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Transition metal (TM: Mn or Fe) doped tin dioxide (SnO,) films with the compositions of 5%
(Sng.osTMg,05s0O,) have been deposited on sapphire substrates by pulsed laser deposition under oxygen
pressure (P,) varied from 10~* to 1 Pa. The x-ray diffraction, scanning electron microscopy, and infra-
red spectra analysis show that different TM dopants can affect the variations of crystallization and lat-
tice distortion. Moreover, x-ray photoelectron spectroscopies indicate that the effective P, during the
growth does not change the valence state of Sn*" in the SngosTMp,05O5 films. The spectral behaviors
of the films have been investigated in the photon energy range of 0.47-6.5eV (2650-190 nm). From
transmittance spectra, the shoulder structures become more prominent for the Sng gsFeg 5O, film than
those for the Sng 9sMng 5O, film due to the Fe repelling effect of a stronger p-d hybridization. The re-
fractive index values for the Sng9sMng 50, film are found to be larger than those for the Sng osFe( 05O-
film at the photon energy of 0.47eV. The main peaks at about 1.9 and 2.2eV in photoluminescence
(PL) emission spectra for both Sng9sMng 50O, and SnggsFe 05O, films can be observed, and it could
be explained by the fact that the electrons in the conduction band of SnO, relax to defect states and
then radiatively recombine with the holes. From direct comparison of PL and transmittance results for
the films, the electronic transition energies, the emission peaks’ intensities and positions are shown to
present the P, dependent behavior. The distinct trends indicate that the incorporation of Mn and Fe ele-
ments can provide a significant difference in the crystalline and electronic band structure. It can be con-
cluded that the oxygen pressure and dopant contributions are responsible for the adjustment of
electronic band structures and result in different optical response behaviors for the SnggsTMg 050,

films. © 2011 American Institute of Physics. [doi:10.1063/1.3669374]

. INTRODUCTION

Tin dioxide (SnO,) is one of the most used key func-
tional materials, which has two structural characteristics: cat-
ions with mixed valence states and anions with deficiencies.
By varying either or both of these characteristics, the electri-
cal, optical, and magnetic properties can be modified, giving
the possibility of fabricating optoelectronic devices, trans-
parent conducting electrodes, gas sensors for detecting lea-
kages, and catalyst supports."* In particular, SnO, doped
with transition metal (TM) ion, such as Fe, Mn, Ni, Co, etc.,
has been extensively studied because of its excellent optical
transparency, high refractive index, tunable carrier concen-
tration, and diluted magnetic semiconductor.>* Theoretical
calculations predict that ferromagnetism is the ground state
and the Curie temperature is expected to have a higher value
for Fe doped SnO,. However, paramagnetism is more stable
than ferromagnetism in Mn doped SnO,. Moreover, TM-
oxygen vacancy-TM groups can be formed in Fe doped
SnO,, but the phenomenon does not appear in the cases
of Mn doping.” Considering the different effects from the
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doping TM elements, it is interesting to investigate the elec-
tronic band structures of Mn and Fe doped SnO, by a com-
parison with their optical properties.

Spectral and photoluminescence (PL) measurements are
highly helpful to investigate optoelectronic properties of the
nanostructured films, which are affected by the structure
defects and impurity levels of the material.® For the oxide
materials, many physical properties are driven by defects,
which are mostly due to the varied oxygen content. It has
been calculated that removal of the bridging O atoms leads
to the formation of a dispersed band within the forbidden
band gap, which is the cause of oxygen vacancies. The re-
moval of the in-plane oxygen atoms, however, can induce
the formation of a single defect level above the valence
band.”® Furthermore, oxygen vacancies are extremely im-
portant for determining the electrical conductivity of SnO,,’
and they are also responsible for an efficient luminescence
activity in SnO, nanocrystalline. Intense and orange light
emission from SnO, nanostructures has recently been found,
suggesting that SnO, may be a promising candidate for lumi-
nescent materials.>® Although there are the remarkable
attentions on SnO,-based semiconductors, the experimental
results reported by different research groups have been

© 2011 American Institute of Physics
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frequently controversial on the origin of PL emission
properties.

It is known that a given material preparation method has
strong effect on the microstructure and physical properties.
As compared with other deposition methods, pulsed laser
deposition (PLD) technique has the ability to exceed the sol-
ubility of magnetic impurity and to permit high quality film
grown at low substrate temperature.'® Additionally, PLD is
done in high vacuum and allows precise control of back-
ground reactive gas pressure. Oxygen is one of the common
background sources and affects the sample growth in the
PLD process because it is a major constitute of oxides.
Moreover, the first principle calculation also shows that the
oxygen vacancy and tin interstitial can be easily induced due
to surprisingly low formation energies and strong mutual
interactions."’ Thus understanding the role of surrounding
oxygen is essential to the microstructure and properties of
the oxides. Up to date, it has been reported that the crystal-
linity and PL property for ZnO strongly depend on the oxy-
gen pressure (P,).'? Some groups also discussed the effect of
oxygen concentration on structure and ferromagnetism for
SnO, nanoparticles,”'? and the PL emission was found to be
sensitive to the oxygen concentration.” Nevertheless, system-
atical experimental works to reveal the P, dependence of op-
tical response behaviors in TM (Mn or Fe) doped SnO,,
especially a contrast to the two kinds of films, are very lim-
ited. Therefore, it is desirable to carry out a delicate study
regarding the mutual correlation between the magnetic ele-
ments and oxygen levels in the TM doped SnO, materials.

