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Optical properties of metal �Al, Ag, Sb, and Sn�-ion-implanted ZnO films have been studied by
ultraviolet-visible spectroscopy and spectroscopic ellipsometric techniques. The effects of metal-ion
doping on the optical band gap �Eg�, refractive index �n�, and extinction coefficient �k� of
nanocrystalline ZnO films have been studied for the similar implantation dose of all the metal ions.
The ellipsometric spectra of the ion-implanted samples could be well described by considering an
air/roughness/ZnO–M �layer 1�/ZnO �layer 2�/glass model. The band gap of ZnO films increases
with Al ion doping and decreases with doping of Ag, Sb, and Sn ions. The refractive index of ZnO
films in the visible spectral region increases substantially on Sb and Sn ion doping, while it
decreases to some extent with Al ion doping. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2158503�
I. INTRODUCTION

With a wide direct band gap �3.37 eV at room tempera-
ture� and high exciton binding energy �60 meV�, ZnO is one
of the most promising oxide semiconductors with applica-
tions in light-emitting devices,1,2 window materials in solar
cells, display devices,3,4 high-temperature, high-power
transistors,5 and gas sensing.6,7 Its piezoelectric properties
are being explored for fabricating various pressure transduc-
ers and acoustic wave and optoacoustic devices.8,9 However,
the possibility of practical application of any semiconductor
lies on the effective manipulation of its physical properties.
An effective method for manipulating the physical properties
of semiconductors involves impurity doping. Considerable
work has been reported on the doping of ZnO with several
dopants to tailor its electrical and optical properties. While
the doping of different metals was successful for controlling
the electrical properties of ZnO in thin films10–12 and bulk
forms13,14 and has been widely reported, there are no reports
of systematic studies of the optical properties of metal-doped
ZnO, either in bulk or in thin-film forms.15,16

In the present work, we report on the optical properties
of ZnO thin films doped with Al, Ag, Sb, and Sn by low-
energy ion implantation. Utilizing ultraviolet-visible �UV-
Vis� optical absorption and spectroscopic ellipsometry tech-
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niques, the optical constants of the ZnO thin films doped
with different metals of similar contents were determined.
The effects of metal-ion implantation on the morphology and
crystallinity of the ZnO films have been studied by scanning
electron microscopy �SEM� and x-ray-diffraction �XRD�
techniques.

II. EXPERIMENT

ZnO thin films were deposited by radio frequency �rf�
magnetron sputtering on microscopic glass substrates at
room temperature. A ZnO target �99.9%� of 150 mm diam-
eter was sputtered at 20 mTorr argon pressure and 250 W rf
power for 40 min at a substrate to a target distance of 13 cm.
The substrates were biased with −50 V during deposition.
The thickness of the ZnO films was measured with an alpha-
step profilometer. Ion implantation was carried out by using
a metal vapor vacuum arc �MEVVA� ion source, a high-
current device, which can readily produce ion-beam currents
of several hundreds of milliampere on target. Using Ag, Al,
Sn, and Sb ��99.9% purity� rods as targets, the implantation
of metal ions into ZnO films were performed after 2000 con-
ditioning shots at the chamber base pressure of 2
�10−6 mbars and extraction potential of 40 kV. Using a
40 mA beam current, the metal ions of about 1.0
�1016 cm−2 nominal dose were implanted. A Philips XL-
30S scanning electron microscope �SEM� was used for the

morphological observations of the planer and cross-sectional
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views of the implanted and unimplanted samples after gold
coating over them. XRD studies were performed using a
Rigaku/Dmax-2100 x-ray diffractometer equipped with a Cu
anode �Cu K�=0.154 06 nm�. Depth profiling of each
sample was carried out using a dynamic secondary-ion-mass
spectrometry �SIMS� �CAMECA ims-5f� with 133Cs+ as the
primary ion, with a net accelerating voltage of 2.2 kV and a
beam current of 15 nA. A 10 �m diameter area of the
samples was analyzed from the center of a 250�250 �m2

area rastered by the primary ions. To achieve the low inci-
dent energy and minimize matrix effects, secondary ions
were collected as the MCs+ species.17

Spectroscopic ellipsometry �SE� measurements were car-
ried out with a Jobin Yvon Uvisel DH10 system in the spec-
tral range of 1.5 – 5.0 eV. In order to eliminate light reflec-
tion from the back side of the substrate, this side was
sandblasted prior to the SE measurements. For each sample,
data were acquired at three angles of incidence; �=60°, 65°,
and 70°. Also, the reflectance �R� and transmittance �T� mea-
surements at normal incidence were carried out with a
FilmTek 3000 Scientific Computing International Inc. �SCI�
thin-film metrology system in the range of 300–830 nm.

