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Abstract

Monoclinic V03 thin films with 558 and 620 nm thick were de-
posited by spin coating of viscous vanadium oxide sol-gel on glass
and single crystal Silicon (Si) substrates. The crystallographic
structure, surface morphology, and optical and thermoelectric
properties were examined and discussed. V;03 films have high
surface homogeneity. The direct optical band gap energy and the
localized state width of these samples were depicted to be
1.82-1.8 eV and 1.98-2.4 eV respectively, the free carrier concen-
tration increases from 2.44 x 10%! to 4.42 x 10?1 cm3 by increasing
the film thickness. The relatively high average values of absorp-
tion coefficient 1.16x10* cm™in the visible spectral range, besides
the positive Seebeck coefficient (104.3 uV/°C) for the film of 620
nm thick qualify this sample to be used as an absorber layer un
thin-film solar cells. In this work, the solar cell with the structure
ITO/CdS/V,03/Mo/Glass has been accomplished. It was found
that the short circuit current density (Jsc) and the solar cell effi-
ciency (n) in the absence of optical and recombination losses are
19.4(mA/cm?) and 14.68 %, respectively. When the optical losses
are taken into consideration, Jsc and n recorded the values of
13.3(mA/cm?) and 9.6 %, respectively. Finaly when both the op-
tical and recombination losses were affected in the cell, the val-
ues of Jsc and n decreased and reached to 6.23 (mA/cm?) and 4.2
%, respectively.

Keywords: vanadium oxide thin films; sol-gel; spin coating; optical
and electrical properties; solar cells.
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1. Introduction:

Vanadium oxide thin films are one of the most important transition metal oxide semicon-
ductors due to their unique properties such as high chemical stability, electrochemical safety,
low cost, easy preparation, and relatively low toxicity (Alamgir et al., 2014: Raj et al., 2013: Raja
et al., 2016: Zou et al., 2010).

The used technique in the deposition of vanadium oxide thin films has a high effect on
their structure and morphology properties (Mouratis et al., 2020). Various physical and chemi-
cal vapor deposition techniques have been used to deposit Vanadium oxide thin films, one of
them is the sol-gel technique (Alamgir et al., 2014: Raj et al., 2013: Gao et al., 2005), where
V,0s. thin films could be prepared from gels using either spin-coating (Benmouss et al., 2003:
Ozer& Lampert, 1999: Ozer N, 1997: Shimizu et al., 1990: Nagase et al., 1992) or dip-coating
(Partlow et al., 1991: Hirashima& Sudoh, 1992: E| Mandouh& Selim, 2000) methods.

Vanadium oxides can form four single valence oxides from V?* and V°*, in the form of VO,
V703, VO,, and V205, due to the variability of oxygen coordination geometries. However, va-
nadium-oxygen phases can also consist of mixed oxidation states formed due to the presence
of oxygen vacancies in the oxides of the mentioned higher oxygen index (Huotari, 2018). When
the density of these vacancies becomes high enough along the lattice planes, the so-called
crystallographic shear planes are formed leading to eliminating the effects of vacancies (Hen-
rich& Cox, 1994). This changes the crystal structure of the compound into mixed stoichiometry
oxides, such as the Magnéli phases with VnO2n.1, or the Wadsley phases with V2,0sn-2 (Pedrosa
et al., 2017: Surnev et al., 2003).

This unique structure of vanadium oxide thin films gives their optical properties several
advantages, which makes them suitable for various applications (Ali& Hakeem, 2015: Atuchin et
al., 2008) such as electrochromic devices (Tong et al., 2016), electro-optic switches (Wang et al.,
2005), CdTe solar cell with V2,05 as a back contact buffer layer (Tong et al., 2016), a window for
solar cells, color filters (Atuchin et al., 2008), reflectance mirrors, smart windows, surfaces with
tunable emittance for temperature control of space vehicles (Shen et al., 2016: Ramana et al.,
1998: Park et al., 2002: Wu Q-H et al., 2004), and cathode material of Lithium-ion rechargeable
batteries (Pan et al., 2016: Song et al., 2015: lhsan et al., 2015: Niu et al., 2015: Sel et al., 2014).

In this work, the optical and thermoelectric properties of vanadium oxide thin films of rel-
atively high thickness (558 & 620 nm) deposited on glass substrates by sol-gel spin coating will
be studied and examine these samples to be used as a p-type conductive layer in solar cell ap-
plications.