In this paper, comprehensive characterizations are per-
formed to explore the morphology, crystallinity, and the
chemical states of the TM (Mn or Fe) doped SnO, films with
the compositions of 5% (SngosTMp50,) prepared under
varied P, values. We demonstrate the crucial role of sur-
rounding oxygen on electronic band structures and optical
properties by means of infrared (IR) reflectance, ultraviolet-
near-infrared (UV-NIR) transmittance, and PL spectra. The
comparative study on the Sng9sMng 05O, and Sng 9sFeq 05O,
films will be presented and oxygen vacancy contribution
associated with the 3d dopants will be discussed in detail.

Il. EXPERIMENTAL DETAILS
A. Preparation of the Sng g5TMg 50, films

The Sng 95sTM 0502 (TM: Mn or Fe) targets in the diam-
eter of 3cm were prepared using a conventional solid-state
reaction sintering. During the preparation, MnO or Fe,O;
powder was mixed with SnO, powder (99.99%) in which
Mn or Fe mole fraction was 5%, then corresponding target of
Sng 9sMng 50, or SngosFeq 05O, was obtained. In order to
obtain better crystalline quality, double-side polished c-sap-
phire wafers were used as the substrates. The substrates were
rigorously cleaned in pure ethanol with an ultrasonic bath
and were rinsed several times by de-ionized water before the
deposition. Finally, the wafers were dried in a pure nitrogen
stream before the deposition of the films. The PLD growth
chamber was first pumped down to a base pressure of
10~*Pa for the SngosTMy 0sO- films fabrication. The Sng os
TMj 050, films were grown at a substrate temperature of

J. Appl. Phys. 110, 123502 (2011)

about 450 °C and deposited in vacuum (~10~*Pa) or in O,
ambient at total pressures of 10_2, 10_1, and 1Pa without
any buffer gas, respectively. A Q-switched pulse yttrium alu-
minum garnet (Nd:YAG) laser with the wavelength of
532nm and duration of 5Sns, which works at the repetition
rate of 10 Hz and an energy of 40 mJ/pulse, was used for the
target ablation. The films were grown immediately after the
target was preablated. The distance between the target and
substrate was kept at 3 cm and the deposition time was set to
about 30min. Then during the post-annealing process, the
substrate temperature of the films was maintained at 900 °C
in air atmosphere for 30 min.

B. Sample characterizations

The crystalline structures of the SnposTMg 5O, (TM:
Mn or Fe) films on c-sapphire substrates were analyzed by
x-ray diffraction (XRD) using Cu Ko radiation (D/MAX-
2550V, Rigaku Co.). In the XRD measurement, a vertical
goniometer (Model RINT2000) and continuous scanning
mode (0-20) were selected with a scanning rate of 10°/min
and interval of 0.02°. The surface and cross-sectional micro-
structures of the films were studied by scanning electron mi-
croscopy (SEM). The x-ray photoelectron spectroscopic
(XPS) experiments were carried out on a RBD upgraded
PHI-5000C ESCA system (Perkin Elmer) with Mg Ko radia-
tion (hv =1253.6eV). Because the sapphire substrate is not
transparent in the IR region, the near-normal incident (~10°)
reflectance spectra were collected over the frequency range
from 200 to 1200cm ™' using a Fourier transform infrared
spectrometer (Bruker Vertex 80V). Gold and aluminum mir-
rors, whose absolute reflectances were measured, were taken
as the references for the spectra in the high and low fre-
quency regions, respectively. The spectral transmittance
experiments were carried out with a double beam spectro-
photometer (PerkinElmer Lambda 950) from 190 to 2650 nm
(0.47-6.5eV) with a spectral resolution of 2nm. The PL
spectra were recorded by a Jobin-Yvon LabRAM HR 800
ultraviolet spectrometer with a He-Cd laser as the excited
light, which is operated at the wavelength of 325nm
(3.82¢eV). Note that the experiments were carried out at
room temperature and no smoothing was performed.

lll. RESULTS AND DISCUSSIONS
A. Structural and morphology analysis

The XRD characterization of the SngygsTMg 50, films
with different P, reveals the tetragonal rutile structure of
SnO,, as shown in Fig. 1. The peaks suggest that the films are
polycrystalline. With increasing the P, values, the intensity of
(110) diffraction peak for the SnyosMngosO, film increases
but that for the SngosFeg 05O, film decreases until the pres-
sure reaches 10~ Pa. Moreover, there are the (110) preferred
orientation under the maximum P, value of 1 Pa, while the in-
tensity of (101) diffraction peak becomes compared to that of
(110) diffraction peak under the low P, in the present work. It
is necessary to point out that the peak at Bragg angle of about
18.4° can be observed for the Sngg9sMng 5O, films with the
P, of 1072 and 10™' Pa, identified as the (001) diffraction
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FIG. 1. (Color online) The XRD patterns of the Sn 9sTMg 5O, (TM: Mn or
Fe) films with different oxygen pressure. The diffraction peak at about 18.4°
in the Sng9sMng 5O, films with the oxygen pressure of 1072 and 10~ ' Pa,
ascribed to the tetragonal phase of SnO, is remarked by label (*). The inset
shows the variation of the a-axis lattice constants evaluated from the diffrac-
tion peak (110) as the oxygen pressure.

peak for the tetragonal phase of SnO (remarked with *). How-
ever, the additional peak cannot be found for the Sngos
Fey 050, films. The a-axis lattice constant in the inset of
Fig. 1, determined using the (110) diffraction peak, shows a
different variation trend with the P, for the Mn and Fe doping
films, respectively. The deviation indicates the different crys-
talline formation with the varied P, because of the dopant
contributions. Moreover, the average values of the g-axis lat-
tice constant are estimated to be about 4.68 A and 4.67 A for
the SnpgsMngosO, and SngosFeposO, films, respectively.
Both of them are much smaller than those reported SnO, with
doped by 5% Mn (4.72A) or Fe (473 A and 4.79 A) using
other preparation methods,'*'> which can be ascribed to dif-
ferent deposition technique, crystallinity, and lattice mis-
match with the substrate. According to the Scherrer equation,
the average crystallite sizes of the Sngg¢sMngosO, and
SngosFeg 05O, films are about 14 and 12nm, respectively.
During the PLD process with the varied P,, the oxygen con-
tent in all samples can be considered to be changed and the
remarkable discrepancy of above structure parameters for the
Sng95sTMg 0505 films could be related to the P, effect and its
interaction with the dopants.

