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Metal/semiconductor superlattices containing semimetallic ErSb
nanoparticles in GaSb

M. P. Hanson,? D. C. Driscoll, C. Kadow, and A. C. Gossard
Materials Department, University of California, Santa Barbara, California 93106-5050

(Received 1 August 2003; accepted 17 November 2003

We demonstrate the growth by molecular beam epitaxy of a metal/semiconductor composite
consisting of epitaxial semimetallic ErSb particles in a GaSb matrix. The ErSb nucleates in an island
growth mode leading to the spontaneous formation of nanometer-sized particles. These patrticles are
found to preferentially grow along [#11] direction on a(100 GaSb surface. The particles can be
overgrown with GaSb to form an epitaxial superlattice consisting of ErSb particles between GaSh
spacer layers. The size of the ErSb particles increases monotonically with the deposition. The carrier
concentrations in the superlattices are found to be dependent on both the size and density of the
ErSb particles. Smaller particles and closer layer spacings reduce the hole concentration in the
film. © 2004 American Institute of Physic§DOI: 10.1063/1.1639932

Epitaxial structures containing metallic particles buriedlayers of self-assembled ErSb semimetallic particles within a
within a semiconductor matrix have been demonstrated to b&aSbh matrix.
effective ways of manipulating the electrical properties of the ~ We grew GaSb/ErSb structures by solid-source MBE in
host semiconductor. Superlattices consisting of ErAs para Varian Gen Il machine. The ErSb growth rate was obtained
ticles and GaAs spacer layers have been shown to possefégm beam flux measurements based on previously published
higher resistivity, higher electrical breakdown fields, andcalibrations'? Depositions of ErSb are stated in monolayers
much shorter carrier lifetimes than pure GaAEhese prop- (ML) a@s if the ErSb had grown in a layer-by-layer growth

erties are ideal for devices that rely on high-speed photocornde (1 ML of ErSb=3 A of film thickness. Superlattices
ductors, such as high-speed photodeteftorand consisting of small depositions of ErSb separated by GaSb

photomixers® Recently, ErAs semimetallic particles have spacer I_ayers were investigated with x-ray di_ffraction, atomic
been placed at the interface of a Gapsn junction and force microscopyAFM), and Hall effect. A diagram of the

were shown t bstantially enhance the tunnelin e msample structure is shown in the inset of Fig. 1. Samples
ere sho 0 substantially €nhance the tunneling cufrent, o .o grown on both100-oriented unintentionallyp type

GaAs/ErAs superlattices have also been used as electricgl, g, “sybstrates and00-oriented semi-insulating GaAs
isolation layers because of their high resistivity and ability tog pstrates with a half micron relaxed AISb buffer layer. The
withstand a high electrical fieRIA similar material that ab- AISb buffer layer was grown at a substrate temperature of
sorbs at longer wavelengths would be useful. Superlattices &f70°C. For the growth of the GaSb/ErSb superlattice the
ErAs and InGaAs lattice matched to InP have previouslysubstrate temperature was reduced to 530 °C. The GaSb and
been used in an attempt to achieve such a material. Here W&lSb layers were grown with Skfrom a valved cracker at a
present an alternative approach using the GaSb/ErSb matetit/V ratio of 1:3. The ErSb was grown at a rate of 0.037
als system, which may help circumvent problems of dark
resistance and surface morphology encountered in the ErAs/
InGaAs superlattice$:®

i i X ML ErSh Repeat
The 0.73 eV direct band gap of the GaSb host material r_>nit

allows strong absorption at the wavelength of 1.6&. The 10° GaSb
semimetallic band structure of ErShnd the small lattice 10° ash S“bs”atzaSb 500 nm AISb
mismatch of less than 0.2% with GaSb make ErSb a good AlshButier Substrate

