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This paper reports the effect of Fe incorporation on structural and electro-optical properties of ZnO
thin films prepared by spin coating techniques. The Fe/Zn nominal volume ratio was 7 % in the solution.
X-ray diffraction patterns of the films showed that doped incorporation leads to substantial changes in the
structural characteristics of ZnO films. All the films have polycrystalline structure, with a preferential
growth along the ZnO (002) plane. The crystallite size was calculated using a well-known Scherrer’s formu-
la and found to be in the range of 22-17 nm. The highest average optical transmittance value in the visible
region was belonging to the Fe doped ZnO film. The results of the Raman scattering confirmed the obser-
vations of XRD and UV-Vis analysis techniques by the appearance of these occupancies at Zn*? sites. These
results are explained theoretically and are compared with those reported by other workers. The results of
Hall measurement of ZnO and ZnO:Fe thin films reveal a high electron concentration around 1016 cm-3
and low mobility 2.6 cm?/Vs. All as-grown samples show ambiguous carrier conductivity type (p-type and n-
type) in the automatic Van der Pauw Hall measurement. A similar result has been observed in Li-doped
ZnO and in As-doped ZnO films by other groups before. However, by characterizing our samples whit XPS,
we have demonstrated that the ambiguous carrier type n in intended our ZnO films is not intrinsic behav-
ior of the samples. It is due to the persistent photoconductivity effect in ZnO.
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1. INTRODUCTION

Fe-doped ZnO (ZnO:Fe) has attracted a great atten-
tion due to the possibility that it gives to expand the
applications of ZnO in a wide variety of fields such as
manufacturing of optical components, microelectronic
devices and diluted magnetic semi-conductors [1-3].
Many techniques are used to develop ZnO and ZnO:Fe
such as sputtering [4], chemical vapor deposition [5], sol-
gel spin-coating and spray pyrolysis [6]. The sol-gel spin-
coating method has been the scientific main interest over
the last few years due to the low temperature used in the
processing of materials. It is one of the most efficient
methods for the preparation of nanostructured metal
oxides and represents a relatively simple processing and
a low cost alternative to the vacuum deposition tech-
niques [7, 8]. Based on that, we have chosen the zinc
oxide and Fe-doped zinc oxide as base materials deposit-
ed by the spin-coating process on glass substrates.

Indeed, they are relatively easy to be deposited and
are among the most interesting materials from the
point of view of properties compared to other materials
[9, 10]. Therefore, to study their structural, optical and
electrical properties, pure ZnO and ZnO:Fe thin films
have been characterized by several techniques such as
XRD data, UV-Vis spectra, Raman scattering, Hall
effect measurements and XPS spectrum.
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2. EXPERIMENTAL
2.1 Sol-gel Spin-coating Process

The deposition of undoped ZnO was performed us-
ing the sol-gel spin-coating method. A starting solution
(0.1 mol/l) of zinc acetate dihydrate (Zn(CH3C0O)2.2H20;
29088.29; Normapur, France), dissolved in absolute
ethanol (C:Hs0H; 24103; Sigma Aldrich, Germany),
was stirred (250 rotations per minute) at 90 °C for 3 h
in order to yield a transparent, homogeneous and sta-
ble solution. Glass substrates (Super Premium Micro-
scope Slides; VWR International; 75x25x1 mm3) were
cleaned in an ultrasonic bath for 10 min and rinsed by
ethanol. The respective sols were spin coated on glass
substrates at 3000 rpm. After each deposition stage,
the covered substrates were heated in a laboratory
oven at 120 °C for 5 min in air in order to remove the
volatile materials. The coating procedure was repeated
five times before applying a post-heat treatment to the
coated glass substrates at 550 °C for 2 h.

