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a  b  s  t  r  a  c  t

This  study  investigates  the  effects  of surfactant  and  segregation  from  InAs  surface  quantum  dots  (SQDs)
by incorporating  antimony  (Sb)  into  the  QD  layers.  The  Sb surfactant  effect  extends  planar  growth  and
suppresses  dot  formation.  Incorporating  Sb  can  reduce  the  density  of  SQDs  by more  than  two  orders  of
magnitude.  Photoluminescence  (PL)  reveals  enhancement  in the  optical  properties  of  InAs  SQDs  as  the
Sb  beam  equivalent  pressure  (BEP)  increases.  This  improvement  is  caused  by  the  segregation  of  Sb  on
eywords:
nAs
urface quantum dot
ntimony
urfactant

the surface  of  SQDs,  which  reduces  non-radiative  recombination  and  suppresses  carrier  loss.  The  dark
line at  the  SQDs  surface  in the  transmission  electron  microscopic  image  suggests  that  the  incorporated
Sb  probably  segregates  close  to the  surface  of  the  SQDs.  These  results  indicate  a marked  Sb segregation
effect  that  can  be  exploited  to improve  the surface-sensitive  properties  of  SQDs  for  biological  sensing.

Crown Copyright ©  2011 Published by Elsevier B.V. All rights reserved.

egregation

. Introduction

Self-assembled InAs quantum dots (QDs) [1–5] are of great
nterest because of their practical applications and usefulness in
cientific studies. Motivated by the advantages of incorporating
ntimony (Sb) as a surfactant into a strained InGaAs quantum
ell (QW) to delay three-dimensional (3D) growth and thus to

xtend the emission wavelength by reducing the surface faceting
nd delaying the formation of dislocations, several studies have
nvestigated the incorporation of Sb [6–9] or bismuth [10] in InAs
r InGaAs QDs. Sb has received a great deal of attention owing to its
urfactant properties. Surfactant species segregate to the growth
ront and decrease surface energy and surface diffusion, offering
nother means of controlling the growth of QDs [11]. Dilute Sb
hat is incorporated into InAs buried quantum dots (BQDs) has
een demonstrated to emit at 1.3 �m at room temperature [12].
atsuura et al. observed that the incorporation of Sb into InGaAs
Ds reduced the density of surface quantum dots (SQDs) [13] and
ttributed this decrease to an Sb surfactant effect, which extends
lanar growth and suppress dot formation. Recent years have seen
remendous interest in the properties of uncapped In(Ga)As QDs

SQDs), owing to their potential biological sensing applications
14,15], which exploit their surface-sensitive properties [16–19].
owever, the range of applications of SQDs is limited by the fact

∗ Corresponding author.
E-mail address: ziglar0316@gmail.com (C.H. Chiang).
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that their PL performance is worse than that of BQDs. Liang et al.
observed that the optical performance of SQDs can be improved
by controlling the number of stacked QD layers or the thickness
of GaAs spacers [20]. The purpose of this research is to improve
the PL properties of InAs SQDs by directly incorporating various
amounts of Sb, and to characterize their optical and structural prop-
erties. The Sb segregation effect in InAsSb SQDs is also studied using
transmission electron microscopy (TEM).

2. Experimental

InAsSb QDs were grown on n+-GaAs (1 0 0) substrates by molec-
ular beam epitaxy in a Riber Epineat machine. A 0.3 �m-thick
Si-doped GaAs buffer layer (3 × 1016 cm−3) was  initially grown
at 595 ◦C at a growth rate of 3.03 Å/s. Then, the growth temper-
ature was  lowered to 485 ◦C to grow QDs at a growth rate of

0.256 ´̊A/s by depositing a 2.72 ML-thick InAs(Sb) layer. Four sam-
ples were grown with Sb beam equivalent pressures (BEPs) of 0,
1.4 × 10−8, 1.8 × 10−8, and 6 × 10−8 Torr, respectively. The beams
were supplied from an Sb cracker. Then, the QDs  were capped
with a 50 Å-thick In0.15Ga0.85As layer, which was grown at 485 ◦C

at a rate of 1.88 ´̊A/s and a 0.3 �m-thick Si-doped GaAs top layer
(3 x 1016 cm−3), which was grown at 595 ◦C. To analyze accurately

the effect of Sb segregation, similar QDs without a cap layer were
also grown on the surface of the sample. Details of the growth
of the QDs have been presented elsewhere [21]. Photolumines-
cence (PL) measurements were made using a double-frequency

