (FTO), and indium- tin oxide (ITO).
These oxides have a window of transparency in the visible
region (400-760 nm) and high electrical conductivity in the
range of 105-106 Q-1cm . The high conductivity of these
films is due to the high density of free carriers and crystal
defects, especially oxygen vacancy, and their high
transparency is due to their wide band gap about Eg> 3eV
[1-5]. Due to these optical and electrical properties, the TCO
materials have been used in transparent electrodes and
optoelectronic applications such as thin film solar cells,
photoresist, gas sensors, heat reflecting mirrors, organic
light-emitting diodes and a variety of solid-state devices.
Utmost of TCO materials are n-type semiconductors, but p-
type TCO materials are required for the development of
solid-state devices and p-n junctions [4-11]. Table 1
presents some of the electrical and structural properties of
these oxides such as Sn0z and ZnO [12].

Recently, with the development of nano-science, a lot
of attention has been paid to these nanostructures
including nanowires, nanosheets, nanolayers, quantum

* Corresponding author. Tel.: +989183180323
E-mail address: bmohagheghi@du.ac.ir

DOI: 10.22075/ppam.2022.26130.1023

dots, nanofibers, nanotubes, nanoparticles of zinc oxide,
and tin oxides.

The SnO2 as the most common TCO, is inexpensive,
chemically, and thermally strong stable in different
environmental conditions which are important attributes
for the fabrication and operation of solar cells[12,13]. The
Sn0: has a rutile structure, with the wide band gap of Eg =
3.78 eV and behave as an n-type semiconductor. In rutile
structure, each tin atom is bonded by six oxygen atoms in
an octahedral structure, and each oxygen is linked by three
tin atoms as planar. Also, the band structure of SnO: thin
films was calculated by the plane wave model, using the
generalized gradient approximation (GGA) from local
density functional theory (LDFT)[14,15].

In Table 2, some prepared doped-TCOs thin films are
listed[8-11]. The impurities used for each specific
application must meet certain requirements for the doping
process to be successful, including: ionic radius size, atomic
valence, empty electron orbital, the type of lattice structure
compatible with the host lattice, and bond energy between
the main ion - concentration ion [3-7]. In addition, for the
suitable substitution of an impurity at the host lattice sites,
the bond energy between ion - ion is very important. For
the tin oxide semiconductor with boron impurity, the bond
energy and bond length of Sn-0, Sn-Sn, B-B, B-Sn, and B-0
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Table 1. Electrochemical properties of the three selected MOS (TiO2, ZnO and Sn02)[12].

Characterize SnO:2 TiO2 Zn0O
Crystal structure Rutile Rutil.e, anatase, Rock.-salt, zinc blende,
brookite wurtzite
Energy band gap (eV) 3.50-4.0 3.0-3.2 3.2-3.3
Surface work function 4.71-5.33 4.5-5.0 4.45-5.3
(eV)
CB energy Min vs. Vacuum 5 eV 4.1 eV 4.0 eV
Sn (5s&5p) Ti (3d)
Vacuum CB orbitals Zn (3d) & O (2p)
0o(2p) O(2p) & Ti (3d)
Valence band orbitals Zn(3d)
Electron mobility Bulk ZnO: 205-300;
(cm2Vs-1) 240 0.1-4 Nanowire: 1000
Refractive index 20 25 20
Electron effective mass 0.3 9 026
(m~)
H*ole effective mass 12.5 me 2 me 8.5 me
(m~)
Dielectric constant 12.5 114 8.5
o,y Nanoparice i e 17
6.22 x 10-6 Nanoparticles: 10-8 -10-4 10-4 p o
Table 2. TCO compounds and dopants.
TCO Dopant Applications Ref.
Sb, F, As, Nb, Transparent Electrode,
$n0: Ta, Fe, Cu, Mn, Co Sensor, solar cells, ... (38]
71n0 Al,Ga, B, In, Y, Sc, F, Transparent Electrode Optical 39]
V, Si, Ge, Ti, Zr, Hf, Mg, As, H absorbance, gas sensor, ...
Sn, Mo, Ta, W, Zr, Transparent Electrode, gas
Inz0s F, Ge, Nb, Hf, Mg, Al, Cr sensor, [40]
cdo In, Sn Transpare.nt Electrode, . [29]
photoluminescence device
GalnOs Sn. Ge gas sensor, optoelectronic [40]
i device, solar cells
CdSh0s v gas sensor, optoelectronic [1]

device

are given in Table 3. It is observed which is possible to
form a Sn-B bond due to less dissociation energy.

