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Properties of GaAs nanoclusters deposited

by a femtosecond laser
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The properties of femtosecond pulsed laser deposited GaAs nanoclusters were
investigated. Nanoclusters of GaAs were produced by laser ablating a single crystal GaAs
target in vacuum or Ar gas. Atomic force and transmission electron microscopies showed
that most of the clusters were spherical and ranged in diameter from 1 nm to 50 nm, with a
peak size distribution between 5 nm and 9 nm, depending on the Ar gas pressure or laser
fluence. X-ray diffraction, solid-state nuclear magnetic resonance, Auger electron
spectroscopy, electron energy loss spectroscopy, and high-resolution transmission electron
microscopy revealed that these nanoclusters were randomly oriented GaAs crystallites. An
oxide outer shell of ∼2 nm developed subsequently on the surfaces of the nanocrystals as a
result of transportation in air. Unpassivated GaAs nanoclusters exhibited no detectable
photoluminescence. After surface passivation, these nanoclusters displayed
photoluminescence energies less than that of bulk GaAs from which they were made.
Our photoluminescence experiments suggest an abundance of sub-band gap surface states
in these GaAs nanocrystals. C© 2002 Kluwer Academic Publishers

1. Introduction
GaAs nanocrystals are expected to exhibit novel size
dependent properties due to quantum confinement ef-
fects, such as the quantization of the electronic den-
sity of states, and the blue shift of the optical absorp-
tion and photoluminescence with smaller crystal sizes
[1, 2]. Among the techniques employed in the produc-
tion of GaAs, pulsed laser deposition (PLD) seems to be
a suitable choice for the deposition of thin GaAs films
or nanoclusters on different substrates. The main ad-
vantages of PLD are its simple experimental setup and
the ability to operate in a wide range of gas pressures.
For complex materials with constituent elements hav-
ing greatly different vapor pressures, laser ablation with
short pulsed lasers has produced films with excellent
stoichiometries [3]. There have been published studies
concerning the formation of GaAs nanostructures by
laser ablation with nanosecond lasers, the evolution of
the GaAs target under ultrashort pulsed lasers, the prop-
erties of the ablated plumes, and the generation of two
and three dimensionally confined structures of GaAs
by techniques other than PLD [4–17]. However, to our
knowledge, there is no published report on GaAs nan-
oclusters formed by femtosecond lasers. In this paper,
we described the characteristics of GaAs nanoclusters
synthesized via femtosecond laser deposition.

2. Experiments
The output at 810 nm of a 150 femtosecond Ti-Sapphire
laser operating at 1000 Hz, was employed in the growth

of GaAs nanoclusters [18]. With a time averaged power
of 2 W and a circular spot diameter of 0.85 mm at the ab-
lation target, the laser beam had an average energy den-
sity of 0.35 J/cm2 per pulse. Samples were synthesized
in a high vacuum chamber with a base pressure of about
1.3 × 10−3 Pa. For the production of GaAs nanoclus-
ters, the chamber gate valve connected to the pump-
ing system was closed, and Ar gas was leaked into the
chamber up to the desired pressure. During the ablation
process, a p-type (100) GaAs single crystal wafer with
a diameter of 5.08 cm was rotated while the laser beam
was translated over the surface so that the whole wafer
surface was utilized in a fairly uniform manner [19].
GaAs nanoclusters were deposited onto glass slides,
metal foils, Si wafers, and highly oriented pyrolytic
graphite (HOPG) substrates; all were at room tempera-
ture and mounted on a holder located about 15 cm away
and parallel to the GaAs target. After deposition, the
samples were removed from the synthesis chamber and
transported in air to the appropriate analysis stations
for x-ray diffraction (XRD), atomic force microscopy
(AFM), scanning electron microscopy (SEM), Auger
electron spectroscopy (AES), transmission electron mi-
croscopy (TEM), electron energy loss spectroscopy
(EELS), photoluminescence (PL) spectroscopy, and
solid-state nuclear magnetic resonance (NMR).

