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Abstract: We study the tsurface morphology and photoluminescence (PL) property of InAs
quantum dots (QDs) on GaAs using bismuth (Bi) in the layer prior to or after the growth of
QDs. Incorporating Bi in the layer prior to the QD deposition delays the onset of InAs QD
formation resulting in a decrease in QD height and density. As a surfactant, adding Bi in the
GaAs capping layer at a high growth temperature reduces the In surface diffusion length
leading to uniform and well preserved InAs QDs in terms of height and density. The
incorporation of 3% Bi at a low growth temperature, which forms a GaAsBi capping layer,
can effectively lower the PL transition energy up to 163 meV and reduce the PL linewidth,
leading to an emission wavelength of 1.365 pm at 77 K.

© 2017 Optical Society of America
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1. Introduction

The unique properties such as 6-like density of states and good carrier confinement in
quantum dots (QDs), in particular II[-V compound QDs, have made them very attractive for
optoelectronic device applications such as solar cells, lasers and photodetectors [1-3].
InAs/GaAs QD laser is the most studied device due to its low threshold current and very
stable temperature dependent bandgap for the fiber optical communication window at 1.3 um
[4]. However, the giant lattice mismatch between GaAs and InAs inevitably builds up
excessive internal strain in InAs/GaAs QDs and prevents them from further extending
emission wavelength. In addition, QD decomposition upon capping at high growth
temperature also incurs decrease in QD height and density [5]. Since Ledentsov et al. [6]
demonstrated a GaAs-based InAs QDs lasing wavelength record of 1.49 pum at room
temperature and 1.51 um at temperatures above 60 °C in 2003, no one has broken this lasing
wavelength record. Although room temperature lasing at 1.55 um range has been realized
using InP-based InAs dots/dash, like in Wang et al.’s work [7] who accomplished self-
assembled single- and multiple-stack quantum dash lasers on InP (100) substrate with room
temperature lasing from 1.60 to 1.66 pm, the InP-based QD technology is significantly less
mature than that of GaAs. Due to the difficulty in obtaining high quality distributed Bragg
reflectors and less cost-efficient of the substrate in InP-based system, GaAs-based InAs QD
system are more advantageous because of the larger substrate size which is more cost-
efficient, higher thermal conductivity, larger band offsets and higher refractive index contrast
of lattice matched alloys. However, GaAs based InAs QD system also poses a giant challenge
for the large lattice mismatch of 7% between GaAs and InAs that will inevitably induce
excessive internal strain. For achieving a high performance of InAs/GaAs QD laser, uniform
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and dislocation-free QDs with a high density are requisite. Two widely applied methods for
maintaining long wavelength emission are using a strain compensation layer underneath InAs
QDs and a strain reducing layer above InAs QDs [8—10]. By inserting a tensile strained InGaP
compensation layer in the InAs/GaAs QD active region, more than 35% strain reduction was
accomplished as verified by high-resolution X-ray diffraction (XRD) [8]. As for the strain
reducing layer, InGaAs is usually used and reported to induce a large wavelength red-shift
due to the strain relaxation in the apex of InAs QDs along the growth direction [9,10].

Dilute III-V bismide arouses increasing attention recently due to its attractive physical
properties such as giant bandgap reduction and spin-orbit splitting energy which can suppress
Auger recombination, and temperature insensitive bandgap etc [11-14]. Among all the III-V-
Bi alloys, GaAsBi is the most widely studied and reveals a large bandgap reduction of 88
meV/%Bi [11]. In addition, bismuth is reported to act as a surfactant that can influence QDs
morphology and also the optical property [15—18]. Both the bandgap reduction effect of
GaAsBi and the Bi surfactant effect make GaAsBi very attractive to be employed into the
InAs/GaAs QD system and expected to engineer the band structure and strain concomitantly
by Bi introduction. Till now, only sporadic studies about Bi influence on QDs morphology
and optical properties have been published. Researchers have mainly focused on Bi surfactant
effect on QDs: whether the Bi surfactant effect increases or decreases In adatoms diffusion
length. Zvonkov et al. [15] and Dasika et al. [16] hold the view that Bi reduces In adatoms
diffusion length and prevents QDs coalescence. On the contrary, Okamoto et al. [17] and Fan
et al. [18] argue that the Bi surfactant effect enhances In adatoms diffusion length, resulting in
large QDs. Except for the surfactant effect, Bi can also be incorporated into GaAs to
influence QDs bandgap. Wang et al. [19] used GaAsBi as the strain reducing layer and strain
compensation layer for InAs QDs. They observed 23 meV red-shift by embedding InAs QDs
between GaAsBi matrix and achieved the longest emission of 1.282 um at room temperature.

