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Hall effect in semiconducting epitaxial and amorphous
Y-Ba-Cu-O thin films
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An experimental study of the Hall effect in nonmetallic Y-Ba-Cu-O thin films is reported. Both
epitaxial crystalline YBa2Cu3O61x (x<0.5) and multiphase/amorphous Y-Ba-Cu-O thin films were
studied. The structure of the samples was measured by x-ray diffraction and Raman microprobe.
The amorphous Y-Ba-Cu-O samples were found to have a grain size of about 100 Å. The
conduction properties were studied and analyzed for the two types of samples over a wide
temperature range including room temperature. The Hall effect measurements showed positive
charge carriers with a concentration ranging from 1017 to 1020 cm23 at room temperature. The
mobility was found to decrease with higher Hall carrier concentration. The empirical relationship for
the mobility dependence on impurity concentration agreed with the relationship between mobility
and the experimental Hall carrier concentration, suggesting that the same localized states were
responsible for both providing the carriers and reducing the mobility through scattering. It was also
observed that the mobility values for both amorphous and crystalline samples followed the same
empirical curve, a result which showed that the conduction mechanisms in the epitaxial~tetragonal!
and amorphous Y-Ba-Cu-O materials are very likely to be similar despite the differences in the
composition and structure of the films. The similarity is consistent with other work that concludes
that the conduction mechanism occurs along the copper oxide planes. Our work implies that the
conduction mechanism operates over a short range, less than the 100 Å grain size of the amorphous,
such that the lack of order in the amorphous samples was essentially irrelevant to the charge
transport. ©1997 American Institute of Physics.@S0021-8979~97!04810-X#
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I. INTRODUCTION

By appropriately increasing the oxygen content, t
phase of YBa2Cu3O61x evolves from that of a Mott-Hubbard
insulator (x<0.3) to a Fermi glass (0.3<x<0.5) and
through a semiconductor-metal transition to metallic beh
ior (x>0.5).1 The metallic phase of YBa2Cu3O61x is super-
conductive with the maximum critical temperature of 92
for x>0.9. During the past decade, most of the studies
well as proposed applications, have focused almost ex
sively on superconductivity in the Y-Ba-Cu-O system.

Recently, the potential application ofsemiconducting
Y-Ba-Cu-O thin films as anuncooled bolometer was
proposed.2,3 Uncooled infrared detectors, as opposed to, e
superconducting Y-Ba-Cu-O bolometers operating using
superconducting-normal state transition,4–6 do not require re-
frigeration, and therefore are less costly and easier to im
ment in commercial applications. Amorphous/mixed pha
semiconducting Y-Ba-Cu-O thin films display a high tem
perature coefficient of resistance and therefore possess
potential for high responsivity and detectivity values wh
fabricated into a thermal isolation structure. These films
be deposited by radio frequency~rf! sputtering at ambien
temperature, therefore assuring the low cost of detector
rication and compatibility with complementary metal-oxid

a!Author to whom correspondence should be addressed. Electronic
dpb@seas.smu.edu
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semiconductor~CMOS! technology for focal plane signa
processing.

Our investigation of the Hall effect in the multiphas
amorphous semiconducting Y-Ba-Cu-O and tetrago
YBa2Cu3O61x thin films is motivated by the observation th
the crystalline films possess a lower temperature coeffic
of resistance and by an effort to better understand the un
lying conduction mechanism in nonsuperconducti
Y-Ba-Cu-O. A clear understanding of the transport behav
of semiconducting Y-Ba-Cu-O is important to the unde
standing of photoconductivity1,7 and of the bolometric prop-
erties of the material. Furthermore, the transport behavio
the oxygen-deficient semiconducting Fermi-glass state
implications to the transport behavior in metallic oxygen-ri
Y-Ba-Cu-O.

