
of low-volume samples. Our numerical calibration process ena-

bles once more to increase the accuracy of the CPM with an

extracted value of 10.06 very close to the data given by the

manufacturer with a unique calibration process.

4. CONCLUSION

In this study, we proposed a new calibration procedure applied

to the cavity-perturbation technique based on a numerical inter-

polation allowing taking into account the geometrical and

dielectric characteristics of the sample under study. This new

calibration procedure enables to enlarge the validity of the CPM

by taking into account the calibration dependency to the dielec-

tric constant of the sample. As this technique appears to be very

general, it could be applied to all types of resonant cavities. We

plan to soon extend this technique to higher frequency bands

and to other resonance modes.
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ABSTRACT: KrF excimer pulsed laser with wavelength of 248 nm was

used to anneal the ZnO polycrystalline films deposited on silica glass
substrates by radio frequency reactive sputtering. The laser pulse dura-
tion was 20 ns and energy density was 267 mJ/cm2. After laser anneal-

ing, the resistance of the ZnO film measured by four-probe method
decreased sharply. The resistance of samples under UV illumination at
254 nm decreased too. Moreover, the ratio of dark resistance to photo-

resistance reduced, this was not good for enhancing the sensitivity of
the UV detector fabricated by the ZnO film. From the results of Hall

Effect measurement, it was found that the carrier concentration of the
samples increased and mobility of the samples decreased. The reason
may be that melting and recrystallization induced by laser irradiation

brought some defects into the films for large energy density. VC 2014

Wiley Periodicals, Inc. Microwave Opt Technol Lett 56:906–910, 2014;

View this article online at wileyonlinelibrary.com. DOI 10.1002/

mop.28233

Key words: laser annealing; ZnO; electrical property; carrier concen-

tration; carrier mobility

1. INTRODUCTION

A lot of efforts have been put into the research of growing

high-quality ZnO materials and optoelectronic devices fabrica-

tion based on ZnO. Because ZnO has some promising proper-

ties, such as wide bandgap (Eg 5 3.37 eV) corresponding to the

energy of photon in UV spectrum range, high binding energy of

free exciton of 60 meV which is much higher than thermal

energy of 26 meV at RT, fabrication process facility and no

contamination to the environment [1–5].

To fabricate high-performance ZnO-based devices, such as

light emitting diode, laser diodes, and photodetectors, ZnO thin

films with high quality crystalline structure are needed. How-

ever, the ZnO films grown by sputtering and CVD method are

always polycrystalline and have some native defects like oxygen

vacancies (Vo) and interstitial Zinc (Zni) [1, 6–8]. So, annealing

has been used to remove the defects and improve the crystalline

quality.

Conventional annealing process is usually carried through a

furnace. The temperature is so high that some flexible substrates

and low melting point metal electrodes cannot withstand. So,

the conventional thermal annealing technique is not compatible

with some device fabrication processes. Then, a new annealing

technique of rapid thermal annealing appears, in which the heat-

ing and cooling rate is very high so that the whole treatment

does not take long. Its duration is just in the order of some

minutes. A more effective annealing method by which a higher

temperature can be reached in a much shorter time is laser

annealing. It is worth noting that the laser density is a very

important parameter to adjust for achieving satisfactory result.

Some researchers have reported that the threshold laser density

for ZnO is 150 mJ/cm2 [9], laser pulses with density higher than

which will cause crystalline structure deterioration. And, others

believe the value is 450 mJ/cm2 based on their experiments

[10]. We found that some undesirable effects on the crystalline

structure and electrical property will be engendered if the laser

density is higher than 267 mJ/cm2, which is much lower than

450 mJ/cm2.

