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Self-assembled ErAs islands in GaAs: Growth and subpicosecond
carrier dynamics
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We report the growth of self-assembled ErAs islands embedded in GaAs by molecular beam
epitaxy. The nucleation of ErAs on GaAs occurs in an island growth mode leading to spontaneous
formation of nanometer-sized islands. Several layers of ErAs islands separated by GaAs can be
stacked on top of each other to form a superlattice. X-ray diffraction shows superlattice fringes from
such samples. Pump–probe measurements indicate carrier capture times as short as 120 fs. These
capture times are strongly correlated with the period of the superlattice. ©1999 American Institute
of Physics.@S0003-6951~99!02848-X#
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Materials with subpicosecond response times allow
fabrication of sources of THz radiation such as photomixe1

and photodetector operation up to 560 GHz.2 The response
time of a material is a crucial parameter for device des
and performance, and engineering control over this time
desirable. The most widely used material for these type
applications is low-temperature-grown GaAs~LTG GaAs!.
The control over the response time is achieved by chang
the growth and the postgrowth anneal temperatures, whic
turn determine the properties and concentrations of point
fects and As precipitates. Doping of semiconductors w
transition or rare-earth metals can also yield material w
fast response times. In particular, response times as sho
1.5 ps were reported for Er-doped GaAs.3,4 Usually, the re-
sponse time of these materials is understood in terms of
purity recombination according to Shockley–Reed–H
theory ~SRH theory!. Here, we report on self-assemble
ErAs islands in GaAs. We focus on the growth by molecu
beam epitaxy~MBE! and on the response times, which a
investigated on a subpicosecond time scale by pump–p
measurements. The study of self-assembled ErAs island
GaAs also has several other motivations: Samples simila
the ones discussed in this letter show interesting propertie
magnetotransport at low temperatures.5 Furthermore, the
ErAs islands are nanometer sized and form spontaneo
during growth similar to self-assembled quantum d
~SAQD!.6

Recent reports describe a way to fabricate ErAs partic
that is based on doping GaAs with Er beyond the solubi
limit.4,7 The excess Er that cannot be incorporated as dop
forms nanometer-sized ErAs precipitates. We have take

a!Electronic mail: kadow@engineering.ucsb.edu
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different approach based on the fact that the nucleation
ErAs on GaAs occurs in an island growth mode8 driven by
surface chemistry rather than strain, as in the case of I
SAQDs.

Our samples were grown by MBE on semi-insulati
~100! GaAs substrates using a Varian Gen II MBE machin
The Er source is a solid-source effusion cell operated a
temperature of 1050 °C resulting in an ErAs growth rate
0.039 ML/s. We measure the Er flux with the optical flu
monitor ~OFM!.9 As expected for a solid-source effusio
cell, the Er flux shows little variation over time periods
several months. The variation of the Er flux with temperatu
agrees well with the vapor pressure over solid Er. An ab
lute flux calibration with an accuracy of approximately 10
was obtained by Rutherford backscattering measurement
samples with continuous ErAs films.

Due to the fabrication process, the ErAs islands in o
samples are arranged in layers. As shown schematicall

FIG. 1. Sample structure:~a! schematic cross section showing the superl
tice structure,~b! plan-view TEM showing the ErAs islands, and~c! x-ray
rocking curve.
8 © 1999 American Institute of Physics
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Fig. 1, several of these layers can be stacked on top of e
other to form a superlattice with periodL. The GaAs was
grown under standard growth conditions. The ErAs was
posited at the same temperature of 535 °C as the GaAs
trix. For each layer of ErAs islands we used the followi
procedure: After closing the Ga shutter, the As shutte
closed as well and the Er shutter is opened for the appro
ate time. The As to form ErAs is supplied only by the bac
ground As pressure in the growth chamber. From the read
of the beam flux monitor we estimate an As:Er ratio of 25
while the As shutter is closed. Before opening the Er shu
the GaAs surface shows a 234 reconstruction in reflection
high-energy electron diffraction~RHEED!. Upon opening
the Er shutter, the reconstruction changes and a weak 131
RHEED pattern is observed.

The density and size of the islands can be controlled
the growth parameters. A higher growth temperature lead
larger islands and a higher ErAs deposition results in
higher density of the islands. Figure 1 also shows a pl
view transmission electron micrograph~TEM! of a sample
grown atTgrowth5535 °C and an ErAs deposition of 0.6 ML
From the TEM we estimate an island density of
31012cm22 and an island diameter between 1 and 2 nm

During overgrowth of the ErAs with GaAs, the RHEE
pattern turns spotty initially. After deposition of a few n
nometer of GaAs, the RHEED pattern becomes streaky.
fore the next layer of ErAs islands is deposited, the Ga
surface again shows the 234 reconstruction. For ErAs depo
sitions thicker than 3 ML the overgrowth of ErAs films wit
GaAs becomes difficult.10,11 We believe that these problem
are circumvented in the case of ErAs islands because
GaAs overgrowth can seed from the underlying Ga
crystal.11

As shown in Fig. 1, x-ray rocking curves around t
~004! diffraction peak of the GaAs substrate clearly sho
superlattice fringes. The superlattice period calculated fr
these fringes is within 2% of the design. The zeroth-or
superlattice peak is split from the GaAs substrate peak i
cating compressive strain in the superlattice. This is expe
because the ErAs lattice constant exceeds the GaAs la
constant by 1.6%. Similar results were reported earlier
Yamaguchi and Horikoshi.12 At the very least these dat
show that the periodL of the superlattice is well defined.