Fig. 2 presents the surface and cross-sectional SEM
images from the Sng osTMg 05O, films deposited under the P,
of 107! Pa. Note that both the samples present the uniform
granular structures on the sapphire substrates. Nevertheless,
the Sng 95 Fep 050, film seems to contain a rough surface and
dense topography. Also, the films with the Fe doping are of
the distinct interface between the film and substrate, as com-
pared to those from the Sng 9sMng 95O, films. The results sug-
gest that different doping elements could directly affect the
crystalline structure and surface morphology of the films.
From the cross-sectional SEM image, the thickness of the
selected films is evaluated to about several tens of nano-
meters, which is similar to the values obtained in fitting pro-
cess. Therefore, it can be concluded that the presence of Fe or
Mn could provide a strong relation to the oxygen level and a
different perturbation in the structures for the Sng 9sTMq 050,
films, which is further supported by the following analysis.

J. Appl. Phys. 110, 123502 (2011)

(®)

Fe-SnO,
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FIG. 2. (a) and (b) Surface and (c) and (d) cross-sectional SEM images of
the Mn and Fe doped SnO, films grown under oxygen pressure of 10! Pa,
respectively. Note that the given scales in the pictures (b) and (d) are 1 um
and 500 nm, respectively.

B. XPS of the sno_95TMo_0502 films

Elemental composition and chemical states of the
Sng.95sTMg 05O, films were studied by XPS measurements.
The survey spectra for all films indicate that only C s, Sn
3d, O 1s, and TM 2p related core levels can be detectable.
The C 1s peak at 284.6¢eV is used as an internal standard,
and the other spectra are calibrated with the C 1s peak to cor-
rect the binding energy position. For example, high resolu-
tion spectra of Sn 3d and TM 2p for the films grown under
the P, of 10" Pa are shown in Fig. 3, and the given atomic
percentages of Mn and Fe are 5.66% and 4.95%, respec-
tively. The peaks at binding energies of 486.6/486.4eV (Sn
3ds),) and 495/494.8 eV (Sn 3ds),) for the Mn/Fe doped film
with a spin-orbit splitting of 8.4eV can be observed in Fig.
3(a), which is in good agreement with the findings for the
Sn** bound to oxygen in the matrix.” In addition, all values
of Sn 3d for the Sng 95TM( 50, films (see Table I) are close

. . — 488
@ == -Sn MO [—sn ) Mn OSn3d, (@)
Sn3d Sny, Fe, 0, —=—Sn, Fe 0,-Sn3d,,
R N Sn3d,, B 7487
1] \\ s N
\
AN -~ F 1486
1 1 | L 1 L 1 L
-3 -1
7 e BT
= (® L
s _.\./I\. {654 g
-5-2 = - Mn 2pI/Z = g
= —.\*.M/“zi/z_’. {643 =
172} "5
§ 1 I Mln P, C. 1 . 1 . 1642 E
= 640 648 656 10° 10"
. - ; .
© R Fein”:. 0] 724
- —A— Satellite peak =720
W Exp == ~—@—Fe 2p3/z =
Fe 2pI »
Satellite peak| [~ 1714
| |F62p3/2 | —”—l’_’\H— 711
712 720 728 10° 10"
Binding energy (eV) Oxygen pressure, P_(Pa)

FIG. 3. (Color online) XPS spectra of the (a) Sn 3d, (b) Mn 2p, and (c) Fe
2p regions for the SngosTMg 50, films prepared with oxygen pressure of
10" Pa. (d), (e), and (f) Oxygen pressure dependence of the corresponding
binding energy positions.
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TABLE 1. Comparison of binding energies from Sn 3d, O 1s, and TM 2p for various oxygen pressures in the SngosTM 050, (TM: Mn or Fe) films and the
peak positions of photoluminescence spectra are determined from the Gaussian fitting.

Sn3d Ols T™ 2p PL

P, 3ds)» 3d3p o1 02 2psp 2pip Satellite peak Prv_1 Prv_a Prv—s
Samples (Pa) V) V) V) V) V) V) V) V) V) V)
Ay 1074 487 495.4 530.8 532.1 642.9 654.5 — 1.956 2.277 1.551
Buyn 1072 486.4 495 530.2 531.5 642.3 653.9 — 1.896 2.271 1.548
Can 107! 486.6 495 530.2 531.5 642.5 654.2 — 1.864 2.239 1.539
Dy 1 486.2 494.8 530.2 531.6 642.6 654 — 1.903 2.267 1.565
Are 107* 486.4 494.8 530.4 526.5 711.6 725.7 715.8 1.786 2.078 2.997
Bre 1072 486.6 495 529.9 528 711.9 726.3 716.2 1.942 2.233 2.877
Cre 107! 486.4 494.8 530.5 527 711.5 725.2 715.5 1.942 2.269 2.855
Dre 1 486 494.6 530 528.2 711.7 — 715.9 1.875 2.232 2.953
to the reported data,'®'® indicating that the effective oxygen sensitivity.?” Based on the experimental and fitted XPS peak

pressure during the growth does not change the valence state
of Sn*" in the TM doping SnO, films. This phenomena have
also been found in the literatures.”'” It is known that oxygen
vacancy creates a charge imbalance, so there is a possibility
to generate Sn”>". However, the amount of Sn*" ions is very
small compared with that of Sn** and below the detection li-
mitation of the instrument. Because the Sn 3ds,, peak exhib-
its only one symmetric lineshape without any shoulder, and
the observed peaks in the XRD pattern have been mostly
indexed with the rutile-type tetragonal structure of SnO,.
From the above views, even though the samples were grown
under different oxygen pressure, the chemical state of Sn*"
in the Sng 95sTMy 50, films was still predominant.