3. Results
Fig. 1 shows AFM images of less than one layer (a) and
many layers (b) of nanoclusters deposited in a vacuum
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Figure 1 AFM images of less than one layer (a) and many layers (b) of nanoclusters deposited in a high vacuum of 1.3 × 10−3 Pa onto Si(100)
substrates.

of 1.3 × 10−3 Pa onto Si(100) substrates. Clusters with
sizes ranging from 1 nm to 50 nm were measured for
these samples. Due to the convolution of the clusters’
dimensions with the finite radius of the tip, AFM di-
ameter measurements tend to give values that are arti-
ficially high and so may create a false impression that
measured nanoclusters have a flattened pancake shape.
The apparent width, w, of a spherical object of height
h due to the convolution with an AFM spherical tip of
diameter d is given by d = w2/4h [20]. So spherical ob-
jects with diameters in the range of 1 nm to 50 nm have
images with an apparent widths from 20 nm to 141 nm
if the tip radius is 50 nm. Upon deconvolution, the nan-
oclusters reported in this paper have lateral dimensions
comparable to height measurements, suggesting a fairly
spherical shape for the nanoclusters.

The deposition rate for the nanocluster film shown
in Fig. 1b on a 5.08 cm wafer substrate located 15 cm
away and parallel to the GaAs target was on the order of
0.15 nm/s, and the nanocluster film distribution could
be fitted to a cosine to the power of 6.7 ± 1.7 about
the ablated spot in vacuum. This angular distribution
is comparable to cosine to the power of 5–8 associ-
ated with laser ablation of many different materials by
nanosecond lasers [3, 21, 22].

Fig. 2 shows the size distribution of the nanoclusters
as a function of Ar pressure from 1.3 × 10−3 to 3188 Pa
at a laser fluence of 0.35 J/cm2. Most of the clusters
had sizes ranging from 2 nm to 20 nm, with a modest
upward shift of the dominant peak size from 5.5 nm to
7.5 nm as the Ar pressure increased. This trend is oppo-
site to that observed in nanoclusters of materials with
higher melting temperatures such as ZnO and Y2O3
nanoclusters [21, 22]. An increase in the average parti-
cle size with increasing Ar pressure suggests that very
small clusters, molecules and/or monomers collide in
the plume, leading to a larger average nanocrystal size
and thus a significant dependence on pressure such as
found when laser ablating ZnO or Y2O3 [21, 22]. The
fact that GaAs nanocluster sizes did not increase appre-

Figure 2 The size distribution of the nanoclusters as a function of Ar
background pressure.

ciably with increasing Ar pressure suggests that only a
small fraction of ejected materials was in the form of
molecules or monomers. It is likely that the formation of
the nanoclusters described in the present paper occurs
predominantly near the surface of the ablated GaAs tar-
get in the form of nanodropplets due to hydrodynamic
sputtering. And assumed that most of the ejected ma-
terials are GaAs nanodropplets, which are much more
heavier than the Ar atoms in the background, collisions
with Ar gas will not effectively help the nanodropplets
to deflect and grow by coagulation.
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Figure 3 The size distribution of the nanoclusters collected at the sub-
strates at an Ar pressure of 66.4 Pa as a function of laser fluence.

One difference between nanocluster films synthe-
sized at 1.3 × 10−3 and those synthesized in Ar is in
the film morphology: in vacuum, the clusters tended
to form a continuous solid film, whereas a powder-like
film resulted when Ar was present. This is because in
an Ar background, the laser ablated nanoclusters expe-
rienced numerous collisions with the Ar atoms during
the flight path from the target to the substrate, causing
them to lose much of their kinetic energies prior to im-
pacting the substrate. At an Ar pressure of ∼0.1 Pa,
the nanoclusters collected on different substrates al-
ready had the look of, and behaved mechanically like,
powders. Fig. 3 shows the size distribution of the nan-
oclusters collected at the substrates in an Ar pressure of
66.4 Pa as a function of laser fluence from 0.18 J/cm2

to 0.44 J/cm2. Most of the clusters have diameters rang-
ing from 2 nm to 20 nm, with a modest upward shift of
the dominant peak size from ∼5 nm to ∼9 nm as the
laser fluence increased from 0.18 to 0.44 J/cm2. Within
experimental errors and limited statistics, we conclude
that the sizes of the nanoclusters did not appreciably
vary with laser fluence from 0.18 J/cm2 per pulse to
0.44 J/cm2 per pulse.