In this work, we systematically investigate the effect of GaAsBi as the lower (strain
compensation) and upper (strain reducing) barrier layer on InAs QDs at high (Bi as
surfactant) and low (Bi incorporation) growth temperatures, respectively. We demonstrate an
improved InAs QDs size distribution upon using Bi as surfactant and a significant redshift by
163 meV with GaAsBi strain reducing layer compared with using GaAs cap layer, leading to
emission wavelength of 1.356 um at 77 K. This provides researchers a new route to overcome
the lasing problem of InAs QDs.

2. Experiments

A large number of InAs QDs were grown on semi-insulating GaAs (100) substrates using a
solid source DCA P600 molecular beam epitaxy (MBE) system. Growth started with a 200
nm GaAs buffer at 580 °C after the substrate deoxidation process. The growth rate of GaAs
and InAs was fixed at 0.4 and 0.1 ML/s, respectively, calibrated by reflection high-energy
electron diffraction (RHEED). Growth temperature was kept at 580 and 500 °C for GaAs and
all the In-containing layers, respectively, while the Bi-containing layer was grown at 280 and
500 °C for Bi incorporation and surfactant effect investigation, respectively. The temperature
below 450 °C was read by a thermocouple while above 450 °C was calibrated by the
deoxidation of GaAs at 583 °C. At 280 °C with an As beam equivalent pressure (BEP) =
9.5E-7 Torr, we obtained GaAsl-xBix with Bi content of 3% and 5%, respectively, by
changing the Bi BEP from 1.9E-8 to 3.2E-8 Torr. At a high temperature of 500 °C, Bismuth
atoms can’t be incorporated into GaAs, but acting as a surfactant. Both embedded (in either
In0.2Ga0.8As or GaAsl-xBix) and surface QDs were grown on the same sample, separated
by a 200 nm thick GaAs, intended for photoluminescence (PL) and atomic layer epitaxy
(AFM) measurements, respectively, as sketched in Fig. 1. Three groups of QDs were grown
to investigate influence of Bi on InAs QDs. The nominal thickness of all InAs QDs was 2.5
ML, and all the GaAsBi and InGaAs layer for PL were 5 nm. For AFM measurements,
surface InAs QDs were capped by 0-32 monolayers (MLs) of GaAs(Bi). Figure 1
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schematically illustrates three groups of samples under different growth conditions. Reference
samples without Bi introduction were grown under the same growth conditions in each group
for comparison.

Group 1: Group 2: Group 3:
For AFM _#yGrown at 500 °C Grown al 280 °C
nks QCs 4,16 MY/ GaAsBi upperlayer AsBi upper layer

5 nm GaAsBi bettom layer 5 nmyfInGaAs botiom layer 5 nm \GaAs bottom layer
200 nm GaAs cap layer e p——
" 200 nmGaAs cap layer
5nm InGa. &r For PL playe

4 iﬁ PI'- f-‘\fzii “ﬁpﬁ'rl‘a)‘el’ 32 ML GaAsBi upper\a‘er

5 nm GaAsBi bottom layer

5 nm InGaAs botiom layer 5 nm InGaAs bottom layer
200 nm GaAs buffer
_ 200 nm GaAs buffer 200 nmGaAs buffer
bottorn GaAsBi layer upper (iaAsBi capping layer upper GnAsBi eapping layer
influenee on Qls
Bi wrfactont effect Bi incorporatior. effest

Fig. 1. Illustration of three groups of InAs QDs grown under different conditions.

Bulk GaAsBi materials of 200 nm thick were grown so as to calibrate Bi content. X-Ray
Diffraction (XRD) combined with Rutherford backscattering spectrometry (RBS)
measurements confirmed 3% and 5% Bi incorporation in GaAsBi grown under the two
abovementioned Bi flux, respectively. A Veeco NanoScope Illa AFM was used to analyze
QDs surface morphology. The contact mode was chosen to scan in both 1 x 1 and 5 x 5 pm?
areas. Photoluminescence spectra was performed by a Fourier Transform Infrared (FTIR)
spectrometer (Bruker Vertex 80 v) working under continuous scan mode. Samples were
excited by a semiconductor laser (A = 532 nm) and the diameter of the laser spot was about
200 pm. Measurement was conducted at 77K cooled down by liquid nitrogen using an InSb
detector.