The deconvolution of the O 1s XPS spectra for the
Sng.95TMg 05O films are fitted by two components and the
complicated results are provided in Table I and Fig. 4. One
of the O 1s peaks (remarked O1) located at 530eV for all
samples is ascribed to the lattice oxygen of the O-Sn*"
bonds.'” While the higher binding energy peak in O 1s for
the SngposMng osO, films reveals the presence of the chemi-
sorbed O-containing species.”***! The relatively high inten-
sity of the “Oper,”” component is due to the very high surface

Sn,, Mn, O Sn,,Fe O

0.05 "2

0.05 "2

Intensity (arb. units)

525 530 535 525 530 535
Binding energy (eV)

FIG. 4. (Color online) O 1s reference spectra of the Sng 9sMng 05O, (left) and
Sng.o5Fe 050, (right) films as a function of oxygen pressure, respectively.

areas and their sensitivity factors, we quantificationally
obtained a relative atomic concentration ratio O1:(Sn + Mn)
of 1.93 for the SngosMng osO» with the P, = 10~* Pa. More-
over, there is one marginal shoulder at about 527eV from
the O 1s signals for the SnggsFeq 5O, films. It is probably
formed by the iron oxides, as previously described by
Yamashita and Hayes.?? On the other hand, the Mn 2ps), and
Mn 2p;, peaks centered around 642.5 and 654eV for the
Sng 9sMng 05O, samples were the characteristics of Mn*t 1618
In the case of the Fe doped films, the Fe 2p region is divided
into the Fe 2p;, peak at 726eV and Fe 2p;, peak at
711.5eV, corresponding to the Fe*" feature. Furthermore,
the Fe 2ps,, peak has associated satellite peaks at 715.8 eV,
which is clearly distinguishable from Fig. 3(c). The presence
of the satellite peak may be due to the existence of Fe*" %>
Then the Fe element seems to behave as mixed valences of
Fe®" and Fe’ " situated in the tetragonal Sng 9sFe( 50, films.
However, Grosvenor et al. reported that a peak with a bind-
ing energy of about 715 eV has been found in the XPS spec-
tra of Fe»03.> The exact assignment of the peak is still an
unresolved issue for the Fe doped SnO, material. Interest-
ingly, the core level peaks of Sn 3d and TM 2p in the
Sng.osMng 95O, and Sng osFe 05O, films show a slight shift
with the varied oxygen pressure and the contrasted changes
could be observed under the low oxygen pressure region,
which is induced by the doping behaviors. It again indicates
the difference in the atomic environment surrounding incor-
porated TM ions, as seen in the XRD patterns. Note that all
binding energy positions of the elements for the
Sng 9sTMg 0505 films are summarized in Table 1.

C. IR reflectance from the Sng g5TMg 50 films

In order to further clarify the influence of P, on struc-
tural properties, IR reflectance spectra for the Sngo9sTM o5
O, films were measured. Compared to the sapphire substrate,
the spectrum of the Sng osMng 05O, film with P,=10"' Pa in
Fig. 5(a) indicates that the three intense peaks at about 248,
289, and 601 cm ™! can be assigned to the E,, transverse opti-
cal (TO) phonon modes,'? which are correlated to the vertical
displacements of Sn and O ions.*** The A,, phonon mode
appears in the small band region of 450-500cm ', The lat-
tice vibrations and optical functions of the SngosTMg 50,
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FIG. 5. (Color online) (a) Experimental infrared reflectance spectrum (dot-
ted line) and the best-fit result (solid line) of the Sng9sMng 05O, film grown
under 10~' Pa. The phonon modes can be clearly assigned by the dashed
lines. (b) and (c) An enlarged frequency region of 550-650cm ™" from the
experimental reflectance spectra for the SnggsTMgosO, (TM: Mn or Fe)
films. (d) and (e) The doping effects on the optical functions of the
Sng.9sTM,050> films deposited under the oxygen pressure of 10~ Pa. The
horizontal coordinate is the logarithmic unit to emphasize the lattice vibra-
tion region. (f) The corresponding variations with the oxygen pressure for
the highest frequency E, (TO) phonon modes.

films in the frequency range of 200-1200cm™' can be
expressed using the Lorentz multi-oscillator model,
4 S 2
- kD70 &
e(w) = e s . 1
(o) R+ ; w%O,k R (D

Here, ¢ 1r» St @104 I't, and o represent, in order, the high
frequency dielectric constant, TO phonon strength, TO pho-
non frequency, the damping parameter of the TO phonon,
and the frequency of the incident infrared light, respectively.
A detailed theoretical consideration of the films can be found
in Ref. 26. The former four fitting parameters (e v, Sk
wro.1 1'x) could be obtained from the fitting calculation and
those values with the P, are listed in Table II. As can be
seen, the low E, (TO) phonon frequencies are not strikingly
changed corresponding to the P, However, the distinct devi-
ations can be observed in the highest £, (TO) vibration
modes for the SnposTMgsO, systems, as exhibited in
the panels (b), (c), and (f) of Fig. 5. With increasing the P,,
the highest frequency E, (TO) phonon mode for the

