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Near surface properties are reported for ZnO varistors irradiated with high-intensity pulses from 
both KrF excimer and CO2 lasers. Electrical, optical, and Rutherford backscattering 
measurements reveal that a thin conducting film is formed by pulsed-laser heating of a varistor 
surface. The conductive film is evaluated as a varistor electrode. 

INTRODUCTION 

In the course of examining effects of laser radiation on 
ceramics, it was discovered that a zinc oxide surface acquires 
a metanic luster and an increased electrical conductivity fol­
lowing irradiation by a pulsed laser. This discovery prompt­
ed an investigation, which is reported here, both of the na­
ture of the laser-induced surface changes and of the 
feasibility of fabricating electrodes on ZnO varistors by us­
ing lasers. The investigation focused almost exclusively on 
varistors because they undergo laser-induced changes that 
are similar to, but of more interest than, those of pure ZnO. 
Varistors are sintered ceramic aggregates of ZnO grains with 
a few percent of impurities such as Bi, Sb, and Co, which are 
deliberately added. 1 Varistors have unusual electronic prop­
erties that derive from Schottky-type grain-boundary bar­
riers, and their extremely nonlinear electrical resistance is 
used in voltage-clamping and surge-arrester applications. 
Electrodes are an integral part of a varistor and of its manu­
facture. Although a varistor's electrodes have little influence 
on its electrical characteristics, they may influence varistor 
stability or initiate failures. 

There is general interest in the effects of high-intensity 
laser pulses on materials, and there have been few studies of 
the effects oflasers on widegap binary semiconductors such 
as ZnO. Zinc oxide has a 3.2-eV band gap and a strong rest­
strahlen absorption near 10 f.Lm. Thus, either ultraviolet or 
infrared lasers couple efficiently to ZnO, although in funda­
mentally different ways. Ultraviolet radiation couples to the 
electronic system of ZnO and is converted to heat by the 
electron-lattice interaction. In contrast, infrared light gener­
ates heat by coupling directly to the lattice. It is interesting to 
compare the effects of ultraviolet lasers to those of infrared 
lasers, and both a KrF excimer laser with a wavelength of 
248 nm and a CO2 laser with a wavelength of about 1O.6f.Lm 
were used in the investigation. 

RESULTS 

Electrodes were made on commercial varistor ceramics 
(General Electric V130LAIOA) using high-intensity, submi­
crosecond pulses from both a KrF excimer laser and a CO2 

gas laser. The electrical characteristics of a varistor with 
electrodes fabricated using an excimer laser are compared in 
Fig. 1 to those of a varistor with electrodes made of a silver 
paint; the dc electrical characteristics show typical varistor 
nonlinearities and are virtually identical. Photographs ofthe 

two varistors are inset on Fig. 1. The laser creates a coating 
with a metallic luster that is quite visible. More highly con­
ductive coatings were obtained with the excimer laser than 
with the CO2 laser, probably because the excimer laser light 
is more strongly absorbed than the CO2 laser beam. Energies 
of a few tenths of a J/cm2 per pulse from the excimer laser 
will form an electrode, whereas a few J/cm2 per pulse re­
quired from the CO2 laser. 

Information on the thickness and composition of the 
electrodes was obtained from Rutherford backscattering 
(RBS) measurements (scattering yield versus energy) made 
before and after laser irradiation of a varistor surface. Figure 
2 shows RBS spectra from 2-MeV 4He ions incident along 
the surface normal and detected at a backward scattering 
angle of 150°. In RBS spectra, the energy scale reflects two 
variables: (1) the atomic mass of scattering ions, and (2) the 
depth of the scattering ions below the surface. The heavier 
the scattering ion, the higher will be the energy of the scat­
tered He ion; the deeper the scattering ion is within the sam­
ple, the more energy will be lost by the He ion in traversing 
the sample and the lower the energy of the detected He will 
be. Accordingly, the edges of the scattering yield at high 
energies correspond to the energies of backscattering by 
heavy atoms (Bi,Sb) at the surface. 
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FIG. I. A comparison of the electrical characteristics of varistors having 
electrodes fabricated using a KrF excimer laser and made with silver paint. 
The inset shows photographs of the varistors; the varistor with laser-fabri­
cated electrodes is on the left. 
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FIG. 2. Rutherford-backscattering measurements made before and after a 
varistor was irradiated with an excimer laser. The results were obtained for 
2-MeV alpha particles backscattered at an angle of 150". The beam current 
was 10 nA for a total integrated charge of 60 ",c. 