2. Experimental:
2.1. Thin film preparation:

V703 thin films with thicknesses of 558 and 620 nm were deposited on glass substrates
and 620 nm on Si-sheets by sol—gel spin coating method. 0.5 g V205 powder of 99.5% purity was
dissolved in 30 ml of 15% H,0; solution under vigorous agitation (1000 rpm) until the solution
color changed from orange to red-brownish. After heat treatment in a water bath at 80° C for
30 min the solution transformed into a viscous solution forming V.03 gel.

The viscosity of the gel can be controlled through the water bath temperature and heating
time. The films were deposited on glass and single crystal silicon (Si) substrates which were
highly cleaned by rinsing them in a heated solution of both acetone and distilled water in an
ultrasonic cleaner instrument (VGT-1613 QTD) with a capacity of 2000 mL and provided with
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digital timer. A suitable portion of the gel was spin-coated on glass and Si substrates at a suita-
ble speed of 1000 to 1200 rpm depending on the required film thickness. The samples were
annealed in air at 150 °C for 1 hour for drying.

The weigh method was used to determine the deposited film thicknesses according to the
following equation (Libessart et al., 2014):

d(nm) = pﬂA x 107 (1)

where, m is the film mass (gm), p (g.cm3) is vanadium oxide density, and A is the film area (1.5x
3.2cm?).
2.2. Investigation techniques

The crystallographic structure of the samples deposited on glass substrates was examined

by using X-ray diffractometer (XRD) type Philips (model PW1710) with a Cu - target and Kq - fil-
ter, A=1.541838A%in the range of 20 from 10 to 80°. The x-ray diffractometer works at 40 kV
and 30 mA with a scanning speed of 2°/min.
The surface morphology of the films has been checked by field-emission scanning electron mi-
croscopy (FE-SEM) using a JSM-6100 microscope with an acceleration voltage of 30 kV. The
chemical composition of the films deposited on Si-substrates was analyzed using energy disper-
sive analysis of x-ray (EDAX) unit attached with the FE-SEM (EDS unit, HNU-5000).

The optical absorption A, and the reflection R spectra for the samples deposited on glass
substrates were recorded at RT using a computer-programmable double beam spectropho-
tometer model Jasco-570 with reflectivity attachment model ISN-470 (Japan) at normal inci-
dence with a scan speed of 400 nm/min in the wavelength range of 200- 2500 nm. These opti-
cal measurements were used to determine different important absorption, dielectric and dis-
persion parameters such as the absorption coefficient a , the extinction coefficient k, and the
refractive index n according to the following equations (Rusop et al, 2006: Mohamed& Ali,
2008);

Abs. = ad = 2.303log [*=] 2
- () () -as e’ @
& K =al/4n (4)

, Where Abs. is the absorbance and d is the film thickness.

Seebeck coefficient of V,03 films was measured at room temperature to identify the con-
ductivity type and majority carriers, its calculated using the following equation (Wang et al.,
2012);

S = AV /AT (5)

, Where S is Seebeck coefficient which is the value of the developed electromotive force be-
tween the two ends of the thin film when the temperature difference AT. The developed elec-
tromotive force and the temperature were recorded by means of microvoltmeter and thermal
contact chromel-alumel thermocouple, respectively.
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3. Results and discussion:
3.1 Structural and surface morphology analyses:

Figure 1 depicts the XRD diffractogram of V.03 thin films which reveal three weak
peaks only at 20 = 24.963, 33.275 and 41.685° assigned to the monoclinic V203 (embedded in a
highly amorphous matrix) with lattice parameters a= 8.6 A% b= 5.002 A°, c= 7.255 A%and B =
140.17%according to the JCPDS file (card number 96-153-9771) (Long et al., 2018). This mono-
clinic structure refers to the film oxygen deficiency (V20s), where x= 2 (Alamgir et al., 2014: Raj
et al., 2013: Gao et al., 2005) leading to the formation of V3*instead of V>*.

30 4 558 nm
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] by
3 MWMM“W %mﬂm%wwww

0 T T T T T T T T 1
20 30 40 50 60

2 o (degree)

intensity (a.u.)

Figure 1: XRD diffractogram of V,0s thin films deposited on glass substrates.

The crystallite sizes of V;,03 thin films were calculated by using the FWHM of the preferred
crystallization (2 0 -2) peaks using Debye Scherrer’s formula (Subramanian& Padiyan, 2008:
Benramdane et al., 1997).

091
“ pcose (6)

where D is the grain size, A is the used X-ray wavelength, B is the angular line width at
half-maximum intensity in radians and 8 is Bragg’s angle. The dislocation density (8) which re-
ferring to the number of defects in the films can depicted using the following formula (Subra-
manian& Padiyan, 2008: Benramdane et al., 1997);

1
5= )
, and the number of crystallites per unite area given by the following equation (Subramanian&
Padiyan, 2008: Benramdane et al., 1997):

d
N=— (8)
, Where d is the film thickness.