Table 3. Bond dissociation energies in diatomic molecules.
A-Bbond Sn-Sn Sn-0 Sn-B B-B
Bond
Energy
(k]/mol)
Bond
leongth
(A)

B-0

187 528 325 290 809

2.81 2.21 2.14 1.92 1.30

If these conditions do not prevail, the addition of
impurities will cause disorder of structural lattice and
increase electron scattering, and we will not achieve the
desired goal. Therefore, the selection of impurity atoms to
achieve the desired electrical and optical properties will be
of particular importance. In some of these properties, the
dependence of the structure to the host- atom lattice and
the energy gap changes are extremely important, which
limits the choice of impurities. However, determining the
type of donor or acceptor atom, energy gap engineering
and, energy bond structure in achieving applications in the
preparation of transparent semiconductors is the subject of
ongoing research[9-13]. The energy band gap of
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semiconductor oxides such as Sn02z (3.78 eV) and ZnO (3.27
eV) are in comparison of the other wide band gap oxides
[12,14].

The SnO: thin films were deposited by many methods
such as physical and chemical vapor deposition, dip and
chemical bath coating, sol-gel and spray pyrolysis [15-20].
Usually, the films prepared by spray pyrolysis have a
crystalline structure and high order. The different elements
such as F1-, N1+, Sb5+, Zn2+* and In3* have been used as donor
and acceptor ions for SnOz thin film[21-29]. Boron is a
nonmetallic chemical element with character “B”, atomic
number of 5 and oxidation states of -5, -1, 0, +1, +2, +3.
Chemically pure boron, which is found in small amounts in
meteoroids, is not found naturally on Earth. Electronic
arrangement of boron is [He] 2s2 2p! with atomic radius
0.234 [30].

In this work, Boron doping of tin oxide (SnOz2: B) thin
films were prepared by spray pyrolysis deposition on the
glass substrates at Ts=500 'C. The main purpose and
innovation of this work is to study the effect of low and
highly boron (B) doping on the electrical, structural, and
optical properties of SnO: thin films such as electron
concentration and energy gap for optoelectronic devices
application, to which less has been reported.

2. Experimental details
2.1. Materials

SnCl4,5H20 (purity = 99.99%, Fluka) and Boric acid
(HsBOs, purity =2 99.99%) as source material, HCl (purity
299.9 %, Merck) as solvent agent, deionized distilled water
(H20) and Ethanol (CH3CH20H, purity = 99.9 % Merck) as
solvent and washing

Molecular Weight: SnCls .
H3B03=61.83 gr/mol.

5H20=350.6 gr/mol and

2.2. Deposition of Sn0;:B thin films

Spray solution is prepared using the 0.095 mol of tin
tetrachloride pentahydrate (SnCls.5H20) in 100 ml solution
of ethanol alcohol (C:HsOH) + distilled water (1:1) and
droplets of HCl and stirring for 20 min at 40 °C. Boron
doping were done with dissolving boric acid (H3BOs) in the
10 cc precursor solution and with various B-concentration
i.e., [B/Sn] atomic ratio at values x= 0, 0.02, 0.04, 0.08, 0.10,
0.20, 0.30, and 0.50. Table 4 shows the concentration of
solutions in moles at 10 cc of spray solution for each step of
spray deposition.

For deposition of films, the glass substrates with area
of 7.5x2.5 cm? and 1mm thickness were used. Before
preparing the films, the substrates were cleaned by with
wash solution and doubled distilled water and dried with
air flow. Filtered compressed air was used as carrier gas
with the flow rate of 3 cm3/ min at a pressure of 3 atm. The
spray nozzle-to-substrate distance was adjusted to 35 cm.
The rate of spray about 5 ml/min was maintained at ~10
min for volume (V)=15 cm3. The normalized deposition
temperature was T=500 'C for SnOz and Boron-doing of
Sn0: films[24]. The uniform deposition was done by
rotating the hot plate with rate of 20 rpm.