J. Appl. Phys. 110, 123502 (2011)

Sng95TMg 05O, films shifts toward different frequency sides
due to the doping elements and oxygen level, which can
together contribute to the phonon characteristics. It should be
emphasized that the optical functions of the SnggsTMg 50,
films can be uniquely determined by fitting the function model
to the experimental data in the IR frequency region. For com-
parison, Fig. 5(d) and 5(e) display the variations of the refrac-
tive index n and extinction coefficient x for the Sng 95TMg 050,
samples deposited under the P, of 10~ ' Pa, respectively. The
strengths of the low E,, (TO) frequencies in the Sng 9sFeg 05O,
film are stronger than those of the Sng 9sMny (5O, sample at the
special pressure, suggesting that the Fe/Mn doping could dif-
ferently affect the x-y plane movements and bond strength of
Sn and O ions in SnO, system.? The behavior is a result of the
doping effects on the crystalline and local lattice distortions,
which was confirmed by the XRD measurements.

D. Transmittance properties of the Sng g5TMg 0502
films

Optical characterization of the Sng 9sTMg 50, films was
performed over the UV-NIR photon energy range by meas-
uring the transmittance of the films. Both SngygsMng 5O,
and Sng 9sFe( 5O, films exhibit the excellent transparency
with spectral transmittance of about 80% in a NIR-visible
wavelength region, as shown in the inset of Fig. 6. There are
few interference oscillation periods in the transparent region
due to the finite film thickness. Extrapolation from the linear
parts of the transmission spectra in the strong absorption
region yields the fundamental absorption edge, which was
determined to be near 4eV for the films. Besides a minor
change in the transmittance lineshape due to the effects of P,
for the SngpogsMngosO, films, it can be also seen that the
Sng 9sFe 050, films have some sharp shoulders around the
photon energy region of 2—4 eV since the 3d electrons form
an impurity band in the forbidden band gap from the crystal
field transition. It was reported that diffuse reflectance spec-
troscopy of Fe and Mn doped ZnO showed the existence of
additional absorption bands, which were explained by the
impurity d-band splitting model.*” Furthermore, based on the
first principle calculations, there are not only Fe-d states but
also the oxygen 2p states staying at the Fermi level, induced
by the Fe doping. It suggests the strong p-d coupling and
hopping in Fe doped SnO, films. However, the phenomena

TABLE II. The Lorentz multi-oscillator parameter values for the Sng 9sTMg 05O, (TM: Mn or Fe) films with the varied oxygen pressure are extracted from the
best fitting to infrared reflectance spectra in Fig. 5.

E, E, E, Agy
P, 70,1 r w102 I, 0703 I3 07104 Iy
Samples (Pa) £00.1R S (em™h (ecm™h S, (em™h (em™h S3 (cm™h) (em™h S4 (cm™h (cm™h)
Anin 107 4.19 0.79 246 791 0.15 288 5.15 0.60 604 49.3 0.80 466 56.1
Buyn 1072 4.29 0.78 247 8.66 0.15 288 5.56 0.72 601 53.5 0.70 468 53.3
CwMn 107! 4.33 0.79 248 11.6 0.18 289 7.54 0.57 601 49.1 0.78 471 53.8
Dwn 1 4.40 1.55 249 18.4 0.64 290 16.5 0.63 599 50.6 0.95 473 53.0
Are 107 4.11 0.55 246 6.99 0.11 288 4.36 1.14 591 73.1 0.87 457 47.2
Bre 1072 4.19 1.02 246 11.3 0.41 288 11.0 0.36 604 39.9 0.78 467 57.3
Cre 107! 4.32 1.14 245 8.67 0.38 288 8.39 0.57 605 43.8 0.85 464 55.7
Dre 1 4.59 1.36 248 13.7 0.40 288 11.3 0.29 602 27.3 0.98 473 51.7
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FIG. 6. (Color online) Experimental (dotted lines) and best-fit (solid lines)
transmittance spectra taken from the SngosTMg 05O, (TM: Mn or Fe) films
with the oxygen pressure of 10~ Pa. For clarity, the insets exhibit all experi-
mental transmittance spectra of the films deposited under different oxygen
pressure from ultraviolet to near-infrared photon energy region.

are weak in the case of Mn doping and consequently the
shoulder transition related to the hybridization is also insig-
nificant.’ On the other hand, oxygen vacancies play an impor-
tant role in determining optical properties of the materials.
When Fe substitutes Sn in the SnggsFeq 50, films, the octa-
hedral environment may be varied if the oxygen vacancies
are introduced in the first coordination sphere of Fe’.*® It
has been demonstrated that the Fe introduction largely facili-
tates the formation of oxygen vacancies.”” Other data indicate
that oxygen vacancy has a strong tendency to be close to the
Fe ions, but the Mn ions have a small influence on the distri-
bution of oxygen vacancy.” So we attribute the appearance of
those shoulders to the correlation between oxygen vacancies
and dopant in the films, particularly the effects from the Fe
contribution because of the distinct phenomenon in the
SngosFep 05O, films under the identical condition. It is evi-
dent that the different TM ions, together with the varied P,
have a great influence on the oxygen vacancy distribution and
then further result in different optical response behaviors.