The calculated D, 6 and N values are listed in table 1. Due to the decreases in the FWHM
of the preferred orientation of crystallization according to (2 0 -2) peak, the crystallite size D
increases by increasing the film thickness. Accordingly, the dislocation density 6 and the num-
ber of crystallites N decrease by increasing the film thickness as expected by equations 7 & 8,
respectively.
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Table 1: The crystallite size D, dislocation density 6 and number of crystals per unit area of V.03
thin films.
Film thickness, FWHM crystallites size dislocation density number of crystal-

d, nm (rad.) D, nm 5, nm2 lites

N, nm?
558 0.0164 8.647 0.0134 0.86
620 0.014 9.677 0.0107 0.68

The surface topography of the as deposited films of 558 and 620 nm thick shown in Figure
2 which illustrates the high sample surface homogeneity with clear grains shape, and their size
in micro-meter scale.
The EDAX analyses for V203 film of 620 nm thick deposited on single crystal Si substrates de-
picted in Figure. 3, where the films are composed only of V, and O. The O/V ratio calculated by
the EDAX- data was found = 1.5. This indicates that the formula V,0s corresponds to the V,03
— compound referring to the presence of oxygen vacancies due to the oxygen deficiency, this
matching with X-ray analysis.

Figure 2: SEM morphology analysis of V,03 thin films on glass substrates with thicknesses (a)
558 nm, and (b) 620 nm.
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Figure 3: EDAX analysis of V203 thin film of 620 nm thick deposited on Si substrate.



SJYR 2024, 4,(2), 13-26

3.2 The optical properties:

Figure 4 gives the optical absorption (A) and reflection (R) spectra of the present vanadi-
um oxide thin films. by increasing the film thickness from 550 to 620 nm A increases but R de-
creases and the absorption band edge shifts towards higher wavelength values, indicating the
decrease of the optical band gap energy with film thickness increase.

The absorption coefficient () can be given by the following Tauc equation (Saleh et al., 2014),

ahv = B(hv — E))Y/" (9

where B is a constant, Eg is the optical band gap energy, r is a number that characterizes the
type of electron transition, where r is equal to 1/2 or 2 for allowed indirect or direct transitions,
and 3, 3/2 for forbidden direct and indirect transitions, respectively. Where, Tauc equation is
satisfied only at r = 2 which corresponding to the direct allowed transition.

0.9 - "
@ (b) | —m5580M
— 620
0.8 - 35 ‘ o
0.7 - 304
= 0.6 s
(=1
0.5 204
0.4 4 154
0.3 1 T T - T 10 T T T T T
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Figure 4: the optical absorption (a) and reflection (b) spectra of V.03 thin films of 558 and 620
nm thick deposited on glass substrates.

Figure (5, a) shows (ahu)? versus (hu) plots of V203 thin films. By extrapolating the linear

portions of the plots of (ahv)? versus hv to ahu = 0 the E; values were obtained.
According to Urbach law the width of localizes states E,, can be determined from the formula

(Urbach F, 1953: Ali H, 2005);
a=a,exp(hv/E,) (10)
where, op is a constant and E, is the Urbach energy that gives the tail width of localized states
in the optical band gap region. E, values were determined from the slopes of the linear portions
of Ln a vs. hu plots as depicted in Figure (5, b). The average values of the absorption coefficient
Qavg. in the visible spectral range, the optical band gap energy Eg and the width of localizes
states E, of V.03 films are recorded in Table 2.

Figure 6 gives the spectral dependence of the refractive index n and extinction coefficient
k that were calculated for different film thicknesses. As shown n and k values are almost the
same of the tow thickness. n values in the Vis spectral range are relatively high (varying from 2
to 4), on the other hand k values are relatively low (varying from 0.03 to 0.05) these n and k
values making these samples desirable for solar absorbers.
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Figure 5:
thick

(ahv)?vs.hv (a) and Inavs.hv (b) plots for V>03 thin films of 558 and 620 nm
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Figure 6: the spectral wavelength dependence of the refractive index and (a) the extinction co-
efficient (b) of V203 thin films of 558 and 620 nm thick.