The Hall effect has primarily been studied in metalli
superconducting YBa2Cu3O61x . These investigations hav
employed bulk single crystal samples,8–11 bulk ceramic
~polycrystalline! samples,12–18 and epitaxial thin film
samples.19–26 Investigations at the normal-superconducti
transition have revealed an apparent sign reversal in the
coefficient, slightly aboveTc , near the zero resistanc
transition.10,17,18For the normal state conduction of the m
tallic YBa2Cu3O61x samples, an ‘‘anomalous,’’ yet universa
T2 dependence of the inverse of Hall angle is observed in
the experiments that represents behavior unlike any o
known metal. Theoretical investigations27–30 have been mo-
il:
81(10)/6866/8/$10.00 © 1997 American Institute of Physics
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tivated by the anomalous behavior and the impact of
normal state conduction mechanism on the origins of hi
Tc superconductivity in the cuprates. Much attention h
been devoted to the theoretical framework to explain theT2

dependence based on the Anderson resonance valence
~RVB! model of high-Tc superconductivity which assign
the excitations for spin and charge to separate entit
namely chargeless spinons and spinless holo
respectively.29,31 To a lesser extent, the Hall effect has be
investigated in semiconducting Y-Ba-Cu-O samples.
sharp contrast to metallic Y-Ba-Cu-O, the Hall mobility h
been observed toincreasewith temperature in semiconduc
ing Y-Ba-Cu-O.24 This article reports on our investigation o
the dependence of the Hall mobility upon the Hall carr
concentration in semiconducting Y-Ba-Cu-O. The Hall effe
data are analyzed at room temperature for epitaxial, tetra
nal YBa2Cu3O61x and amorphous multiphase Y-Ba-Cu-
thin films. Comparison between the Hall effect implicatio
and the dc resistivity data is also reported.

Following Yu and Heeger,1 YBa2Cu3O61x is a Mott-
Hubbard insulator forx,0.3 with a well defined charge
transfer gap on the order of 1.5 eV present between the~2
p) band and the Cu~3d) band. The crystal structure is tetra
onal with all the O~1! sites vacant. The unit cell consists
three Cu-O planes in thea-b plane sandwiched between tw
planes containing Ba-O and one plane containing Y ato
along thec direction. Each layer consists of corner shari
CuOn polyhedra held together by the Y plane. The polyhe
comprise strong Cu-O bonds whereas the Cu-O bonds br
ing the Y plane are weak. Asx is increased, O is randoml
introduced to the O~1! sites, creating carriers and simult
neously results in disorder, and leading to the format
of localized states in the Cu-O planes. The disorder fr
the partial oxygenation causes the localization of h
states above the mobility band edge,Ec , and extended hole
states for energies belowEc . Thus for the oxygen stoichi
ometry range ofx varying from approximately 0.3 to 0.5
YBa2Cu3O61x displays the electronic characteristic of
Fermi glass. The Fermi energy lies above the mobility ba
edge by the activation energyEA5EF2Ec'0.18–0.22 eV.
The activation energy decreases with increasing oxygen
tent until the Fermi energy crosses the mobility band e
Ec for x around 0.5–0.6 in an Anderson metal-insulator tra
sition. Simultaneously, the crystal undergoes a transition
an orthorhombic structure. When the Fermi energy is be
the mobility band edge, metallic conductivity is observ
with a superconducting transition upon cooling below
critical temperature. The Fermi energy is approximately
eV below the mobility band edge when the material is fu
oxygenated.