Generally, the reliability of the fitting method mainly
depends on the validity of the dielectric function model. It is
a challenge to choose the most suitable model for material
and the spectral range studied. There are some well-known
dispersion functions, which are derived from the band pa-
rameters and can be used to express the optical response
behavior.*® Among them, the Tauc-Lorentz (TL) model is an
available approach to describe the dielectric response of
wide band gap materials in the NIR to UV range including
the exciton effects. Moreover, the positions of electronic
transitions can be accurately determined by the TL model,
which are helpful to understand the absorption processes.
The TL model can be derived from the Tauc joint density of
states (DOS) and the standard quantum mechanical or Lor-
entz calculation for &, (imaginary part of dielectric function)
of a collection of non-interacting atoms.>" If the multiplied
transitions are considered, ¢, is written as

0, E<E,
AE(C(E — E.)* 1
(E? — E2)* + C2E2E’

&(E) = (2a)

E>E,’

J. Appl. Phys. 110, 123502 (2011)

The real part of the dielectric function ¢; is given by
Kramers-Kronig integration,

(E) = v+ 2 | %“E)zdé. (2b)

Equation (2) depends on the following five parameters: the
parameters A, Ey, C correspond to the amplitude, the peak
transition energy, and the broadening for the electronic tran-
sitions, respectively. The parameter E, is the band gap
energy and &, yy is the high-frequency dielectric constant.
The above TL dielectric function model has been success-
fully applied in many semiconductor and dielectric materials
from the transparent to strong absorption region.*>=> It
should be pointed out that the effect of the surface rough
layer, whose value is much less than the film thickness, can
be neglected in the evolution of the optical properties for the
SngosTMg 05O, films. Because relatively big light spot
(about 4 mm in diameter) and vertical incident accessory are
used in the present experiments, the transmittance spectra
cannot be sensitive to the porous surface layer. Therefore, a
three-phase layered structure (air/film/substrate) and the TL
dielectric model were used to calculate the UV-NIR trans-
mittance spectra of the Sng 9sTMg 95O, films.

The experimental transmittance curves and fitting data
with the TL model for the Sng 9sTMg 05O, films grown under
the P, of 10~ ' Pa are presented in the Fig. 6. Note that two
TL dispersion functions are used for the Sng9sMng 05O, and
four TL dispersion functions are necessary for the
Sng 9sFe( 050, films due to the distinguished shoulder struc-
tures. It reveals that more than one single type of electronic
transitions dominate the optical absorption for the films,*
and the Fe introduction can cause the shoulder patterns to
become much stronger. The TL parameters obtained from
the fitting are summarized in Table III. It can be seen that the
€-0,uv 1s smaller than the ¢, r because the physical parame-
ter accounts for the so-called high-frequency limit. Neverthe-
less, the values of both ¢, yv and &, g are well located in a
reasonable magnitude region, as compared with some typical
wide band gap semiconductors and insulators. Correspond-
ingly, it indicates that the contributions from the high energy
electronic transition for the films in the IR region are remark-
able compared with that in the UV-NIR region. As an exam-
ple, the optical functions for the SngosTMgosO, films
deposited under the P, of 10" Pa are plotted in the left panel
of Fig. 7, showing a normal dispersion in both Fe and Mn
doped films. It is found that, at any pressure of the present
work, the n for the Sng 9sMng (5O, films is larger than that of
the SngosFeg 050, films in mostly all studied photon energy
region of 0.47-6.5eV (not shown). Moreover, at the limited
energy of 0.47eV, the n values approximately vary from
2.07 to 2.10 and from 1.88 to 2 corresponding to different P,
for the Sng 9sMng 5O, and Sng osFeq 05O, films, respectively.
The deviation implies that the optical functions of the
Sng95TMg 05O, films are very sensitive to the experimental
oxygen level and doping effects, which could induce the cor-
responding crystalline and band structure change. From the
right panel of Fig. 7, the Ey, transition in the Sng ¢sMng ¢sO-
films decreases with increasing P, and approaches the
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TABLE III. The Tauc-Lorentz’s parameter values for the Sng.9sTMg 050> (TM: Mn or Fe) films are determined from the simulation to ultraviolet-near-infrared

transmittance spectra in Fig. 6.

TL, TL, TL; TL,

Pn Thickness Al Em Cl Eg| Az Eoz CZ Egz A3 E03 C3 Eg3 A4 E04 C4 Eg4
Samples  (Pa) (nm) eouy  (€V) (V) (eV) (V) (V) (V) (V) (V) (V) (V) (V) (V) (V) (V) (V) (eV)
Ann 1074 75 275 50.6 2249 3.18 257 148 3968 4.06 337 — — — — — — — —
By 1072 76 2.59 56.0 2219 3.14 252 145 4.054 374 3.69 — — — — — — — —
Cwvn 107! 78 2.54 519 2200 3.11 250 117 4514 434 3.63 — — — — — — — —
Dwn 1 90 275 27.6 2261 320 226 128 4327 367 3.65 — — — — — — — —
Afre 107* 93 2.03 37.7 1.838 045 212 597 2014 1.06 258 881 2840 401 340 132 3.102 3.65 3.76
Bge 1072 75 1.88 34,6 1950 0.65 209 632 2246 096 256 126 2778 393 342 111 3.892 397 3.73
Cke 107! 91 222 53.0 2107 027 216 728 2249 0.70 252 116 2974 421 341 136 3456 197 3.81
Drge 1 119 232 273 1902 0.27 214 437 2076 294 261 558 2950 4.17 341 178 3209 454 3.77

minimum at the P, of 10™' Pa, then increases with further
increasing P, But a distinct trend occurs in both Ey; and E(,
for the SnggsFe( 050, films due to the different dopants. As
previously discussed, the varied P, results in the change of
electronic band structures and strongly affects the interband
transition properties of the films. Thus, the optical transmit-
tance of the Fe and Mn doped systems depend on different
TM dopants and varied P, parameters.