3. Results and discussions

In the following, we will discuss three groups of InAs QDs mediated by Bi in sequence. Each
group of InAs QDs was studied by both AFM and PL, respectively. From the AFM results,
we explore Bi influence on InAs QDs morphology including QD height, density and
distribution, while from the PL measurement Bi influence on QDs peak emission wavelength
and intensity is analyzed.

3.1 InAs QDs grown on GaAsBi

In group 1, GaAsBi was grown as the bottom strain compensation barrier layer, prior to InAs
QDs growth, as illustrated in Fig. 1. AFM images of surface InAs QDs grown on GaAs,_Bi,
with Bi content of 3% and 5% are shown in Fig. 2(b) and 2(c), respectively, and Bi-free
sample in Fig. 2(a) for comparison. By replacing bottom GaAs with GaAsBije,, the QD
density decreases from 1.26 x 10" cm™ to 1.07 x 10" cm™ and the average height decreases
from 12.0 nm to 10.6 nm as well. In the GaAsBis., sample, the QD density and height further
decrease to 1.03 x 10" ecm™ and 9.2 nm, respectively, as summarized in Fig. 2(d). This can be
interpreted that when GaAsBi is grown prior to InAs QDs growth, a high QDs growth
temperature of 500 °C will cause Bi in the bottom GaAsBi (grown at 280 °C) segregating
onto surface. Bismuth covering the growing surface lowers surface energy and suppresses In
adatoms diffusion. Concomitantly, the critical thickness for transformation from InAs wetting
layer to InAs QDs is increased. In a word, Bi delays the onset of InAs QDs formation,
resulting in decreased QD density and height.
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Fig. 2. InAs QDs grown on (a) GaAs; (b) GaAsBij3y,; (¢) GaAsBisy, (d) QDs density and height
as a function of Bi molar fraction of the bottom GaAs,_Bi,.

Figure 3(a) shows PL spectra from InAs QDs grown on GaAsBi and GaAs. The left peaks
come from buried InAs QDs and the right wide ones correspond to surface InAs QDs. Each
peak consists of two sub-peaks which are preliminarily assigned to coming from the ground
and the excited state transitions [20]. Gaussian fitting is employed to extract emission from
both the ground and the excited state of QDs, plotted in dashed green (ground state) and red
(excited state) lines in Fig. 3(a). For the buried InAs QDs, the ground state emission redshifts
from initial 1.006 um to 1.106 um and 1.130 pum, respectively, when replacing the underlying
GaAs with GaAsBiz, and GaAsBisy,. The significant PL peak wavelength redshift (~134
meV) is attributed to the bandgap reduction effect of the GaAsBi barrier. The higher the Bi
content in GaAsBi, the narrower the GaAsBi bandgap is. The integrated PL intensity is
similar in all the three samples. In addition, energy separation between the excited and the
ground state is larger for QDs grown on GaAsBij3, (60 meV) and GaAsBisy, (63 meV) than
that on GaAs (45 meV). This increased energy separation in Bi-containing samples in turn
indicates the decreased dimensions of QDs size, most likely the QD height, in consistent with
the AFM results of surface InAs QDs. Although the repeated surface InAs QDs were grown
without an InGaAs capping layer, their surface morphology can still reflect a general feature
for the buried InAs QDs. Whereas the PL spectrum evolution for surface InAs QDs was
largely different from that of the buried InAs QDs, by increasing Bi concentration in
underlying GaAsBi; from 0 to 3% and 5%, surface InAs QDs emission initially shows
redshift and then blueshift. The bandgap diagram shown in Fig. 3(b) is given to account for
this emission difference between the buried and the surface InAs QDs. For the buried InAs
QDs, incorporating Bi into GaAs will cause barrier downward, hence redshift the PL. In
addition, the higher the Bi content in GaAsBi, the lower the GaAsBi barrier is, and thus the
longer the emission wavelength. In spite of a slight decrease in height for the buried InAs
QDs as discussed above, we deem that the resulting transition energy change is not so
sensitive like that of the surface InAs QDs due to an InGaAs capping layer. As indicated in
[21], an InGaAs capping layer is beneficial for preserving QDs size. It is the bandgap
reduction effect caused by Bi incorporation contributing most for the giant PL peak energy
redshift. Since the height of surface InAs QDs without a capping layer decreases with Bi
content in the underneath GaAs;Biy, a blueshift in transition energy is expected. For QDs
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grown on GaAsBisy,, the bandgap reduction effect caused by Bi incorporation outperforms the
blueshift caused by the QDs height decrease, thus resulting in an overall redshift.
Nevertheless, for GaAsBis, samples, the two effects will be reverse. In this case, the height
decreasing effect of InAs QDs induces a strong blueshift that can’t be compensated by the
bandgap reduction effect of GaAsBisy,, resulting in an overall blueshift. The narrower PL
linewidths of the buried InAs QDs in comparison with those of surface InAs QDs also
indicate that an InGaAs capping layer can probably help achieve a uniform QDs size
distribution.
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Fig. 3. (a) Photoluminescence spectra measured at 77 K from QDs grown on GaAs, GaAsBis,
and GaAsBisy, respectively; (b) bandgap diagram of the buried and the surface InAs QDs.

