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We demonstrate a technique to monitor the defect density in capped quantum dot (QD) structures by
performing an atomic force microscopy (AFM) of the final surface. Using this method we are able
to correlate their density with the optical properties of the dot structures grown at different
temperatures. Parallel transmission electron microscopy analysis shows that the AFM features are
directly correlated with the density of stacking faults that originate from abnormally large dots. The
technique is rapid and noninvasive making it an ideal diagnostic tool for optimizing the parameters
of practical QD-based devices. © 2010 American Institute of Physics. [doi:10.1063/1.3514237]

Semiconductor quantum dots (QDs) are an important
technology for a wide variety of optoelectronic device appli-
cations. A further growing field of interest is that of low-
density QD arrays for quantum information.'™ In contrast,
laser and amplifier applications require high dot density and
uniformity to reduce threshold and improve gain. This is
generally obtained by utilizing a self-assembled, Stranski—
Krastanov (SK) growth mode. To produce such dots, there
are two main techniques: molecular beam epitaxy (MBE)
and metal-organic vapor phase epitaxy (MOVPE); together
with others which can be considered permutations of these
two. In general, MOVPE has struggled to catch-up with
MBE results, where several groups have reported >1.3 um
laser action using In(Ga)As/GaAs QDS,476 whereas for
MOVPE good laser properties at wavelengths approaching
1.3 um have been attained by very few groups, with a single
recent report of a MOVPE dot laser having achieved this
wavelength (see Ref. 7 and references therein). Moreover,
the MOVPE literature presents a variety of growth recipes
which should bring similar results but are practically very
different (growth temperature [T], growth interruptions, V/IIT
ratio). As a result there is still no easy and straightforward
path to reproducible high-quality dots and correspondent la-
ser action. It should be noted that growth by MOVPE is
additionally peculiar, because it involves decomposition of
the precursor species at the growing surface, resulting in a
complex evolution of the surface features, e.g., differently
organized step—bunching.8

It is an important pre-requisite for the QD layers (for
example in a laser structure) to be “effectively” defect-free,
otherwise the device electrical and optical performance will
be degraded. There are few techniques that enable evaluation
of the defect density present in a QD sample. The most popu-
lar is transmission electron microscopy (TEM),” which is
expensive, time-consuming, and most importantly destruc-
tive, making it ill-suited for performing measurements on a
future device structure. Other microscopic techniques, such
an atomic force microscopy (AFM), have been mostly em-
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ployed to measure uncapped QDs; to determine their size,
shape, and density. However, for device structures the dots
must be capped, often at higher T, which can change their
physical, and hence optical, properties. This makes the ob-
servation of the QD layer properties and possible defect for-
mation very difficult without TEM.

AFM is a standard tool in GaN analysis, where it is
employed to detect the threading dislocations density in an
epitaxial layer.10 In this paper we show that defects induced
by nonoptimal InAs/GaAs QDs can be observed by AFM
allowing the density of threading defects to be determined
without recourse to TEM (used here only to confirm our
findings). Additionally we can unambiguously correlate our
structural analysis with the optical properties of the sample
under investigation. These results are coherent with the ob-
servations of a number of other groups obtained by TEM
(Ref. 9) or by uncapped AFM (Ref. 11) analysis, and are
relevant as a tool for reducing the appearance of large, de-
fected QDs, the gresenee of which is very often described in
the literature.'"!

A series of photoluminescence (PL) QD structures were
prepared at various temperatures (Tqp), ranging from 475 to
550 °C. The structures were grown on (001) GaAs sub-
strates misoriented 0.2° toward (111)A. In the middle of the
300 nm GaAs buffer layer an Aly3Gaj,As barrier was in-
serted for calibration purposes, both grown at an estimated
surface temperature of 690 °C and growth rate of 1 um/h.
The precursors were trimethylgallium (TMGa), trimethylalu-
minium (TMA1), and arsine (AsH;). For the dots trimeth-
ylindium and tertiarybutylarsine (TBA) were used”"? with a
growth rate of 0.022 ML/s and V/III ratio of 0.44. To main-
tain control of the low V/III ratio an arsenic interruption
method, similar to that of Lee et al.,14 was implemented. The
nominal InAs thickness was 1.7 ML. After a 60 s interrup-
tion the dots were capped using a two-step process: first 50
nm was grown using TBAs and TMGa at the same tempera-
ture as the dots, at a rate of 0.25 wm/h and V/III ratio of 15.
Then, for the final 250 nm, the temperature of the growth
was increased to 570 °C, while the rest of the parameters
were as for the buffer layer below the QDs. No additional