E. Oxygen pressure effects on photoluminescence
emissions

To further explore the influence of P, on structures,
defects, and impurities in nanostructures, PL experiments of
the Sng95TMj 050, films were done at room temperature. As
illustrated in Fig. 8, there are some broadening emission
bands between 1 and 3.5eV with the maximum at about
2.2eV, which is close to the reported ones”® and the experi-
mental data for the undoped SnO, films (not shown). It can
be seen that there are three obvious peaks in the spectra of
the films, including the emissions from SnO, and TM contri-
butions, respectively. In order to determine the peak posi-
tions of emissions, a three peak fit of the PL spectra was
carried out by Gaussian curve and the positions with varied

2.5

_ - | Sn,oMn, .0, @ L,
N
_ .
- \ =
\%/ ) 2_.\'\./.
)
5§20 . B S S
= Oxygen pressure, 2
5 yg7 p_‘ R=] -W-E, Sny o5Fe, 050,
2 P =10" (Pa) Z I
E = TE220
'c_‘g = = SnMn, O, o
= Sno 95Feo.osoz g
&§05 2
220
2 2.
m

L 1.8
047 2 4 6

Photon energy (eV)

10* 107 10” 10" 10"
Oxygen pressure, P_(Pa)

1

FIG. 7. (Color online) The left panel shows the refractive index n and the
extinction coefficient x for the Sng9sTMg 05O, (TM: Mn or Fe) films grown
under the oxygen pressure of 10~ Pa. The right panel shows the variation
trends of the electronic transition energies from the Tauc-Lorentz’s parame-
ters with the oxygen pressure.

P, were listed in Table I. As a comparison between the pure
SnO, and Sngo5TM( 050, systems, besides the main peaks
(Ptm_1 and Pry_5) characterized by a broadening feature
around 2.2 eV with a small emission shoulder at 1.9 eV, there
is a sharp peak (Pyi,_3) centered at near 1.5eV owing to the
Mn introduction in the Sng9sMng 05O, films.*® Moreover, for
the pure SnO, and Snj 95sMng 05O, films, the behavior that in-
tensity reduction with increasing the oxygen pressure of the
main peaks could be due to the similar P, effect on the PL
mechanism. Although the Mn composition is kept as a con-
stant, the position and intensity of the Py;,_3 are quite sensi-
tive to the P, It indicates that the variations are a result of
different P, values, which affects the d electronic configura-
tion induced by the Mn doping. It is widely believed that PL
emission band centered in the range of 580-630 nm (2.14-
1.97eV) for SnO, nanostructures are derived from oxygen
vacancy centers or surface states (e.g., tin vacancies/intersti-
tials).!'*® But the exact mechanism of these bands is still
controversial.

Sn0.95Mn0.502

PL intensity (arb. units)

1.5

20 25 30 15 20 25 30

Photon energy (eV)

FIG. 8. (Color online) A three peak fitting of the photoluminescence spectra
for the Sng9sTMg 50, (TM: Mn or Fe) films grown under different oxygen
pressure. Note that some spectral lineshapes are enlarged by several times
for a comparison.
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In the present case, a possible explanation for the Pty
and Pty of both pure SnO, and Sng 95sTM( 50, films is that
the electrons in the conduction band first relax nonradiatively
to the defect states and then radiatively recombine with the
holes in the valence band of SnO,, as argued in the SnO,/p-Si
heterojunctions.®” The conclusion has been confirmed by PL
spectra using different excitations (325 and 488 nm) for SnO,
nanowires.® The mechanism of above emissions should be
associated with the defects, which act as trapped states within
the band gap of SnO,. There are various types of the defects,
such as oxygen vacancies, tin vacancies, or tin interstitials,
which give rise to different trapped states and contribute to
the emission bands discussed above. Most commonly the oxy-
gen vacancies exist with three different states (VO, V", V).
The Vg center as very shallow donor, is very close to the con-
duction band edge and can capture electrons then form ion-
ized vacancies.®*®* The presence of V" has been reported
and confirmed by electron paramagnetic resonance study on
SnOz.38 It is expected that the Pty ; or Py emission
occurs due to the V;L acceptor state. The Py, may be due to
the presence of isolated VO+ centers, which lies in a higher
energy in the band gap than the complex VI centers produc-
ing the Py emission.® Additionally, the Pg._3 around
2.9 eV for the Sng gsFe( 0505 films can be assumed to the con-
duction band-acceptor or donor-acceptor transitions owing to
the formation of V™ luminescent center.**® On the other
hand, the oxygen vacancies interact with interfacial tin vacan-
cies and lead to a considerable amount of trapped states within
the band gap, then result in the PL emission signal.'' Zhang et
al. reported that the strong emission at 554nm (2.2eV) was
likely related to the oxygen vacancy and the shoulder at
625 nm (1.98 eV) may be related to tin interstitials.” One also
suggested that the observed peak at 2.1 eV is from the unoccu-
pied electron states in the dangling bonds at the surface of
SnO, crystals.*® These mentioned defect states are complex
and can be influenced by the growth conditions.