There are a lot of works on the melting model of the laser

annealing process [11–13]. And, laser annealing effects on crys-

tallinity and photoluminescence of ZnO films have been studied

by many research groups [10, 14–16]. However, studies on elec-

trical properties of laser annealed ZnO films deposited by sput-

tering have not been reported yet. In our work, we used UV
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KrF excimer pulsed laser to anneal the ZnO films fabricated by

magnetron reactive sputtering. And, the influences of laser

annealing on the electrical properties including resistance,

carrier concentration, and carrier mobility of the ZnO films

were studied.

2. METHODOLOGY

ZnO thin films were deposited by radio frequency (13.56 MHz)

magnetron reactive sputtering. The sputtering target was ZnO

ceramic wafer with purity of 99.99% and diameter of 50 mm.

And, the 2-inch silica glass circular plates were used as sub-

strates. Before sputtering, the substrates were rinsed, respec-

tively, in acetone, ethanol, and deionized water, 10 min for

each. The vacuum chamber in which sputtering took place was

first evacuated until the pressure in it reached 5 3 1024 Pa.

Then, a mixture of gas composed of 35 sccm (standard cubic

centimeters per minute) O2 and 25 sccm Ar was flushed into the

chamber. The pressure during the sputtering is 1.2 Pa and the

substrate was heated at 400�C. Five samples were fabricated at

different RF power, 150, 120, 90, 60, and 30 W corresponding

to Sample A to Sample E, respectively. It took 90 min to finish

the deposition of ZnO thin films.

KrF excimer pulsed laser was used to do the annealing. Its

wavelength is 248 nm and the photon energy is 479.6 KJ/mol.

The pulse duration is 20 ns. The spot size is rectangle with an

area of 0.18 cm2 and the energy of every laser pulse is 48 mJ.

So, the laser density can be calculated, it is 267 mJ/cm2. The

repetition rate of the laser pulse is 1 Hz. Figure 1 shows the

schematic diagram of the experiment setup. Sample A, B, and C

Figure 1 The schematic diagram of the experiment setup of laser annealing. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 2 The dark resistance of each sample before and after anneal-

ing. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com]
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were irradiated by laser pulse for 20 and 25 s for Sample D and

E, namely, 20 laser pulses beat Sample A, B, and C’s surface

and 25 laser pulses beat Sample D and E’s surface. Four-probe

method was used to measure the samples resistance before and

after laser annealing. The resistances of samples under UV illu-

mination at 254 nm before and after annealing were also com-

pared. Hall Effect measurement with van der Pauw

configuration was used to measure the carrier concentration and

mobility of the samples. The reason why laser annealing

changed the carrier concentration and mobility was analyzed.

3. RESULTS AND DISCUSSION

We measured the resistance of the samples by Four-probe

method. The dark resistance of each sample before and after

laser annealing is shown in Figure 2 and Table 1. It can be seen

that dark resistance of each sample decreases after laser process-

ing, though the reducing extent of each sample is different,

Sample A, C, and E exhibit a sharp fall of dark resistance after

annealing as their dark resistance before annealing are so large.

The resistances of these samples before laser processing are in

the range of several hundred giga ohm. However, Sample B and

D’s dark resistance before annealing are not so large as others,

and the change of dark resistance caused by laser pulse beating

are not so violent either. As we know, dark resistance surely has

relation with the crystalline structure of samples, even though

the fully persuasive explanation of the dependence of crystalline

structure on sputtering RF power has not been given. The

experiment result may be interpreted like this: the high resist-

ance samples have more orderly structure, which have fewer

defects in the polycrystalline film than the low resistance sam-

ples. And so, the destructive effects of laser processing on poly-

crystalline structure of high resistance samples seem much

severe than low resistance samples. Therefore, more defects

which can generate more charge carriers are produced in the

high resistance samples, then, the change of dark resistance of

high resistance sample is larger. This interpretation can be dem-

onstrated by carrier concentration provided by Hall Effect

measurement.

