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The optical and structural properties of InAs/GaAs quantum dots (QD) are strongly modified through the use of a thin (~
5 nm) GaAsSb(N) capping layer. In the case of GaAsSb-capped QDs, cross-sectional scanning tunnelling microscopy
measurements show that the QD height can be controllably tuned through the Sb content up to ~ 14 % Sb. The increased
QD height (together with the reduced strain) gives rise to a strong red shift and a large enhancement of the
photoluminescence
(PL) characteristics. This is due to improved carrier confinement and reduced sensitivity of the
excitonic bandgap to QD size fluctuations within the ensemble. Moreover, the PL degradation with temperature is
strongly reduced in the presence of Sb. Despite this, emission in the 1.5 !lm region with these structures is only achieved
for high Sb contents and a type-II band alignment that degrades the PL. Adding small amounts of N to the GaAsSb
capping layer allows to progressively reduce the QD-barrier conduction band offset. This different strategy to red shift
the PL allows reaching 1.5 !lm with moderate Sb contents, keeping therefore a type-I alignment. Nevertheless, the PL
emission is progressively degraded when the N content in the capping layer is increased.

Since the use of Sb to cover InAs/GaAs quantum dots (QDs) was first reforted a few years ago,I-3 significant activity has
been realized in this field, which is becoming increasingly attractive.4-2 A thin (- 5 nm) GaAsSb capping layer allows
extending the emission wavelength of InAs QDs grown on GaAs substrates to the 1.55 !lm region.1'5 The strong
observed red shift has been typically attributed to a type-II band alignment for high Sb contents, with the hole
wavefunction being localized out of the QD in the GaAsSb capping layer.3,4,10,13-15
Nevertheless, apart from a few studies
dedicated to analyze the emission from type-II samples,10-15 not much attention has been paid to the evolution of the
optical properties of GaAsSb-capped InAs/GaAs QDs with the amount of Sb in the capping layer. Moreover, the effect
that different Sb contents could have in the structural properties of the QDs is still unknown. The fact that GaAsSb acts
as a strain reducing layer for InAs/GaAs QDs, together with the surfactant effect of Sb, could lead to an altered capping
process that could modify the final size and/or shape of the QDs. It is well known that strong QD size and shape changes
take usually place during the capping process, and that these changes are dependent on the capping material used.21,22
These structural changes are of crucial relevance because they will strongly affect the optical properties of the QD
system. In particular, they should significantly affect the carrier escape mechanisms and the temperature evolution of the
PL emission in these samples. Although a different PL degradation between 14 K and room temperature for GaAs and
GaSb-capped samples has been reported,7 there are no similar reports on GaAsSb-capped QDs and the influence of
different Sb contents has not been reported.
One drawback of the Sb-based approach is that optical emission at long wavelengths (in the 1.4 - 1.6 !lm region) can
only be achieved in GaAsSb-capped InAs/GaAs QDs with a type-II band alignment that degrades the PL. Nevertheless,
introducing small amounts of N in the capping layer would strongly reduce the QD-capping layer conduction band
offset, inducing an extra red shift. The addition of Sb to GaAs affects mainly the valence band of GaAs,23 while N affects
only the conduction band,24 which means that a capping layer made from the quaternary GaAsSbN would allow to
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independently tune the QD-barrier valence and conduction band offsets. This could allow reaching 1.55 /lm while
keeping a type- I band alignment.
In this work, we have first used photoluminescence (PL) and Cross-Sectional Scanning Tunneling Microscopy (X-STM)
to correlate the Sb-induced changes in the optical properties of the QDs with strucmral changes. We show that the QD
height can be controllably tuned through the Sb content and that taller QDs show a reduced degradation of the PL
emission with temperamre. The addition of small amounts of N to the thin GaAsSb capping layer allows to strongly
reduce the conduction band offset, allowing reaching 1.55 /lm with a type-I band alignment. Nevertheless, the PL spectra
are significantly degraded when the amount ofN is increased.

