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Abstract—The optical properties of InGaAs/GaAs quantum dot heterostructures that are doped by manga-
nese and chromium during growth by Metal-organic vapor phase epitaxy have been studied. Surface topog-
raphy photoluminescence spectra measurements have demonstrated the possibility of controlling the spectral
characteristics of the structure by varying quantum well growth conditions and sizes in the presence of impu-
rity atoms. Research results are explained by the peculiarities of InAs nanoclusters formation on the GaAs

surface in the presence of Mn and Cr atoms.
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INTRODUCTION

Over the last 20 years, light-emitting diodes
(LEDs) based on InAs/GaAs quantum dot (QD) het-
erostructures have not only been the subject of basic
research but also have been extensively used in com-
mercial applications [1—5]. Specifically, the creation
of QD-based lasers and LEDs operating at wave-
lengths of 1.30—1.55 wm, which are promising for fiber-
optic communication, has been reported [1, 4—6]. The
main advantages of QD structures are a deep confin-
ing potential and, in the long term, a narrow lumines-
cence line (since the spectrum of a single QD is similar
to that of an atom).

The most popular methods of QD formation use
the effect of self-organization of nanoclusters during
heteroepitaxy on a semiconductor with a differing lat-
tice parameter [3, 4]. The main advantage of this
approach is simplicity, whereas its disadvantage is the
large distribution of the QD sizes in a QD array. As a
result, the energy levels in single QDs shift with
respect to each other [7] and the luminescence line
broadens. To stabilize the QD growth surface and
reduce their size dispersion, the material is doped by
different impurities. The influence of doping on QD
self-organization has been studied in a number of
works [8—11]. By modifying the QD growth mecha-
nism, one can controllably change the properties of
QDs. For example, it was found that doping of QDs by
bismuth during growth [8] changes the self-organiza-
tion mechanism and causes the formation of an array
of QDs with a narrower spectral line. Doping by man-
ganese atoms [10, 11] is used to impart ferromagnetism
to a QD array.

In the first part of this work, we report research
data for InAs/GaAs QD heterostructures doped by
Mn or Cr atoms in the course of QD formation. In
spintronic devices, these impurities are used to control
the charge carrier spin in Mn(Cr)-doped QDs. Unlike
structures prepared in [10—12], those studied in this
work were made by vapor-phase epitaxy [9, 13]. The
aim of the investigation was to shed light on the QD
formation mechanism in the presence of transition
element atoms and find ways to controllably vary the
properties of QD structures prepared by MOS hydride
epitaxy. It has been shown that, by varying the impu-
rity concentration, one can control the luminescence
wavelength of the structures and extend the spectral
range toward 0.9—1.3 um.

1. EPITAXIAL METHODS

The structures were grown on (100) n-GaAs sub-
strates by the method of vapor-phase epitaxy from
metalorganic compounds and arsine at atmospheric
pressure of carrier gas (hydrogen). First, a Si-doped »-
GaAs (n-GaAs : Si) buffer layer and a thin (50 nm)
layer of undoped GaAs were deposited at 650°C. Fol-
lowing that, the growth temperature was decreased to
520°C and an array of self-organized InAs QDs was
deposited on the surface of the structure. The QDs
were fabricated by the standard technology described
in [9, 13, 14]. In the process of growth, the QDs were
doped by Mn or Cr. Doping was carried out by sput-
tering a Mn(Cr) target using a pulsed Nd : YAG laser.
The impurity concentration was varied by controlling
the laser intensity. The concentration was estimated by
comparing with identically grown reference struc-
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Fig. 1. Investigated structures with InAs : Cr and InAs :
Mn QDs.

tures, which contained a single Mn delta-layer in
GaAs. The sheet concentrations of Mn and Cr were
found to fall into the interval 4 x 10>—2 x 108 ¢cm™?
and (2—8) x 10" cm™?, respectively. After the forma-
tion of QDs, a thin (20 nm) undoped GaAs overlayer
was grown on the surface. The overlayer was grown at
the same temperature as the QDs. To be definite, QD
: Mn and QD : Cr structures will be referred to as
structure A and structures B, respectively. In addition,
references structures (structures R) free of magnetic
impurities near QDs were prepared.