III. RESULTS AND DISCUSSION

A. Structure, morphology, and composition

XRD spectra of all the doped and undoped films �Fig. 1�
revealed an intense �002� and weak �103� diffraction peaks
of wurtzite phase ZnO, indicating that the films were highly
oriented along the c axis. While the surface morphology of
the samples �Fig. 2� revealed the formation of nanometer-
size grains, their cross-sectional views revealed the forma-
tion of columnar structures. To monitor the effect of ion im-
plantation on the crystallinity of the films, the intensity of the
�002� diffraction peak was monitored. The intensity of the
�002� diffraction peak decreased and its full width at half
maximum �FWHM� increased on implanting the metal ions
�see Table I�, indicating a decrease in crystallinity of the
samples. Such a decrease in crystallinity on ion implantation
might be the result of metal-ion doping or ion-beam-induced
damage produced during implantation. Though both the ef-
fects can contribute to the decreased crystallinity of the
samples, from the cross-sectional SEM images of the doped
samples, we could not detect any significant change in their
morphology except some breaking of columnar grains of un-

doped ZnO films on implantation. In fact, such a reduction of
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crystallinity on doping of metals/semiconductors has been
observed even in sputter-deposited composite films.18,19 The
reduction of crystallinity in the samples was further moni-
tored by measuring the average particle size in the samples
from the �002� diffraction peaks using the Scherrer formula:

P = �K��/� cos 	 , �1�

where P is the average crystallite size, � is the wavelength of
the x ray ��=1.5406 Å�, 	 is the diffraction angle, � is the
FWHM, and K is a constant of proportionality usually taken
as equal to unity. The average particle size obtained for the
samples are presented in Table I. The average particle size of
ZnO decreased on metal-ion doping. The ionic radius of Zn
and doped elements in the wurtzite ZnO crystals are ex-
pected to be r�Zn+2�=74 pm, r�Ag+1�=126 pm, r�Al+3�
=50 pm, r�Sb+5�=63 pm, and r�Sn+4�=69 pm. Therefore, a
maximum lattice deformation is expected for Al doping due
to its biggest ionic radius. However, either from the cross-
sectional SEM images or from the values obtained through
the Scherrer formula �Table I�, we could not detect any sys-
tematic change in the average particle size for the doped
samples, which indicates that the lattice deformation or the
size of the crystallites depends not only on the ionic radius of
the doped elements but also on their charge distributions.

SIMS depth profile analysis of the samples revealed dif-
ferent depths of penetration for different metal ions. While

FIG. 2. Typical surface ��a� and �b�� and cross-sectional morphology ��c�
and �d�� of the pure and Al-implanted ZnO samples, respectively. While �a�
and �c� correspond to the surface and cross-sectional SEM images of the
pure ZnO, the micrographs �b� and �d� correspond to the corresponding

FIG. 1. �a� XRD patterns of the un-
doped and ion-implanted ZnO films;
�b� a close view of the �002� diffrac-
tion peak of the doped and undoped
ZnO films showing the variation of
peak intensity and line broadening on
metal-ion doping.
micrographs of Al-implanted ZnO films.
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the Al ions penetrated most, the larger Sb ions penetrated the
least depth. The depth profiles for metal ions in the samples
are presented in Fig. 3. The penetration depth for each of the
ions in the films is listed in Table II.

B. Optical properties

The SE measurements provide the change in the polar-
ization state that an incident light beam with a known polar-
ization state suffers when it is reflected by a surface. This
change is expressed as the ratio between the complex reflec-
tion coefficients for polarization parallel rp and perpendicular
rs to the plane of incidence,20


 =
rp

rs
= tan � exp�i�� . �2�

As shown in Eq. �1�, the spectroscopic measurements are
expressed in terms of the ellipsometric angles � and � as the
functions of the photon energy. Thus, the construction of a
physical model for the coefficients rp and rs allows the de-
termination of several parameters by fitting the calculated
spectra using Eq. �2� with the experimental spectra. In par-
ticular, the optical constants, refractive index �n�, extinction
coefficient �k�, and thicknesses of unknown layers can be
obtained. In the case of anisotropic films, Eq. �2� makes
sense only if the principal axes are in the plane of
incidence.20 This requirement is fulfilled in the present case,
as our x-ray data revealed that the crystallographic c axis is
highly oriented perpendicular to the sample surface.21 Thus,
the ZnO dielectric function has two components: one parallel
��� and another perpendicular ��� to the c axis.22 However,
it has been pointed out that for this configuration �c axis
perpendicular to the sample surface�, the � component con-
tributes relatively little to the SE measurements.23 Therefore,

TABLE I. Parameters obtained for the �002� diffraction lines and calculated
particle size values.