The charge transport in the oxygen deficient phase
Y-Ba-Cu-O is thermally activated at sufficiently high tem
peratures. In this case, the conductivity is dominated by
rier transport in the extended states of the O~2p) band. The
carriers are thermally excited from their localized sta
around the Fermi energy, above the mobility band edge,
the extended states. The resistivityr is of the form:
J. Appl. Phys., Vol. 81, No. 10, 15 May 1997

ownloaded¬08¬Aug¬2001¬to¬152.3.232.17.¬Redistribution¬subject¬to¬A
e
-
s

ond

s,
s,

n

r
t
o-

s

a
g-

n

e

d

n-
e
-
to
w

2

f

r-

s
to

r5r0 expSEA

kTD , ~1!

where r0 is the resistivity at the mobility band edge,k is
Boltzmann’s constant andT is the absolute temperature. A
lower temperatures, the carriers lack sufficient thermal
ergy to be excited into the extended states and conduc
occurs byvariable range hopping. In this case, carriers ar
randomly excited into the extended states for short period
time to move from localized state to localized state. The
fore, the temperature dependence of the resistivity is de
mined by the density of states around the Fermi ene
N(EF) } (E2EF)

n wheren.0. It can be shown that the re
sistivity varies with temperature according to the relation32

r5r0 expS T0T D p, ~2!

wherep5(n11)/(n14), r0 is a fitting parameter andT0 is
a parameter related to the localization length and the den
of states.32 For a constant three dimensional density of sta
Eq. ~2! reduces to Mott’s variable range hopping mode33

with a exp~T21/4) temperature dependence for the resistivi

II. EXPERIMENTAL DETAILS

The samples employed in the investigation are listed
Table I. Two types of samples were investigated. The am
phous semiconducting Y-Ba-Cu-O thin films~samples
a–e) were fabricated at Southern Methodist University2,3 by
rf magnetron sputtering from a 7.5 cm, superconducti
orthorhombic YBa2Cu3O61x sputter target onto 10 cm diam
eter Si^100& wafers at room temperature. The sputtering w
performed using a CVC601 sputtering system at 10 mTor
an Ar atmosphere. The substrate to target distance was
proximately 12 cm. The Si wafers were prepared with diffe
ent buffer layers as shown in Table I. The SiO2 layers were
thermally wet grown at 1200 °C. The MgO layers were p
pared by rf magnetron sputtering from a 20 cm MgO tar
in an 90% Ar:10% O2 atmosphere with the substrate at am
bient temperature. The use of a SiO2 layer is relevant to the
Si micromachining of thermal isolation structures for the a
plication to uncooled infrared bolometers. The eptitax
single crystal tetragonal YBa2Cu3O61x thin films ~samples
f andg) were fabricated at the University of Rochester by
sputtering onto LaAlO3 substrates at 750 °C to produce
superconducting YBa2Cu3O61x thin film. Later the films
were de-oxygenated by annealing in 10 mTorr of Ar at 4
and 680 °C, respectively.34

A JEOL 733 Superprobe was used to perform quant
tive compositional analysis on our samples employing wa
length dispersive spectrometry~WDS! with thin film
correction.35 The crystal structure of the films was inves
gated by x-ray diffraction~XRD! and micro-Raman spectros
copy. The Raman effect was used to determine the orde
the samples and verify the crystal structure.36–38A Renishaw
Raman imaging microscope was used with either a HeNe
argon laser in a backscattering configuration with a 1 cm-1

spectral and 1mm spatial resolution.36 Measurements were
performed at room temperature with the laser power k
below 1 mW so as to prevent excessive heating of the
6867Shan et al.
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TABLE I. Atomic composition and conduction properties of the samples atT5295 K (T5290 K for samplee) and activation energiesEa found from the
relationR;exp(Ea /kT) for selected temperature ranges. All samples are semiconducting.

Sample Composition
Y:Ba:Cu:O
stoichiometry Structure

I
~mA!

r
~V cm!