Regarding the deposition of Fe-doped ZnO, it was
performed using the same process: except that to the
starting solution used for undoped ZnO, iron (III) chlo-
ride hexahydrate (FeCls.6H20; 44944; Fluka, France)
was added after 20 min, the time needed to have a clear
and homogenous solution.
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2.2 Characterization

Using pure ZnO and ZnO:Fe samples, with the help
of the Siemens D500 X-Ray Diffractometer (XRD) at
room temperature, the diffractometer reflections were
produced by scanning the sample through a range of 26
angles swapped between 20° and 70° with Cu-KL, ra-
diation and a scanning speed of 0.05 °/min. The inci-
dent wavelength was 1.54056 A. The optical transmit-
tance measurements of the films were performed using
a UV-Visible spectrophotometer (Shimadzu 1200) and
the optical band gap energy was calculated. The optical
transmittance was also measured with an integrating
sphere in a wavelength range of 190-900 nm. The Ra-
man spectroscopy technique was employed to study the
crystalline quality and structural disorders, using a
microscopic confocal Raman spectrometer (Renishaw
RM1000).The electrical resistivity measurements of the
films were carried out using the ECOPIA HMS 3000
Hall effect measurement system at room temperature
(T'=300 K) and a magnetic field of 0.58 T. The valence
states of the elements in ZnO and ZnO:Fe were deter-
mined by VG Multilab 2000 X-ray photoelectron spec-
troscopy (XPS).

3. RESULTS AND DISCUSSION
3.1 X-ray Diffraction XRD)

Fig. 1 shows the XRD patterns of undoped ZnO and
Fe-doped ZnO films. For all samples, the peak position
agrees well with the reflections of hexagonal wurtzite
type structure of polycrystalline ZnO (JCPDS Card No.
36-1451). No parasitic phase (impurity peak) is observed
in the detection limit of the apparatus, indicating a high
purity of the samples. The diffraction peaks arise at
(002) 34.22° and (103) 62.54° for undoped and (002)
34.046°, (110) 56.203° and (103) 62.4345° for Fe-doped
ZnO. The orientation of crystallites in undoped films
(two peaks) is better than the one in doped films (three
orientations). We observed in all patterns of ZnO thin
films a high diffraction intensity for the peak (002). This
result implies that the film exhibits preferential orien-
tation along the (002) plane direction (c-axis). Further-
more, up on increasing the Fe dopant concentration, the
intensity of (002) peak increases. The peak position of
the (002) plane was shifted to the smaller diffraction
angles. Because of the almost similar ionic radius of the
dopant ions Fe*3 and Zn?* ions comparing with the do-
pant ions substituted for Zn?* ions. Similar shifts that
were in agreement with those have also been observed
by Tsay et al. [11].

The lattice spacing was calculated from the follow-
ing Bragg’s formula [11]:

2d,,,sin@,,, =n-A, (1)

where drr 1s the lattice spacing, Gy is the angle of
incidence or Bragg diffraction, A is the wavelength of
the radiation and n is the diffraction order (n =1, 2, ...).

From the ZnO (002) diffraction peak the lattice con-
stant (c) is expressed as follows:

C =2dyy, =L/ sinBy,. (2
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The lattice spacing (dnki), I/Inigh ratio where I is the
measured relative intensity of a plane (hkl), Iuign is the
highest intensity of the plane (hkl) taken from the data,
angle of diffraction (20) at the phases identified along
with (hkl) planes of the films and the lattice constant
(c) are given below in Table 1.

Table 1 — 26, diw and I/luign values of undoped and Fe-doped
ZnO films

Film | (kD) | 2600 | d @) | ¢ RB) |IImen x 100

7no 1 (002) | 3422 | 261 | 5.22 100.0
(103) | 62.54 | 1.48 | / 12.98
(002) | 34.05 | 2.61 | 5.22 100.0

ZnO:Fe | (110) | 56.20 | 1.54 | / 3.39
(103) | 62.43 | 1.49 | / 2.68

The crystallite size of the thin films was determined
using the peak (002) by Scherrer’s formula [11]:

D = K)\/BcosBy,,, , (3)

where D is the crystallite size, A = 0.154056 nm means
the wavelength of CuKal radiation and g is the full-
width half maximum (FWHM) of the Bragg peak ob-
served at Bragg angle 6 (rad), K = 0.89. The values of D
obtained indicate, that the crystallites decrease with
the incorporation of Fe, which is in agreement with
literature [12]. It is 23 nm for the 7 %-Fe-doped and
41 nm for the undoped ZnO.

As a result, the incorporation of Fe in the lattice of
Zn0O has been demonstrated through the modification
of the lattice spacing b displacing the diffraction peak
(002), associating the scanning rate, and applying an
influence on the crystallite size, so the Fe-doped ZnO
films can reduce the average crystallite size. Further-
more, the XRD clearly showed that the doping dis-
played an important role for improving the structure of
the ZnO films.