The samples were grown by solid source molecular beam epitaxy (MBE) on n+ Si doped (100) GaAs substrates. First, a
series of eleven samples containing a single QD layer capped with GaAsSb was grown for PL studies. In all of these
samples, 2.7 monolayers (ML) oflnAs were deposited at 450°C and 0.04 ML/s on an intrinsic GaAs buffer layer, and
capped with a nominally 4.5 nm-thick GaAsl_xSbx layer grown at 470°C. The Sb content was nominally changed from 0
to 25 %. 250 nm of GaAs were finally grown on top of the GaAsSb capping. A layer of similar uncapped QDs was also
grown on the surface of every sample for atomic force microscopy measurements (AFM). Four of the GaAsSb-capped
QD layers with different Sb contents were reproduced in a single sample (separated from each other by 50 nm of GaAs)
for X-STM measurements. Another series of 10 samples with a GaAsSbN capping layer was grown under the same
conditions than the previous. In this case, the Sb content in the capping layer was fixed to - 13 % and the N content was
progressively increased.
The PL was measured from 15 K to room temperamre using a closed cycle Helium cryostat with a temperamre controller
and a He-Ne laser as the excitation source. The emitted light was dispersed through a 1m spectrometer and detected with
a liquid nitrogen cooled Ge detector using standard lock-in techniques. The X-STM measurements were performed on a
(1 1 0) surface plane of in-situ cleaved samples under UHV (p < 4xlO-11 Torr) conditions, at room temperamre.
Polycrystalline tungsten tips prepared by electrochemical etching were used. The images were obtained in constant
current mode at high negative voltages (-3 V).

We investigate first the effect of a thin GaAsSb capping layer with different Sb contents on both the strucmral and
optical properties of the QDs, trying to correlate the Sb-induced changes in the PL with strucmral changes at the atomic
scale.

3.1 Effect of the Sb content on the structural properties
The sample with four QD layers (from now on LA, LB, LC and LD) was analyzed by X-STM. The Sb content in the
capping layer was different in each layer, starting from 0 % in LA (reference GaAs-capped QDs). From high negative
voltage (-3 V) X-STM images, the Sb content in the capping layer can be deduced by analyzing the outward relaxation
of the cleaved surface.25,26 By comparing the measured outward relaxation to calculations from continuum elasticity
theory we obtain an Sb content of 0, 7, 11 and 22 % for LA, LB, LC and LD, respectively.18
High resolution images of a QD in LA, LB and LD can be seen in Fig. 1 (a), (b) and (c), respectively. The measurement
conditions (negative voltage) allow imaging group V elements so that the bright spots in images (b) and (c) represent
individual Sb atoms in the As matrix (due to the different size and bonding configuration, Sb atoms appear brighter than
As atoms). The bright spots in image (a) represent individual In atoms, which are visible through their distortion of the
surrounding As atoms. The GaAsSb layer appears clearly as a distinct layer, which is hardly intermixed with the QDs
and the WL. The interface between the QD and the capping layer is well defined, especially in the lower Sb content
layers LB and LC (see LB in Fig. I (b)). This suggests that there is no Sb incorporation into the QDs. Further support for
this conclusion can be obtained by applying a local mean equalization filter to the images (which eliminates the
background contrast due to strain relaxation and enhances the contrast of individual Sb atoms). The average contrast

between adjacent atoms in filtered images is the same in GaAsSb-capped QDs than in the QDs of the reference layer. It
can therefore be concluded that there is no Sb inside the QDs, contrary to what has been observed in InAs/GaAs QDs
capped directly with 2.2 ML of GaSb,9 or exposed to a Sb flux immediately before capping with GaAs.20

Figure 1. Filled states topography images of a QD in (a) LA, (b) LB and (c) LD. In image (a) the bright spots
correspond to In atoms. In images (b) and (c) the bright spots correspond to Sb atoms in the As matrix.
Significant differences between the QDs in the different layers are already clear from these images. The size and shape
of the QDs in each layer can be deduced by a statistical analysis of the relationship between the height and the base
length in a large number of QDs. Considering the high uniformity observed by AFM (not shown), it is assumed for the
analysis that all the dots in each layer are identical. After analyzing - 15 QDs in each layer, a linear dispersion, similar to
that obtained in ref. 27, is found, indicating that the QDs have an ellipsoidal or lens shape (as also apparent from Fig. 1)
with a base diameter of 24 ± 1 nm. This correlates very well with the 26 ± 2 nm diameter measured by AFM in similar
surface QDs.
However, the capped QD height increases with the Sb content, as shown in Fig. 2, in which the QD height normalized to
the height of surface uncapped QDs is plotted as a function of the Sb content in the capping layer. The height differences
must be originated during the capping process: the strong QD decomposition that takes place during capping with
GaAs21,22 is reduced by the presence of Sb. Moreover, the reduction is proportional to the amount of Sb in the capping
layer. The result is that the QD height is progressively increased when the amount of Sb in the capping layer increases.
The dissolution process is found to be completely suppressed for an Sb content of 22 % (the QD height measured by XSTM is the same that the one measured by AFM in uncapped QDs) but the linear regression in the figure shows that QD
dissolution stops completely for an smaller Sb content of ~14%. For higher Sb contents, no further change in the QD
height is expected. It is possible, therefore, to controllably tune the height of the InAs QDs by changing the Sb content in
the capping layer between 0 and ~ 14 %.
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Figure 2. QD height normalized to the height of the equivalent uncapped QDs as a function of the Sb content in the four
different layers studied by X-STM. A value of 1.0 indicates a completely suppressed decomposition process. The
red dash-dot line is a linear fit to the values of LA, LB and Le. The two different background colors indicate the
two different regimes.