The effects of laser irradiation on ZnO varistors are 
manifested in the RBS spectra by the appearance of peaks 
corresponding to the energy of scattering from Bi, Sb, Zn, 
and Co at the surface. The peaks are attributed to the in­
crease of the surface concentration of these elements due to 
the laser heating. The depth distribution of Bi and Sb in the 
near-surface region can be derived from the widths of the 
peaks. It is estimated that the excess metal ions are present to 
a depth of about 0.1 /-tm. Beyond that depth, the laser-treated 
surface has the same composition as the untreated varistor, 
as indicated by the fact that the two curves coincide for ener­
gies 0.07 Me V or more below the Bi or Sb edges. 

Optical measurements confirm that the laser irradia­
tion does not produce a thick metallic coating. Infrared re­
flectance spectra of a varistor measured before and after irra­
diation by an excimer laser are compared in Fig. 3 to each 
other and to a spectrum of polished zinc meta1. The nearly 
constant, high infrared reflectance of the zinc is typical of a 
highly conductive metal.2 The varistor spectra exhibit peaks 
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FIG. 3. Infrared reflectance spectra of a ZnO varistor measured before (sol­
id curve) and after (dashed curve) treatment with an excimer laser. The re­
flectance ofzinc metal is also shown (shorter dashes). 
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near 0.05 eV that are associated with the ZnO reststrahlen 
absorption. The position of the infrared reflectance mini­
mum, which is seen near 0.1 e V in the spectrum of the unirra­
diated varistor, is a function of the carrier concentration and 
can be used to gauge the grain resistivity and carrier concen­
tration of ZnO varistors.3 A resistivity of 0.3 n cm and a 
carrier concentration of 3 X 1017 /cm3 are deduced from the 
spectrum. When the varistor surface is laser irradiated, the 
reflectance minimum vanishes, and the reflectance increases 
by almost two orders of magnitude at the energy of the mini­
mum. The reststrahlen peak does not disappear. Thus, a sub­
stantial change in the electrical conductivity is revealed, but 
the reflectance of the irradiated surface is not that of a thick, 
uniform coating of a good metal. 

The van de Pauw technique4 was used to measure the 
electrical properties of laser-fabricated electrodes. Because 
the varistor ceramic only conducts significantly at relatively 
high voltages, at low voltages the electrode properties can be 
measured independent of the underlying ceramic. The sheet 
resistivity of the electrodes was measured to be about 103 n· 
from Hall voltage measurements a sheet carrier concentra~ 
tion of approximately 2 X lOIS / cm2 and a Hall mobility of 
about 3 cm2 IV sec were deduced. If a uniform surface layer 
is assumed and the thickness calculated from the back­
scattering data is used, a bulk resistivity of about 10-2 n cm 
and an electron concentration of about 1 <Yo I cm3 is comput­
ed. These values can be compared with the ZnO grain resis­
tivity and electron concentration of 0.3 n cm and 3 X 1017

/ 

cm3
, respectively, that are obtained from the infrared reflec­

tance spectrum of the varistor before laser irradiation. Thus, 
the electrode has a relatively large carrier concentration, but 
the carriers have low mobility. The electrode resistalJ.ce has a 
negative temperature coefficient; the resistivity increases by 
about a factor of 2 between room temperature and liquid­
nitrogen temperature. It can be concluded from the magni­
tude and temperature coefficient of the resistivity that the 
electrode is a semiconductive coating rather than a metaHic 
film. 

The current-carrying capability of the laser-fabricated 
electrodes was investigated. Because the electrodes are thin 
and are not excellent conductors, the electrodes may fail be­
fore the varistor ceramic if the electrical contacts to the elec­
trodes are too small. In tests employing high current pulses 
(e.g., 10 A/cm2 for 1 ms) through the varistor. the electrodes 
failed when the contact area was less than about 10-2 cm2

• 

Both these tests and rough calculations indicate that the 
maximum current density in the electrodes should be limited 
to about 104 A/cm2 for millisecond pulses. Even though var­
istors are typically designed for a maximum current density 
in the ceramic of only about 10 A/cm2 in a I-ms pulse, the 
lateral currents in the electrodes will exceed 104 A/cmz if the 
contacts to the electrodes are very small. 

DISCUSSlONI 

Because the surface produced on ZnO by high-intensity 
laser pulses has a metallic luster, it was originally supposed 
that a film ofzinc metal was formed. However, the electrical, 
optical, and backscattering results reveal a semiconducting 
thin film that is primarily comprised ofZnO. The film differs 
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from the underlying ceramic because of its higher carrier 
concentration and lack of grain-boundary barriers. Never­
theless, all the properties of the coating are found within 
ranges known for heavily doped ZnO. The low Hall mobility 
is readily attributed to strains caused by the heating and 
cooling, grain boundaries, or d.efects, but it is not atypical of 
ZnO thin films in any case.5 Moreover, it is possible that the 
electronic barriers in the surface layer are not completely 
and totally destroyed by the laser irradiation. The back­
scattering results suggest a gradual merging of the surface 
with the varistor ceramic rather than an abrupt interface. 