The spectral behavior of the QD structures were
studied by the method of photoluminescence (PL)
spectroscopy at 77 K. Photoluminescence was excited
by a 40-mW He—Ne laser. The morphology of the
InAs QD array, which was visualized by the selective
etching of the cap layer [15, 16], was examined by an
NT-MDT Solver Pro atomic force microscope
(AFM). The cap layer was etched in a selective etcher
with an etching rate of 30 nm/min for GaAs and less
than 1 nm/min for InAs. At x = 0.2, the etching of the
In,Ga,_,As solid solution slowed down. Therefore,
after the cap layer was all etched off, we observed the
surface of the In,Ga,_,As layer with x = 0.2 (the
threshold value of the composition). This technique
was described in detail elsewhere [15, 16]. Tests speci-

Table 1. Parameters of test specimens. Qyyycy) stands for the
nominal concentration on Mn(Cr)

Al 4 % 10'2 Hole [10, 11, 13]
A2 8 x 1012 Hole [10, 11, 13]
A3 2 x 1013 Hole [10, 11, 13]
B1 2 x 108 High resistivity [12]
B2 4 x 1013 High resistivity [12]
B3 8 x 1013 High resistivity [12]
R 0 N/a
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mens are shown in Fig. 1, and their parameters are
listed in the Table 1.

2. RESULTS AND DISCUSSION

2.1. Photoluminescence and Surface Morphology
of Mn-Doped Structures (Structures A)

The PL spectra of structures A measured at 77 K
are shown in Fig. 2. A wide band with a peak at about
1.2 eV, which is assigned to PL from the n-GaAs sub-
strate was subtracted from all the spectra. PL spectrum
measured of the undoped reference structure shows a
band with a peak near 1 eV, which is associated with
radiative transitions between states in QDs (Fig. 2,
structure R). It was assumed [2] that this band is due
to recombination in the QD array and its width cor-
relates with the QD size distribution. Doping by man-
ganese with a minimal sheet concentration of 4 x 102
cm~2 changes the spectra; the total PL intensity grows
and a second PL band (II) appears with a peak near
1.04 eV (Fig. 2, curve I). The spectral lines were ana-
lyzed by decomposing the experimental spectrum into
Gaussian components. The second-to-first line inten-
sity ratio is ~0.62 £ 0.05. The second PL peak may be
assigned to radiative transitions in the array of QDs
with sizes other than those in the first array. According
to [15], both arrays may simultaneously exist in the
spectrum even in the absence of manganese. When the
Mn content grows to 8 x 102 cm~2 (Fig. 2, curve 2),
the same tendencies are observed: the total PL inten-
sity rises, and the third (III) and fourth (IV) bands
arise at 1.16 and ~1.4 eV. Now the second-to-first line
intensity ratio equals 0.61 + 0.05 (that is, remains the
same within an experimental error). When the sheet
concentration of manganese, which is introduced into
the QD area, equals 2 x 10" cm~2, the PL spectra of
the structures change considerably (Fig. 2, curve 3):
the intensities of the lines that correspond to radiative
transitions in the QD array markedly drop (below the
spectral intensity for the reference structure). The
highest intensity with a maximum near 1.4 eV is
observed for band IV. The origin of this maximum is
ambiguous. In the given energy interval, radiation
sources are InGaAs QDs [17], separate Mn levels in
GaAs [17, 18], and a wetting layer that arises during
the growth of InAs QDs [15]. It is likely that, in the
given case, radiation comes from the wetting InAs
layer. It can be supposed that this layer is highly inho-
mogeneous because of the In diffusion into the GaAs
substrate in the presence of Mn, as indicated by a wide
PL line (37 meV). In this case, the total PL intensity
drops to the PL intensity observed for the undoped
reference structure. The PL data can be checked
against the surface morphology data for the visualized
QD array [15, 16] (Figs. 3a—3c). When studying the
surface morphology of the undoped reference struc-
ture under the AFM, we revealed a QD array with the
following mean parameters: a lateral size of ~60 nm, a
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Fig. 2. PL spectra measured for InAs : Mn QDs at 77 K.
The Mn content is (1) 4 x 1012, (2) 8 x 102, and (3) 2 x
101 cm™2. Curve R is the spectrum of the reference
structure. Roman numerals are the numbers of the PL
peaks (see the text).