2.3. Characterization

The structure of the deposited films was investigated by
X-ray diffraction (XRD), D8 Advance Bruker system using
Cu Ka (A = 0.15406 nm) radiation. The morphology of the
films was observed by Field Emission Scanning Electron
Microscopy (FE-SEM, Model: Hitachi S-4160). The optical
properties of the films including optical transparency,
absorption, and optical gap of the thin films were
determined by UV-Vis spectrometer and their electrical
properties such as electrical resistivity, and concentration
and type of carriers were determined by the Hall effect.

The sheet resistance (Rs) of the films measured by two-
point probe method with aluminum electrodes on two
sides of films. The electrical resistivity (p) of the films was
obtained from the equation 1 (t= thickness of film) [24]:

p(.cm)=Rs Xt (D

The Hall effect experiment was performed by a magnetic

field (B = 200 mT) to determine the concentration and the
type of the majority carriers.
The optical properties were studied in the range of 180-
1100 nm using Unico 4802 double beam spectrophotometer
system. To study the photoconductivity properties the films,
samples were exposed to light radiation with a static power
(6000 Lux) at a distance (20 cm) using a tungsten fiber
lamp. Then, the electrical resistivity (p) of prepared films
was recorded under lighting at definite time intervals at
room temperature.

Table 4 . The concentration of solutions in mole for 10 cc precursor solution. (Molecular Weight: SnCls. 5H20=350.6 gr/mol and H3B03=61.83 gr/mol)

Mole: x=[B/Sn]=0 x=0.02 x=0.04 x=0.08 x=0.10 x=0.20 x=0.30 x=0.50

in 10 cc

Mole of H3BO3 0 1.9x104 3.8x10+ 7.6x104 9.5x104 1.9x10-3 2.85x10-3 4.75x103
Mol of 9.5x10-3 9.5x103 9.5x103 9.5x103 9.5x103 9.5x103 9.5x10-3 9.5x10-3
SnCls.5H20

3.Results and discussion

3.1. Structural properties

As shown in figure 1, the SnO2:B thin films with doping
concentration from 0 to 50 (at. %) were studied by XRD

patterns in the 20 =20°-70°. Regardless of B-concentration,
it can be seen that the deposited films are polycrystalline.
The XRD spectra matched well with SnO2 phase and space
group P42mnm according to JCPDS (No. 41-1445). The XRD
analysis shows that, all films, regardless of the level of
boron concentration, have a polycrystalline phase, with
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characteristic peaks of (110), (101), (200), (211), and
(301) crystallographic planes correspond to the tin oxide
(SnO2) phase. In addition, some unstable phases of SnO and
Sn203 are observed and two preferred directions can be
seen on (200) and (211) planes, which is the maximum
intensity for the B-concentration values of x=[B/Sn] =0.2
and 0.04, respectively. As the boron concentration
increases to x = 0.08, the intensity of the peaks increases.
However, with the further increase of the B concentration,
the intensity of the peaks decreases, which is due to the
lattice disorder, in each doping level. From the level x = 0.08
onwards, the lattice becomes completely disordered and at
x = 0.50, the structure becomes amorphous. This disorder
affects the electrical properties and mobility of the carriers
so that the conductivity of the films is gradually reduced
[25]. This is consistent with the results in the section on
electrical properties. In addition, at high doping levels, the
intensity of diffraction peaks changes, especially the
unstable phases, which are almost eliminated. For example,
intensity of (211) preferred peak, initially is increased up
to x= 0.04 of B-concentration and then intensity of (211)
decreased with increasing B-concentration. After that, with
increasing B-concentration a competition between the
intensities of (200) and (110) is formed, as the intensity of
(200) was highly grown in x=0.20 of B-concentration.
According to the ionic radius B3* (r =0.23 A) and Sn** (r=
0.71 A), in high doping of boron, B3+ ions can be replaced in
interstitial sites of the SnOz2 lattice. The small shift of peaks,
including (110), is due to the strain of the lattice and
substitution of boron impurity [25, 28]. With further
concentration for x> 0.20, intensity of peaks is decreased
and goes into amorphous structure, probably because of
occupying all the interstitials, decrease of grain size at high
doping level and disorder of SnO: lattice structure.