Table 2 — Structural parameters of pure and Fe-doped ZnO films

6 6

. ox10~ _g| pX10~
Film |D(nm) 0 o x10~° o
PO | tine2/A%| ¢ (line?/A?)

Zn0 | 41 |0.174| 127.47 |7667.25] 988.62
ZnO:Fe| 27 |0.296| 60.65 |5332.23| 568.66

The dislocation density (p) is defined as the length
of dislocation lines per unit volume of the crystal. It has
two components: the first is due to the size (§) which
has been calculated by the formula [12]:

8=3xn/D? (4)

and another one is due to the lattice strain (¢) whose value
can be calculated using Stokes-Wilson equation [13]:

e=p/4tanb. (5)

The resultant dislocation density was estimated ac-
cording to the following relation:

p=0xe)"?. (6)

The values of the dislocation density (imperfection of
crystallites) are given in Table 2, where the incorpora-
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tion of Fe reveals clearly the deterioration in the crys-
tallinity. As a result, the layers are under compressive
stress, so that it compresses and relaxes afterwards.

The crystallization levels of the as-grown films are
of high quality because of their larger D, their smaller
FWHM and their smaller dislocation density.
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Fig. 1 — XRD patterns of undoped and Fe-doped ZnO films

3.2 Optical Transmission

The transmittance spectra of undoped and Fe-doped
ZnO films are shown in Fig. 2. It is found that the
transmittance is above 80 %. Based on that, the optical
band gap E; was obtained by extrapolating the linear
portion of the plot (ahv)? versus (hv) to a = 0 according
to the following equation:

a=A(hv-E,), (7)

where hv is the photon energy, Eg is the band gap, A is
the edge parameter and n =1/2 for direct gap material.
The optical band gaps Eg of undoped and Fe-doped ZnO
films are illustrated in Fig. 3 and Fig. 4, respectively.
While the band gap is 3.20 eV for the undoped ZnO film,
it rises to 3.23 eV for the one with Fe-doped ZnO. The
change in the optical band gap of the Fe-doped ZnO film
was bound up with the valence state of Fe ions. If the
(Fe3*) ions have entered the lattice sites, previously occu-
pied by Zn ions, they would provide additional free carri-
ers that cause the Fermi level to move into the conduc-
tion band, allowing the band-gap of ZnO:Fe to increase.

Table 3 — Optical parameters of pure and Fe-doped ZnO films

Film Tove (%) E; (eV) E. (meV)
7Zn0O 87.5 3.198 629.92
7Zn0O:Fe 83.6 3.23 276.64

It is also assumed that the absorption coefficient
near the band edge shows an exponential dependence
on the photon energy. This dependence is illustrated as
following [12]:

a=a,exp(E/Ey), (8)

where E is the photon energy, a, is the constant and Ey
is the Urbach energy which refers to the width of the
exponential absorption edge. Inset plots of Fig. 3 and
Fig. 4 show the variation of Ina vs. photon energy for
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the films. This behavior corresponds primarily to the
optical transitions between the occupied states in the
valence band tail to the unoccupied states at the con-
duction band edge. The E; value was calculated from
the slope of Fig. 3 and Fig. 4 using the relationship:

E, =[(d(Ina))/d(hv)] " ©)

The values of E;; obtained from this figure are given
in Table 3. The E; values change inversely with the
optical band gaps of the films. A similar result of Ej; has
been observed by other groups of different doped ZnO
films prepared by the sol-gel process [12, 14].

3.3 Raman Scattering

Raman spectroscopy is considered to be the most
powerful and no destructive technique to study the
crystalline quality, the structural disorder and the de-
fects in the host lattice [15]. The Raman scattering spec-
trum of undoped ZnO is presented in Fig. 5. The second-
order vibration mode and Al (TO) modes have been
observed at 781 cm~1! and 946 cm ~! frequencies, respec-
tively, the phonon frequency of E2 (high) at 989 cm !
and E1 (LO) modes at 1096 cm~1, which involves the
motion of oxygen and is characteristic of wurtzite struc-
ture compared with those of undoped ZnO.
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Fig. 2 — Transmittance spectra of undoped and doped ZnO films