RH

~cm3/C!
pH

(cm23)
mH

(cm2/V s!
Ea

~eV!

a YBCO~200 nm!-MgO~35 nm!-Si 1.0:0.5:2.0:4.5 amorphous 0.62 19.14 59.58 1.0531017 3.11 0.248a

b YBCO~200 nm!-Si 1.0:0.3:2.3:4.6 amorphous 6.5 2.81 1.52 4.1231018 0.54 0.211b

c YBCO~200 nm!-SiO2~800 nm!-Si 1.0:0.4:2.4:4.6 amorphous 4.85 3.95 3.75 1.6731018 0.95 0.189b

d YBCO~200 nm!-MgO~35 nm!-SiO2-Si 1.0:0.5:2.4:4.8 amorphous 4.4 7.42 21.27 2.9431017 2.87 0.21b

e YBCO~500 nm!-MgO~100 nm!-Si 1.0:0.6:2.3:5.7 amorphous 0.1 34.4 125.72 4.9731016 3.65 0.214e

f YBCO~200 nm!-LaAlO3 1.0:1.5:2.4:6.5 tetragonalg 100.0 0.48 0.07 8.8331019 0.14 0.034c

g YBCO~200 nm!-LaAlO3 1.0:2.0:2.5:6.3 tetragonalg 0.1 50.83 189.12 3.331016 3.72 0.148d

aFor 263–318 K.
bFor 253–318 K.
cFor 150–320 K.
dFor 285–320 K.
eFor 220–310 K.
fMeasurement techniques: Samplesa–e: EPMA, samplesf , andg: XRD and Raman.
gSpace groupP4/mmm.
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films. The results of the analysis for samplesa–g are shown
in Table I. In the case of crystalline samplesf and g, the
oxygen content given was computed independently fr
x-ray diffraction data,39 as discussed in Section III. This la
ter method provided more realistic results for the oxyg
content in these samples and showed that, in general
oxygen content was overestimated by electron probe
croanalysis~EPMA! by about 5%–6%.

Gold leads were attached directly to the film surface
ultrasonic bonding for the electrical measurements. The t
cal sample geometry was 1037 mm2 for samplesa– f and
1034 mm2 for sampleg. A standard four-probe metho
with a 3 mmspacing was used to measure the resistanc
the samples. Samples were mounted in ceramic or Co
packages with colloidal silver paste providing a good th
mal contact between the package and the substrate.
package was then attached to the cold finger of a Leyb
ROK10-300 cryostat. The temperature control was provid
by a LakeShore DRC-91C controller using a calibrated dio
sensor. Typical temperature stability was within 8 mK. Ele
trical measurements were performed over the tempera
range of;250 to 320 K for samplesa–d, 220–310 K for
samplee, 208–320 K for sampleg, and 80–320 K for
samplef . Since the last was a low-resistivity sample, it cou
be conveniently biased at low temperatures, whereas it
not possible to bias other samples below 250 K due to t
very high resistivities. The Hall effect measurements w
performed at room temperature. Magnetic fields up to 1
were applied to the samples with a Varian 3700 electrom
net while they were current biased in the range of 0.1–1
mA. The geometry for the Hall effect measurements is d
played in Fig. 1. The longitudinal resistivityr was measured
at points 2 and 3 in the direction of the flow of the curre
magnetic fieldB was applied in the ‘‘z’’ direction and the
Hall voltage was sensed in the transverse or ‘‘y’’ direction.
Due to a slight misalignment between probes 5 and 6, th
was a non-zero voltage between them when the sample
dc biased in the absence of theB field. To cancel this offset
voltage, a potentiometer was attached between points 6 a
and adjusted so thatVH2-H1, sensed between the wiper of th
6868 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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potentiometer and point 5, was zero before applying theB
field. The corrected value ofVH2-H1 thus gave us the ‘‘true’’
Hall voltage when theB field was applied. The sign o
VH2-H1 was observed to be positive implying that the carrie
were hole-like. The linearity of the Hall signal was verifie
by sweeping the magnetic field inz direction up to 1 T~see
Fig. 1!. The Hall signal was found to be linear in this rang
for all the samples. To compute the Hall coefficient an
thus, the carrier concentration from the Hall voltage, the
ter was averaged for both directions of magnetic field sw
at each applied bias.