The crystallite size (D) is calculated using Scherrer’s
relation [31,32]:

0.91
~ Bcose (2)

T5=500 °C

(hy x=0.50
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Fig. 1. (a) - (h): XRD patterns of Boron-doped SnO: with various B
concentrations (x).

Here, D is the crystalline size, 8 is the peak width of the
diffraction line measured at half its maximum intensity
(FWHM) (rad), and A is the X-ray wavelength (1.5406 A).
The structural data, and the identified phases for preferred
peak, have been summarized in Table 5. As seen, the

average crystallite size is varied with the [B]/[Sn] atomic
ratio. It is observed that with increasing the B-
concentration as gradually, the crystallite size is increased.
The crystalline size of thin films is in range of 15-25 nm.

3.2. Morphology of films

Figs 2. (a)-(h) show the SEM images from surface of SnO3:
B thin films. It is shown that the surface morphology of the
films was always depend on the B-concentration. The SEM
images show that all films with B-doping in crystal lattice
from low to high values have an almost uniform structure
and an island-like shape with granular morphology. As the
doping level increases up to x=0.04, the size of the islands
is increased and then decreases as the doping level
increases further. In general, increasing boron does not
affect the morphology of the layers, but usually at larger
sizes the dispersion of the carriers decreases and we expect
that the mobility of the carriers will increase and the
conductivity of the layers will increase. The particle sizes
up to x=0.04 increases with increasing B-concentration. At
x=0.08 of B-concentration, more fine polyhedrons
nanoparticles are observed. This situation may be related
to the reduced preferred peak of (211) at x = 0.08.

At x=0.20 of B-concentration, the grain size increased
due to growth of peak (200). Then, as the B-doping is
increased further for x> 0.20, size of the spherical and
polyhedron nanoparticles again decreases.

3.3. Optical properties and optical band gap

For a transparent semiconductor thin film such as
Sn0z2, the most important quantities are the determination
of transparency, absorption and optical gap. Therefore,
referring to figure 3, the transmission spectra of the films
show that the transparency varies approximately between
65% and 85% for all films. The highest optical
transparency is for x = 0.08 and with more increasing boron
concentration, the transparency decreases. Indeed,
transmittance decreased from T=87% to T=65% with
further B-concentration from x=0.08 to x=0.50. The lower
transmittance may be attributed to increasing thickness or
scattering from film surface. Also, there is a minor shift in
the optical absorption edge due to change of band gap. The
shift in the absorption edge can be related to increase in
carrier concentration and forbidden of low energy
transitions [33].
The direct band gap (Eg) of the films was found from
linear fit of (ahv)2 curve versus photon energy (hv) and
using the following equation [33]:

(ahv)? = A (hv-Eg) (3)

where a and Eg are the absorption coefficient and the
energy gap, respectively, and A is a constant. Fig.4 presents
the variation of (ahv)? versus hv (photon energy) for the
Sn02: B films. Also, variation of the energy gap and
concentration (n) with crystalline size versus the [B]/[Sn]
atomic ratio is shown in Fig.5. Here, as the B-concentration
increases from x=0 to 0.04, the gap increases from 3.75 to
3.87 and again is reduced with a further increase of up to
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0.50 to 3.47. The initial increasing in the gap is attributed
to the increase in carrier density and the subsequent
decrease is attributed to the decrease in carrier density, as
seen Table 6. In fact, the variation of band gap due to doping
is a result of the Moss-Burstein (MB) effect, in which the
band gap can be presented as Eg=Ego + AEmp, where Ego is the
intrinsic band gap and AEmp=h/2m* x (312 ne)2/3where m*
is the electron effective mass and ne the electron
concentration) [34,35].