Sample 2	 �degrees�
FWHM

�degrees�
Integrated

area

Average
particle size,

P �nm�

ZnO 34.412 0.4528 2437 20.4
ZnO:Ag 34.449 0.5001 1617 18.5
ZnO:Al 34.413 0.5767 1755 16.0
ZnO:Sb 34.437 0.4933 1590 18.7
ZnO:Sn 34.432 0.5374 1145 17.2

TABLE II. Surface roughness �r�, thickness of the m
band-gap values for the samples obtained from best-
SIMS depth profiles of the samples are included for

Sample
r

�nm�
t1

�nm�

ZnO 15.5 ¯

ZnO–Ag 7.9 51
ZnO–Al 14.1 136
ZnO–Sb 9.8 41
ZnO–Sn 18 45
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the analysis is carried out considering the films as isotropic,
i.e., with an effective optical response.

Figure 4 shows the experimental and best-fit ellipsomet-
ric spectra for the measurements taken at the three angles of
incidence on the undoped ZnO sample. The symbols corre-
spond to experimental data and the lines to the best-fit ellip-
sometric spectra. It can be noted in Fig. 4 that for all the
angles of incidence, psi and delta spectra show interference
oscillations for photon energies lower than about 3.3 eV,
which corresponds to the band-gap energy of ZnO.

The best-fit calculated spectra �Fig. 4� were obtained,
considering an air/roughness/ZnO/glass system, where the
surface roughness was modeled with Bruggeman’s effective
medium approximation,20 comprised of a mixture of 50%-
50% volume fractions for air and ZnO �see Fig. 5�a��. The

FIG. 3. SIMS depth profiles of the metal-ion-implanted ZnO films.

oped �t1� and undoped �t2� ZnO layers, and effective
ipsometric spectra. The t1 values estimated from the
arison.

�

t1

�nm� estimated from
SIMS depth profiles

Eg

�eV�

0.0 3.33
75 3.13
170 3.45
50 2.99
70 3.31
etal-d
fit ell
comp

t2

�nm

277
197
131
203
240
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effective dielectric function of the undoped ZnO film was
represented by a generalized form of the Lorentz harmonic
oscillator expression, patented by SCI, which is consistent
with the Kramers-Kroning relationship.24 In this case, the
optical constants of ZnO were represented, considering the
parameters of two oscillators. The fitting was performed us-
ing simultaneously the measurements at the three angles of
incidence. The optimum values of film thickness and rough-
ness producing the best fit for the experimental spectra are
listed in Table II, while the optical constants obtained for the
films are discussed below.

In Fig. 6, the ellipsometric spectra of metal-doped ZnO
samples obtained for an incident angle of 65° are presented.
There are noticeable differences between the SE data of the
metal-doped �Fig. 6� and undoped samples �Fig. 4� for �
=65°. The differences are most apparent for the samples im-
planted with Ag, Sb, and Sn metal ions, where the interfer-
ence oscillations revealed by the undoped sample are
strongly damped. For instance, the delta spectrum for the
ZnO sample shows a sharp deep minimum and a sharp high
maximum in the 2–3 eV spectral range; while the delta
spectrum of the ZnO–Sb sample shows broad and less in-
tense features in the same spectral range. A similar behavior
can be observed in the spectra of the other metal-implanted
samples. The latter indicates that the metal-implanted
samples have a different optical response.

Considering the points mentioned in the previous para-
graph and taking into account that the implanted metal ions

FIG. 4. Ellipsometric spectra for the undoped ZnO film for different angles
of incidence.

FIG. 5. Layered models used to analyze the ellipsometric spectra: �a� for the

un-doped ZnO sample; �b� for metal-doped ZnO samples.
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did not penetrate throughout the film thickness �as revealed
from the SIMS profiles in Fig. 3�, the optical system consid-
ered to describe the SE data in Fig. 6 comprised of two
layers and a characteristic surface roughness, i.e., an air/
roughness/ZnO–M �layer 1�/ZnO �layer 2�/glass system,
which is represented schematically in Fig. 5�b�. In this
model, the layer underneath the surface corresponds to the
metal-implanted region, and the second layer corresponds to
an undoped ZnO material. The unknown parameters for this
model are the optical constants of the ZnO–M layer, the
roughness value �r�, and the thicknesses t1 and t2 of the
doped and undoped layers, respectively. For layer 2, the op-
tical constants were those obtained from the fitting of the SE
data in Fig. 4. The effective dielectric function for the
ZnO–M layer was represented again by the generalized Lor-
entz expression as described earlier. For these samples, the
fitting was carried out considering simultaneously the SE
measurements at the three angles of incidence, obtaining
similar results to those shown in Fig. 6. The values obtained
for the best-fit unknown parameters �r, t1, and t2� are pre-
sented in Table II.