According to Lark-Korovitz et al (Johnson et al., 2013). semiconductor samples of high car-

rier concentrations (extrinsic semiconductor materials) show variations of reflectivity at long

wavelengths, where the free carrier contributes to the electrical susceptibility and conductivity
(Becker M., 1951). The optical constants obtained from the samples can be used to find the

electrical susceptibility of free carries, and consequently the high frequency dielectric constant.
Spitzer and Fan (Verscharen et al., 2021) have shown that the contribution from the free carrier

electrical susceptibility (xc) to the real dielectric constant (or lattice dielectric constant), can be
given by the following equation (EI-Nahass et al., 2004),
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e/ =n?—k?=¢€,— Geo) (i)(N) = €4 + 4TY,

mc2/ \m (11)

, Where € is the infinitely high frequency dielectric constant, N/m* is the ratio of carrier con-
centration to the effective mass, e is the electronic charge, c is the light velocity. By plotting €
against A? and fitting a straight line, €~ can be determined directly from the intercept on the
vertical axis and (N/m*) can be determined from the slope as shown in Figure 7. The wave-

length of plasma oscillations, which is the value of A when €=0, can be calculated by

€0 21c .
Ao = Slope and consequently the plasma frequency w,,:E can be determined.

The dielectric parameters €~, N/m, xc, Ap and wp for V,03 thin films of 558 and 620 nm thick are
listed in Table 2. The calculated free carrier concentration shows that these samples are extrin-
sic semiconductors, where N/m values are in the range of 2.4x10%! - 4.4 x10%! cm™ when the
film thickness increases from 558 to 620 nm, respectively. Also, xc and wp increases, but Apde-
creases with increasing the thickness.

6.0

] %—-558nm
55+ |= = 620 nm

5.0

4.0

3.5 T T
64 68 7.2

T T T 1

T T T
7.6 8.0 84 8.8 O. 9.6 10.0

22 (10~5nm)2
Figure 7: plots of &/vs. A% for V,0s thin films of 558 and 620 nm thick.

Table 2: effect of thickness on Eq, Eu, 4,4 and the dielectric parameters of vanadium oxide
thin films deposited by sol gel method on glass substrate.

Thickness | Eg Eu aavg.xlo" Lattice dielec- | N/m, 10 |A,10° | wy, Xc
(nm) (ev) | (ev) |cm tric constant | %1 (nm) | 10%
=(E) (cm?) (sec)?
0.57
558 1.82 | 198 |1.16 7.22 2.44 1.815 | 8.14
0.61
620 1.81 | 2.44 | 1.164 7.7 4.42 1.394 | 8.82
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3.3 thermoelectric properties:
The thermoelectric measurements of V.03 thin films of 558 and 620 nm thick have shown
that the sign of Seebeck coefficient is positive, and there values are 85.7 & 104.3 u Volt/ °C, re-
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spectively, this matching with other reported works (Hu L et al., 2020: Aksit et al., 2014: Wei
et al., 2014: Yuan et al., 2018: Wei et al., 2018: Hu L et al., 2019), which have found that See-
beck coefficient has a positive value of V,03 thin films and are p-type semiconductors or p-type
metal with high intrinsic carrier concentration (Hu L et al., 2020).

All previously studied optical and thermoelectric properties of relatively thick V,0s films refer to
the ability to use these samples as a p-type absorber layer in solar cell applications.

4. Examining V:0s for thin film solar cell:
V;03 thin film of 620 nm thick was examined as absorber layer in thin film solar cell with struc-
ture of ITO/CdS/V,03/Mo/Glass as depicted in Figure 8:

LA

Glass /

TCO

Figure 8: Schematic structures of thin-film solar cells based on V,03 absorber.
The short-circuit current density, Jsc, was calculated with the use of the standard formula
(Mohamed et al., 2018):

Jsc=q2iT (D)

where @ is the power density of the spectral radiation, hu is the energy of the photon, 4A; is the

Pi(A;
0 e (M)A, (12)

interval between values of the wavelength that are neighboring one another, and nint is the in-
ternal quantum efficiency, which equals to the ratio between the generated electron-hole
bears and the number of the absorbed photons. When T(A)=1 and nint =1, this means neglecting
the optical and recombination losses.

According to the standard diode equation, the J(V) characteristic of a single-junction solar
cell under illumination can be written as the linear superposition of the dark characteristics of
the cell and the photogenerated current:

J=Ja—Jsc= [exp (%) - 1] —Jsc (13)

where Jq is the dark current, Jo is the reverse saturation current, g is the elementary charge, k
the Boltzmann constant, T the absolute temperature and A the idealist factor.