© 2010 American Institute of Physics
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FIG. 1. (Color online) AFM image (signal amplitudes) of the top surface of
the QD structure grown at low Tqp. (a) 10X 10 um? scan area shows a
large number of square defects. (b) and (c) depict 1 X 1 wm? zoom-in on the
defects.

optimization techniques, such as capping with a strain-relief-
layer or annealing, were employed to improve the quality of
the dots/surface. The structures were examined using AFM
and room-T PL with 1 mW excitation from a He—Ne laser
operating at 633 nm.

Figure 1(a) shows a representative 10X 10 um?> AFM
micrograph of the top surface of the structure grown at
475 °C. The sample was grown at slightly different growth
conditions from the PL samples, and was designed to high-
light structural features. In addition to a general bunching of
atomic steps, a number of square and line features are ob-
served, which can be seen in more detail in the 1 X1 ,um2
images in Figs. 1(b) and 1(c). The features appear as inverted
plateaux (“playas”) on the surface and are several nanom-
eters in amplitude. They can have well-defined edges or ap-
pear to be partially filled. They are highly symmetric and
their size is extremely regular, around 440 nm. Discussion
later in this paper will support our assertion that these fea-
tures are the result of extended defects nucleated at the QD
layer, which then thread up to the surface through the cap
layer, consistent with other reports.1

The density of the surface defects as a function of QD
growth temperature is presented in Fig. 2 for the PL samples.
The insets show the corresponding AFM micrographs.

T_ (°C)

530 520 510 °°500 490 480
10"{ |8

qA

£

i

=

(7))

[

[}

a

106— T T T “
124 126 128 130

1000/T_ (K™)

FIG. 2. (Color online) Dependence of the surface defect density on the QD
growth temperature. The insets show 10X 10 um? AFM scans for selected
values of Tgp with circles indicating the position of the surface defects.
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FIG. 3. (Color online) Dependence of the PL spectrum on the growth tem-
perature of the QDs. Dots represent the maximum of the ground state emis-
sion. The inset shows dependence of the FWHM on the QD growth
temperature.

With increasing Tqp the density of the defects drops from
1.3X 107 cm™ for the dots grown at 475 °C to 1.85
X 10% cm™2 for Top=530 °C. For the structures grown at
even higher temperatures, the defect density was lower than
our detection limit of ~1X10% cm™. This limit is simply
related to the area sampled and can be lowered at a cost in
examination time. Despite the limited temperature range in-
vestigated we observe that the plot might suggest that there
is not a single activation energy for the processes responsible
for the defect formation, or more precisely their extinction.

The observed defect density has been correlated with the
luminescent properties of the structures, shown in Fig. 3. As
Tqp increases from 475 to 530 °C, a rapid increase in inten-
sity, by two orders of magnitude, is accompanied by a nar-
rowing of the PL full-width at half-maximum (FWHM) and a
redshift in the luminescence peak. The initial change in
FWHM and redshift is extremely rapid with the FWHM fall-
ing from 80 meV at 475 °C to below 40 meV for all other
temperatures in this range (see inset in Fig. 3). The lumines-
cence peak shifts from 1200 nm at 475 °C and saturates
around 1260 nm at 510 °C. For Top>530 °C the spectra
undergo a blueshift (down to 1200 nm ground state emis-
sion), become much broader (with FWHM=67 meV for
Top=550 °C), and the luminescence intensity decreases. We
associate this effect with in sifu annealing of the QDs at the
higher growth temperature.15 In this regime we do not ob-
serve surface defects.

