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A system for the simultaneous measurement of the Hall effect in 31 different locations as well as the
measurement of the resistivity in 30 different locations on a single oxide thin film grown with a
composition gradient is described. Considerations for designing and operating a high-throughput
system for characterizing highly conductive oxides with Hall coefficients as small as 10−10 m3 /C are
discussed. Results from measurements on films grown using combinatorial molecular beam epitaxy
show the usefulness of characterizing combinatorial libraries via both the resistivity and the Hall
effect. © 2008 American Institute of Physics. �DOI: 10.1063/1.2901622�

I. INTRODUCTION

Recent advances in materials synthesis capabilities have
created new challenges for measurements. In particular, the
growing popularity and feasibility of combinatorial synthe-
sis, in which a large number of distinct materials is grown
simultaneously,1–5 has made it necessary to revisit many of
the standard characterization techniques by speeding them
up without sacrificing data quality. Indeed, the crucial need
for new combinatorial characterization tools was recently
highlighted in a special issue of Review of Scientific
Instruments.6

Growth of atomically perfect epitaxial films by molecu-
lar beam epitaxy �MBE� has led to important new materials
with useful properties. The MBE process lends itself natu-
rally to combinatorial methods.7–10 The first combinatorial
MBE �“COMBE”� system was constructed to grow oxide
films in 1999 by Bozovic and co-workers7,8 at Oxxel GmbH,
Bremen, Germany. The system is now at Brookhaven Na-
tional Laboratory. The Oxxel/Brookhaven system relies on a
very shallow incidence angle of the atoms arriving at the film
surface from different directions to create a continuous com-
position spread across the wafer. A different scheme that re-
lies on moving shutters was implemented by Tsui and He9

and used with success in studies of Ge-based magnetic
semiconductors.11,12 By either technique, one can obtain
films with controlled gradients in chemical composition. Li-
thography can be used subsequently to pattern from such a
film a discrete set �a “combinatorial library”� of samples with
a fine, position-addressable gradation of stoichiometry.

There is a pressing need for combinatorial methods ap-
propriate to oxide materials. During the past two decades, a
great number of novel oxides have been discovered that have
important technological applications and show striking new
physical behaviors. For many of these materials, especially
the cuprate superconductors, the basic physics remains im-
perfectly understood. In addition, many new oxides have
complicated phase diagrams, in which small variations in
stoichiometry induce large changes of physical behavior.
Creating precise combinatorial libraries of complex oxides

and characterizing them systematically will be an important
undertaking. COMBE has solved one of these two
problems—synthesis of arrays of single-crystal samples with
well-controlled stoichiometry gradients. The second chal-
lenge, high throughput yet precise testing of their transport
properties, is addressed here.

Among the most important characterization tools for
conducting oxides are the measurements of electrical resis-
tivity and Hall effect. The temperature dependence of the
electrical resistivity can supply essential information about
phase transitions �both electronic and structural�, charge car-
rier dynamics, electron band structure, and the density of
impurities. The Hall effect is particularly sensitive to the
sign and density of charge carriers, Fermi surface topology,
internal magnetization, and, in multiband systems, carrier
dynamics. Together, these measurements reveal the complete
resistivity tensor and are typically the first recourse for char-
acterizing new conducting materials.

Previously, other authors have reported on systems for
combinatorial resistance measurements alone in thin-film
samples. Hewitt et al.13 recently described a useful system
for combinatorial measurements of the dc resistivity in large-
area metal films created using physical vapor deposition. We
are interested in characterizing thin oxide films. A system for
measuring the resistance of 62 different samples grown on a
10�10 mm2 substrate was described in Ref. 10. We have
found that adding a Hall effect capability changes nearly
every aspect of the system design, including the probe, the
electronics, and the data acquisition protocol. Here, we de-
scribe a system for high-throughput parallel measurements of
the Hall effect and the resistivity in highly conductive thin
oxide films as a function of temperature.

II. SYSTEM DESIGN CONSIDERATIONS

The size of the Hall signal is controlled by the carrier
density, the sample resistance, and sample geometry. Hall
effect voltages in our oxide films are small, typically a frac-
tion of a microvolt in a 1 T magnetic field. With typical
carrier densities on the order of 1022 cm−3, the Hall coeffi-
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cient RH in standard units is on the order of 10−9 m3 /C. In
units that are appropriate for acquiring the raw signal, we
would have RH�1 � nm /T, meaning that a sample with a
thickness of 1 nm would have a Hall resistance of 1 � in a
magnetic field of 1 T. For a typical sample with thickness of
100 nm, we find that we must limit the current to approxi-
mately 100 �A to avoid self-heating. Consequently, in a 1 T
magnetic field, the signal will be 1 �V. Because the limit on
total current scales with sample thickness, the maximum Hall
signal will also be on the order of a microvolt for samples
grown to other thickness. In fact, we will often need to mea-
sure certain highly doped materials, in which the Hall coef-
ficient is an order of magnitude smaller than this estimate.

