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GaAs Clusters in the Quantum Size Regime: Growth
on High Surface Area Silica by Molecular Beam Epitaxy

C. J. SANDROFF, J. P. HARBISON, R. RAMESH, M. J. ANDREJCO,
M. S. HEGDE,* D. M. HwaNng, C. C. CHANG, E. M. VOGEL

Molecular beam epitaxy has been used to grow microcrystalline clusters of gallium
arsenide (GaAs) in the size range from 2.5 to 60 nanometers on high-purity,
amorphous silica supports. High-resolution transmission electron microscopy reveals
that clusters as small as 3.5 nanometers have good crystalline order with a lattice
constant equal to that of bulk GaAs. Study of the microcrystallite surfaces by x-ray
photoclectron spectroscopy shows that they are covered with a shell (1.0 to 1.5
nanometers thick) of native oxides of gallium and arsenic (Ga,03 and As,O;), whose
presence could explain the low luminescence efficiency of the clusters. Optical
absorption spectra of the supported GaAs are consistent with the blue-shifted band
edge expected for semiconductor microcrystallites in the quantum size regime.

THE STRUCTURAL, OPTICAL, AND
electronic properties of clusters are
attracting ever more attention be-
cause they represent an intermediate physi-
cal regime where neither molecular nor sol-
id-state descriptions are totally adequate.
Semiconductors are particularly interesting
in this regard because the relatively long
coherence lengths characteristic of charge
carriers in these materials cause their elec-
tronic properties to be very sensitive to
physical size. Indeed, much current research
on electronic materials is devoted to exploit-
ing the effects of reduced dimensionality to
create artificial semiconductor systems with
unique electronic and optical properties (1).
Most work in this area has focused on the
properties of semiconductors in two dimen-
sions, where sophisticated epitaxial tech-
niques are used to prepare multilayered
structures whose thicknesses can be con-
trolled down to atomic dimensions. But
increasing experimental (2-16) and theoreti-
cal (17-19) attention is being paid to the
fabrication and behavior of semiconductor
microstructures—quantum wires, dots, and
boxes—in which electrons or holes are con-
fined in two or even all three spatial dimen-
sions.

Experimentalists have adopted two basic
strategies for making microstructures in the
quantum size regime. The first relies on
adding a degree of lateral confinement to
carriers already confined in one spatial di-
mension within a layered quantum well.
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This can be accomplished by microlithog-
raphy (2-6), strain (7), or controlled growth
on stepped substrates (8, 9). The second
method exploits synthetic chemical tech-
niques to grow and stabilize very small
semiconductor microcrystallites, often as
particles suspended in solution or in solid
matrices (10-16).

We report on the use of high surface area
silica (SiO;) as an inert, refractory support
for the deposition of GaAs clusters grown
by molecular beam epitaxy (MBE). This
growth procedure combines several of the
favorable attributes of the physical and
chemical approaches outlined above: micro-

Fig. 1. Transmission electron micrograph of
GaAs clusters grown on spherical SiO, particles
by molecular beam epitaxy. Arrowheads mark
SiO; spheres with small isolated GaAs clusters
and regions where a large fraction of the silica is
covered with GaAs. Growth of GaAs took place at
580°C for 5 min at a rate of 0.5 pm/hour.

g

Fig. 2. High-resolution transmission electron mi-
crograph of GaAs-covered SiO,. Lattice fringes
correspond to (111) spacings in GaAs. The large
cluster at the top of the micrograph is composed
of several microcrystallite grains with random
orientations. The arrowheads mark lattice fringes
in single GaAs microcrystals, the smallest of
which is 3.5 nm.

crystalline semiconductor structures with ex-
tremely small dimensions can be prepared in
high concentration in a well-characterized
environment. The supported microcrystal-
lites, which vary in size from 2.5 to 60 nm,
can be quantitatively identified as stoichio-
metric GaAs, and high-resolution transmis-
sion electron microscopy reveals that their
lattice constant is equal to that of bulk GaAs.
The high coverage of the silica support by
microcrystalline GaAs has also allowed us to
study the surface composition of a semicon-
ductor cluster. Using x-ray photoelectron
spectroscopy (XPS), we detected a 1.5-nm
skin of native oxides (Ga,O3 and As,O3) on
the GaAs microcrystallites, whose presence
is consistent with the low luminescence effi-
ciency of the supported clusters. Optical
absorption spectra indicate a blue-shifted
band edge characteristic of semiconductors
in the quantum size regime.