3.2 Bi surfactant effect

In this group, we have grown a set of InAs QD samples capped by 4 and 16 ML GaAs at 500
°C with/without Bi flux. Due to the low solubility of Bi in GaAs at such a high temperature,
Bi can hardly be incorporated in GaAs, but act as a surfactant. In addition, an uncapped QD
sample was also grown for comparison. AFM results of these InAs QDs are shown in Fig. 4.

The uncapped reference InAs QD sample reveals an approximately equal-weight bimodal
distribution in QD height with a total density of 3.6x10'® cm™ and a spread of height in the
range of 3-14 nm. The large QDs have an average height of 12 nm while the small ones have
an average height of 4.4 nm. The base diameters of the QDs are about 45-50 nm, limited by
the AFM tip size. However, the QD height can be measured very accurately up to 0.1 nm.
After capping by 4 ML GaAs or GaAs:Bi, the height spread range is similar: 3-12 nm for
GaAs and 3-11 nm for GaAs:Bi, but the distribution shape is different. For GaAs capping, it
still holds a bimodal centered at 4.0 and 8.4 nm for small and large QDs, respectively, with a
total density of 1.88 x 10'° cm™. This implies that InAs QDs start decomposing upon GaAs
capping [5]. When Bi is added during the GaAs capping, the InAs QD distribution becomes
uniform with a height centered at 7.6 nm and a total density of 2.0 x 10'® cm™. Further
increasing the cap layer thickness to 16 MLs, volcano-like features appear in both cases and
neighboring volcanos start merging together preferentially along the [1 —1 0] direction. The
average height of volcano rims is reduced to 2.4 nm and 1.9 nm for GaAs and GaAs:Bi,
respectively, while the total density is about 1.13 x 10'° cm™ in both cases.

It is well known that InAs QDs will collapse in height and reduce in density upon GaAs
capping, the so called QD decomposition process [5]. The driving force for the decomposition
process is In segregation due to the fact that InAs has a lower surface energy than that of
GaAs. When a GaAs atomic layer is capped on InAs, the capped In atoms have a certain
probability to segregate to the growing surface to lower the system energy. This process can
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be well simulated by the Muraki’s model [22]. For highly lattice mismatched InGaAs grown
on GaAs, the initial strain relaxation occurs via formation of InGaAs QDs. For InAs on GaAs,
the critical thickness for the onset of QD formation is about 1.7 ML. However, for
Ing 5Gag sAs, it increases to 4-9 MLs depending on the growth temperature [23]. It means for
InAs QDs with a total deposition of less than 2 MLs, capping with 2 ML GaAs would
dissolve all existing InAs QDs if the In and Ga intermixing were complete. The growth
temperature kinetically limits both lateral (via surface diffusion) and vertical (via surface
segregation) In and Ga intermixing. Indium atoms within InAs QDs require external energy to
break the In-As bonds and become mobile adatoms on the growing surface. The In surface
diffusion is governed not only by the growth temperature on a flat uniform surface but also by
surface morphology. The rough surface imposed by large and dense InAs QDs introduces
local differences in chemical potentials and thus severely reduces In lateral diffusion length.
Likewise, the vertical In segregation is also highly growth temperature dependent.

The 4 ML GaAs equals to a thickness of 1.1 nm. For large InAs QDs capped by 4 ML
GaAs, it implies an average height decrease of 12-8.4-1.1 = 2.5 nm at this particular growth
temperature assuming all impingent Ga atoms will not stay on top of the large InAs QDs. For
small InAs QDs, the average height of 4 nm is large than 4.4-1.1 = 3.3 nm, indicating some of
the impingent Ga atoms still remain on top of the InAs QDs, or in other word, the QD
decomposition is more obvious for large InAs QDs than for small InAs QDs. When Bi is
added, small InAs QDs are completely dissolved while large InAs QDs decompose violently
with an average height of 7.6 nm, i.e. a decrease of 3.3 nm compared with 2.5 nm without Bi.
Bismuth can act as a surfactant at a high temperature by lowering surface energy [24]. It is
experimentally shown that with Bi mediation, the critical thickness of InGaAs can be
enhanced [25]. Thus capping GaAs:Bi leads to further InAs QD decomposition. As a result,
small InAs QDs are completely decomposed, while large InAs QDs also lose a significant
amount of constituent In atoms, further reducing the height and becoming uniform. On the
other hand, it has been confirmed experimentally by Dasika et al. that adding Bi during InAs
QD growth leads to reduction of In surface diffusion length and large QDs coalescence [16].
Therefore, the InAs QD density by capping 4 ML GaAs:Bi is higher than that by capping 4
ML GaAs.