To resolve the Hall voltages, we need lock-in amplifiers
with low-noise preamplifiers at the inputs. For an acceptable
signal-to-noise ratio, we would like to have electronics that
can resolve a few nanovolts. As discussed below, we find that
we need to have separate measurement electronics for each
individual sample so that for 31 samples, we need 31 sepa-
rate lock-in amplifiers. Because of the large number of mea-
surement channels, we found it most convenient to build the
circuitry in house using circuit design software to lay out
printed circuit boards. Surface-mounted electronic compo-
nents facilitated production of the boards.

In highly conductive oxides, the Hall effect signal is
much smaller than the resistance signal. The Hall angle,
�H=arctan�RHH /��, where � is the resistivity and H is the
magnetic field strength, is on the order of 10−4 at 1 T in the
highly doped samples we are studying. The smallness of the
Hall angle affects our system design parameters in many
ways. Because of the small Hall angle, we need good contact
alignment and measurements at many different field
strengths to resolve the Hall effect. Misaligned contacts lead
to a contribution to the measured voltage from the resistance.
We use optical lithography to pattern the films and position
the contacts accurately but when the Hall angle is 10−4, there
remain contributions to the measured voltage from the resis-
tance of the film. The residual misalignment voltage can be
eliminated by measuring the magnetic field dependence of
the signal voltage. Another common way to eliminate the
resistance voltage, the five-probe method with a compensat-
ing potentiometer, is less desirable because it is difficult to
automate for 31 samples, requires additional contact pads
and lines, and may introduce spurious effects from the
potentiometers.

The requirement to measure at multiple field values
slows the measurement down and ultimately makes it neces-
sary to have separate data acquisition electronics for each of
the 31 samples. Even if we were to use a single lock-in
amplifier and a low-noise scanner to multiplex the signals for
sequential measurement, the measurements would take too
much time: we need to measure at low frequency, 37 Hz, to
avoid phase shifts from stray capacitances at the contacts.
For the Hall voltages, we set the lock-in amplifier to have a
postintegration time constant of 2 s and we need to wait five
time constants after switching channels before taking a read-
ing. With 31 channels, the total time for taking data at a
single magnetic field value is 3 minutes. Taking data at 11
different magnetic field values would require 30 min at a

single temperature. If we then take data at 10 K intervals
between 10 and 400 K, the total time required to characterize
the wafer is 20 h—an order-of-magnitude longer than it took
to grow the sample in the first place. In order to keep up with
the rate of film growth, we need to have one lock-in ampli-
fier per sample. In that case, the measurement time is limited
only by magnetic field ramping and speed with which we can
stabilize the temperature.

III. APPARATUS

A. Film growth

For this study, we have used a unique multichamber
COMBE system at Brookhaven National Laboratory. The
growth chamber �Fig. 1� contains 16 evaporation sources
aimed at the substrate at a steep angle �20°� and provided
with fast-acting pneumatic shutters. By using pairs of iden-
tical sources placed in opposite azimuth positions, i.e., with
the atomic beam impinging at the same angle with respect to
the substrate but from opposite sides, we can control the
gradient of the corresponding atomic flux along the substrate.
The maximum gradient �4% variation in deposition rate over
a distance of 10 mm� is obtained when one source is open
and its counterpart is closed, while a nearly zero gradient is
achieved when both sources are open and emit the same
atomic fluxes. The sample manipulator has six degrees of
freedom �three translations and three rotations�. It is pro-
vided with a sample heater with four individually controlled
quartz lamps that allows for a temperature gradient to be
profiled across the wafer. Oxidation under high-vacuum
conditions is provided using a pure ozone supply system
with four individually controlled nozzles, allowing for con-
trol of the oxidation-power gradient. This COMBE system
therefore allows for position-addressable combinatorial
variation of chemical composition, substrate temperature,
and/or oxidation.