The high-purity silica used as the support
in our experiments was made by the hydrol-
ysis of SiCl4 vapor in an oxyhydrogen flame
(20). A similar process has been used to
make silicon particles as a substrate for the
deposition of microcrystallites of gold (21).
For the growth of GaAs, the ~100-nm SiO,
particles were collected on a quartz substrate
that was indium-mounted in a Riber 1000
MBE system. The silica was preheated at
400°C in a beam of As, (3 X 107 torr) for
1 hour, allowing ample time to remove
adsorbed contaminants. The subsequent de-
position of GaAs took place at a rate of ~0.5
wm/hour at 580°C under conditions typical-
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Fig. 3. Absorption spectra of the GaAs-coated
silica particles. Curve a: bare SiO,; curve b: after
GaAs growth for 2 min; curve c: after GaAs
growth for 5 min. The GaAs clusters begin to
absorb at wavelengths to the blue of the bulk
band gap position (marked by the arrow), consist-
ent with quantum size effects. The spectra were
taken in a diffuse reflectance mode.

ly used for the growth of high-quality epi-
taxial material. We were able to vary the
microcrystallite dimensions by depositing
GaAs for 2.5 or 5 min, which would corre-
spond to ~20 nm and ~40 nm, respective-
ly, of epitaxial GaAs grown on a flat GaAs
substrate.

Figure 1 shows a typical transmission
electron micrograph of the SiO, spheres
decorated with MBE-grown GaAs clusters.
The micrograph was obtained with a JEOL
4000 FX transmission electron microscope
(TEM) capable of 0.26-nm point-to-point
resolution. We prepared the TEM samples
by wetting carbon-coated copper grids with
acetone and placing them on top of the silica
substrate, allowing the liftoff of a thin layer
composed largely of GaAs-covered particles.
A wide distribution in cluster size and shape
is evident, with cluster dimensions varying
from 2.5 to 60 nm. Energy-dispersive x-ray
microanalysis performed in the TEM con-
firmed the presence of both gallium and
arsenic, and the x-ray intensity ratio of the
elements was consistent with the formation
of stoichiometric GaAs.

To determine the crystalline quality of the
GaAs clusters, we obtained hlgh-resolutlon
lattice images of the decorated silica parti-
cles. A typical cross-fringed lattice image of
the supported GaAs clusters is shown in Fig.
2. The large cluster at the top of the figure is
composed of several randomly oriented
grains. Each of these microcrystalline grains
contains well-resolved lattice planes, which
become discernible one or two monolayers
above the amorphous silica substrate. Mea-
surements of the lattice fringe period show
that the planes correspond to (111) spacings
(0.326 nm) in GaAs.

Although the larger GaAs clusters are
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Fig. 4. X-ray photoelectron
spectra of GaAs clusters on sili-
ca. The Ga(3d) and As(3d) re-
gions reveal that the native ox-
ides, Ga,O; and As,O;, are
formed on the cluster surface
after exposure to air.
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generally composed of several microcrystal-
lites, clusters with dimensions smaller than
~10 nm grow as single crystals. Several of
these single microcrystalline clusters, some
as small as 3.5 nm, can be identified in Fig. 2
by the (111) lattice fringes that appear on
the surface of the silica particle. Because the
silica is amorphous, the high degree of
crystallinity in the GaAs cannot be attribut-
ed to an epitaxial process. Instead, we be-
lieve that the formation of high-quality
GaAs microcrystallites is the result of the
high growth temperature used in our MBE
process and the large surface-to-volume ra-
tio of the clusters. Both factors would aid in
annealing out structural defects in the mi-
crocrystallite, once cluster growth had been
nucleated on the silica support.