With further increase in the B-concentration in the SnO2
films (from 8 at. % B onward) the band gap of films begins
to decrease with decrease in carrier concentration (n)
revealing Roth effect [36] as it was mentioned in Table 6.
As seen in figure 5, Variation of band gap and electron
concentration have agreement with each other. From the
oscillation of the transmittance spectra, the thickness of the

films (t) was determined by using the following equation
[37]:

e

o) Y

in which, A1 and Az are the two consecutive peaks in
transmission spectra and n is the refractive index of
material (n = 2 for Sn0O2). The thickness of films was
changed between 480 nm-820 nm as shown in Table 6. It
was observed that the thickness of the film changes with B
doping level but does not present trend with increasing B
concentration more than x =2 10%.

Table 5. Summary of the XRD parameters and mean grain size for crystallographic two preferred orientations in various B-concentrations.

Mean nano-crystal

(hkD) 26 (1) Lattice distance(A) FWHM () Size Phase type
(D, nm)
Sn02
110 26.68 3.3385 0.547 20.69 Tetragonal-SnO2
211 51.777 1.7642 0.53 20.69 Tetragonal-Sn0O2
Sn02: B (2 at.%)
110 26.651 3.3420 0.565 19.52 Tetragonal-SnO2
211 51.771 1.7644 0.518 21.33 Tetragonal-Sn0O2
Sn02: B (4 at.%)
110 26.579 3.3510 0.338 32.24 Tetragonal-SnO2
211 51.743 1.7653 0.444 24.75 Tetragonal-Sn0O2
Sn02: B (8 at.%)
110 26.567 3.3524 0.387 27.72 Tetragonal-SnO2
211 51.772 1.7643 0.58 18.99 Tetragonal-SnO2
SnO2: B (10 at.%)
110 26.566 3.3526 0.375 28.29 Tetragonal-SnO2
200 38.226 2.3525 0.542 15.40 Tetragonal-SnO2
Sn02: B (20 at.%)
110 26.559 3.3534 0.833 12.71 Tetragonal-SnO2
200 38.203 2.3539 0.355 23.49 Tetragonal-SnO2
Sn02:B (30 at.%)
110 26.559 3.3534 0.585 18 Tetragonal-SnO2
211 51.92 1.7597 0.581 20.38 Tetragonal-SnO2
Sn032: B (50 at.%)
200 38.389 2.3429 0.415 20.69 Tetragonal-SnO2
Table 6. The electrical measurement results of the SnO2: B films for various B-concentration.
Sheet resistance  Resistivity S(?:;lee;tration tC;;:er Energy gap al?if:l?ess
x=[B]/[Sn] (Rs, Q/0) (f2.cm) x10-3 (ne, cm3) (Hall effect) (Eg eV)
0.00 60 2.92 2.5 x 1019 ) 3.75 ~488
0.02 28.8 2.11 1.5 x 1020 ) 3.83 ~735
0.04 28 2.18 2.8 x1020 ) 3.87 ~779
0.08 39.5 3.11 2.1 x1020 ) 3.85 ~788
0.10 53.7 3.74 3.8 x 1019 ) 3.73 ~698
0.20 57.16 4.22 2.6 x 1019 ) 3.70 ~740
0.30 156.6 10.35 3.3x1018 () 3.49 ~661
0.50 352.2 29.02 3.1x1018 ) 3.47 ~824
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Fig. 2. SEM image of SnO2: B thin films with different values of B concentration (x): (a) 0, (b) 0.02, (c) 0.04, (d) 0.08, (e) 0.10, (f) 0.20, (g) 0.30, (h)
0.50.
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3.4. Electrical properties

The electrical properties of a semiconductor are highly
dependent on the density of free carriers (electrons or
holes). Usually, donor or acceptor concentration doping is
used to increase the conductivity of a semiconductor. The
energy level location of concentration is below the
conduction band in donor state or above the valance band
in acceptor state [38]. Fig.6(a)-(b) shows the location of the
donor or acceptor level in band structure of n- type and p-
type semiconductor. The donor energy level is obtained
from the following equation [39]:

e*mp _
Ed = EC - m E and n—1,2, (5)
o etmg _ m*\ (€ 2
Eq = Ec 2(4me)2h Ec =136 (mg) (e ) ev (6)
for n=1