The source rates are monitored in real time by a custom-
made 16-channel atomic absorption spectroscopy system.
The spatial variations of rate can be mapped using a quartz-
crystal oscillator monitor �QCM�, mounted on a separate mo-
torized and computer controlled manipulator with three
translation degrees of freedom. A gradient in crystal structure

FIG. 1. �Color online� COMBE at Brookhaven National Laboratory. The
growth chamber has 16 separate steep-angled sources with real-time flux
monitoring on each channel. The sources can be paired to cancel stoichiom-
etry gradients or controlled to create linear gradients. It is also possible to
introduce gradients in the substrate temperature and/or in the oxidation
power.

033908-2 Clayhold et al. Rev. Sci. Instrum. 79, 033908 �2008�

Downloaded 09 Dec 2009 to 130.199.3.130. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



and morphology is monitored by a scanning reflection high-
energy electron diffraction system capable of displaying 20
images taken in rapid succession and at the same incidence
angle from different spots. A time-of-flight ion scattering and
recoil spectroscopy system allows for real-time chemical
analysis of the film surface with resolution high enough to
clearly distinguish all the naturally occurring isotopes.

The system contains a second major vacuum chamber
devoted to in situ lithographic processing, including ion-
beam etching and electron-beam deposition of metallic and
insulating layers. This chamber is installed in the clean room
so that substrates can be prepared in a class-100 clean envi-
ronment and loaded into the system without surface contami-
nation. The growth chamber and the processing chambers are
connected via a transfer chamber, and the samples can be
transferred from one to another without breaking vacuum.

Altogether, this multichamber COMBE system allows
one to deposit �combinatorial or uniform� thin films of com-
plex oxides with atomic precision to analyze them in real
time and to process them in situ. This has enabled reproduc-
ible synthesis of single-crystal films of LaSrCuO, BiSr-
CaCuO, and BaKBiO with rms surface roughness in the
range of 0.2–0.5 nm. Furthermore, this technology allows
fabrication of precise multilayers and superlattices and has
enabled a series of novel physics experiments.14–18

For the present study, we synthesized a number of thin
films of La2−xSrxCuO4+� with a large spread in the Sr doping
level x along one chosen direction. A surface layer of gold
was deposited in situ in the growth chamber to minimize the
contact resistance.

B. Lithography and electrical contacts

Sample films are patterned in a class-100 clean room
using optical photoresist and ion milling. The pattern is
shown in Fig. 2. The current is directed down the center
stripe, which is aligned with the one-dimensional stoichiom-
etry gradient. In data presented here from measurements
on La2−xSrxCuO4+� �see the results in Sec. V�, the current
flowed in the direction of increasing strontium content. As
described in the figure caption, voltages measured between
pairs of the square contact pads yield values for either the
Hall voltage or the resistance, depending on the pair chosen.

The processing of the films began with an initial litho-
graphic stage that etched the pattern of Fig. 2 onto both the
sample and top gold layer. Subsequently, the gold layer was
removed from the central strip by masking off the contact
pads and their electrodes, and then ion milling away the gold
layer. Finally, everything but the contact pads was masked
off and additional gold was evaporated onto the contact pads
and leads to form mechanically robust contacts.

It is necessary for the combinatorial Hall/resistance stud-
ies to be able to mount and demount samples rapidly onto the
cryostat probe. We use pogo pins—spring-loaded, gold-
coated contact pins that have widespread use for rapid con-
tacts in the semiconductor industry. In our case, it is crucial
to emphasize that the pogo pins do not make the contacts—
they merely facilitate the wiring �Fig. 3�. Our electrical con-
tacts are formed in situ in the growth chamber. The film to be
measured is first capped with a highly conductive oxide layer

which is, in turn, coated with a gold layer, all within the
growth chamber. During the patterning of the film, the highly
conductive oxide layer and the gold layer are removed ev-
erywhere except at the square contact pads shown in Fig. 2.
The quality of the contacts may be characterized during li-
thography, in the clean room, without the need for pogo pins
because they are not the essential contact-forming connec-
tion. The square contact pads are purposely oversized to be
much larger than the pogo pin contact head. The pogo pins
themselves have a large range of vertical compressive
motion—nearly 2 mm. We make use of the full range—when
a sample is mounted, the pogo pins are compressed by nearly
2 mm. Consequently, when the sample holder is carefully

FIG. 2. Film lithography and contact pattern. The square contact pads are
placed on a 1.1 mm grid. The current contacts are in the upper right and
lower left corners of the pattern. The stoichiometry gradient is along the
vertical axis—the Sr doping level increases in the sample from top to bot-
tom. Contacts are made by in situ gold deposition onto a layer of highly
conductive overdoped cuprate. Thirty-one distinct Hall effect voltage pairs
make contact with the center stripe at equal spacings—the contacts labeled
A and B form a Hall voltage pair. Commuting the leads with a multiplexer
allows the measurement of the sample resistance at thirty equally-spaced
locations—the pair of contacts C and A form a resistance voltage pair, as do
B and D.