15,0
12,54 R0 0085
—Slape=1,1945
':_" LRUIE 2ald
—~10,04 §
o =
E -3
S 7.5
-
o
= 504 “"5m 30
Nﬁ hivieV)
2 54 Ech=Undoped ZnO 3
Eopt=3.22eV ‘Me’
0,0 . e
2.4 2,6 2,8 3,0 3,6

hv(eV)

Fig. 3 — The plots of (ahv)? versus hv and Urbach plots (inset
plots) of undoped ZnO films
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The Fe-doped ZnO (Fig. 6) has the classical Raman
modes at 774, 946, 990, and 1092 cm —! and an addition-
al mode at 1221 cm~1. This additional mode is related to
intrinsic host-lattice defects or due to Fe*? occupation at
Zn*? sites according Zhang et al. [16] who observed the
vibration mode at 1288 cm~! in Fe, Sb, Al, Ga, and Li-
doped ZnO films and proposed that this additional mode
is related to intrinsic host-lattice defects. In our experi-
ment, the additional mode does not appear before or
after doping, which allows us to say that our films have
less intrinsic defects [17]. These observations are in good
agreement with the data of DRX and UV-Vis.
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Fig. 4 — The plots of (ahv)? versus hv and Urbach plots (inset
plots) of Fe-doped ZnO films
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Fig. 5 — Room-temperature Raman spectra of ZnO:Fe

3.4 The Hall Effect Measurement

The Hall Effect measurement system is useful for de-
termining various material parameters. The primary of
these parameters is the Hall voltage (Vg), since the car-
rier mobility, the carrier concentration (n), the Hall coef-
ficient (Rm), the resistivity and the carrier conductivity
type (N or P) are all derived from Hall voltage [18, 19].
In this experience, the Van der Pauw Hall measurement
was performed in a homemade automatic four-probe
Hall measurement system (referring to Fig. 7).
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Fig. 6 — Room-temperature Raman spectra of ZnO

Fig. 7 - Hall measurement apparatus of undoped ZnO and Fe-
doped ZnO. The films are kept by four Au probes as signed by
the arrow

Table 4 — Data of the Van der Pauw Hall measurement

Films Zn0O Zn0:Fe
Carrier concentration (cm—3)| 4.29x1017 | 1.073x1016
Mobility (cm?/Vs) 2.69x10° | 1.06x10!
Conductivity (uS/m) 1.85x10-7|1.83x10-7
Resistivity (Q-cm) 5.40x108 | 5.48x107
Type pln pln

Van der Pauw Hall measurement was conducted on
5 mm X 5 mm samples with a dc current 7= 100 nA and
a magnetic field B=0.58 T. The as-grown ZnO film ex-
hibited n-type conductivity as cited previously [1-3]. All
of the as-grown samples by spin-coating process exhibit-
ed carrier p/n-type conductivity with a decrease in the
electron concentration from 4.29x1017 cm—3 (ZnO) to
1.073%x1016 cm—3 (ZnO:Fe). Similar results have been
observed in Li- and Ga-doped ZnO by other groups be-
fore [16]. The results of the samples are given in Table 4.

Therefore, to further determine the reason behind the
appearance of the carrier p-type in these samples, the
XPS measurement was performed for our samples, traced
in detail to confirm this carrier p-type conductivity. The
analysis by XPS for Fe-doped ZnO and pure ZnO films
gives no nitrogen peak and shows an oxygen deficiency.
This is probably due to the low air absorption of our sam-
ples at the level of pre-drying which takes place in an
ambient air. This result allows us to confirm the cause of
the carrier p/n-type conductivity in our ZnO films.
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3.5 The Van der Pauw

The bonding element of the Fe-doped and pure ZnO
films was examined by XPS as shown in Fig. 8. This
figure shows the result of XPS spectra of the ZnO and
FZO films with full region scanning from 0 to 1100 eV.
Comparing the FZO film with the ZnO film, we can
note that the intensity of the major binding energy
peak had slightly decreased. The high-resolution scan-
ning information provided in Fig. 8 is related respec-
tively to the separate analysis of 3 elements: O, Zn and
Fe. These elements were detected in the spectrum, and
Auger peaks such as Zn LMM and O KVV were also
observed from the Fe-doped bulk [20].
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Binding Energy (eV)
Fig. 8 — The XPS survey spectrum of FZO and ZnO thin films

After the characterization of our Fe-doped ZnO and
undoped ZnO samples by XPS, we could determine the
type of our films by no nitrogen peak. This allows us to
say that our type is not p/n, but it is n conductivity.