Because the typical dimensions of the
GaAs clusters are smaller than the exciton
diameter in the bulk material (~15 nm), we
expect electrons and holes to be confined in
all three spatial dimensions within the mi-
crocrystallites. This extra confinement ener-
gy manifests itself as an increase in the
effective band gap, E, of the microcrystalline
semiconductor. Considering only the con-
finement of the more mobile electrons, it has
been shown that, in the ground state,

E = Eg + h*8m.R? (1)
where Eg is the bulk band gap of the

semiconductor, h is Planck’s constant, m, is
the effective mass of the electron, and R is
the cluster radius (11, 17). For the smallest
GaAs clusters in Fig. 1 (2.5 nm) Eq. 1
would predict a band gap shifted to the blue
by 0.9 eV, to 2.3 eV. Figure 3 shows the
absorption spectra of the supported micro-
crystallite as obtained by diffuse reflectance
measurements. The wide distribution in
cluster size makes it difficult to specify the
location of the distinct absorption edge nec-
essary to quantitatively test Eq. 1. However,
both GaAs spectra indicate an absorption
onset that is shifted to the blue of the bulk
GaAs band gap, consistent with the physical
confinement of charge carriers in a finite
microcrystalline volume.

One of the most vivid contrasts between
materials in the quantum size regime and

their bulk analogs lies in the overriding
electronic influence exerted by atoms at the
microcrystallite surface. The smallest GaAs
cluster shown in Fig. 2 contains about 2500
atoms, one-third of which reside on the
cluster surface. Two features of our deposi-
tion process have made it possible to study
the surface composition of the microcrystal-
line GaAs with XPS. First, our clusters are
prepared on high surface area supports,
which increases the amount of microcrystal-
line GaAs by five to ten times over what
would be available on a flat substrate. Sec-
ond, with the well-controlled growth condi-
tions characteristic of MBE, it is possible to
deposit chemically pure microcrystallites
without using the surface binding agents
needed to stabilize clusters in condensed-
phase syntheses (10).

For the XPS investigation of the chemical
composition of the microcrystallite surface,
we mounted the as-grown, supported GaAs
clusters in a Kratos x-ray photoelectron
spectrometer and examined the Ga(3d) and
As(3d) core level regions, using unmono-
chromatized Mg Ka x-rays as the excitation
source. Figure 4 shows the XPS spectra
obtained from the sample in Fig. 1. The two
strongest peaks at 19.1 and 40.5 ¢V corre-
spond to the Ga(3d) and As(3d) binding
energies, respectively, for GaAs. Their ratio
agrees well with the value for air-exposed
GaAs single crystals, providing additional
confirmation for the formation of stoichio-
metric GaAs microcrystallites. Besides these
characteristic signatures for bulk GaAs,
there are two higher binding energy peaks at
20.5 and 44.5 ¢V, which are readily identi-
fied as Ga,O; and As,Oj; (22), respectively.
These native oxides are common products
on air-exposed GaAs surfaces, and we esti-
mate their thickness on the GaAs cluster
surface to be 1.0 to 1.5 nm.

The presence of tcrminating oxide phases
has important ramifications in understand-
ing the optical behavior of the GaAs clus-
ters. We tried unsuccessfully, using photolu-
minescence and cathodoluminescence, to
measure light emission from microcrystal-
lites cooled to 10 K. It is well known that
air-exposed GaAs surfaces are characterized
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by a high density of surface states localized
near the middle of the GaAs band gap (23).
These states are extremely efficient at captur-
ing mobile charge carriers generated in the
bulk of the semiconductor and severely limit
the luminescent quantum efficiency of the
crystal. The presence of surface oxides
would be even more deleterious in our
microstructures, where surface-to-volume
ratios are orders of magnitude larger than in
bulk crystals.