ghts reserved.
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power-dependent PL measurement. Moreover, the energy sepa-
ration between the ground-state PL peaks and the first-excited
state PL peaks of the four samples is 73–75 meV, which is con-
ig. 1. 1 × 1 �m2 AFM three-dimensional images of 2.72 ML  InAs(Sb) surface QDs, d
 × 10−8 Torr. Sb incorporation reduces dot density by more than two  orders of mag

d-doped yttrium-aluminum-garnet (YAG) laser with a wave-
ength of 532 nm.  Atomic force microscopy (AFM) measurements
f the SQDs samples were made using a NanoScope III-a AFM from
igital Instrument. Specimens for cross-sectional TEM examina-

ion were prepared along the [1 1 0] GaAs direction by conventional
olishing and gridding. Then, a low-voltage Ar ion miller was  used
o thin the specimen to a thickness of less than 50 nm for high-
esolution TEM (HRTEM). The SQDs were characterized using a JEOL
010F that was operated at 200 kV.

. Results and discussion

Fig. 1(a)–(d) shows the three-dimensional AFM images
1 × 1 �m2) of the InAs(Sb) SQDs at various Sb BEPs of (a) 0,
b) 1.4 × 10−8, (c) 1.8 × 10−8 and (d) 6 × 10−8 Torr, respectively.
They are denoted InAs, InAsSb(1.4), InAsSb(1.8),and InAsSb(6),
espectively.] Without Sb, the QD density was approximately

 × 1010 cm−2. Sample InAsSb(1.4) had a lower QD density of
.5 × 109 cm−2, and sample InAsSb(1.8) had an even lower QD den-
ity of 6 × 108 cm−2. Incorporating Sb reduced the density of the
QDs by more than two orders of magnitude. These results are con-
istent with those of Matsuura et al. [13]. An Sb surfactant effect
hat can extend two-dimensional growth and suppress dot forma-
ion is responsible for this drop in dot density. Further increasing
he Sb BEP to 6 × 10−8 Torr modifies the surface morphology to one
f ellipsoid terraces of height ∼9 nm,  length ∼4.5 �m,  and width
1.3 �m,  as previously observed [22], indicating that the incorpo-

ated Sb acts as a surfactant and encourages 2D growth, as discussed
ith reference to highly strained InGaAs QWs  [9].  A large Sb BEP
orsens the surface morphology as a significant amount of the
eposited material tends to form these thick terraces, rather than

 thin wetting layer, as shown in Fig. 2. A few large islands are
bserved on top of these terraces. The dot density is too low to

e determined accurately by AFM. However, since the AFM picture
hows less than one dot in an area of 1 × 1 �m2, the estimated den-
ity is less than 1 × 108 cm−2. Cross-sectional TEM reveals a typical
ot with a height of about 8.5 nm and a diameter of 27 nm.  The den-
ted on surface of sample under Sb BEPs of (a) 0, (b) 1.4 × 10−8, (c) 1.4 × 10−8,and (d)
e.

sity reduction is accompanied by size and shape modifications. The
AFM results indicate that the Sb-free SQDs have an average lateral
diameter of 50 nm and a height of 10 nm. In the sample InAsSb(1.4),
the height is reduced to ∼5 nm without significantly affecting the
lateral diameter. In the sample InAsSb(1.8), the lateral diameter and
height are reduced to 35 and 3 nm,  respectively. Further increasing
Sb BEP to 6 × 10−8 Torr yields a regular periodic surface morphol-
ogy of ellipsoid terraces, as shown in Fig. 2. This reduction in dot
size is consistent with the suppression of growth of the QDs by the
surfactant and thus the Sb surfactant effect markedly affects the
growth of the SQDs.

Fig. 3 shows the room-temperature PL spectra of samples InAs,
InAsSb(1.4), InAsSb(1.8), and InAsSb(6). Each spectrum includes
two  groups of peaks. The peaks at ∼0.77 eV are associated with
the SQDs, and the peaks at 0.95–1.05 eV are associated with the
BQDs. The BQD spectra include a doublet feature that is similar
to the ground and first-excited transitions. The peaks at ∼1.02 eV
were confirmed to be caused by the electronic transition from
the first-excited state of BQDs, as revealed by band-filling in the
Fig. 2. Following Sb incorporation at a high Sb BEP of 6 × 10−8 Torr, a few larger
islands are observed on top of ellipsoid terraces.
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Fig. 3. Room-temperature PL spectra of samples obtained at an excitation power
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observed on top of the terrace. We  suggest that the large islands
f  1.3 mW.  Each spectrum includes two groups of peaks: those at ∼0.77 eV are
ssociated with surface QDs and those at ∼0.95 eV are associated with buried QDs.