In spite of the thinness and modest electrical conductiv­
ity of the surface film, it performs adequately as a varistor 
electrode. Moreover, because no effort was made to optimize 
electrode fabrication, it is probabJ.e that the process can be 
improved. In particular, it may be possible to improve the 
carrier mobility in the film, since much greater carrier mobi­
lities (e.g., 120 cm2/V sec) have been attained in thin ZnO 
films.6 However, because the laser-fabricated electrodes re­
place inexpensive conductive paints or flame-sprayed met­
als, there is no obvious financial incentive for the laser pro­
cess. Nevertheless, it is of interest as an example of laser 
processing methods; to mention one potential application, 
the process may be adaptable to the fabrication of thin films 
for use as gas sensors. 7 

The laser-induced changes in the surface of a ZnO var­
istor can be interpreted as a result of thermal heating. The 
energy in the submicrosecond, high-intensity laser pulses is 
sufficient to heat the varistor surface to above the ZnO subli­
mation temperature of 1700 ·C. The electrically conductive 
coating forms on the varistor surface because oxygen, being 
the most volatile of the varistor constituents, is lost more 
readily from the heated surface than is zinc or the dopant 
metals. The surface is modified more readily by an excimer 
laser than by a CO2 laser because the absorption coefficient 
for 248-nm light is about lOS cm - I, but the absorption coef­
ficient is only about lOZ cm- 1 for 1O.6-,um light.s Thus, the 
energy of the CO2 laser is deposi ted over a greater depth, and 
more energy is required to heat the surface to the sublima­
tion temperature. 
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Nakayama and Itoh also investigated the effects of 
pulsed-laser radiation on ZnO.8

,9 These researchers used. a 
mass spectrograph and time-of-flight measurements to exa­
mine the particles emitted from a ZnO surface heated with a 
pulsed nitrogen laser (photon energy = 3.68 e V). They found 
that Zn, 0, and O 2 are emitted in nearly equal numbers for 
laser intensities above a threshold value of 0.16 J/cm2

, find­
ings that are in accord with our results. They also found that 
the energy distribution of the emitted particles deviates from 
a Maxwellian distribution. This they interpreted as evidence 
that particle emission results from a laser-generated elec­
tron-hole plasma at the ZnO surface, rather than from ther­
mal effects. 10 However, after much controversy, models in­
volving thermally induced rather than plasma-induced 
phase transitions on a submicrosecond time scale are now 
generally accepted. 1 

I Moreover, the successful use in our 
work of a CO2 laser, which couples to the ZnO lattice rather 
than to the ZnO electronic system, dearly supports the ther­
mal interpretation. 

ACKNOWLEDGMENT 

This research was sponsored by the Division of Materi­
als Science and the Electrical Energy Systems Division, U. S. 
Department of Energy under contract No. DE-AC05-
840R21400 with Martin Marietta Energy Systems, Inc. 

'L. M. Levinson and H. R. Philipp, IEEE Trans. Parts Hybrids Packag. 
PHP-13, 338 (1977). 

2F. A. Modine and D. Y. Smith, 1. Opt. Soc. Am. A I, 1171 (1984). 
3H. R. Philipp and Lionel M. Levinson, J. Appl. Phys. 47,1112 (1976). 
'L. 1. van der Pauw, Philips Res. Repts. 13, 1 (1958). 
5G. Heiland, E. Mollwo, and F. StCickmann, Solid State Phys. 8,191 (1959). 
0H. Nanto, T. Minami, S. Shooji, and S. Takata, I. App!. Phys. 55, 1029 
(1984). 

7G. Heiland, Sensors and Actuators 2, 343 (1982). 
BT. Nakayama and N. Itoh, Radiat. Eft'. Lett. 67, 129 (1982). 
~. Itoh and T. Nakayama, Semicond. Insul. 5, 361 (1983). 
'''N. Itoh and T. Nakayama, Phys. Leu. 92A, 471 (1982). 
"Mater. Res. Soc. Symp. Proc. 23, edited by I. C. C. Fan and N. M. Johnson 

(North-Holland, Amsterdam, 1984), and preceding volumes in this series. 

Modine ef al. 5068 
Downloaded 02 Aug 2010 to 143.107.255.194. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