3.2 Effect of the Sb content on the room temperature

PL

The results in section 3.1 show that the PL peak red shift typically observed when adding Sb to the capping layer is not
pnly due to the reduced strain or the transition to a type-II band alignment, but also to the fact that the QD height
increases initially with the Sb content. Fig. 3 (a) shows the normalized room temperature PL spectra of some of the
. samples in the series with increasing amount of Sb in the capping layer. As already reported/-5 by gradually increasing
the Sb content, the emission wavelength of the QDs can be red-shifted, reaching almost 1.5 Jlm. With this QD system,
long wavelengths close to 1.55 Jlm are up to now only achievable in samples with a type-II band alignment. From PL
measurements as a function of excitation power (not shown), we know that the transition from a type-I to a type-II band
alignment happens somewhere between the samples labeled as I and II in Fig. 3 (a).
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Figure 3. (a) Normalized room temperature PL spectra from a selection of the QD layers with increasing amount of Sb
in the capping layer. (b) Dependence of the ratio between the PL integrated intensity and FWHM on the peak
wavelength. Lines are guides to the eye. The two different background colors indicate the two different optical
regimes.
,However, the observed red shift develops within two clearly different optical regimes regarding the PL properties
(regimes I and II) which are not determined by this band alignment transition. As a figure of merit of the PL quality we
),lot in Fig. 3 (b) the ratio between the PL integrated intensity and the full width at half maximum (FWHM) as a function
f.of the peak wavelength. It can be seen that for low Sb contents, the PL emission is progressively improved (reduced
i:FWHM and increased integrated intensity), reaching its optimum at a peak wavelength of - 1280 om. Indeed, the
"presence of the first regime allows us to obtain PL emission at 1.3 Jlm with significantly improved optical properties
',compared to the shorter wavelength PL of the reference GaAs-capped InAs/GaAs QDs. We attribute this improvement to
,Jhe observed gradual increase in QD height, which improves carrier confmement and reduces the sensitivity of the
{effectivebandgap to QD size fluctuations within the ensemble. In regime II, at higher wavelengths (higher Sb contents),
<thePL is gradually degraded with increasing Sb, becoming very broad and less intense for the longest wavelengths. This
:degradation at high Sb contents occurs as a result of composition modulation in the capping layer and strain-induced Sb
.:.llligrationto the top of the QDs, together with the transition to a type-II band alignment.1s In this case, the hole
,,,,,avefunction is confmed in the capping layer on top of the QDs and, therefore, different Sb contents on top of the QDs
!Willhave a very strong impact on the hole energy levels, giving rise to a broad PL spectrum.

3.3 Effect of the Sb content on the temperature

evolution of PL

The complex structural evolution, with the initial increase of QD height up to ~ 12-14 % Sb and the following
enhancement of composition modulation at higher Sb contents, together with the change in the valence band alignment,
should strongly affect the temperature behavior of the PL emission. In order to investigate this effect, the PL spectrum as
a function of temperature was measured for several samples in the series between 15 K and room temperature. An
Arrhenius plot of the PL integrated intensity as a function of the inverse temperature for the samples with 0 and 12 % Sb
content can be observed in the inset of Fig. 4. There is an anomalous increase in the integrated intensity with temperature
in the range of 35 - 90 K and 35 - 130 K in the samples with 0 and 12 % Sb, respectively. One possible explanation
would be carrier redistribution from smaller QDs to bigger QDs within the ensemble, in which exciton recombination is
more efficient due to increased confmement.28 Nevertheless, this would typically give rise to a reduced emission energy
in that temperature range together with a reduction of the FWHM,29 something that we do not observe (not shown).
Moreover, the high QD size homogeneity seen in AFM measurements (see ref. 18) also suggests that redistribution
effects should not be strong. Other possible reasons could be carrier escape from traps in the wetting layer (WL),30 or
the presence of strain-induced potential barriers at the QD interface.31
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Figure 4. Ratio between the PL integrated intensity at 15 K and 300 K as a function of the Sb content. The inset shows
an Arrhenius plot of the PL integrated intensity versus the inverse of the temperature for samples with 0 and 12 %
Sb in the capping layer.

