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We have investigated the influence of Mn dopants on the electronic states in the vicinity of InAs/
GaAs quantum dots (QDs) and the surrounding GaAs matrix. A comparison of cross-sectional
scanning tunneling microscopy, scanning tunneling spectroscopy, and tight binding calculations of
the local density of states reveals that the Mn dopants primarily influence the electronic states at the
QD edges and the surrounding GaAs matrix. These results suggest that the Mn dopants reside at the
QD edge, consistent with the predictions of a thermodynamic model for the nanoscale-size

dependence of dopant incorporation in nanostructures. © 2011 American Institute of Physics.

[doi:10.1063/1.3567510]

Doping of III-V semiconductors with transition metals
such as manganese (Mn) leads to simultaneous semiconduct-
ing and ferromagnetic behavior, thus enabling devices such
as spin-valves and spin-injection contacts.'™ In the case of
quantum dot (QD) structures, Mn-doping enables the
achievement of spin-polarized optoelectronic devices such as
lasers and light emitting diodes.™* For epitaxially grown
GaMnAs heterostructures, ferromagnetism has been reported
below the Curie temperature of ~180 K, although ion
beam-induced MnAs nanoclusters in GaAs have led to Curie
temperatures as high as 360 K.>® Furthermore, for InAs:Mn
QDs, Curie temperatures >300 K have been reported.3‘7
However, there have been conflicting reports on the dis-
tribution of the Mn dopants in the InAs:Mn QDs and sur-
rounding matrix. One group reported transmission electron
microscopy-based electron energy loss spectroscopy mea-
surements of large (36 = 1 nm diameter) InAs:Mn QDs, sug-
gesting that Mn dopants reside primarily in the QD core.’
Another group showed cross-sectional scanning tunneling
microscopy (XSTM) evidence of significant Mn surface seg-
regation during InAs:Mn QD growth, and suggested that the
majority of the Mn dopants in small (<20 nm diameter)
QDs are located at the edges of the QD and/or in the GaAs
matrix outside the QD.8 In terms of electronic states, evi-
dence for mid-gap states has been observed in scanning tun-
neling spectroscopy (STS) spectra of bulklike GaAs:Mn
(Ref. 9) and InAs:Mn.'° To date, the influence of Mn dopants
on the electronic states of InAs:Mn QDs has not been re-
ported.

Here, we report an analysis of the atomic-scale distribu-
tion of Mn dopants and its influence on the electronic states
of InAs:Mn QDs and the surrounding GaAs matrix, using
XSTM (Ref. 11) and STS,'? in comparison with order(N)
tight-binding calculations of the local density of states
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(LDOS)." This approach allows us to deduce the positions
of the dopants based on their influence on the LDOS. STS
spectra from various locations in InAs and InAs:Mn QDs
were compared with the LDOS of InAs and InAs:Mn QDs,
calculated with Mn at the QD core, QD edge, or in the GaAs
matrix. The observed trends in LDOS match those of the
measured STS spectra only for the case of Mn at the QD
edge, and not for the cases of Mn at the QD core or in the
GaAs matrix. Together, these results suggest that the Mn
dopants preferentially reside near the edges of the QD, con-
sistent with the predictions of a thermodynamic model for
the nanoscale-size dependence of dopant incorporation in
nanostructures.

For these studies, heterostructures consisting of InAs:Be
QDs and InAs:Mn QDs, separated by 20 nm of GaAs, were
grown on (001)-oriented p+ GaAs; undoped InAs QD het-
erostructures were grown separately.“2 For XSTM, the

samples were cleaved to expose a (110) surface, in an ultra-
high vacuum chamber with base pressure <5X 107!! Torr.
To measure the differential conductance of individual QDs
and the surrounding GaAs matrix, we used STS with the
variable tip-sample separation method. To calculate the
LDOS of the In and Ga atoms, we used a moments-based
order(N) tight-binding approach.13 We accounted for the ef-
fects of Mn impurities on the LDOS through their s—d and
p—d exchange interactions with the host anions, and their
Coulomb interaction energies. Additional details of the
sample growth, STS measurement and analysis, and tight-
binding calculations are provided in Ref. 14.

Figure 1 shows an example of a large-scale XSTM im-
age of the InAs:Be and InAs:Mn QDs. The bright regions
toward the top (bottom) of the image correspond to the In-
As:Mn (InAs:Be) QDs. Monolayer height steps are also vis-
ible toward the top of Fig. 1. The typical QD diameters are
12%£2 nm and typical QD heights are 4 =1 nm. The aver-
age lateral spacing between the QDs is 8730 nm.

© 2011 American Institute of Physics
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FIG. 1. Large-scale XSTM topographic image acquired with a constant
tunneling current of 0.5 nA and a sample bias of —2.0 V. The bright regions
toward the top (bottom) of the image correspond to the InAs:Mn (InAs:Be)
QDs. The gray-scale range displayed is 0.7 nm.