Recent  experiments,

however, have

shown that simple chemical treatments are

capable of removing the native oxides from
GaAs and replacing them with covalently
bound phases that considerably reduce the
density of nonradiative surface states (24).
Because the GaAs clusters are chemically
bound to the silica substrate, we believe it
should be possible to perform similar modi-
fications on the microcrystallite surface,
which would render these extreme quantum
systems more attractive candidates for po-
tential opto-electronic applications.

REFERENCES AND NOTES

1. V. Narayanamurti, Science 235, 1023 (1987).

2. P. M. Petroff, A. C. Gossard, R. A. Logan, W.
Wiegmann, Appl. Phys. Lett. 41, 635 (1982).

3. M. A. Reed et al., J. Vac. Sci. Technol. B 4, 358
(1986).

4. K. Kash, A. Scherer, J. M. Worlock, H. G. Craig-

head, M. C. Tamargo, Appl. Phys. Lett. 49, 1043

(1986).

H. Temkin, G. J. Dolan, M. B. Panish, S. N. G.

Chu, ibid. 50, 413 (1987).

A. Scherer et al., ibid. 51, 94 (1987).

K. Kash et al., ibid. 53, 782 (1988).

. M. Tsuchiya ef al., Phys. Rev. Lett. 62, 466 (1989).

M. Tanaka and H. Sakaki, Appl. Phys. Lett. 54,

1326 (1989).

10. A. Henglein, Top. Curr. Chem. 143, 113 (1988).

11. L. E. Brus, J. Phys. Chem. 90, 2555 (1986).

12. Y. Yang and N. J. Herrin, ibid. 91, 257 (1987).

13. A.]. Nozik, F. Williams, M. T. Nenadovic, T. Rajh,
O. I. Micic, ibid, 89, 397 (1985).

14. C.]J. Sandroff, D. M. Hwang, W. M. Chung, Phys.
Rev. B 33, 5953 (1986).

15. G. Mills, L. Zongguan, D. Meisel, J. Phys. Chem.
92, 822 (1988).

16. E. K. Byrne, L. Parkanyi, K. H. Theopold, Science
241, 332 (1988).

17. Al L. Efros and A. L. Efros, Sov. Phys. Semicond.
16, 772 (1982).

18. T. Inoshita, S. Ohnishi, A. Oshiyama, Phys. Rev.
Lett. 57, 2560 (1986).

19. S. Schmitt-Rink, D. A. B. Miller, D. S. Chemla,
Phys. Rev. B 35, 8113 (1987).

20. T. Izawa, S. Kobayashi, S. Sudo, F. Hanawa, Integr.
Opt. Opt. Fiber Commun. Tech. Dig. Cl-1, 375
(1977).

21. S. Iijima and T. Ichihashi, Jpn. J. Appl. Phys. 24,
L125 (1985).

22. D. Briggs and M. P. Seah, Eds., Practical Surface
Analysis by Auger and X-ray Photoelectron Spectroscopy
(Wiley, New York, 1983).

23. H. Wieder, J. Vac. Sci. Technol. 15, 1498 (1978).

24. C.J. Sandroff, R. N. Nottenburg, J.-C. Bischoff, R.
Bhat, Appl. Phys. Lett. 51, 33 (1987).

25. We thank K. Kash and E. Clausen for help with
photoluminescence and cathodoluminescence ex-
periments. Many useful comments on our manu-
script were made by K. Kash, J. M. Worlock, and M.
Saifi. We are especially grateful to D. E. Aspnes for
making concrete suggestions for the improvement
of our report.