When capping 16 ML (5.5 nm) GaAs, volcano-like features appear in both cases. These
features are elongated along the [1 —1 0], most likely due to the fast In diffusion compared
with the perpendicular [1 1 0] direction [26]. During the QD decomposition, the released In
atoms from top of QDs will accumulate at the hillside due to the limited diffusion length,
forming plateaus and increasing the base size considerably. Since the top and middle part of
an InAs QD are mostly relaxed compare to the QD edges, In atoms are easy to be released
forming volcano craters. The crater depth is difficult to measure as the AFM tip can’t reach
the bottom of the crater. The height of volcano rim for the GaAs:Bi capping is lower than that
capped by GaAs. This further supports the surfactant effect of Bi. As the volcano-like features
get large, they are difficult to be dissolved. The density will then saturate and the final
difference in volcano density is negligible between the two capping.
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Fig. 4. QDs with different thicknesses of capping layer: (a) no capping; (b) 4 ML GaAs:Bi
capping; (c) 4 ML GaAs capping; (d) 16 ML GaAs:Bi capping; and (¢) 16 ML GaAs capping.

3.3 Bi incorporation effect

In group 2, during the growth of GaAs capping layer at 500 °C, Bi was supplied to act as a
surfactant. In group 3, we reduce the growth temperature of the capping layer to 280 °C to
incorporate 3% Bi into 32 ML GaAs intentionally and investigate influence of the cap layer
on InAs QDs optical properties. QDs capped with 32 ML (~10 nm) GaAs were also grown for
comparison. AFM results of this group sample were omitted here since surface QDs were
completely covered in both cases. Figure 5 exhibited a great difference in PL spectral features
with different capping layers. The left peaks are emissions from the buried InAs QDs.
Although QDs capped by GaAsBisy, exhibited a much weaker PL intensity by a factor of 80
than the GaAs capping, a significant redshift of QDs emission from 1.157 pm to 1.365 pm
was observed when replacing GaAs capping layer with GaAsBizy,. Similar result was
obtained by Wang et al. who also used a GaAsBi capping on InAs QDs and achieved
emission at 1.252 pm at RT [19]. The low growth temperature of 280 °C in our experiment is
beneficial for Bi incorporation leading to much long emission wavelength, but inhibits
achieving RT emission due to likely non-radiative recombination in GaAsBi. It is concluded
that Bi incorporation effect results in an efficient reduction of barrier energy for InAs QDs,
inducing a remarkable redshift up to 163 meV. What’s more, the linewidth of the PL
spectrum from GaAsBij3e, capped QDs is significantly narrowed to 50 meV, only half of the
value (110 meV) of the Bi-free sample. This is probably due to the Bi surfactant effect that
advances an improved QDs size distribution. It is encouraging that by appropriately
introducing Bi into InAs QDs growth, Bi surfactant effect combined with its bandgap
reduction will help achieve a uniform InAs QDs distribution with long emission wavelength
and narrow PL linewidth. The low PL intensity can be improved by post-growth rapid
thermal annealing or further optimization of the growth temperature of GaAsBi.
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Fig. 5. PL spectra at 77 K of InAs QDs capped with 32 ML GaAsBi (red) and GaAs (black),
respectively.

4. Summary

To summarize, we have experimentally fabricated InAs QDs embedded between InGaAs and
GaAsBi on GaAs substrates. Using GaAsBi as the bottom strain compensation barrier layer
results in decrease in both QDs density and height compared with the Bi-free samples. For
GaAsBi capping, at high growth temperature, Bi surfactant effect causes reduction in In
adatoms diffusion length, ameliorates QDs density decreasing and improves size distribution.
Lowering the growth temperature to 280 °C, the Bi incorporation effect improves QD
uniformity and induces a redshift in PL spectrum by 163 meV, leading to an emission
wavelength of 1.365 pm at 77 K. Therefore, Bi incorporation and surfactant effect can have a
profound effect to engineer InAs QD morphology and optical properties.
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