sheet concentration of 5 x 10° cm~2, and a height of
~2.5 nm (Fig. 3a). It seems that clusters that are pres-
ent in the AFM images are responsible for lumines-
cence line I observed in the PL spectrum at 1 eV. In the
structures that contain arrays of Mn-doped InAs QDs
with a sheet concentration of 8 x 10> cm~2, the QD
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mean lateral size in an array of visualized QDs
increases to about 90 nm (the increase exceeds the
experimental error), the sheet concentration decreases
to about 2 x 10° cm~2, and the QD height decreases to
about 2 nm (Fig. 3b). In the structures with a Mn con-
centration of 2 x 108 cm~2 (Fig. 3¢), QD arrays were
absent: instead, a rather flat surface with a roughness
mean height of about 0.5 nm was observed. This pat-
tern is characteristic of, e.g., the visualized surface of
an InGaAs QD.

The surface topography and PL data may be
explained by the influence of Mn atoms on the forma-
tion of QDs. Mn atoms present on the surface change
the thermodynamic conditions for nanoclustering,
specifically, the surface energy and the surface diffu-
sion length of atoms [13]. As a result, the nanocluster
equilibrium size distribution also changes. For the ref-
erence structure, this function can be described by a
Gaussian curve with a maximum that corresponds to
the QD mean size in the array. Doping by manganese
changes the Gaussian parameters (the mean size and
distribution width) and, accordingly, the PL spectra
(Fig. 2); i.e., additional spectral lines appear due to
radiative transitions in the clusters with other equilib-
rium parameters (these clusters are seen in the AFM
micrographs, Fig. 3b).

When the manganese content equals 2 X 1013 cm™2,
the concentration of nanoclusters responsible for
luminescence in the energy range 1.0—1.3 eV seems to

Fig. 3. Surface morphology of the structures with InAs/GaAs QDs: (a) reference structure (R), (b) structure A2 (Mn content is
8 x 1012 cm_z), (c) structure A3 (Mn content is 2 X 1013 cm_2), and (d) structure B3 (Cr content is § X 1013 cm_z).
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Fig.4.PL spectra measured for InAs: CrQDs at 77 K. Crcon-
tent is (/) 2 % 10! ,(2)4 x 108 ,and (3) 8 X 108 ecm™2

be low (below 5 % 108 cm~2) and it becomes difficult to
identify QDs in the AFM micrographs. However, the
PL spectra exhibit peaks that can be associated with
these clusters (Fig. 2, curve 3). Together with the
change in the clustering thermodynamics, one should
mention another important factor: enhanced diffusion
mixing of In (from InAs) and Ga (from the substrate)
with Mn atoms on the surface [13, 18]. Interdiffusion
facilitates the formation of nanoclusters different in
composition (InGaAs) that radiate at a shorter wave-
length compared to the undoped structures. It was
reported [19, 20] that doping by Mn during growth
results in the blue shift of the QD luminescence lines.
With interdiffusion of In and Ga atoms in mind, the
line at 1.4 eV, which is observed in the spectra of
the structures with Mn concentrations of 8 x 10'? and
2 x 10" cm™2, can be assigned to luminescence from
In,Ga,_,As solid solution with a variable composition
and diffused heterointerface. For example, the forma-
tion of a 2D In,Ga,_,As layer by means of diffusion
was discussed for QD structures (identical to the refer-
ence structures) subjected to high-temperature
annealing [21] at 600°C for 30 min.

It is of interest that QDs responsible for radiation at
1 eV are present in all structures (the energy of the corre-
sponding line is exactly the same for all structures). One
may infer that the formation of InAs QDs 60/2.5 nm
in size is thermodynamically favorable, even in the
presence of manganese. The rise in the intensity of the
PL line at 1 eV is associated with the general increase
in the PL intensity in the presence of manganese
atoms. This finding radically distinguishes our QD-
based structures from their analogs based on quantum
wells (QWs). Manganese introduced into the QW area
with a concentration of more than 0.05 at. % com-
pletely quenches photoluminescence because of the
rise in the rate of nonradiative recombination through
Mn impurity levels [22]. Presumably, manganese
introduced into the QD structures raises the possibil-
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ity of nonradiative recombination insignificantly. This
may be explained by the fact that the energy level of a
hole localized in the QD lies below the energy level of
Mn in GaAs. This makes the mechanism of nonradi-
ative recombination through Mn levels in GaAs inef-
fective at low temperatures (to this end, thermal trans-
fer of the hole from a state in the QD to a Mn level
would be required). The general rise in the intensity is
associated with the increase in the hole concentration
after doping by Mn [10, 11], since it is known that the
rate of radiative recombination varies in proportion to
the free charge carrier concentration [23].