8 May 1989; accepted 9 June 1989

VeNe @0

28 JULY 1989

Experiments on Hydraulic Jumps in Turbidity
Currents Near a Canyon-Fan Transition

MARCELO GARCIA AND GARY PARKER

The point at which a submarine canyon debouches on its associated abyssal fan is
generally characterized by a drop in channel slope. Turbidity currents of the kind
rcspons1ble for the genesis of the canyon and fan should display an internal hydraulic
jump near the slope transition. No direct ficld observations of any such jump appear,
however, to have been made. Experiments on the nature of the jump and the resulting
scdlmcntary dcposnts indicate that the thickness of the deposits just downstream of the
jump tends to increase as the ratio of bed shear velocity immediately behind the jump

to particle fall velocity decreases.

URBIDITY CURRENTS ARE CURRENTS

of water laden with suspended sedi-

ment that move down slopes of oth-
erwise still bodies of water. Their driving
force is obtained from the sediment, which
renders the flowing turbid water heavier
than the clear water above. Turbidity cur-
rents occur in the ocean, lakes, and reser-
voirs. They constitute an important mecha-
nism for moving sediment brought in by
rivers or littoral drift to the ocean floor. In
the process of doing so, turbidity currents
are widely assumed to be responsible for the
excavation of many submarine canyons. Be-
low the mouth of the canyon, such a current
deposits an abyssal fan that parallels in many
ways its subaerial cousin (7). The sedimenta-
ry rocks deposited by turbidity currents
(known as turbidites) constitute a major
part of the geological record. The mechanics
of turbidite formation also influence the
development and location of possible petro-
leum traps in submarine fans (2).

The change in down-channel slope ob-
served at the canyon-fan transition is indica-
tive of a transition from an overall erosive
environment upstream (3) to an overall de-
positional environment downstream (2).
This transition appears to be driven at least
in part by a change in flow regime of major
turbidity currents from high-velocity super-
critical flow to low-velocity subcritical flow
(4). Studies of subaerial open-channel flows
and density flows have indicated that this
change in flow regime is accomplished via a
hydraulic jump. A bulk Richardson number
Ri describing the flow possesses a critical
value Ri, near unity, such that the range Ri
< Ri, corresponds to the high-velocity re-
gime upstream of the jump, and the range Ri
> Ri. corresponds to the low-velocity re-
gime downstream.

The nature of the submerged hydraulic
jump and the resultant sedimentary deposits
have been the subject of speculation. Men-
ard (5) argued that the development of
levees bordering deep-sea channels was
caused by the thickening of a turbidity
current after a hydraulic jump. Van Andel

and Komar (6) positcd the occurrence of
hydraulic jumps in order to interpret the
characteristics of sediment deposits in en-
closed basins. Ravenne and Beghin (7) ob-
served that certain characteristics in the sedi-
mentary record of debris flows, for example,
strong local deposition, may indicate the
location of a jump. Although recent field
observations of turbidity currents (8) have
contributed greatly to their understanding,
the hydraulic jump itself remains unob-
served in the field, in part because it is
inferred to occur at great depths (>1000
m). Likewise, experimental studies conduct-
ed on depositional turbidity currents (9) did
not include the change in slope necessary to
induce a hydraulic jump. Internal hydraulic
jumps associated with salinity or tempera-
ture-induced stratification have been studied
extensively (10), whereas jumps in sediment-
driven flows have received little attention.

Recently Parker, Fukushima, and Pantin
(11) have presented a theory of eroding and
depositing turbidity currents. The theoreti-
cal framework accounts for the attainment
of high velocities in submarine canyons and
the consequent excavation of the canyons
themselves. The model has been used to
predict the development of turbidity cur-
rents in Scripps Submarine Canyon (12).
Attempts to apply the model to the vicinity
of the slope change between canyon and fan
motivated our experiments described below.
For simplicity, we modeled the slope change
as a slope discontinuity.

We conducted flume experiments to eluci-
date: (i) the degree of similarity between
internal hydraulic jumps in the vicinity of a
slope discontinuity in underflows driven by
salt and sediment; (ii) the nature of the
deposits of sediment from suspension up-
stream and downstream of the hydraulic
jump; and (iii) the conditions under which
the slope discontinuity is clearly reflected in
the depositional record.
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