Time-resolved differential reflectance measureme
were performed on samples grown under several diffe
growth conditions. The experimental setup is a pump–pr
arrangement using short laser pulses generated by a m
locked Ti:sapphire laser. The laser pulses are centere
wavelengths ranging from 800 to 860 nm. They are betw
80 fs and 140 fs long. The pump and the probe pulses
polarized orthogonally to each other. TheDR/R signals are
on the order of 1024. For their measurement, lock-in dete
tion employing a rf front end is used. All wavelengths us
are shorter than the wavelength corresponding to the G
band gap of 870 nm at room temperature. Linear absorp
measurements on similar samples show that the positio
the band gap is not affected by the presence of the E
islands.13 The absorption coefficient for the wavelength us
in our experiments is approximately 25% higher than fo
GaAs reference sample. We estimate that each pump p
ch
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injects approximately 531017cm23 carriers into the GaAs
matrix.

In Fig. 2 results from three samples that contain Er
islands and a GaAs reference sample are compared.
GaAs reference sample is a 1.2-mm-thick GaAs film on a
GaAs substrate grown under the same conditions as
ErAs-containing films. All four samples are grown on th
same day. The ErAs-containing samples differ from ea
other by the period of the superlatticeL (L520 nm, L
540 nm, andL560 nm!. The three samples have the follow
ing structures: 203(1.2 ML ErAs, 60 nm GaAs), 40
3(1.2 ML ErAs, 40 nm GaAs), 603(1.2 ML ErAs, 20 nm
GaAs). The data show that first, having the ErAs islan
changes the observed signal significantly. After an init
positive transient the signal returns to a value close to
base line within a few picoseconds in contrast to the Ga
reference. Second, the different periodsL of the superlattice
structures change both the magnitude and the decay tim
this initial transient response seen in all three ErAs conta
ing samples. Third, theDR/R trace for the sample with the
20 nm period in Fig. 2 contains an additional negative te

The DR/R traces taken at several different waveleng
are fit with either a single-exponential function or the sum
two exponential terms to obtain the different time consta
involved. The fits are started approximately 50 fs after
pump pulse has arrived at the sample. The time constan
the initial decayt1 shows little dependence on the wav
lengths used and also on ErAs depositions between 0.6
2.3 ML. However, it does depend strongly on the period
the superlattice. Figure 3 shows this dependence of the
constantt1 on the superlattice periodL. The data are from

FIG. 2. Time-resolved differential reflection traces on ErAs contain
samples with different superlattice periodsL.

FIG. 3. The time constantt1 of the initial transient decay as a function o
the superlattice periodL.
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the three samples described before. The error bars ind
the variation oft1 with wavelength. It can be seen thatt1

increases in a superlinear fashion withL. A fit with a qua-
dratic function is shown in Fig. 3.

The GaAs response is well understood and results f
several processes. During the first ps the carrier distribu
may be nonthermal. Afterwards the distribution is therm
and the signal is dominated by cooling of hot carriers to
band edges and recombination.14 We believe that the curve
for the ErAs-containing samples show some of these cha
teristics initially. After a few hundred fs, however, the car
ers created in the GaAs matrix are captured by the E
islands. We believe this to be the origin of the initial tra
sient decay and interprett1 as the capture time.

The monotonic increase oft1 with increasing superlat
tice periodL seen in Fig. 3 can be expected for two reaso
First, the number of capture sites per unit lengthN is de-
creasing with increasing superlattice periodL. According to
SRH theory, we expectt1}1/N}L. Second, as the superla
tice periodL becomes longer, the carriers will need mo
time to travel to the ErAs islands. These two possible exp
nations are different because SRH theory assumes tha
occupation of the capture sites is the limiting factor while t
second explanation assumes that the travel time is the li
ing factor. The superlinear dependence oft on L seems to
indicate that the travel time is important. The quadratic fit
Fig. 3 would be consistent with a diffusion process w
diffusion constantD535 cm2 s21, which is feasible for car-
riers in GaAs. However, a diffusion picture is too simp
considering the short time scale and that electrons and h
are involved in the process. A more accurate description
have to include several refinements: First, one type of car
is probably captured first, creating an attractive potential
the oppositely charged carrier. Second, the subpicosec
time scale implies that at least the electrons will not exp
ence many scattering events before they are captured.
interesting to note that Gupta and co-workers3,4 find that also
for GaAs doped with Er the response timet is not inversely
proportional to the doping concentrationNEr as expected
from SRH theory but rathert}1/ANEr.
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In summary, we have demonstrated the MBE growth
superlattices of self-assembled ErAs islands and GaAs.
evident from x-ray diffraction that the superlattice perio
are well defined. Pump–probe experiments show that the
sponse times of these samples are in the subpicosecond
and controlled by the superlattice period. We attribute this
carrier capture by the ErAs islands. This should allow en
neering of the response time of the material, which is v
desirable for device applications such as THz sources
high-speed optoelectronic circuits.
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