FIG. 3. �Color online� Receptacles for spring-loaded pogo pins on the cry-
ostat tail. The 64-pin array with 1.11 mm spacing between adjacent pins
makes contact with films etched into the pattern shown in Fig. 2. The four
holes in the corners accept tapered guide pins on the sample holder, ensuring
that the sample is mounted without lateral slippage.
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machined, it becomes virtually impossible for the pogo pins
not to engage the contact pads. All the dimensions on our
sample holder were machined with tolerances finer than
25 �m. The sample holder �see Fig. 4� is fitted with tapered,
vertical alignment pins. With a system that is so mechani-
cally robust as ours, we have never had difficulty making
connections between the gold contact pads and the pogo
pins. Our experience regarding the reliability of pogo pins
for connections to high-quality contacts accords with previ-
ous work.10

C. Cryogenics and magnetic field

The combinatorial Hall/resistance system was built for
high throughput and low operational costs. Being able to
sweep the magnetic field rapidly is crucial for throughput.
Cryogen-free operation of the magnet reduces running costs.
Both of these considerations led us to use an electromagnet
to apply the magnetic field. We chose an electromagnet that,
to accommodate our probe, has a gap between pole pieces of
just under 50 mm but can attain a field strength exceeding
1 T.19 A gas-flow cryostat20 is used to cool the sample with
little vibration and low helium usage; it also allows for rapid
mounting and demounting of samples.

Some care was necessary during the wiring of the probe.
With as many copper wires as are needed for the combina-
torial measurements, it would be easy to introduce a signifi-
cant heat load onto the sample from the cryostat wiring. For
this reason, we used quite fine �AWG 40� wire pairs, indi-
vidually twisted, and formed into a single braid. As a result,
the total thermal conductance through the wires is not a
problem. We were nevertheless careful to heat sink the wires
extensively before attaching them to the bottom of the probe.
At the cold end of the probe, the wires wrap five times
around a specially made copper cylinder which has an outer
diameter of 30 mm and a length of 50 mm. The cylinder is
controlled at the measurement temperature, ensuring that the
wires are properly thermalized before making contact with
the pogo pin receptacles.

D. Electronics

Electronics consist of the signal acquisition circuits, a
multiplexer that permits us to interchange the voltage leads
for measuring either the Hall effect or the electrical resis-
tance and a current source. We found that it was convenient
to use commercially available schematic capture and printed
circuit board layout software for error-free routing of the
many signals and for replicating the channel-specific cir-
cuitry. Using surface-mount electronic components wherever
possible helped greatly to expedite final assembly. With
surface-mount components, we were able to stencil-print sol-
der paste, then use a pick-and-place machine to place the
components, and finally employ a reflow oven for rapid, re-
liable soldering.

1. Signal acquisition

We fabricated separate analog signal acquisition cir-
cuitry, consisting of a preamplifier and a lock-in amplifier,
for each pair of voltage contacts. A diagram of the signal
acquisition circuit for a single channel is shown in Fig. 5.
The differential signal voltage from a sample is amplified by
a precision instrumentation amplifier U1 that has been hard-
wired for a gain of 1000. The AD524 �Analog Devices� was
a convenient choice for first-stage amplification because it
has precision fixed gain settings, input protection, and a low
noise rating of 7 nV /�Hz. The output of U1 goes through a
single-pole high-pass filter to remove any dc offset before
the next amplification stage. The buffers U2 and U3 are
field-effect-transistor-input operational amplifiers with low
input bias currents �typically 2 pA� to reduce the dc voltage
that would otherwise exist across R1 from the bias currents
at the inputs of the next amplifier. U4 is a programable-gain
instrumentation amplifier with fixed gain settings of 1, 10,
100, or 1000, selectable via a pair of digital inputs. U5 is a
square-wave demodulator �AD630, Analog Devices� com-
monly used to make simple analog lock-in amplifiers. The
circuit permits a choice of postintegration times, 0.2 or 2 s,
depending on a transistor-transistor-logic �TTL�-level volt-
age at the noninverting terminal of U6. We typically use the
longer time constant for Hall effect measurements and the
shorter time constant for resistance measurements. The
buffer U7 is only necessary because of an inconvenient low
input impedance that can occur in the commercial multichan-
nel analog-to-digital converter that we used to read the
lock-in voltages.