Fig. 4 shows the XRD spectrum of a nanocluster
film that was several microns thick. It is seen from this

Figure 4 The XRD spectrum of a nanocluster film several micro-
meters thick, revealing the randomly oriented crystalline nature of the
nanoclusters.

spectrum that the film was composed mostly of ran-
domly oriented GaAs crystallites. Fig. 5 shows a low
resolution TEM image of GaAs nanoclusters synthe-
sized in 132 Pa of Ar. The GaAs nanoclusters were
transferred onto an amorphous carbon coated TEM grid
after the vacuum synthesis by touching the TEM grid on
a substrate surface heavily coated with GaAs nanoclus-
ter powders. The nanocluster density appears rather
high, with most individual nanoclusters sticking to one
another due to electrostatic and van der Waals forces.
However, where the nanocluster density is thinner, one
can observe and measure the diameters of individual
nanoclusters. The spherical shape of the nanoclusters
is experimentally confirmed here since AFM height
measurements agree well with TEM lateral measure-
ments. Fig. 6 shows a TEM image of nanoclusters on an
amorphous carbon coated TEM grid (a) and the corre-
sponding gallium (b), arsenic (c), and oxygen (d) maps
obtained using EELS. The dark regions in Fig. 6a rep-
resent areas with nanoclusters, as in Fig. 5, while dark
areas in Fig. 6b–d represent areas void of the element
being mapped. It is clear from Fig. 6 that wherever there
are clusters, there are gallium, arsenic, and oxygen sig-
nals. Fig. 7 shows a high resolution TEM image of a
synthesized nanocluster. It is seen that this nanoclus-
ter is composed of a crystalline core of ∼6 nm and an
amorphous outer layer of ∼2 nm. The distance between
lattice fringes in Fig. 7 is about 0.33 nm and corre-
sponds to a diffractive interference pattern from GaAs
(111) planes. We conclude that the basic structure of the
nanoclusters formed by femtosecond laser ablation of
a GaAs (100) target is nanocrystalline GaAs. An oxide
outer shell developed subsequently during transporta-
tion, in air, of the nanoclusters from the synthesis cham-
ber to the analysis chambers. In a previous publication,
we reported the formation of GaAs nanoclusters by a 50
nanosecond Cu-vapor laser [10]. There, the outer shells
of the GaAs nanoclusters were noted to be composed
of both arsenic oxide and gallium oxide following air
exposure [10]. Note that exposure of GaAs to oxygen,
moisture, or air creates an amorphous native oxide layer
which is composed of gallium oxide and arsenic oxide
and is a few nanometers in thickness [10, 23–25]. For
the GaAs nanocrystals synthesized with the 50 nanosec-
ond Cu-vapor laser, then exposed to air, the amorphous
oxide was rich in arsenic oxide independent of the Ar
pressure suggesting a sub-stoichiometry at or near the
nanocrystal surfaces [10]. In this report, AES of the
clusters formed by laser ablating a GaAs single crystal
target in an Ar pressure of 132 Pa revealed the exis-
tence of gallium, arsenic, and oxygen with a Ga to As
ratio of 1 to 1 in the outer shells suggesting a uniform
stoichiometry for these nanoclusters. The implication
of this is that if we can come up with a way to pas-
sivate the surface of these GaAs nanoclusters (against
oxidation) right in the synthesis chamber before tak-
ing them out to ambient air, femtosecond laser ablation
can deliver stoichiometric GaAs nanocrystals inside
out.

Solid-state NMR spectra of the GaAs nanoclus-
ters acquired via Bloch decay under static conditions
(90◦ pulse of 5.5 µs, recycle delays of 2–3 s) confirmed
that there is a single 71Ga resonance at a chemical shift
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Figure 5 A low resolution TEM image of GaAs nanoclusters synthesized in 132 Pa of Ar. The GaAs nanoclusters were transferred onto an amorphous
carbon coated TEM grid after the vacuum synthesis by touching the TEM grid on a substrate heavily coated with a powder film of GaAs nanocluster.