The samples’ photoresistance before and after laser annealing

is shown in Figure 3 and Table 1. It is a well-known fact that

ZnO film has a response to the UV illumination. In our experi-

ment, we found that photoresistance of all samples decreases

after laser processing. And, that is to say the photocurrent under

a voltage bias will increase after annealing. This is very helpful

to enhance the photoresponse of the UV detector which is fabri-

cated by the as-annealed ZnO film. What is more, the changing

trend of photoresistance is nearly the same as dark resistance.

The samples with high photoresistance before laser pulse beat-

ing would decrease more than low photoresistance samples after

laser processing. The photoresistances of Sample A, C, and E

fall more substantially than those of Sample B and D. There is

another point worth a particular attention, nearly all the sam-

ples’ dark resistance after laser annealing is in the same range

of the photoresistance of the samples before laser processing. It

means that the charge carriers related to laser annealing induced

defects have the same magnitude as photocarriers generated by

UV light. Actually, this is not good for sensitive photodetector

fabrication used the as-annealed ZnO film. Because the ratio of

photo to dark current can be used to characterize the sensitivity

of photodetector and it equals the reciprocal of the photo to

dark resistance ratio.

The ratio of dark resistance to photoresistance of the film

before and after laser annealing is shown in Figure 4. It is

TABLE 1 Resistance and Photoresistance Before and After Laser Annealing

High Resistance Sample Low Resistance Sample

Sample Sample A Sample C Sample E Sample B Sample D

Resistance before annealing 100.3 GX 296.8 GX 220.5 GX 1.13 GX 91 MX
Resistance after annealing 118 MX 50 MX 119 MX 37 MX 450 KX
Changing times 850 5936 1853 30.5 202

Photoresistance before annealing 128 MX 123 MX 119 MX 28 MX 17 MX
Photoresistance after annealing 25 MX 22 MX 40 MX 3.6 MX 250 KX
Changing times 5.1 5.6 3.0 7.8 68

Figure 3 The photoresistance of each sample before and after anneal-

ing. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com]

Figure 4 The ratio of dark resistance to photoresistance of the samples

before and after laser annealing. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]
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obvious that the figure of resistance ratio is very similar to the

figure of dark resistance. It indicates that the influence of laser

annealing on dark resistance plays an important role in electrical

properties alternation caused by laser processing. And, it can be

seen from Figure 3 that laser annealing makes the ratio of dark

resistance to photoresistance decrease in different degrees, so

does the ratio of photocurrent to dark current. It reduces the sen-

sitivity of photodetector fabricated by the as-annealed films at

the same time. From all the figures above, it can be found that

the two groups of samples have nearly the same behavior,

although they received different amount of laser pulses. One

group consisted of Sample A, B, and C, including both high

resistance sample and low resistance sample. The other group

including high resistance Sample E and low resistance Sample

D, has the nearly identical change with the previous group after

laser pulse beating. So, it may be speculated that the number of

laser pulses is not as important as laser density in laser anneal-

ing. That is reasonable as the characteristic time for laser

induced heat diffusion through a thin film is of the order of

10210 s, and the width of laser pulse is 20 ns which is much

longer than the former time constant. There is enough time for

heat diffusion so that there is no accumulative effect in the

annealing process and the number of laser pulses influences lit-

tle on the sample’s electrical properties.

The change of carrier concentration and mobility after laser

annealing reflects the variation of the crystalline structure of the

samples after the interaction between laser pulses and sample’s sur-

face atom layer. Figure 5 shows the carrier density and Hall mobil-

ity of the samples before and after laser processing. It can be seen

from Figure 5 that carrier density increases and Hall mobility

decreases after laser pulses beating the samples. The reason for

this change may be that crystalline structure especially in the layer

near the surface has been demolished in some degree. And, a lot

of defects which can play the role of donor or acceptor are pro-

duced in the interaction between sample’s atom layer and laser

pulses. Then, much more carriers generated after laser annealing.