The single-channel circuit described above was repli-
cated 32 times onto eight different cards with four channels
per card. A motherboard was made with eight slots for the
cards. The motherboard not only routes the analog signals
but also has digital lines for computer control of the gain of
each channel and for choosing the postintegration time con-
stant. The circuitry was built so that the gain setting for each
channel could be individually selected, which would nor-
mally require 64 digital control lines from the computer. In-
corporating four 16 bit shift registers onto the motherboard
reduced the number of gain-control data lines.

We used 68-pin small computer system interface �SCSI�
connectors to bring signals in from the cryostat and to send

FIG. 4. �Color online� Sample holder in place, mounted from the right and
fastened with brass machine screws. Because the length of each pogo pin
assembly is over 70% of the diameter of the tube, the wrap-around fastening
arms were necessary to accommodate the available space.
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signals out to the computer. The SCSI connectors were cho-
sen because of the ready commercial availability of matching
cables with 34 individually shielded twisted pairs. For the
head of the cryostat, we fabricated a vacuum feedthrough
from a SCSI connector mounted into a brass housing that
was filled with epoxy.

2. Hall/resistance multiplexer

As shown in Fig. 2, the contacts to the film can be ar-
ranged for the measurement of either 31 Hall effect voltages
or 30 resistance voltages, depending on the configuration of
the voltage pairs. To facilitate the measurement of both Hall
and resistance voltages, we made a specialized multiplexer to
commute the signal connections between the two configura-
tions. Because the current leads are the same for both Hall
and resistance measurements, the multiplexer needed only to
swap between two configurations of 62 signal wires. The
multiplexer consisted of 62 different TTL-controlled, low-
resistance single-pole, double-throw �SPDT� switches on a
circuit board with signal inputs and outputs connected
through board-mounted SCSI connectors. The circuit used 31
quad single-pole, single-throw �SPST� switches �ADG453,
Analog Electronics� wired together as dual SPDT switches.
The low on-resistance, 4 �, of the switches is less than

the resistance of our cryostat wiring, so these switches
are well suited as in-line elements for low-frequency ac
measurements.

3. Current source

The sample excitation derives from a current source
made from a commercial function generator driving a simple
instrumentation-amplifier voltage-to-current circuit. There
are three different current-setting resistors available, selected
digitally using reed relays. With control of the function gen-
erator amplitude, the current is controllable over five orders
of magnitude.

IV. DATA ACQUISITION

Using LABVIEW data control and acquisition software,
the system was programed for computer control of the gain
settings for each channel, the postintegration time, the am-
plitude and frequency of the current excitation, the state of
the Hall/resistance multiplexer, the magnetic field strength
and polarity, and the temperature set point. At each new tem-
perature set point, the system waits for the temperature to
stabilize, then initiates a sweep of 11 different field values
between −1.1 and +1.1 T. At each field value, the system
waits several postintegration time constants and then ac-
quires the 31 Hall voltages. Upon returning to zero field, the

FIG. 5. Signal acquisition circuit �see text for details�. The simple circuit was replicated 32 times, one for each sample measured, and was flexible enough to
accommodate a wide range of samples for both Hall effect and resistance measurements.
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gains, current, and multiplexer are set for resistance measure-
ment and the 30 resistance voltages are acquired. With
samples that are more magnetoresistive, we would also mea-
sure the resistance voltages at each individual magnetic field
value.

Good temperature stability is necessary for the Hall mea-
surements. The resistance of the samples depends strongly
on temperature, which means that the large resistance back-
ground signal from the contact offsets will fluctuate when the
temperature fluctuates. For samples having a Hall angle of
only 10−4 at our maximum magnetic field, we would like to
have the temperature stabilized to within a few millikelvins
of the set point. We use a gas-flow cryostat for fast sample
mounting, low vibration, and quick turnaround, but gas flow
cryostats can be difficult to control to high stability. The
cryostat in our system has features to enhance stability, in-
cluding cold gas shield flow around the helium transfer line,
a needle valve, and flow impedances at the outlet.

V. RESULTS

Calibration of the multichannel signal acquisition elec-
tronics showed that the measurement resolution at our cho-
sen frequency of 37 Hz, with 2 s postintegration time was on
the order of 5 nV at the highest gain. There was no fre-
quency dependence of the gain below 2 kHz for gains of 103,
104, and 105. The highest gain setting, 106, showed some
frequency dependence above 200 Hz. The channel-to-
channel gain showed negligible variations but we neverthe-
less performed a full calibration for each channel as a func-
tion of gain setting and frequency.