Here, m; and € are effective mass of electron or hole
and dielectric constant of semiconductor, respectively. This
relation is obtained by calculating the base energy state of
electron in a hydrogen atom, which is given to the donors

Crystalline size (nm)

2.0x10°4| m Sno, (Undoped), E,=3.75 eV

® SnO,B(2at. %), E;=3.83 eV
SnO,:B(4at. %), E,=3.87 eV

('>I_\ 1.5x10 4 V' snO,:B(8at. %), E;=3.85eV
g # SnO,:B(10at. %), E,;=3.73 eV
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Q P Sn0,:B(30at. %), E;=3.49 eV

N 1.0x10%° SnO,:B(50at. %), E,=3.47 eV
2
3
<

3.6

37 38 39 40 41
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Fig. 4. Plots of (ahv)? versus hv for SnO2: B films with different values

of B concentration (x).
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v Valence
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Fig. 6. (a), (b): Band structure of n- and p-type semiconductor with
donor and acceptor concentration level.

a bound Eq level (or Ea) below conduction band (or above
valence band) edge). Donor and acceptor energy levels of
SnO2 are about 20 meV and 200 meV , respectively. Here,
we used B3+ ions as acceptor dopant in order to study the
effect of B3+ on the electrical conductivity.

The results of electrical measurements for all deposited
Sn02:B thin films have been summarized in Table 6. Also,
variations of resistivity (p), concentration (n), and energy
gap (Eg) versus the [B/Sn] atomic ratio (x) are shown in
figure 7. The sheet resistance (or resistivity) of films has a
decreasing-increasing behavior, such as from Rs= 60 /0 in
x=0 to Rs =28 (/0 in x=0.04 and then to Rs=57.16 Q/0 in
x=0.20.

The variation of resistivity (or) sheet resistance is
related to role of B3+ and Sn?* or Sn3+ in the ordered sites of
SnO:2 lattice or interstitial site as donor or acceptor,
respectively. For example, Sb5+ or F5+ (Al3+, Ga3+, or B3+) ions
in role of donor (acceptor) create a free electron (free hole)
in lattice. As seen in figure 8, substitution of an acceptor
impurity such as B3* in Sn** sites lead to creation of one
hole. Boron has only three valence electrons. It can
complete its four-fold tetrahedral bonds by taking an
electron from an Sn-Sn bond, leaving behind a hole in the
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Sn0: band structure. We expected that the boron ions (B3+),
in role of acceptor, created to create a free hole in SnO:
point of lattice point, but this is not always the case.
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I |(c) Concentration (cm)|
25 .
z (a) 38
G 20+ 3
Q Q.
> 137 &
= 15+ L :)
2 5
(2] pusy
@ 10+ L 3.6 :Cj
[a g
54 L
-,*35
|
0. 2 (c) !
|
T T T T T T 3.4
0 10 20 30 40 50

[B/Sn] atiomic ratio (%)

Fig. 7. Variation of electrical resistivity, energy gap and electron
concentration of Sn02: B thin films.
as function of B concentration concentration (x).

Interstitial points

Fig. 8. The substitution of B3* concentration as acceptor in SnO: lattice
by taking an electron from an Sn-Sn bond and creation of hole.

This is because of the high mobility and very small ionic
radius of B*3(r = 0.23A) with light atomic mass of 10.81 amu
in comparison with Sn*+(r=0.71A) with heavy atomic mass
(118.71 amu). Indeed, as seen in Table 6 and Fig.2, after
x=[B/Sn] > 0.1, the B/Sn0: structures became amorphous
and the SnO: is converted into SnO and Sn203 with valence
states of Sn2* and Sn3+*. Therefore, n-to-p transition is not
occurred and type of carrier is negative (-) for all of the
films. In addition, B203 is a glass former, which can be
formed in lattice, so it is very difficult to break its bonds into
a substitute to act as n and p dopants. Consequently, B+3
ions do not have the substitution power of Sn** ions and
occupy the interstitial sites of the SnO: lattice and B-doped
films are n-type semiconductor.