Figure 6 A TEM image of nanoclusters on an amorphous carbon coated TEM grid (a) and the corresponding Ga (b), As (c), and O (d) maps obtained
using EELS.
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Figure 7 A high resolution TEM image of a nanocluster showing a GaAs crystalline core and an amorphous oxide outer shell.

Figure 8 PL of the target and passivated GaAs nanocrystals. The red
shift in PL from the GaAs nanoclusters is due to the existence of sub-
band gap surface passivation states.

equivalent to that of bulk GaAs (224 ppm, fwhm =
3 kHz), indicative of 71Ga with cubic site symmetry.
We attribute this signal to the crystalline cores of the
nanoclusters, theorizing that the amorphous outer shells
will be significantly broadened and thus difficult to de-
tect via NMR. Combining all the structural methods,
we conclude that laser ablating a GaAs single crystal
wafer with a femtosecond laser at 810 nm and with a
laser fluence of 0.18–0.44 J/cm2 per pulse yielded ran-
domly oriented GaAs nanocrystals, the outer surface
layers of which became oxidized upon air exposure.

Upon excitation by photon at 532 nm from a solid
state laser [26], these nanocrystals showed no de-
tectable PL. Since these nanocrystals have been ex-
posed to air during transport to the PL station, they
contained a 1–2 nm thick native oxide on the sur-
face [10, 27]. Native oxide layers on semiconduc-
tors are known to be non-stoichiometric and full
of sub-band gap surface states, thereby suppressing
PL [27]. Upon etching the oxide layer away with a
H2O : H2O2 : H2SO4 (500 : 8 : 1) solution and passivat-
ing with a 1.0 M solution of Na2S [28], the GaAs nan-
oclusters displayed PL that was red shifted by 30 nm
compared with the PL from the bulk single crystal target

(see Fig. 8). At the sizes reported here, GaAs quantum
dots are expected to exhibit large blue shift in the band
gaps due to the quantum confinement effects [29–31].
So, we tentatively attribute the red shift in PL from our
GaAs nanoclusters to the existence of sub-band gap
surface passivation states.

4. Summary
We have presented the synthesis and properties of GaAs
nanoclusters deposited on substrates by laser ablating
single crystal GaAs target with a femtosecond laser.
Our results show that these nanoclusters were randomly
oriented GaAs nanocrystals with the majority of the
crystallites ranging in size from 2 nm to 20 nm. GaAs
nanocrystals obtained with the femtosecond laser pre-
sented here are stoichiometric [10]. Increasing the laser
fluence from 0.18 to 0.44 J/cm2 or Ar pressure from
1.3 × 10−3 Pa to 3188 Pa shifted cluster peak size very
little. We hypothesize that, above a minimum laser flu-
ence threshold, the laser-target interaction forms GaAs
nanodroplets very near the surface of the GaAs target
due to hydrodynamic sputtering. Upon air exposure,
the nanocrystals developed a native oxide layer of 1–2
nm on the surface. Removal of this oxide layer and sur-
face passivation were required for detecting PL from
the clusters; yet passivated clusters still red-shifted in
comparison with the PL from the single crystal GaAs
target. We suggest this is due to the surface states in-
troduced by the passivation layer itself.

To our knowledge, this is the first ever report on
the formation of stoichiometric GaAs nanocrystals by
a femtosecond laser. Due to limitation in our current
experimental setup, many scientific questions remain
unsanswered in this report such as: the cause for the
difference in the stoichiometries at the surfaces of the
GaAs nanoclusters synthesized by the 50 nanosecond
Cu-vapor laser and the femtosecond laser described in
this paper; how stoichiometric GaAs nanocrystals are
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formed by femtosecond laser ablation; if the size dis-
tribution measured on the surface is the same as that
for clusters in the gas phase; how the clusters might
migrate at room temperature to form larger particles;
or what is the dependence of the properties of the clus-
ters on the laser wavelength and etc. We are currently
having plans to do plume analysis and in situ target
characterization in addition to cluster measurement at
the substrates to answer these questions. We will re-
port these results when they are available in a future
publication.
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