The contact resistances were typically a few ohms or
less. The alignment of the transverse Hall contacts could be
determined from electrical measurements at zero magnetic
field. We found that 70% of the Hall contacts were aligned
within 2 �m, roughly describable as a Gaussian distribution
having an average offset of −0.5 �m and a standard devia-
tion of 1 �m. The remaining 30% of the contacts had higher
offsets, which presented no hindrance to resistance measure-
ments but did affect Hall measurements in the samples with
Hall angles as small as 10−4 at 1 T. A histogram showing a
typical distribution of Hall offsets is in the inset of Fig. 6.

Resistivity and Hall effect results from measurements on
a sample of the overdoped single-layer cuprate supercon-
ductor, La2−xSrxCuO4+�, are shown in Figs. 6 and 7. The film
thickness was 975 Å and was lithographed with the pattern
of Fig. 2. The width of the center current stripe was 300 �m,
which is the same as the distance between adjacent resistance
contacts. The room temperature resistance, measured with
150 �A current amplitude, was on the order of 20 � in each
channel at room temperature. The resistivity followed a con-
cave temperature dependence, d2� /dT2�0 �see Fig. 6�, typi-
cal for overdoped cuprates. At room temperature, the resis-
tivity varied from 2.191 to 2.114 �� m, making a relative
variation of 3.6% across the film.

Hall effect data are shown in Fig. 7. The inset shows the
magnetic field dependence of the resistance between two
Hall voltage contacts for a typical channel measured at
17 Hz with 250 �A current amplitude. The slope of the fitted

line corresponds to a Hall angle of 1.35�10−4 at 1 T. The
background resistance signal from contact misalignment is
just over nine times the variation of the Hall signal in 1 T
field.

The temperature dependence of RH is shown in the main
panel of the figure. To minimize the effects of those channels
that had large offsets and were sensitive to temperature fluc-
tuations, the graph shows Hall coefficients for the channels,
in which the ratio of the resistance background to the Hall
signal was less than 10 and the error in the fitted Hall slope
was less than 4%. We can see that the Hall effect in over-

FIG. 6. Resistivity as a function of temperature. The resistivity decreases
with increasing carrier concentration and had a total variation of 3.6%
across the sample. The inset shows a histogram of the alignments of the
transverse Hall contacts as measured in zero field. Most pairs are within
2 �m as expected from optical lithography.

FIG. 7. Hall effect of La2−xSrxCuO4+� as a function of temperature. The Hall
coefficients for these overdoped samples with x=0.222 are nearly an order
of magnitude smaller than in optimally doped material. The Hall coefficient
drops rapidly with the carrier density at this value of x and shows a nearly
30% variation across the film. The curves serve to guide the eye. The inset
shows the magnetic-field variation of the Hall resistance between two trans-
verse contacts.
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doped samples of La2−xSrxCuO4+� is much more sensitive to
changes of carrier density than is the resistivity. For x�0.2,
it is known that RH�x� drops to zero much faster than the 1 /x
dependence that would be expected for a single conduction
band, where x is the carrier density. Indeed, the measured
Hall coefficients of the samples shown in Fig. 7 are all on the
order of 10−10 m3 /C, an order of magnitude smaller than is
typical for underdoped or optimally doped cuprates.

The value of the Hall coefficient varies by almost 30%
across the film. A comparison to previously reported Hall
measurements21 on discrete bulk samples permits us to cali-
brate the carrier density. The data of Fig. 7 are consistent
with a variation of x from 0.218 to 0.226 across the film,
corresponding to a 3.6% relative variation of carrier density
across the sample. This is consistent with the resistivity data
as well as with the deposition-rate gradient ��4% edge to
edge� measured previously by scanning QCM. The high sen-
sitivity of the Hall results to sample stoichiometry under-
scores the utility of the combinatorial Hall capability for
studies of oxide films.

To summarize, we have built and operated a system for
fabrication, processing, and simultaneous measurement of
the resistance at 30 different locations and of the Hall effect
at 31 locations on a single thin film grown with a combina-
torial spread in chemical composition. The system was de-
signed for rapid turnaround, the ability to accommodate re-
sistive samples with small Hall coefficients, and for
characterization of novel oxides with a very fine stoichiom-
etry resolution.
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