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Electronic properties of ferroelectric BaTiO  3/MgO capacitors on GaAs
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Thin films of MgO and BaTiQ were deposited 0001) GaAs substrates using molecular beam
epitaxy and pulsed laser deposition, respectively. X-ray diffraction scans indicate crystalline MgO
and BaTiQ thin films with preferential c-axis orientation. Capacitors fabricated from the
BaTiO;/MgO/GaAs structures demonstrate ferroelectric hysteresis behavior with a remenant
polarization of 0.4uC/cn?. Small-signal capacitance measurements indicate an effective dielectric
constant for the BaTi@gMgO structure of 45.5,. A hysteresis behavior indicative of ferroelectric
switching is observed in the capacitance—voltage characteristics with a memory window of
approximately 2 V. The observation of ferroelectric behavior in these materials are promising for
future multifunctional devices on GaAs. 8004 American Institute of Physics
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The integration of oxide materials on GaAs has beerscribed in this Letter. The electrical properties of metal-
sought for decades in the goal of achieving metal-oxideferroelectric-insulator-semiconductor capacitors fabricated
semiconductor field-effect transistofdMOSFETY. High-  from these materials are described.
quality insulating oxides have been demonstrated using MgO was grown on GaAs by molecular beam eptiaxy
Ga05; and GdOg, resulting in GaAs MOSFET devicés. using an elemental magnesium effusion cell and an electron
The successful integration of oxide materials on GaAs iyclotron resonancéECR) source for oxygen2.45 GHz,
also sought for optoelectronics applications, where the&50 W). Previous experiments have reported that a high oxy-
achievement of aluminum oxide through the wet oxidation ofgen flux is required to prevent the growth of three-
AlGaAs (Ref. 3) has had a major impact on vertical cavity dimensional features from a Mg-GaAs reaction and a subse-
surface-emitting lasers and optical waveguide devices. Eleqiuent polycrystalline growth of MgO with rough surface
tronic, optoelectronic, and future multifunctional devicesmorphology’ The use of atomic oxygen here is expected to
could benefit enormously from the properties provided byprovide a greater benefit in this respect than molecular oxy-
ferroelectric oxides. In particular, ferroelectric oxides pos-gen. A Si-doped(n*) GaAs (001) substrate was heated to
sess a switchable polarization, strong electro-optic propers00 °C to desorb the native oxid& situ reflection high-
ties, tunable dielectric constant, and piezoelectric propertiesnergy electron diffractiofRHEED) was used to monitor
Ferroelectric oxides in the perovskite structure, such ashe surface. After observing a cle@Xx 4) reconstruction by
BaTiOs, have a cubic crystal structure compatible for GaASRHEED, the substrate was cooled to 350 °C. MgO growth
integration. However, the integration of perovskite oxideswas initiated with 1 SCCMcubic centimeter per minute at
with GaAs is challenging due to the requirements of elevate&Tp of O, flowing and the ECR source set at 90 mA.
growth temperatures, significant lattice mismatch, and inGrowth was continued fo2 h during which time the
compatibility of arsenic with the oxides and oxygen with RHEED pattern corresponding to the GaAs surface slowly
GaAs. MgO provides a potential means of facilitating thegiffused and transitioned to a streaky pattern indicative of a
integration of perovskite oxides on GaAs, where there is a1g0 (001) surface. The MgO layer thickness was deter-
near 4:3 commensurate lattice match, low MgO depositionyined to be 16+1 nm from spectroscopic reflectance mea-
temperatures, and an excellent interdiffusion barrier in MgOsyrements. After the growth of the MgO layer, half of the

Previously, high quality cube-on-cube orient¢d0l)  sample was loaded into a vacuum chamber for the deposition
MgO films on (001) GaAs at low growth temperatures of BaTiQ,. BaTiO, was deposited by pulsed laser deposition
(~350 °C) have been achieved by pulsed laser deposfifon, using an excimer lasef =248 nm, 25-ns pulse width, 10
electron beam evaporatirand molecular beam epitaxy Us- Hz, ~2 J/cn?) at a substrate temperature of 600 °C. The
ing molecular oxygeri.Due to the large mismatch in the thickness of the BaTiQlayer was determined to be 150 nm
thermal expansion coefficient between GaA&=5.73  from spectroscopic reflectance measurements. X-ray diffrac-
X 10°°/K at 300 K) and MgO (a=11.15<10°°/K at 300 tion measurements#-26 scan indicate predominantly
K),” the thickness of MgO buffer layers on GaAs should bec_axis-oriented thin films, as shown Fig. 1. A weak reflection
minimized. Requirements of thin layers and control over theyt 43¢ js observed and is consistent with Mg@d1). The
oxygen-sensitive GaAs/MgO interface suggests that growtlyeak intensity may be attributed to the small thickness of the
techniques such as molecular beam epitaxy are best suited (g0 |ayer. Peaks observed at 22.2° and 45.3° are consistent
provide the desired properties for MgO buffer layers. Theyith BaTiO, (001) and(002) reflections.
growth of MgO by molecular beam epitaxy, and subsequent  \jetal-oxide-semiconductaiMOS) capacitors were fab-
deposition of BaTiQ by pulsed laser deposition are de- ricated on the MgO/GaAs and BaTjMgO/GaAs samples
by depositing Ti/Pt/A(20/100/200 nm electrodes with a
¥Electronic mail: jphilli@engin.umich.edu diameter of 25Qum using a shadow mask. Current—voltage
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FIG. 3. Polarization vs applied voltage for a metal/BajlidgO/GaAs