III. RESULTS AND DISCUSSION

A. Materials characterization

Figure 2~a! shows a typical XRD pattern from the amo
phous Y-Ba-Cu-O films~samplesa–e) deposited at ambien
temperature. Due to the lack of long range crystalline or
in these samples, there were no sharp peaks originating f
the thin film and the sharp peaks observed were derived f

FIG. 1. Magnetic field dependence of the Hall voltage for a typic
Y-Ba-Cu-O sample. The case is shown for samplea with I50.62mA. The
inset shows sample geometry for the Hall effect measurement. Hall vol
is determined asVH5VH22VH1 .
Shan et al.
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the Si substrate. The dominant response from the Y-Ba-C
thin film was a very broad peak at 2u;29° due to an amor-
phous film layer with its width@full width at half-maximum
~FWHM!# close to 8 °. Scherrer’s formula40 was used to es
timate the particle~grain! size in the amorphous Y-Ba-Cu-O
films to be approximately 100 Å. The 2u ; 29° peak is not
a YBa2Cu3O61x~123! peak but might be due to th
Y2BaCuO5 ~2115! phase,41 suggesting the presence of mu
tiple phases in these samples. It has been observed that
peaks tend to broaden for materials similar to Y-Ba-Cu
deposited at lower temperatures due to small grain siz42

Although increasing the substrate temperature during de
sition improves crystallinity~larger grain size! of the mate-
rial, giving sharper XRD peaks, high temperature process
was avoided in samplesa–e since our general intention wa

FIG. 2. ~a! Typical x-ray diffraction pattern of amorphous Y-Ba-Cu-O th
films. Position marked* could be due to the presence of the Y2BaCuO5
phase. ~b! XRD pattern for sample f , a single crystal tetragona
YBa2Cu3O61x ~x ; 0.5! thin film on LaAlO3 substrate.~c! XRD pattern for
sampleg, a single crystal tetragonal YBa2Cu3O61x ~x ; 0.3! thin film on
LaAlO3 substrate.
J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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to fabricate Y-Ba-Cu-O material suitable for uncooled infr
red ~IR! detectors and compatible with existing CMOS tec
nology. In fact, crystallinity of Y-Ba-Cu-O is not desired i
this application since amorphous films provide higher b
lometer figures of merit, i.e., high temperature coefficient
resistance and low 1/f noise.2,3

Figures 2~b! and 2~c! show the XRD patterns for the
semiconducting oxygen-deficient crystalline YBa2Cu3O61x

samplesf andg, respectively. It can be seen that these film
are well oriented the along c axis and possess a tetrag
structure.43 The average value of the c axis lattice consta
was calculated from the angular positions of the vario
peaks to be approximately 11.85 A° for samplef and 11.89
A° for sampleg. Based on these values, we estimated
oxygen content to be about 6.5 (x50.5) for samplef and 6.3
(x50.25) for sampleg.44

Raman scattering was also used to characterize
samples and to distinguish between the crystalline and
amorphous forms of Y-Ba-Cu-O. Figure 3~a! shows the Ra-
man spectra for samplesf and g. The ;334 ;435, and
;500 cm-1 bands due to different phonon modes37,38 can be
identified. The 500 cm-1 band is due to the Cu-O bond stretc
along c axis, whereas the 435 and 334 cm-1 bands are due to
stretching and bending vibrations in the Cu-O planes. Tho
senet al.38 have shown that the 500 cm-1 mode softens and
435 and 334 cm-1 modes harden as oxygen is removed fro
the system. Hence, a reasonable estimate of oxygen co
can be made from analyzing these modes in the Raman s

FIG. 3. Raman spectra for Y-Ba-Cu-O samples at room temperature~a!
Spectra for the crystalline samplesf andg. ~b! A typical Raman spectrum
for the amorphous Y-Ba-Cu-O thin films (a–e).
6869Shan et al.
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tra of our single crystal Y-Ba-Cu-O samples. We observ
that the most prominent mode, i.e., 334 cm-1, had shifted to
338 and 339.5 cm-1 for f and g, respectively. Using thes
values and data from Ref. 38, we calculated ‘‘x’’ in
YBa2Cu3O61x to be 0.45–0.5 and 0.3–0.35 forf and g,
respectively. This result is consistent with that obtained fr
the XRD analysis.