Figure 2 presents STS spectra collected from the (a) QD
core, (b) QD edge, and (c) GaAs matrix to compare the InAs,
the InAs:Be, and the InAs:Mn QDs. For each spectrum, the
effective valence (Ey) and conduction (E.) band edges are
indicated by vertical dashed lines at negative and positive
sample voltages, respectively. The top, center, and bottom
plots show the measured normalized conductance from the
InAs:Mn, InAs:Be, and InAs QDs respectively. For GaAs,
the measured bandgap is slightly larger than the predicted
1.42 eV, likely due to tip-induced band bending. The effec-
tive bandgaps of the QDs are lower than those of GaAs,
consistent with trends reported in the literature.'>'>'®

In Figs. 2(a) and 2(b), spectra from the core and edge of
the InAs QDs show well-defined effective band edges, with-
out electronic states within the bandgap. In addition, the ef-
fective bandgap decreases laterally toward the QD core, pre-
sumably due to variations in [In], consistent with previous
reports.lz’”*19 At the core of the InAs:Mn QDs, shown in
Fig. 2(a), the STS spectra are similar to those of the InAs
QDs, with well-defined band edges and negligible electronic
states within the bandgap. Near the edge of the InAs:Mn
QDs, several additional spectral features, indicated by arrows
in Fig. 2(b), are observed in the vicinity of E. and Ey, most
likely due to states associated with Mn. Thus, the electronic
structure of the doped InAs:Mn QDs is altered most signifi-
cantly near the QD edges, suggesting that the Mn dopants
preferentially reside near the edges of the QD. This is further
supported by the STS spectra from the GaAs matrix in the
immediate vicinity of the QDs, shown in Fig. 2(c), which
reveal well-defined band edges, without mid-gap spectral
features. However, for the GaAs matrix in the immediate
vicinity of the InAs:Mn QDs, several mid-gap features are
observed. Similar trends were also observed for the InAs:Be
QDs, as shown in Fig. 2.

For comparison, as shown in Fig. 3, we consider the
LDOS calculated at the QD edge, QD core, and surrounding
GaAs matrix, with and without Mn dopants at each location.
The LDOS calculations reveal InAs and InAs:Mn QD effec-
tive bandgaps that are lower than those of the surrounding
GaAs matrix, consistent with the data discussed above. As
shown in Figs. 3(a)-3(c), the LDOS calculated at the QD
core (13 lattice spacings from the edge) exhibit negligible
electronic states within the gap. Thus, the QD core LDOS is
predicted to be insensitive to the presence of Mn dopants,
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FIG. 2. Plot of normalized conductance versus sample bias, collected from
the (a) core, (b) edge, and (c) GaAs matrix surrounding InAs, InAs:Be, and
InAs:Mn QDs. The sample voltage corresponds to the energy relative to the
Fermi level. The effective valence (Ey) and conduction (E) band edges are
indicated by vertical dashed lines at negative and positive sample voltages,
respectively. The spectra from the QD core are similar for all cases. In the
spectra from the edge of the InAs:Mn QDs and from the GaAs near the
edges of InAs:Mn QDs, mid-gap features indicated by vertical arrows pre-
sumably correspond to Mn-induced electronic states.

independent of the location of the Mn dopant within the QD
or matrix.

For the cases of the LDOS calculated two lattice spac-
ings from the QD edge [Figs. 3(d)-3(f)] and in the surround-
ing GaAs matrix [Figs. 3(g)-3(i)], when the Mn dopants are
assumed to be located at the QD core, negligible midgap
spectral features are apparent in the LDOS, as shown in Figs.
3(d) and 3(g). However, when the Mn dopants are assumed
to be located near the QD edge or in the surrounding GaAs
matrix, additional spectral features are apparent in the
LDOS, as indicated by arrows in Figs. 3(e), 3(f), and 3(h).
Interestingly, for the “Mn at QD edge” case, the spectral
features apparent in the LDOS calculated at the QD core
[Fig. 3(b)], the QD edge [Fig. 3(e)], and in the surrounding
GaAs matrix [Fig. 3(h)] are consistent with the STS data in
Fig. 2. Thus, it is likely that the Mn dopants are preferen-
tially located at the QD edges. Together, the STS data and
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FIG. 3. The LDOS calculated at the QD core (a)—(c), QD edge (d)—(f), and
GaAs matrix (g)—(i), using order (N) tight binding. LDOS from in and near
the InAs:Mn (InAs) QDs are plotted as dashed (solid) lines toward the top
(bottom). The LDOS was calculated assuming three different cases: Mn
located at the QD core [(a), (d), and (g)], Mn located at the QD edge [(b),
(e), and (h)], and Mn located in the surrounding GaAs matrix [(c), (f), and
(i)]. The trends observed in the “Mn at QD edge” case are consistent with
the trends observed in the measured STS spectra.
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the calculated LDOS reveal that the Mn dopants within the
QD influence the electronic structure of both the QD and the
surrounding GaAs matrix.

This finding is in agreement with earlier studies of small,
but not large, InAs:Mn QDs. We therefore consider the
nanoscale-size dependence of Mn incorporation in InAs
QDs. Using a thermodynamic model described elsewhere,”’
we assume a 2 to 80 nm diameter spherical InAs nanoparticle
in a GaAs matrix. We calculate the Gibbs free energy assum-
ing that Mn atoms at the QD core (surface) displace four
In—As (three In-As and one Ga—As) bonds. We use literature
values for the In-As and Ga—As bond energies,21 and a
Mn-As bond energy calculated using the reported bulk solu-
bility of Mn in GaAs.”” The resulting Mn-induced change in
Gibbs free energy, AG, as a function of QD diameter, is
shown in Fig. 4, where the solid (dashed) lines represent the
cases of a Mn atom at the core (surface) of the InAs QD.
When AG <0, Mn incorporation is predicted to occur. It is
most energetically favorable for Mn to incorporate in the

AG/kgT

; Core
10 20 30 40 50 60 70
Diameter (nm)

FIG. 4. Normalized Gibbs free energies for single Mn impurities, plotted as
a function of InAs QD diameter. The solid and dashed curves represent the
free energy for Mn impurities at the QD core and surface. Above (below) a
critical QD diameter of 26 nm, core (surface) doping is expected to
dominate.
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configuration that has the lowest value of AG. Thus, for the
largest QDs, Mn is predicted to incorporate at the core, con-
sistent with Ref. 7. As the QD size is decreased to below 26
nm,> Mn prefers to incorporate at the edges, as we show
here.
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