FIG. 1. X-ray diffraction scans afa) the 16-nm-thick MgO layer on GaAs capacitor under a 1-, 2-, and 3-V bias range.

(100) and (b) the BaTiG/MgO/GaAs structure.

The P-V characteristics for varying applied voltage are
characteristics of the metal/MgO/GaAs capacitors show &hown in Fig. 3 for applied voltages of 1, 2, and 3 V, where
blocking behavior with a breakdown voltage of approxi- p—v curves become distorted at and above 4 V due to the
mately 4 V in both forward and reverse directions, with ajeakage current. A nonsaturatifgV loop is observed with a
leakage current of 90 nA. The differential small signal ca-remanent polarization of-0.4 uC/cn? for a 3-V loop. The
pacitance was measured using a Boonton 72B capacitan¢ey characteristics are similar in shape and magnitude to
meter with a 1-MHz test signal. The differential capacitance—previous metal-ferroelectric-insulator-semiconductor reports
voltage (C-V) characteristics of the metal/MgO/GaAs ca- of SrBi,Ta,0, on silicor? and SrBjTa,0y on GaAs'® Pre-
pacitors are shown in Fig. 2, and are typical of MOS strucwvious experiments on BaTiQthin films deposited on
tures onn-type material. A shallow turn-on is observed Pt/Si0,/Si substrates using the equipment and procedures
which may be a result of MgO/GaAs interface states. Previoutlined above have resulted in ferroelectric capacitors with
ousC-V studies on MgO/GaAs had shown a clockwise hys-larger values of remanent polarizati¢r2 uC/cnf). The
teresis attributed to “slow” trapping stateSuch hysteresis reduced polarization values may be a result of nonoptimal
behavior was not discernable in our measurements. The satyeposition conditions or remaining interdiffusion problems
ration value of capacitance at positive voltages is in the acassociated with the oxide/GaAs interface. Previous experi-
cumulation region and represents the oxide capacitéh¢e ments on BaTi@ thin films depositedequipment and pro-
=eoA/ Ay, Wheree,, is the dielectric constant of the oxide, cedure as outlined aboyen GaAs(001) using MgO buffer
A'is the area of the capacitor, adgl is the oxide thickness. |ayers deposited by pulsed laser deposition resulted in no
The observed value o€,=255 pF suggests a value of ppservable hysteresis behavior. The improved ferroelectric
emgo=9.4%0.€, (based on the estimated error in determin-pehavior observed in this work is likely a result of the im-
ing the MgO thicknesssimilar to the bulk value okyyo  proved quality of the MgO/GaAs interface and buffer layer
=9.8¢. using MBE.

The electrical characteristics of sever@at15) metal/ The capacitance-voltage characteristics of the
BaTiO3/MgO/GaAs capacitors were measured. Approxi-metal/BaTiQ/MgO/GaAs capacitors are shown in Fig. 4.
mately 20% of the capacitors were shorted where materiat—Vv characteristics were measured in the forward and re-
defects could be observed. The characteristics of workingerse direction after holding the sample at -5 and +5 V,
capacitors had a variation in performance of approximatelyespectively, for several minutes. The oxide capacitance is
10%-20% which may be attributed to nonuniformity in determined to be 119 pF, resulting in an effective dielectric
materials properties or layer thickness. The metal/BaliO constant of 45.5, for the BaTiQ,/MgO dielectric stack. The
MgO/GaAs capacitors show an insulating behavior withyalues obtained outside of the range of -4 to +4 V were
leakage currents less than 1nA. The leakage current for thesfetermined to be artificially large due to the leakage current,
capacitors becomes significant above +4 V. The polarizatiognd are therefore not shown. An anticlockwise hysteresis
versus applied voltagéP-V) characteristics were measured is clearly observed in th€-V characteristics with a voltage
using a Radiant Technologies 66A Ferroelectric Test Systenshift or “memory window” of approximately 2 V. The

FIG. 2. Capacitance—voltage characteristics of

capacitor.
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anticlockwise direction of the hysteresis is consistent with  This work is supported by the National Science Founda-
switching polarization in a ferroelectric, as opposed totion under Grant No. ECS-0238108.
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