For the amorphous Y-Ba-Cu-O thin films, the Ram
spectrum~Fig. 3~b!! consisted of an extremely broad pe
around 560 cm-1. This was a very regular feature for all ou
a–e semiconducting amorphous samples.

B. Hall effect and resistivity data

Table I summarizes the dc resistivity and Hall effe
data. All samples (a–g) exhibited semiconducting resistiv
behavior, i.e., increasing resistance with decreasing temp
ture with thermally activated transport close to room te
perature. Figure 4 shows the resistivity versus tempera
behavior of samplef , an epitaxial YBa2Cu3O61x sample. In
Fig. 4~a!, an Arrhenius plot of the resistivity is shown. Belo
approximately 300 K, the data deviate from a linear relatio
ship, indicating a departure from thermally activated cond
tivity. The activation energy was measured from the slope
the Arrhenius plot above 300 K. In Fig. 4~b!, the log of the
resistivity data is plotted versusT1/4. Below approximately
300 K, a linear relationship is observed in the graph indic

FIG. 4. ~a! Arrhenius plot of resistivity for samplef , YBa2Cu3O6.3. Above
approximately 300 K, the conduction shows thermally activated beha
with EA'154 meV. Below 300 K, the local activation energy decrea
monotonically.~b! Plotting the natural log of the resistivity vsT21/4 shows
a linear relationship below 300 K. This exp(T21/4) temperature dependenc
below 300 K is consistent with Mott’s variable range hopping model.
6870 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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ing that the resistivity of the sample is in agreement with
variable range hopping model. Similar behavior was o
served in samplee, although the transition temperature fro
thermally activated conductivity to hopping conductivity w
observed to decrease to 160 K for the sample with the hig
oxygen concentration. In the amorphous samples, the re
tivity measurements were performed only down to about 2
K. The amorphous samples were observed to remain in
thermally activated region over the entire temperature ra
despite larger activation energies. It is believed that the l
of long range order in these samples weakened the stre
of the localization by considerably broadening the mobil
band edge energyEc . Additional details on the conductivity
behavior of the samples can be found in Ref. 45. The p
ence of a thermally activated conduction mechanism allow
the Hall carrier concentrationpH to be calculated using a
single band model, i.e.,pH51/eRH , whereRH5VH t/BI
and t is the sample thickness. These values ofpH for semi-
conducting Y-Ba-Cu-O are understandably lower than w
has been observed in metallic Y-Ba-Cu-O at roo
temperature.19–26In addition, a small negative magnetores
tance was observed in all the samples at room tempera
which is consistent with a nonhopping type of conductivi

It is interesting that similar transport features we
present in both the amorphous and crystalline Y-Ba-Cu
samples, despite their difference in structure and comp
tion. A positive Hall coefficient was observed in both typ
of samples implying that the dominant carriers were holes
both cases. As shown in Table I, the resistivity decrea
with an increase in the Hall carrier concentration, a trend t
was observed in both amorphous and crystalline sample

To obtain more information about the carrier scatteri
mechanism, the Hall mobility (mH 5RH /r) was calculated.
The empirical relationship for carrier mobility46 was used to
fit the experimental data for Hall mobility versus Hall carri
concentration at room temperature for both the amorph
and crystalline Y-Ba-Cu-O samples:

mH5mmin1
m0

11nH /Nref
, ~3!