The majority carrier concentration was obtained using
the following equation by the Hall effect measurements
[30]:

B
n TqvHt ()

In this relation, B, I, t, q, and Vu are the magnetic field,
current, thickness, electron charge, and Hall voltage,
respectively. Table 6 also represents the carrier
concentration (n) of the SnOz: B thin film for different B-
concentration. The carrier concentration for the film
deposited with various B-concentration is in order of 1018-
1020cm-3 and with increasing the B-concentration up to
x=0.04 reach to maximum value, 2.8 x102° cm=3 and then
decreased to 3.1x1018 cm-3 for x=0.50 B-concentration.

3.4. Photoconductive and optical response properties

If we consider a thin film of semiconductor with a direct
gap (Eg), and valence and conduction bands, when the
semiconductor is irradiated with light with hv 2 Eg, the
phenomenon of optical absorption occurs, so that an
electron transmits from the valence band to the conduction
band. This process is photoconductive effect, and the result
is the production of a free carrier (electron or hole). Due to
light absorption, the density of carriers and electrical
conductivity increase [39,40]. In other words, this property
is used to study the properties of optical sensing as a
functional component for electronic eyes, or invisible
recognition tools. Photoconductivity changes are measured
with an important parameter of optical response (S) i.e.,
changes in electrical resistance (surface or volume) with
light radiation relative to the initial resistance (Ro) of the
film in absence of light (S=AR/R). If the slope of the
electrical resistance changes in the presence of light
radiation is higher, the sensing property will be higher.
Accordingly, the electrical resistance of the layers under
light irradiation was measured at equal intervals. The
variation of the sheet resistance of the films (AR/R) versus
radiation time and B-concentration is shown in Figure 9.
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Fig. 9. The relative change of sheet resistance (AR) versus exposure time
for SnO2: B films with different values of B concentration (x).

As seen, the photoconductivity of the films is not changed
relatively in low concentration (up to x=0.04) with
increasing radiation time. But, in high B-concentration (x >
0.04), the sheet resistance of Sn02:B films is increased. This
effect relates to the increase in disorder and amorphous
structure of the films at high B-concentration level,
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especially at x=0.50 of B-concentration. In x> 30, because
there are many crystal defects and voids in the SnO: lattice
with the absorption of optical energy, the transition to the
conduction band by the electrons is greatly increased. From
the photoconductivity studies, the 50 at. % B-doped SnO:
film exhibits sensitivity most to operational light.
Therefore, photoinductive properties of these films can be
used in optical switching, optical sensors, and transistor
devices [29,40].

4. Conclusions

In this paper, we studied the preparation and
characterization of undoped SnO:2 for low and high_boron
concentration of SnOz2 thin films. The films were deposited
on glass substrates at temperature of Ts=500 °C using the
spray pyrolysis.

Among the important results are as following:

(a) It was seen that the structural properties of the
films powerfully depended on the B-concentration
level. All of the films exhibited a preferential
growth along the (211) and (200) directions
corresponding to tetragonal SnO: phase. In
general, an increase in concentration doping
reduces the particle size. Most of the structural and
electrical changes of the films are in the range 0.04
<x<0.2.

The spherical and polyhedron nanoparticles are

observed in the FE-SEM images.

(c) Electrical properties of the films showed that the

minimum of sheet resistance of the films is about

28 O/o in x=0.04. The Hall effect measurements

have shown the n- type conductivity for all of the

films. The highest carrier concentration of 2.8 x

1020cm-3 was found for the film deposited with

x=0.04.

B3+ (or B3-) ions can be replaced both in the Sn** (or

0%) and in the interstitial positions in the SnO:

lattice and there is always a competition between

them.

(e) Average optical transmittance of SnO2:B thin films
changed in the range of 65% to 87% in the visible
region and x=0.08 exhibited the highest optical
transparency in the visible region. Also, an
increase in B-doping leads to a reduction in the
energy gap due to increasing the electron
concentration.

(f) Photoconductivity and optical response studies
showed, the B-doped SnOz2 thin films exhibited low
sensitivity to incident light up to x=0.04. But, for x>
0.04, changes in conductivity are comparable to
radiant light, both positively and negatively.
Amongst of B-doped SnO: films, highest
photoconductivity related to the x=0.50.

(b)

(d)
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