It is notable that the playas have, within statistical error,
the same dimension, which implies a common depth of
nucleation of the feature, supposedly the QD layer. One de-
fect that can lead to such geometric shapes are a set of stack-
ing faults (SFs) nucleated at a common point (or apex)
bounded by four stair-rod dislocations and propagating out as
a square pyramid in the subsequent overgrowth. Such defects
have been reported previously in TEM studies for both III-V
QDs (Ref. 12) and growth of ZnSe on GaAs.'® A SF is a
defect in the cubic stacking of the crystal in the {111} plane,
at its simplest being a layer of hexagonally stacked (wurtzite)
material in the zinc-blende structure. While not in itself a
nonradiative center, the partial dislocations bounding it pro-
vide a route for nonradiative recombination.



191106-3 Gradkowski et al.

Surface

{100}

Qb Big QD

FIG. 4. (Color online) (a) 1 X1 um? 220 bright field TEM micrograph of
the PL structure grown at 510 °C. (b) Zoom-in on the SF depicting a big
QD as a source of the defect. Small interference patterns correspond to
normal dots. (c) Schematic of the origin of the surface square defects and
method of calculation of the SF origin depth.

To confirm this we have performed preliminary TEM
analysis on the QD structure grown at 510 °C, using a Phil-
ips CM30 operated at 300 kV. For this purpose, plan view
samples were prepared by grinding and polishing to
~30 wm and then thinned to electron transparency using a
Gatan precision ion polishing system. The 220 bright-field
TEM micrograph, presented in Fig. 4(a), clearly shows SFs.
The size of the defects is comparable to that observed by
AFM and their density, determined by more extensive imag-
ing of the sample, is around 1.7 X 107 cm™ (the good dot
density is ~3.31 X 10'® cm™2, as estimated by the number of
small interference patterns in the TEM micrograph, which
corroborates the PL results indicating the structure was
grown under near-ideal conditions), which is consistent with
the data in Fig. 2 and further supports our assertion that the
surface features are the result of SF arising from the dot
layer. In Fig. 4(b) an interference pattern at the apex of the
SF is observed. This may be associated with an abnormally
big dot,"” suggesting that is the SF source.

The SF will propagate along the four {111} planes from
its source. If there is no interaction with another defect they
will propagate to the surface. The small stacking change on
the four {111} planes meeting the {001} surface will leave a
square feature observable by AFM due to the (equal and
opposite) out-of-growth-plane components of the Burgers
vectors terminating the SF at each end, which may be en-
hanced by growth effects [Fig. 4(c)]. Assuming that the SF
defects are formed at a constant depth in the film, the surface
defect squares will be a constant size. Computing the angle
between the {111} SF plane and the growth plane, with the
apex of the four stair-rod dislocations occurring on the top of
the QD, then the thickness of the capping layer, d, can be
calculated from Eq. (1) below, where the variables are as
defined in Fig. 4(c)

stan a+2h
d=——"—". (1)
2
From geometry a=54.7°," 5 was determined above to be
440 nm, and we assume the large dot height, A, to be 10 nm.
This gives d=320 nm, close to the 300 nm nominal capping
thickness.

We have so far concentrated on the square features. A
number of lines are also found by AFM. The longest match
the length of the edges of the square, and are likel?/ a single
SF bounded by two Shockley partial dislocations. ® Shorter
lines are also observed, which require further investigation to
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determine if the surface feature has been partially masked, or
whether other mechanisms may be responsible. The TEM
images show a number of unidentified defect structures in
the sample, and their analysis will be the subject of future
work.

In conclusion, we have demonstrated a technique to
monitor the defect density in capped QD samples by per-
forming an AFM scan of the final surface. We were able to
correlate their density with the optical properties of the dot
structures grown at different temperatures while TEM analy-
sis showed that the AFM features are directly correlated with
the density of SF (and presumably abnormally large dots) in
the samples. The technique is rapid and noninvasive making
it an ideal diagnostic tool.
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