where mmin50.135 cm2/V s, m053.84 cm2/V s, and
Nref55 3 1017 cm-3 are constants determined by fitting E
~3! to the experimental data. In Ref. 46, Aroraet al. derived
Eq. ~3! for silicon taking into account lattice and ionize
impurity scattering mobilities and electron-electron~hole-
hole! scattering mobilities. A temperature dependence w
also predicted by considering the temperature dependenc
the individual scattering mobilities. Equation~3! has also
found modified application to other semiconductors such
GaAs.47 Figure 5~a! shows the Hall mobility plotted agains
the Hall carrier concentration using both the actual data
the fit obtained from Eq.~3!. Figure 5~b! displays the experi-
mentally measured resistivity versus Hall carrier concen
tion. Since r and mH are directly related through
r5(qmH pH)

21, both plots provide essentially the same i
formation and can be viewed as alternative methods of p
senting the data. However, they clearly show that the se
fitting parameters predicts ther or, equivalently, themH de-
pendence onpH with very good accuracy. It is clear from

r
s
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Fig. 5 that Eq.~3! provides an appropriate way to rela
mH to the pH for both the amorphous and crystallin
samples.

The empirical-fit relation suggests that the impurities
a semiconductor act as scattering centers. If the impu
concentration is sufficiently low, the impurities do not lim
the mobility of the carriers and the mobility is determined
lattice ~phonon! scattering. As the impurity concentration
increased, the carriers are increasingly scattered by the
purities. The result is a reduction in the mobility of the ca
riers as the mobility becomes dominated by impurity scat
ing.

In our case, the striking result is that the mobility of th
amorphous Y-Ba-Cu-O and tetragonal Y-Ba-Cu-O samp
follow the same empirical-fit relation. In fact, the two tetra
onal Y-Ba-Cu-O samples have the highest and lowest ca
concentrations of the samples investigated and represen
upper and lower bounds for our amorphous films. The si
larity in the conductivity behavior occurs despite the fact
two groups of samples possess different stoichiometries
different long range crystalline order. This result implies th
the mechanism of conductivity in the amorphous sample
similar to that in the tetragonal samples. The following e
planation is proposed. The carriers in the amorphous sam
must be predominantly moving along CuO2 planes, as in the
case of the tetragonal samples. The similarity of the act
tion energies suggests that oxygen serves as the acc
impurity, donating hole carriers to move along the Cu2
planes, in both cases, and the lack of long range order in

FIG. 5. ~a! Hall mobility and ~b! dc resistivity vs carrier concentration fo
the semiconducting thin films atT5295 K. The fitting constants for Eq.~3!
were determined to bemmin50.135 cm2/V s, m053.84 cm2/V s, and
Nref55x1017 cm-3.
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amorphous samples does not appear to be affecting the
duction mechanism. Therefore the conduction mechan
must be very short range, likely much less than the 100
particle size contained in the films. The low value of the H
mobility supports our argument for short range conductio

As in the case of Si, the Hall mobility of the Y-Ba-Cu-O
samples decreases with increasing Hall carrier concentra
@see Fig. 5~a!#. This suggests that the number of scatteri
centers also increases with the Hall carrier concentrat
Therefore, oxygen not only contributes hole carriers to
system1,48 it, at the same time, serves as the dominant sou
of scattering centers. This explanation seems to hold true
the crystalline samplesf and g, which lie at the two ex-
tremes on the mobility curve. For the amorphous samp
a–e, represented by the intermediate values on the mob
curve, the situation is less straightforward. First, the co
pound species present in these samples are difficult to id
tify. Second, the presence of multiple phases complicates
analysis and, finally, the samples are likely to be polycr
talline on a very fine scale~100 Å!. However, since the sput
tering target had the robust stoichiometry of 123, and we s
some evidence of the 2115 phase from XRD, we can ass
that our amorphous samples contain primarily 123~with
oxygen stoichiometry sufficiently low to give semiconduc
ing behavior! and 2115 phases. The common feature of b
the amorphous and crystalline samples is the presenc
CuO2 planes in their structure. It is well known that plan
play a dominant role in conduction mechanism1 in 123
Y-Ba-Cu-O. Even when the long range crystalline order
absent, these planes are present on the microscale and
conduction to take place in a manner similar to a we
ordered material. Hole carriers are formed in these lay
when electrons are transferred to the Cu-O charge rese
chains because of Cu31 average charge at Cu chain sites. A
the number of carriers increases, the mobility decreases
simultaneously the resistivity of the sample decreases.
concentration of carriers should therefore give an appro
mate picture of the phase of the system, i.e., whether i
metallic or semiconducting. Increasing the oxygen cont
causes the addition of more holes in the system and the
changes the phase from semiconducting to metallic.