In spite of the simplicity of the model considered to
analyze the SE results, it can be noted that all the features in
the experimental spectra �Fig. 6� are adequately described.
Furthermore, the values obtained for the thicknesses of the
ZnO–M layers �t1� presented in Table II agree well with the
trend of the maximum penetration depth of the metal ions
obtained from SIMS depth profiles �Fig. 3�.

The effective optical constants, refractive index �n�, and

FIG. 6. Ellipsometric spectra of metal-doped ZnO samples for 65° incidence
angle.
extinction coefficient �k�, for the undoped and doped ZnO
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films obtained from the analyses of the SE spectra are shown
in Fig. 7. The n and k spectra for the ZnO films show good
agreement with data previously reported for single crystals
and thin films.22,25 In particular, sharp maxima in n and k
around the band-gap energy are clearly seen and are associ-
ated with excitonic-like transitions.22,25 For the ZnO–M lay-

FIG. 7. �a� Refractive index and �b� extinction coefficient spectra for the
undoped and metal-doped ZnO samples. �c� �2 vs photon energy plots of the
corresponding samples used to determine their optical band gaps.
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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ers, the optical constants show broad maxima around the
band gap, but at different photon energy values. The broad-
ness could be associated with some degree of amorphization
of the ZnO matrix in the metal-implanted layers. In fact, the
integrated area below the �002� diffraction line �Table I�,
which could be considered as a measure of crystallinity, de-
creased for doped samples, and the effect is most pronounced
for the Sn-doped sample.

From the k spectra in Fig. 7�b�, the absorption coefficient
�=4�k /� ��=wavelength� was calculated, and plotting �2

vs E, the optical band gap �Eg� was obtained by fitting the
linear portion for each spectrum, as shown in Fig. 7�c�. The
Eg values obtained in this way are listed in Table II. For the
undoped sample, the Eg value of 3.33 eV agrees well with
reported literature values. The optical band gaps for the
ZnO–M layers are 3.13, 3.45, 2.99, and 3.31 eV for M
=Ag, Al, Sb, and Sn, respectively. Clearly, there is an in-
creasing redshift in the band gap for the implantation of Sn,
Ag, and Sb ions, respectively, and a blueshift for the Al ions.
Such a redshift of the optical band gap in sputter-deposited
Ag-doped ZnO films has been reported by Jeong et al.15

Also, a gradual blueshift of the band gap and the degradation
of crystallinity with increasing Al content in sputter-
deposited ZnO films is reported.26 It must be noticed that the
refractive index of ZnO films in the visible spectral range
increases on Sb and Sn doping.

In Fig. 8 the reflectance �R� and transmittance �T� spec-
tra of the samples measured at normal incidence are pre-
sented. It can be noticed that T for the undoped ZnO film is
very high �about 90%�. On metal-ion implantation, the R and
T spectra are drastically modified. However, the occurrence
of interference oscillations in these spectra indicates good
optical quality of the materials. The transmittance of the im-
planted ZnO films decreased gradually for Al, Ag, Sn, and Sb
doping, attaining a value of about 60% for Sb doping. Such
a decrease in optical transmittance has also been observed in
Ag-doped ZnO sputtered films by Jeong et al.15 On the other
hand, the maxima of the R spectra attain higher values in the

FIG. 8. Reflectance and transmittance
spectra of ZnO samples.
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long-wavelength range in the same order as T decreases.
This latter result is related with the fact that for low photon
energies the refractive index decreases for Sb, Sn, Ag, and Al
doping, as can be noticed in Fig. 7�a�. Thus, the effective
optical constants obtained from the SE analyses give a good
description of the linear optical response of the ion-
implanted ZnO films studied here.

IV. CONCLUSIONS

Optical properties of nanocrystalline ZnO thin films
doped with Al, Ag, Sb, and Sn by low-energy ion implanta-
tion are determined by spectroscopic ellipsometry. Consider-
ing a simple air/roughness/ZnO–M �layer 1�/ZnO �layer 2�/
glass model for the doped films and utilizing a generalized
form of the Lorentz harmonic oscillator expression for effec-
tive dielectric function of ZnO, all the features in the ellip-
sometric spectra of the films could be well described. Apart
from affecting the crystallinity of the ZnO films, implanta-
tion of the metal ions strongly affects their band gap, the
refractive index in the visible region, and the extinction co-
efficients.
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