2.2. Photoluminescence and Surface Morphology
of Cr-Doped Structures (Structures B)

The PL spectra of structures B (Fig. 4) exhibit
peaks due to radiative transitions between states in the
QD. As in the Mn-doped structure, the spectra con-
sist of two PL lines with peaks near 1 and 1.05 eV.
Doping by Cr atoms modifies the PL spectrum of the
structures (Fig. 4).

(1) The intensity of the second peak grows consid-
erably in comparison with that of the first peak. After
doping by Cr with a concentration of 2 x 1013, 4 x 1013,
and 8 x 103 cm~2 the ratio of the intensity of the sec-
ond-to-first peak equals 1.50, 1.45, and 2.10, respec-
tively (curves 1, 2, and 3, respectively).

(2) The spectrum contains two additional peaks
near 1.35 and 1.40 eV. Their intensity grows with Cr
concentration by 22 times. The first-to-fourth peak
intensity ratio in structures B1, B2, and B3 equals 12.1,
2.8, and 0.13, respectively.

(3) Compared with the reference structure, the
integral intensity of PL from the Cr-doped QDs is
higher. With an increase in the Cr concentration, the
integral intensity varies as 8.9—8.3—5.4.

(4) AFM studies of the surface morphology of the
visualized InAs QD array with a sheet concentration of
8 x 108 cm2 revealed that the mean size of the QDs
remained unchanged compared with the undoped ref-
erence structure, whereas the sheet concentration
decreased to about 2 % 10° cm~2 (Fig. 3d).

Thus, we can conclude that Cr atoms, as well as Mn
atoms, present on the surface change the thermody-
namic conditions for nanoclustering. In the case of Cr,
the size distribution function takes another form. The
increase in the second peak of PL compared with the
first one is likely to be associated with the redistribu-
tion of QDs with different sizes. As follows from the
AFM data, the total concentration of QDs (and the
relative intensity of PL from QDs) decreases with
increasing Cr content (Fig. 4).

The PL peak at 1.4 eV, which is present in the spec-
tra of the Cr-doped QD structures, is likely to be due
to radiative transitions in the wetting layer of QDs. The
appearance of this peak may indicate increased prob-
ability of radiative recombination from the wetting
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layer in those areas wherein QDs were not formed.
The PL peak at 1.35 eV may be assigned to an array of
small QDs that are not visualized during the etching of
the cap layer. As the chromium content grows, so does
the concentration of small QDs and the corresponding
PL peak rises. It should also be noted that the energies
1.35 and 1.40 eV correspond to recombination transi-
tions between defect centers in GaAs [24].

An interesting experimental finding is that the PL
intensity remains unchanged or even slightly increases
after doping by chromium. Chromium atoms in I11-V
semiconductors act as deep centers of nonradiative
recombination and, when introduced, they usually
quench luminescence. However, in the case of our QD
structures, no significant decay of luminescence from
QDs was observed, except for the structure with the
highest chromium content.

CONCLUSIONS

The InAs/GaAs QDs were doped with manganese
or chromium during growth. It was shown that doping
QD-containing structures by transition elements, one
can control the spectral characteristics of PL from
these structures, namely, extend the spectral interval
and vary the radiation wavelength. Mn(Cr) dopants
cause the appearance of high-energy lines in the PL
spectra of InAs/GaAs QDs, the intensity of which
increases with dopant concentration. Low-energy
lines (characteristic of undoped QDs) either persist
(but their relative intensity drops) or disappear. The
changes in the spectra are presumably associated with
the variations in the equilibrium conditions for nano-
clustering, which changes the sizes of nanoclusters.
Thus, doping by Mn or Cr introduces an extra degree
of freedom into the process of technologically con-
trolling the wavelength of radiation from QD struc-
tures grown by MOS hydride epitaxy.
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