-

choice for GaSb based metal/semiconductor composite struc-
tures. Like GaSh, ErSb has a cubic lattice, however, ErSb
crystallizes in the rock-salt structure rather than the zinc
blende structure of GaSb. Growth of epitaxial complete lay-
ers of ErSb on GaSb by molecular beam epitdBE) has
previously been demonstrat&lin this letter we examine the 1
growth regime prior to the formation of a complete film. In

this regime the ErSb spontaneously forms nanometer-sized Ol s 1 A A sE A8
particles similar to ErAs on GaAsand InGaA< We grow 8 (degrees)

and study the properties of composite materials consisting of
FIG. 1. 6-26 x-ray diffraction pattern of a 3820 nm GaSb 2 ML ErSb
superlattice grown on a GaSb substrate. The inset shows the ErSb/GaSh

¥Electronic mail: micah@engineering.ucsb.edu superlattice structure.
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FIG. 2. AFM images of ErSb particles on a GaSb surfacgdpf.1 ML of
ErSb,(b) 0.5 ML of ErSh,(c) 1 ML of ErSh, and(d) 2.5 ML of ErSh. ErSbh
particles preferentially elongate along 1] direction.

v reference

® 40 nm period
& 20 nm period
A 10 nm period
& 5 nm period
calculated

p(cm3)

ML/s with Er:Sb ratio of 1:13. GaSb is then grown over the
ErSb islands. This process is repeated to form a superlattice.

AFM images of the surface of the superlatt_lges showed 10 30 3540 45 50 '5'5' = '6|0
very little increase in roughness for ErSb depositions up to 2 1/KT (V™)
ML over the reference GaSb sample. In addition, the reflec-
tive high_energy electron d|ffract|oi‘RHEED) pattern of the FIG. 3. The hole concentration in GaSb/ErSb superlattices ki& o (a)

. . . rious ErSb deposition& ML) in a 30X 20 nm GaSb/ErSb superlattice as
GaSb surface after the growth of the superlattice malntalnem" as a Gash reference sample and two bulk Er doped Gash fimgnd

the same intensity and appearance as the surface prior to th&iousperiod lengthsor GaSb/0.1 ML ErSb superlattices. The total thick-
superlattice. Both of these results indicate that the addition ofess of the film was kept to 620 nm by adjusting the number of periods. The

ErSh particles has a minimal effect on the |ayer_by_|ayercalculated line shows the calculated temperature dependence of the hole
h of the GaSb. Fi 1 sh a0 2 concentration if the Fermi level were uniformly pinned at the published
growth of the GaSb. Figure shows (@02 6-26 x-ray Schottky barrier height of 500 meV below the conduction bések Ref.