istent with the values in previous reports [23]. Remarkably, the
pectrum of InAsSb(1.4) includes a long-wavelength emission peak
rom SQDs around 0.765 eV (1620 nm)  with a full width at half max-
mum (FWHM) of 40.93 meV, and a PL emission peak from BQDs
entered around 0.936 eV with an FWHM of 30 meV. This result
emonstrates that incorporating Sb into an InAs sample substan-
ially improves the intensity of PL from the SQDs. When the QDs
re covered by a 0.3 �m-thick GaAs cap layer, the emission from
he BQDs is blue-shifted by about 171 meV; this shift is expected
ecause of the change in strain as the band gap is increased with the
rowth of the GaAs capping layer [16–18].  The InAsSb/InGaAs QDs,
apped by 0.3 �m-thick GaAs will tend to force the lattice constant
ack to that of the InGaAs, which is probably perfectly strained on
aAs, and the resulting BQDs are more strained than the SQDs. Miao
t al. estimated a change in the energy gap of InAs QDs of about
95 meV  in response to strain relaxation when the GaAs capping

ayer was removed [17]. Capping the QD with an InGaAs layer has
een shown to reduce the strain and extend the range of emission
avelengths [24]. This strain-reducing InGaAs layer is expected to

nfluence the change in the energy gap that is caused by the growth
f the GaAs capping layer. The spectrum of InAsSb(1.8) also includes

 long-wavelength emission peak around 0.775 eV from SQDs, with
n FWHM of 42.23 meV. Notably, the PL intensity increases as the
b BEP is increased further. Sample InAsSb(1.8) yields the highest
L intensity, which at 300 K, is approximately 4.5 times less than
hat of BQDs. This result differs importantly from that in the lit-
rature [17,19],  in which it is approximately one to two orders of
agnitude lower than that of BQDs – a result obtained using no

b in the growth process. Therefore, the PL intensity of the SQDs
s much lower, which result is expected owing to the increase in
he non-radiative recombination of electron–hole pairs via surface
tates [17]. In this study, the transfer of carriers from the BQDs to
he SQDs may  not be responsible for the improvement [20], because

 0.3 �m-thick GaAs blocking layer separates the BQDs from the
QDs. Rather, the enhancement is believed to be strongly related
o the incorporation of Sb into the QD layers. The emission from the
QDs is blue-shifted from 0.765 to 0.795 meV  as Sb BEP increases.
his blue-shift is attributed to a reduction in the dot height by the
b surfactant effect. However, the FWHM of the PL spectral peak

erein is 40–50 meV, which differs considerably from the corre-
ponding result in the literature [17,19], in which the smallest PL
inewidth for SQDs is about 100 meV. This difference is explained
Fig. 4. Dot density (left axis) and integrated PL intensity (right axis) of InAs(Sb)
surface QDs versus Sb beam equivalent pressure.

by the uniformity of the sizes and surface of the SQDs for which
the Sb surfactant effect is responsible. These results show that the
incorporation of Sb effectively improves the PL performance of InAs
SQDs. The literature has shown that In segregation at the surface
of InGaAs SQDs increases PL intensity even at room temperature,
by suppressing non-radiative surface recombination [16]. The data
herein further support the claim that the PL intensity of SQDs is
enhanced by the same mechanism. The optical behavior of SQDs is
very poor owing to surface states, as evidenced by their weak and
broad PL [20]. The surface states arose from the dangling bonds in
the SQDs [17]. The tunneling of excitons from the confined quan-
tum states of the SQDs to the surface states causes the intensity
of PL from the SQDs to be typically quite weak [25]. This weakness
arises from the reduction of radiative recombination as the number
of carriers that tunnel to the surface states, in which non-radiative
recombination occurs, increases. The recombination velocities at
the GaAs and InAs surfaces are about 106 and 104 cm/s respec-
tively, and so the carriers vanish at these surfaces [16]. However,
InSb has a lower surface recombination velocity of around 103 cm/s
[26], indicating lower carrier loss at its surface. Accordingly, the
enhancement of PL from InAs SQDs indicates the abundance of
Sb close to the surface, and that the surface of the dots is almost
entirely InSb because Sb is segregated.