The quenching of the PL intensity with temperature is significantly smaller in the Sb-containing sample. Indeed, the
integrated intensity decreases a factor of 70 between 15 K and room temperature in the reference sample, while the
decrease factor is only 7 in the sample with Sb, so PL degradation with temperature is reduced by one order of
magnitude. If the ratio between the integrated intensity at 15 K and room temperature is plotted as a function of the Sb
content for all the analyzed samples, it is clear that there is a very strong initial reduction of the PL quenching with
temperature when the amount of Sb in the capping layer increases (Fig. 4). For Sb contents above ~ 12 % Sb, the
magnitude of the quenching remains approximately constant. The improvement takes place in the first optical regime
(Regime I), and could therefore be related to the increased QD height, which increases carrier confinement and reduces
carrier escape from the QDs. The analysis of the thermal activation energies together with structural data from X-STM
measurements (not shown), allow us to determine that, in the absence of Sb, escape of both electrons and holes to the
GaAs barriers is the main PL quenching mechanism.32 Nevertheless, when adding Sb to the structure, electron escape is
suppressed due to increased QD height. At moderate Sb contents holes escape from the QD to the thin GaAsSb capping
layer, where redistribution and retrapping processes between QDs can take place. However, at high Sb contents where
type-II band alignments are obtained, X-STM analysis shows strain-induced Sb-rich clusters on top of the QDs. In this
case, hole escape from the Sb-rich clusters to the extended GaAsSb capping is identified as the dominant quenching
mechanism.32 The reduced PL quenching with temperature in the presence of Sb represents an important advantage

regarding the applications since it would improve the temperature performance for long wavelength devices. The
possibility of increasing the QD height through the Sb content is therefore vel}' interesting regarding device applications.

In the second series of samples, a 5 om thick GaAsSbN capping layer was grown under the same conditions than the
previous GaAsSb layer. In this case, the Sb content was fixed to - 13 % trying to keep the type-I band alignment and the
N content was progressively increased in order to extend the emission wavelength by progressively reducing the QDcapping layer conduction band offset. The normalized low temperature PL spectra of these samples are shown in Fig. 5
(a). From the point of view of the strain, the presence of N counteracts the strain reducing effect of Sb, and no PL red
shift is expected in this sense. Therefore, the observed strong red shift must be mainly due to the progressive reduction of
the conduction band offset. Emission at 1.45 Jl1ll is obtained at 15 K; unfortunately no room temperature emission was
observed from any of the N-containing samples. This can be related to the PL degradation observed when the N content
is increased: as shown in Fig. 5 (b) the integrated intensity decreases and the FWHM increases with the amount of N in
the capping layer. Indeed, an initial strong decrease of the PL integrated intensity of order of magnitude is obtained when
the PL peak is red-shifted by only 70 om. The reasons for this degradation are being investigated. Possible reasons could
be the presence ofN-related defects acting as non-radiative recombination centers, the reduced electron confmement due
to small conduction band offset, the presence of strong composition modulation in the capping layer etc.
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Figure 5. (a) Normalized room temperature PL spectra from some of the GaAsSbN-capped QD layers with increasing
amount of N in the capping layer. (b) Dependence of the FWHM and integrated PL intensity on the peak
wavelength. The blue signs correspond to the 0% N case. Lines are guides to the eye.
From PL measurements as a function of the excitation power (not shown), we see that all the samples in the series have a
type-I band alignment. Therefore, emission in the 1.5 ~m region can be obtained with type-I samples by using a
GaAsSbN capping layer. Despite this, the room temperature performance of log wavelength type-I GaAsSbN-capped
QDs is much poorer than that of the type-II GaAsSb-capped QDs. Further optimization of the growth parameters of the
thin GaAsSbN layer could help to solve this problem in the future.

In summary, we have used X-STM and PL measurements to show how the optical and structural properties of
lnAs/GaAs quantum dots (QD) can be strongly modified through the use of a thin (- 5 om) GaAsSb(N) capping layer.
'The QD height can be controllably tuned through the Sb content in the case of GaAsSb-capped QDs. In addition to a
strong red shift, the increased QD height (together with the reduced strain) induces a large enhancement of the PL

characteristics. This is due to improved carrier confmement and reduced the sensitivity of the excitonic bandgap to QD
size fluctuations within the ensemble. Moreover, the PL degradation with temperature is strongly reduced in the presence
ofSb. With GaAsSb-capped QDs, emission in the 1.5 J.Lmregion is only achieved for high Sb contents and a type-II band
alignment that degrades the PL. Nevertheless, adding small amounts of N to the GaAsSb capping layer allows to
progressively reduce the QD-barrier conduction band offset. This approach allows reaching 1.5 J.Lmwith moderate Sb
contents, keeping therefore a type-I alignment. Nevertheless, the PL emission is progressively degraded when the N
content in the capping layer is increased. The reason for this degradation is currently being investigated.
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