The dependence of the corresponding intensity and
emission peak positions on the parameter P, is presented in
Flg 9 for the Sn0.95Mn0_0502 and Sl’l()'gsFe().()st ﬁlms,
respectively. The intensity at the Py, emission decreases
as increasing P,, then the minimum is obtained for the P, of
107" Pa in the Sng.osMng 5O, films, showing a remarkable
response to oxygen level. In contrast, there is an opposite
trend below and above the P, of 10~'Pa for the Sngos
Fe.050, films. As we know, the oxygen vacancies can be
present for the oxide materials during the PLD process. Sup-
posed that the lower P, means less oxygen content, then a
large amount of oxygen vacancies are supplied by the sur-
rounding oxygen. Therefore, the intensity of the peak, which
is related to oxygen vacancies acted as the defect states,
decreases with increasing P, The similar situation can be
seen in Fig. 9 for the Sngy9sMng 95O, films until the pressure
reaches 10! Pa. Further evidence on the relation between
oxygen vacancies and intensity of the peak emission for
SnO, nanostructures deposited at different oxygen flow rate
has been found.’ It could be concluded that the less oxygen
vacancies in the crystal can result in a weaker peak intensity,
which again confirms the above emission mechanism. How-
ever, a different sign of the intensity in the SngosFeg 050,

J. Appl. Phys. 110, 123502 (2011)
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FIG. 9. (Color online) The oxygen pressure dependence of photolumines-
cence intensities and peak positions for the SngosTM 050, (TM: Mn or Fe)
films. It indicates that there are different variation trends for Mn or Fe doped
SnO, materials with the oxygen pressure.

films may be explained by the fact that increasing oxygen
vacancies, whose formation would be facilitated by the Fe
presence,”’ cause the enhancement of relative intensity for
Pg._». Furthermore, the doping elements result in different
structure evolution, which is indicated by XRD and IR re-
flectance measurements, and also could greatly affect the lu-
minescence properties. From those views, the incorporation
of Fe ion can be assumed as the dominant factor in the differ-
ent PL. phenomenon. So the effects, resulting from the Fe
dopant and increased oxygen vacancies, together lead to the
different optical activity for the Sng gsFeq o50, films.

Note that the positions of Pry_; and Pty for the
Sng95TMg 05O, films shift with increasing P, and the corre-
sponding trends coincide with those of PL intensities and Eq,
electronic transitions presented previously. Moreover, an
interesting comparison can be made that these positions
closely match the values of Ey; and Eq, transition energies
determined from the TL model calculation, where the varia-
tions with the P, values have the same inflection point. It
indicates that the varied P, not only modify the oxygen va-
cancy but also affect energy level of the TM ions, which are
located in the band gap of SnO,. Therefore, one may suggest
that the variation trends of electronic and optical properties
with the P, for the Sngo9sMng 5O, and SnggsFeq 050, sys-
tems could be different. It was reported that the absorption
edge of SnO, has been assigned to interband transitions from
the valence band edge with O 2p orbitals to the conduction
band edge with Sn 5s orbitals.*"**?> In TM (Fe or Mn) doped
rutile SnO,, O ions around TM ions form an octahedral crys-
tal field, splitting 3d orbitals into lower t,, states and upper
e, states. From previously discussed, strong p-d hybridiza-
tion in the SngosFeq 050, films has been found, showing not
only d states but also the oxygen 2p states staying at the
Fermi level. However, they are weak in the Mn doped case.’
In addition, the interband electronic transitions are related to
the ability of electrons located in bands below the Fermi
level to be excited to unoccupied levels above it, and their
intensity is proportional to the density of states.*’ Based on
the first principle calculations, the DOS at the Fermi level is
mainly derived from the O 2p states and only less than half
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of the total states were contributed by Fe 3d states for
Fe(.1255n g750,. It indicates that the strong p-d hybridization
exist when the 3d electrons form an impurity induced by Fe,
which is essential to mediate the exchange interaction
between the doped TM ions.** Furthermore, Fe-O-Fe groups
are common in the Sng ¢sFeq 05O, system, but are not easily
formed in the SngosMngosO, film. Such special Fe-O-Fe
bond and its distortion are expected to originate from the
strong p-d hybridization and the smaller substitutional Fe ion
radius (0.65A) compared with the Sn** (0.72 A).!%** In
addition, it should be also noted that the ionic radius of
Mn** (0.53 A) is even smaller than that of Sn**.'® Thus, the
different doping elements could intensely affect the elec-
tronic band structure of the SnO, matrix. Also, the P, varia-
tion can affect oxygen content in the oxide films, then affect
the O 2p and Fe/Mn 3d orbital distributions, which will
induce the t,, and e, states located at different level in the
energy space. It further results in different spectral response
behavior with the doping in the varied P, region due to the
mutual interaction between TM ion and O levels. Hence, it
could be understood that the electronic band and optical
properties for the SngogsTMg 5O, films strongly correlate
with the energy levels of dopants in the SnO, lattice, the d
electronic configuration, and the distribution of oxygen va-
cancy derived from the P,

IV. CONCLUSION

To summarize, the oxygen pressure effects on the elec-
tronic band structures and optical properties of the
Sng.9sTMg 050, (TM: Mn or Fe) films have been determined
by comprehensive characterizations. XRD analysis shows
that the films are of the rutile structure and the variant P,
dependence of the structure parameters is due to the Mn or
Fe elements contributions. The core level peaks of the
Sng9sTMg 0505 films from the XPS spectra indicate the dif-
ference in the atomic environment surrounding incorporated
TM ions. The shoulder features in transmittance spectra can
be observed, especially for the Sng osFeq 05O, film, which can
be attributed to the stronger p-d hybridization induced by the
Fe doping. There are the distinct trends in the transition ener-
gies with the P, for the SngosMngsO, and SnggsFeg 05O,
films owing to different correlation between TM ion and O
level. Moreover, from the PL spectra, two main peaks for the
films are ascribed to the defect states acted as trapping centers
in the band gap. The PL intensities and positions have the
corresponding change patterns with the diverse P, values.
This is because varied oxygen contents, different dopants,
and the strong mutual interaction could induce the adjustment
in the electronic band structure of the host oxide and contrib-
ute to PL emissions. The present results show the important
roles of oxygen pressure and dopants in modifying optical
properties and luminescence experiments for the Sngos
TMj 050, films at low temperatures are necessary in next
work to further clarify the physical behavior.
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