The solar cell efficiency n% was calculated from the numerical model according to the following
equation (Mohamed et al., 2023).

n% = % (14)

where Vo is the open-circuit voltage, FF is the fill factor and Pi, is the input power (100 mW
cm™2)

Accordingly, the calculated values of /s is about 19.43 mA/cm? as shown in Figure.9, the
cell efficiency is 14.68% and the other cell parameters are listed in table 3.
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The incident light can be lost due to the reflections between the solar cell layers and the ab-
sorption in ITO and CdS layers (optical losses). The reflection between any two layers is;
R12(A) =

Inj—n3|? — (n1—n2)?+(k1—kz)?
[ng+ns®  (Ra+n)2+(kq+kz)?

(15)

In this case, the transmitted light reaching the absorber layer (V203 layer) is given by;

T(A) = (1 —Ry2)(1 — Ry3)(1 — R3y) (16)

where Ri2, R23 and Rzg are the reflection at the interfaces of air/ITO, ITO/CdS, and CdS/V20s3,
respectively.

Table 3: The short-circuit current density, Jsc, maximum voltage Vim, maximum current Jn, fill
factor FF and cell efficiency n% of V.0s solar cell.

Jse(mA/ecm?)  Vm(V) Im(mA/ecm?)  Voc(V) FF n(%)
19.43 0.76 19.32 0.85 0.89 14.68
13.25 0.75 12.62 0.83 0.87 9.59
6.23 0.75 5.6 0.81 .83 4.3
\"A
0.0 0.2 0.4 0.6 0.8
10 B —Jd L] L) L)
-  Without losses
Ll = « Optical losses
== « Optical and Rcombination losses
'O "|
> 4y
= — /1
-10 | "'
............... ]
/
-20 F ——————— -

Figure 9: The dark current (Jg¢) and short-circuit current density (Jsc) in the case of both optical
losses and recombination losses.

When the absorption takes place in ITO and CdS layers, equation (16) takes the following
form (Mohamed et al., 2023):

T(2) = (1 = Ri2)(1 = Ry3)(1 — Rzy)e~“1d1e 2% (17)
where a; and a; are the absorption coefficients of ITO and CdS, respectively, and d1(60 nm) and
d> (100 nm) are their thicknesses.

By substituting Eq.17 into Eq.12, and considering nint =1, the optical loss can be calculated.
Literature data (Mohamed et al., 2018: Mohamed et al., 2023: Ninomiya& Adachi, 1995:
Benmir& Aida, 2016: Gorji, 2014: Mohamed, 2015) were used to determine the values of n and
k for ITO, CdS. Where, n and k values of V203 layer were taken from Figure 6. In this aspect, Jsc
is about 13.3 mA/cm?, and the cell efficiency is 9.6% as shown in Figure.9 and listed in table 3.
As can be seen, the small efficiency value obtained is mainly due to the use of a small thickness
of the absorbing layer, and it appears that this thickness is not sufficient to absorb the entire
incident light on the cell. On the other hand, this leads to an effective loss due to recombina-
tion of the photogenerated carriers. Under the effect of both the optical and recombination
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losses, Jsc decreased dramatically and reached 6.23 mA/cm? and the corresponding cell effi-
ciency is about 4.3%.

5. Conclusion.

V,03 thin films were deposited sol-gel spin coating on glass and Si substrates and exam-
ined by XRD, SEM, EDAX, and UV/Vis/NIR spectroscopy. The crystallographic structure and
EDAX analysis indicated that the deposited samples by the sol-gel technique are monoclinic
V,03 thin films. SEM analysis revealed the high surface homogeneity with grains size in mi-
cro-meter scale. The optical band gap energy of V;03 thin films was found to be 1.82 & 1,.8 eV
for thickness 558 and 620 nm, respectively and the localized state width increases from 1.9 to
2.44 eV.

The relatively high average values of absorption coefficient 1.16x10% cm™in the visible
spectral range, besides the positive Seebeck coefficient (104.3 uV/°C) for the film of 620 nm
thick qualify this sample to be used as an absorber layer un thin-film solar cells. In this work,
the solar cell with the structure ITO/CdS/V,03/Mo/Glass has been accomplished. It was found
that the short circuit current density (Jsc) and the solar cell efficiency (n) in the absence of opti-
cal and recombination losses are 19.4(mA/cm?) & 14.68 %, respectively. When the optical loss-
es are taken into consideration, Jsc and n recorded the values of 13.3(mA/cm?) & 9.6 %, respec-
tively. Finaly when both the optical and recombination losses were affected in the cell, the val-
ues of Jsc and n decreased and reached to 6.23(mA/cm?) & 4.2 %, respectively.
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