As the oxygen concentration is increased to form me
lic Y-Ba-Cu-O, the Fermi energy crosses the mobility ba
edge and the variation in the Hall mobility with oxygen
carrier concentration is no longer predicted by the empiri
mobility formula. Raven and Wan26 have shown that the Hal
mobility of metallic YBa2Cu3O61x can increase, decrease,
remain essentially constant with oxygen concentrati
Raven and Wan proposed that the variation of the Hall m
bility with oxygen concentration was dependent upon
method of sample fabrication and the resultant subtle va
tions in the microstructure of metallic Y-Ba-Cu-O, perha
causing subtle changes in the dominant transport mechan
In contrast, the Hall mobility of semiconducting Y-BaCu-O
existing in a Fermi glass state, does not depend upon
gross microstructure. Therefore, the same empirical form
predicts the dependence of the Hall mobility upon carr
concentration in both single crystal and amorphous thin fi
samples. In general, the reported Hall mobility of metal
6871Shan et al.
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Y-Ba-Cu-O is higher than the low value observed at h
carrier concentrations in semiconducting Y-Ba-Cu-O, s
gesting that the Hall mobility must increase as t
Y-Ba-Cu-O undergoes a phase transition from a semic
ducting to a metallic state. This result is not surprising sin
the microstructure undergoes a transition from tetragona
orthorhombic. Simultaneously, the Fermi energy crosses
mobility edge1 at the phase transition causing the carriers
sample a different portion of the conduction band.

IV. CONCLUSION

We investigated the carrier and transport properties
semiconducting crystalline and amorphous Y-Ba-Cu-O t
films. Material analysis showed that samples appea
amorphous on a broad scale were actually multiphase
polycrystalline on a very fine scale, while the epitaxial cry
talline samples were tetragonal with oxygen contents of
and 6.3, respectively. At room temperature, all our samp
exhibited thermally activated conduction behavior. At r
duced temperatures, the crystalline samples underwe
transition to variable range hopping at temperatures of
proximately 300 and 160 K for samplesf and g, respec-
tively. No transition to hopping conduction was observed
the amorphous samples, although these samples were
cooled to 250 K. We interpret the difference in the behav
of the amorphous sample over this temperature range to
consequence of the lack of long range order, weakening
strength of the localization and being associated with
considerable broadening of the mobility band edge ene
Ec . The Hall voltage increased linearly with increasing ma
netic field. The dependence of the Hall mobility and resist
ity of the samples on Hall carrier concentration was ve
accurately in accord with the mobility empirical-fit formula
This fit indicates that oxygen in Y-Ba-Cu-O is not simply th
acceptor impurity providing carriers for conduction, but al
thedominantsource of impurity scattering. The Hall mobi
ity and dc resistivity for both amorphous and crystalli
samples followed the same relationship in terms of Hall m
bility dependence on Hall carrier concentration, demonst
ing that the conduction mechanism in semiconduct
Y-Ba-Cu-O is dominated by CuO2 planes and is very shor
ranged~less than 100 Å!, since the lack of long range orde
in the amorphous samples did not lead to a different mob
behavior when compared to the epitaxial crystalline t
films.
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