In summary, the Van der Pauw Hall measurement
has been performed on the intended undoped ZnO film,
Fe-doped ZnO film and undoped ZnO film grown by
using a spin coating process. All of the as-grown sam-
ples show an ambiguous carrier p-type or n-type con-
ductivity. The electron concentration decreases with the
doping impurity and the mobility becomes smaller. By
characterizing our samples with XPS, we have demon-
strated that the ambiguous carrier type n in our intend-
ed ZnO films is not an intrinsic behavior of the samples.
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Boius nonasauusa Fe Ha cTpYKTYpHI Ta OIITOEI€KTPOHHI BJIACTUBOCTI
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¥ poGoTi OBIMOMJISIETHCSA PO BILUIUB BKJIIOUEHHS Fe Ha CTPYKTYpPHI Ta OITOEJEKTPOHHI BJIACTUBOCTI TO-
HEKHX IUTBOK ZnO, oTpuMaHuX MeToaoM IeHTpudyryBanusa. HominaabHe crmiBBigHomeHHs Fe/Zn y posumui
craHoBWJIO 7 %. PenTrenorpaMu ILTIBOK IIOKA3aJIH, IO JIETOBAHE BKJIIYEHHS IIPU3BOAUTH 0 ICTOTHUX 3MIiH
CTPYKTYPHHUX XapakrTepucTuk mwinBok ZnO. Vci IUNBKY MA0Th MOJIKPUCTAIIYHY CTPYKTYPY 3 MEePEBaMKHUM
apocranuam B3moek mromman (002) mwiieku ZnO. Poamip kpucrasitie OyB pospaxoBaHuil 3a Bimomowo ¢op-
wmyutomo Illeppepa i BusiBuBcs B mianasoni 22-17 um. Haiibinsine cepense 3HaYeHHS OITHYHOTO IIPOITYCKAHHS
y BUAMMI# obsacti criekTpy Haseskaso wiisii ZnO, serosaniit Fe. PesyipraTu PamaniBcbroro posciroBanusa
miaTBepausIn crocTepeskeHHs MeToqie XRD Ta Y®-cuekTpocKomii mosTBOI0 IMX MiCIlh HA AUIAHEAX Zn*2. 111
Pe3yJIbTaTH MOSICHIOITHCS] TEOPETHYHO 1 IIOPIBHIOITHCS 3 TUMU, IIPO SIK1 ITOB1IOMIISIETHCS 1HIIIMMU JOCIIITHU-
Kamu. Pesysipraru XoIiBCHKMX BUMIpIOBAaHb TOHKUX ILTIBOK ZnO Ta ZnO:Fe BUABIIAIOTH BUCOKY KOHIIEHTpA-
Iifo eJIeKTpoHIB mmpuban3Ho 1016 cM -3 Ta IX HU3BKY pyxJmBicTb 2.6 cMm2/Be. Vel BupomeHi 3pasku geMoH-
CTPYIOTH HEOQHO3HAYHHUN THII IIPOBIIHOCTI HOCIIB (p- a00 n-TUI) B AaBTOMATHYHUX XOJIBCHKAX BUMIPIOBAH-
uax Bau-gep Iloy. AHamoriuumii pe3yabTaT crocTepiraBes paHille 1HIIMMY rpyHaMu y IunBkax ZnO, jero-
Baumx Li Ta As. OmHAK, 0XapaKTepH3yBAaBIIN 3PAa3KU PEHTTEHO-eJIEKTPOHHOI0 cieKTpockomieio (XPS), mu
IPOAEMOHCTPYBAJIH, 110 HEOTHOSHAYHUN N-THUII HOCIIB y Hamux mwiiBkax ZnO He € BHYTPIIIHLOW ITOBEIIH-
KO0 3pa3KiB, a 00yMOBJIEHUH CTIKNM ederToM ororposimrocti B ZnO.

Kirouosi ciosa: [Timisku ZnO, Fe-nerysauns, Perrrenorpama, YibrpadioseroBa Ta BuguMa 00J1acTi CIIEKTDY,
Pamaniscbre (kombinaritine) posciroBaussi, Eixexrponposinaicts tumy p/n, Cuexrp XPS.
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