diffraction pattern of a 30 period superlattice vih 2 ML 10).
ErSb 20 nm GaSb repeat uni@ ML 30X 20 nm) grown
lattice matched to a GaSb substrate with a 500 nm AlSks 1ther reduced to % 10%° cm™2 and the average particle
buffer. Superlattice peaks are clearly visible, demonstrating ez increases to 1300 Am
good coherence in the growth direction. Temperature dependent Hall measurements in the van
In addition to the superlattice samples, four samplegjer Pauw geometry were performed on the GaSb/ErSb su-
were grown for AFM study of ErSb particle formation. Un- perjattice samples grown on semi-insulating GaAs substrates
covered depositions of 0.1, 0.5, 1, and 2.5 ML of ErSb ontg determine the in-plane bulk transport properties of the
500 nm of GaSb were grown on relaxed 500 nm AlSb buff-material. A GaSb reference sample was also grown under the
ers nucleated on semi-insulating GaAs substrates. AFM imsame conditions with the same structure as the superlattice
ages of these samples are shown in Fig. 2. From the AFMamples but containing no ErSb. The reference GaSb layer
images it is clear that the ErSb forms islands similar to thosguas measured to be type with a hole concentration of 3.5
that have been observed for ErAs on both GaAsnd  x 106 cm3 and mobility of 600 cr¥V's at room tempera-
InGaAs? It is also noted that the islands form preferentially ture. This is consistent with the unintentionafiytype be-
along a[011] direction, which suggests that the Er adatomshavior previously observed in GaSb which has been attrib-
migrate faster along this direction. This was also observedited to a defect in the GaSb crystalFigure 3a) shows the
for ErAs grown on InGaA%but not for ErAs on GaA$!"®  hole concentration plotted versuskT/ wherek is Boltz-
For the 0.1 ML deposition the height of the islands is be-mann’s constant and is the temperature, for various depo-
tween 5 ad 9 A and the average particle area was 76 nm sitions of ErSb in 3620 nm superlattices. In addition, the
with a density of 1.X 10" cm 2. As the deposition is in- reference GaSb sample and two uniformly Er-doped GaSb
creased to 0.5 ML, the density of particles increases to abowamples with Er concentrations of #tand 13° cm™2 are
2.2x 10" cm™2, with the average particle area increasing toshown. Even though the 0.1 ML 320 nm superlattice has
120 nnt. By increasing the deposition to 1 ML the particle nearly the same average concentration of Er the two samples
density is reduced to about X30'* cm™2 while the aver- show a different temperature dependence of carrier concen-
age particle area increases to 300°niihe height of the tration. The carrier concentrations vary exponentially with
islands remained relatively constant between 10 and & A temperature and for the superlattice samples they are
about 4 ML for these depositions. The particle density de-strongly dependent on patrticle size and density. The carrier
creases as particles coalesce to form larger particles. Thncentration allows us to calculate the position of the Fermi

phenomenon continues in the 2.5 ML sample as the densitigvel in the materials. A summary of calculated Fermi level,
Downloaded 27 Jan 2004 to 128.111.192.123. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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TABLE I. (a) Room temperature electrical properties for various ErSb depo-moved closer together, the hole concentration is reduced and

sitions(Dep,) in a 30X 20 nm superlattice and a reference GaSb san(ple. it approaches the calculation. Tab[b)l summarizes the car-
Room temperature electrical properties for varipasodsin a 0.1 ML ErSb

and GasSb superlattice. The number of periods was adjusted to maintain €I cOncentration, mOb'“Fy' resistivity, and_ Fermi level fo_r
constant film thickness of 620 nm. various ErSb layer spacings. The reduction of holes with

decreasing layer spacing is consistent with an increase in the

@ ('iﬂef)' (Cnf,3) ('(\:":]2'\"/2) ng'i'ﬁ")’ty Fe(rmé$ve' S\C/I((eegap of the depletion regions that surround the ErSb par-
ref 3.3x10° 577 0.34 124 In summary, we have demonstrated the growth of a
125 ii ige, igi gég iig metal/semiconductor composite consisting of nanometer-
1 10X 10t 191 304 154 sized ErSb particles in a GaSb matrix. The GaSb overgrowth
05 3.4¢ 101 205 9.23 183 planarizes after less than 40 A of growth on top of a 0.1 ML
025  3.1x10Y% 260 7.91 185 deposition of ErSb as observed by RHEED. This allows
01  3.1x10° 297 7.05 185 ErSb layers to be placed as close as 5 nm apart without
Period D Mobility ~ Resistivity  Fermi level significant degradation of the material with an increasing
(b) (nm) (cm™3) (cm?/V s) (Qcm) (meV) numbers of periods. The particles were found to preferen-
of 33010 =77 0.3 1o tially e_Ionggte along thg011] dir.ection and to grow to about
40 8.1x 10 246 204 160 4 ML in height before spreading out and merging to form
20 3.1x 105 297 7.05 185 larger particles. The carrier concentrations in the superlat-
10 1.0<10% 314 19.5 214 tices can be correlated to the microstructure of the material.
S 8.2¢10" 235 32.6 220 This establishes a powerful way to control the properties of

semiconductors by engineering of embedded nanostructures.
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