That is why the resistance went down after being treated by laser

pulse. Hall mobility’s decrease supports this interpretation for there

may be more scattering by defects when charge carriers are trans-

ferred in the film. Actually, the density of laser pulse is just 267

mJ/cm2 and it is much lower than the threshold density of 450 mJ/

cm2. But, crystalline structure deterioration still happened. We sup-

posed that the threshold density is related to not only the type of

material but also the crystallinity of the material, which has a close

link with material fabrication condition. If the as-annealed film is

used to fabricate photodetector, both dark current and photocurrent

rise, however, the ratio of photocurrent to dark current falls. It is

not good to enhance the sensitivity of the detector.

Figure 5 The carrier density and Hall mobility of the samples before and after laser processing. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

Figure 6 The SEM images of the samples before (left) and after (right) laser processing
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The SEM images of Sample C before and after laser anneal-

ing is shown in Figure 6. We see that crystalline grains grow

bigger after laser processing. The surface of the sample film

becomes rough due to bigger grain size. The SEM images of

other samples show the same change after annealing. That is an

evidence of recrystallization during the interaction between laser

pulses and sample surface atoms. It is also an equivalent effect

to thermal annealing. Through Eq. (1), we can get the equivalent

annealing temperature to the laser annealing.

cq
@T

@t
5Iðz; tÞa1

@

@z
ðk @T

@z
Þ (1)

In the Eq. (1), c, q, a, and k are the heat capacity, the mass

density, the absorption coefficient, and the thermal conductivity,

respectively. T and I are the temperature and light power density

inside the sample film which are both functions of time t and

depth z. According to the numerical method and parameters in

the article of Baeri et al. [13], the equivalent temperature could

reach 1135 K.

4. CONCLUSION

Polycrystalline ZnO films fabricated by radio frequency reactive

sputtering with different sputtering power were annealed by KrF

excimer pulsed laser. The resistances of the sample before and

after laser processing were measured by Four-probe method. It

is found that both dark resistance and photoresistance decrease

after laser annealing. Moreover, the ratio of dark resistance to

photoresistance decreases too. But, it is not advantageous to

improve the sensitivity of the UV photodetector fabricated by

the ZnO film. Hall Effect measurement was used to characterize

the change of carrier concentration and Hall mobility after laser

treatment. According to the experimental results, it is shown

that carrier concentration increases but Hall mobility decreases

after laser pulses beating the samples. It is believed that laser

pulses beating the samples induces some defects when melting

and recrystallization happens, though the density of laser pulse

does not exceed the threshold density.
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ABSTRACT: A differential (or balanced) bandpass filter based on open

complementary split ring resonators (OCSRRs) coupled through admit-
tance inverters is presented in this article. Pairs of OCSRRs are symmet-
rically placed in a mirror configuration between the strips of the

differential line and are modeled by means of two series connected paral-
lel resonators. For the differential (odd) mode, there is a virtual ground

at the connecting plane between the OCSRR pairs, and the structure is
roughly described by the canonical model of a bandpass filter, consisting
of a cascade of shunt resonators coupled through admittance inverters. It

is demonstrated that, through a proper design of the OCSRR stages, the
common mode noise in the vicinity of the differential filter pass band can
be efficiently suppressed. Due to the differential mode operation of the fil-

ter, it is not necessary to incorporate metallic vias to ground the OCSRRs.
Moreover, as compared to other differential filters based on OCSRRs,

defected ground structures are not present in the proposed filters. To
illustrate the potential of the approach, two balanced bandpass filters are
designed, fabricated, and characterized. VC 2014 Wiley Periodicals, Inc.

Microwave Opt Technol Lett 56:910–916, 2014; View this article online

at wileyonlinelibrary.com. DOI 10.1002/mop.28211

Key words: split ring resonators; differential bandpass filters; micro-

strip technology

1. INTRODUCTION

Split ring resonators (SRRs) [1] and their dual counterparts

[complementary SRRs (CSRRs)] [2, 3] have been widely used
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