Fig. 4 plots the density of QDs (left axis) and the PL integrated
intensity (right axis) of the InAs SQDs versus the Sb BEP. The inte-
grated PL intensity increases considerably with the Sb BEP from 0
to 1.8 × 10−8 Torr. However, it decreases as the Sb BEP is increased
further. This phenomenon can be interpreted as reflecting a change
of SQD density, as shown in Fig. 4 (left axis). The AFM measurements
reveal that the incorporation of Sb effectively reduces the density of
the SQDs by an Sb surfactant effect, which enhances layer-by-layer
growth and suppresses dot formation. In particular, the incorpora-
tion of Sb from a BEP of 0 to a BEP of 1.8 × 10−8 Torr reduced the
density of the SQDs by more then one order of magnitude, but the
integrated PL intensity of the SQDs still increased. To confirm that
the segregation of Sb can improve the PL of InAs SQDs, a further
investigation must be performed to identify Sb segregation close
to the surface of SQDs. Fig. 5(a) and (b) show cross-sectional TEM
images of sample InAsSb(1.4) and sample InAsSb(6), respectively.
Based on the images projected along the [1 1 0] GaAs direction, the
SQDs in these two samples are pyramidal with a contact angle of
∼27.7◦. Obviously, increasing the Sb BEP reduces the dot density
and the slightly roughens of the surface. In Fig. 5(b), the surface
exhibits a characteristic angle of ∼174◦. A few large islands are
exhibit no 3D quantum confinement. Their diameter (∼100 nm,
�de Brogli wavelength) is too large to modify the confinement
energy efficiently. The TEM image of InAsSb(6) clearly proves the
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Fig. 5. Cross-sectional TEM images of (a) sample InAsSb(1.4) and (b) sample
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[25] B.L. Liang, Yu.I. Mazur, P. Vas, Zh. Kunets, M.  Wang, G.J. Salamo, E.A. DeCuir Jr.,
nAsSb(6). (c) HRTEM image of InAsSb(6) surface QD; inset shows the same area
t  low magnification: Sb segregation close to the surface is clearly observed.

L peak around 0.79 eV from SQDs, even when the dot density
s reduced to ∼1 × 108 cm−2. Fig. 5(c) shows an HRTEM image of
nAsSb(6) SQDs and the inset shows the same area at a low magni-
cation. The dot is a full pyramidal with a base diagonal of 27 nm
nd a height of 8.5 nm.  The dark line at the dot surface probably
eveals segregation of the heavy element at the surface. Similar
esults are also observed from other SQDs in samples InAsSb(6)
nd InAsSb(1.4). The segregation of Sb provides a Sb-rich surface
overage, and promotes the surfactant effect. This surfactant effect
s related to thermodynamics (associated with a change of the sur-
ace free energy of the growing film) or kinetics (associated with

 reduction of the surface diffusion of adatoms). Harmand et al.
bserved that Sb is not easily incorporated into highly strained
nGaAs on GaAs when it is supplied during its growth [7].  InAsSb
QDs have a lattice constant that is larger than that of GaAs, and
he strain relaxation is largest at the top of the QDs [17]. In this
tudy, strong compressive stress was induced at the bottom of the
QDs and weak compressive stress was present at the surface of the
QDs. The bottom of the SQDs is strained to match the GaAs sub-
trate, while the top of the SQDs is relaxed according to the intrinsic
attice constant of InAsSb. As a result, a continuous strain distribu-
ion is established in the SQDs. Therefore, the lens-shaped darker
rea at the bottom of the pyramidal structure is the region of higher
ompressive strain at the bottom of the SQD, as shown in Fig. 5(C).
his effect is a consequence of the higher compressive strain at the
ottom of the SQDs, which inhibits the incorporation of the large

b atoms. Accordingly, the growth proceeds with strong Sb sur-
ace segregation, which alters the reconstruction of the surface, as
bserved by in situ reflection high-energy electron diffraction dur-

[

ience 257 (2011) 8784– 8787 8787

ing the growth. As previously mentioned, the HRTEM images reveal
Sb segregation close to the surface, indicating that Sb passivation
on the surface of the SQDs increased the PL intensity, inhibiting
the non-radiative recombination and suppressing carrier loss at the
SQDs.

4. Conclusions

In conclusion, surfactant and segregation effects of Sb in
InAs(Sb) SQDs were investigated. The Sb surfactant effect can
extend planar growth and suppress dot formation. The findings in
this study suggest that the PL of InAsSb SQDs is strengthened by
increasing Sb BEP. The enhancement of the integrated intensity of
PL is attributable to Sb segregation close to the surface of SQDs,
and reduces non-radiative recombination. The dark line at the sur-
face of the SQDs in the TEM image suggests that the incorporated
Sb probably segregates close to the surface of the SQDs. The seg-
regation of Sb provides a Sb-rich surface coverage, and promotes
the surfactant effect. This research opens up an interesting avenue
for investigating the possibility of using InAs(Sb) SQDs as biological
markers and sensors.
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