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We present an atomically resolved study of metal-organic vapor epitaxy grown Mn doped InSb.

Both topographic and spectroscopic measurements have been performed by cross-sectional scan-

ning tunneling microscopy (STM). The measurements on the Mn doped InSb samples show a per-

fect crystal structure without any precipitates and reveal that Mn acts as a shallow acceptor. The

Mn concentration of the order of �1020 cm�3 obtained from the cross-sectional STM data compare

well with the intended doping concentration. While the pair correlation function of the Mn atoms

showed that their local distribution is uncorrelated beyond the STM resolution for observing indi-

vidual dopants, disorder in the Mn ion location giving rise to percolation pathways is clearly noted.

The amount of clustering that we see is thus as expected for a fully randomly disordered distribu-

tion of the Mn atoms and no enhanced clustering or second phase material was observed. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4936754]

Dilute magnetic semiconductors (DMS) have attracted a

strong scientific interest in recent years. Such materials can

combine electrical, optical, and magnetic properties that can

be applied, for instance, in information processing.1,2 On the

road to achieve room temperature applications, the highest

Curie temperature (TC) for DMS has been predicted for tran-

sition metal dopants in wide gap semiconductors. However,

transition metal dopants in wide gap semiconductors form

deep levels in the band gap, leading to reduced conductivity.

Additionally, the formation of defects in the host material,

such as As antisites and Mn interstitials in (Ga,Mn)As,

reduces the carrier concentration and lowers the carrier

mediated ferromagnetism.3 Interestingly, high Curie temper-

atures have been achieved for narrow gap (III,Mn)V semi-

conductors grown by metal-organic vapor epitaxy (MOVPE)

with T¼ 330 K for (In,Mn)As4,5 and more than T¼ 400 K

for (In,Mn)Sb,6 despite the prediction of a low TC by mean

field theory for DMS.3 The position of the Mn acceptor level

in narrow gap III–V semiconductors is predicted to be either

shallow or resonant in the valence band, and narrow gap

III–V semiconductors have the advantage to remain highly

conductive even for a high Mn concentration and therefore

should allow for desired high temperature magnetic

properties.7

In this paper, we present an atomically resolved study of

(In,Mn)Sb by cross-sectional Scanning Tunneling Microscopy

(X-STM)8,9 to determine the structural and electronic proper-

ties of this material. The electronic state and related incorpo-

ration site of the magnetic Mn atoms, the formation of

clusters and second phases as well as the formation of addi-

tional defects are all important for a full understanding of the

properties of (In,Mn)Sb. X-STM is an excellent technique to

explore such properties. It is also interesting to measure with

X-STM the distribution of the magnetic atoms in the material.

For instance, it was shown that percolation can play an impor-

tant role in the Curie temperature of ferromagnetic materi-

als.10,11 Furthermore, theoretical calculations have shown that

disorder in the distribution of the magnetic dopant atoms in

dilute magnetic semiconductors such as atomic scale clusters

and dopant pair formation can lead to an increase of the Curie

temperature.12 Such atomic scale clustering has been sug-

gested to be involved in the ferromagnetism observed in

(In,Mn)As.13 Another approach that deals with a possible

spatial disorder in the distribution of Mn atoms is proposed by

Kennett et al.11 They developed a two-component-model

whereby disorder in the Mn ion locations can lead to spatially

inhomogeneous local magnetizations that are strongly corre-

lated with the local charge density. Thus, the incorporation of

transition metal dopant atoms and their distribution can play a

central role in determining the magnetic properties of the

DMS. The question arises as to the nature of the dopant disor-

der at concentrations of the order of �1020 cm�3. X-STM is

well-suited to reveal the dopant distribution at high resolu-

tion.9,14–16 No spatial study at the atomic scale of Mn:InSb

has yet been reported. Here we show that Mn is incorporated

on the group III site and acts as a shallow acceptor and that no

additional defects were observed. Interestingly, we found that

the dopant distribution is fully uncorrelated for pair distances

beyond 3 nm. However, local disorder, as is to be expected for

an uncorrelated pair distribution function, is observed in the

X-STM images of ionized Mn acceptors in (In,Mn)Sb and no

indications were found for enhanced clustering or second

phases.

The InSb films doped with Mn were grown by MOVPE

on an undoped InSb substrate at a temperature of T¼ 400 �C.

The film thickness of our samples is 500 nm and the Mna)p.m.koenraad@tue.nl
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concentration measured by Energy Dispersive X-ray

Spectroscopy (EDX) is 9� 1019 cm�3. Please note that the

uncertainty in this value can be rather high because the data

are taken close to the detection limit of this technique.

Temperature dependent resistivity measurements show that

the samples exhibit a metallic-like conduction, which is con-

sistent with the Mott limit indicating a critical hole composi-

tion of 2.4� 1017 cm�3. SQUID magnetometry performed at

different temperatures on samples with a similar doping level

and grown under similar conditions as the sample that has

been studied by X-STM showed a clear magnetic hysteresis at

room-temperature.

For the X-STM measurements, the samples were

cleaved in situ along their natural (110) cleavage plane under

ultra high vacuum conditions (P < 4� 10�11 mbar), and the

measurements were performed at 77 K using a commercial

Omicron scanning tunneling microscope. In a very large

number of scans taken at different positions in the epilayer

and the substrate, we do always find a perfect single zinc-

blende phase with no evidence for a second phase or any

(nano)clustering. A typical large scale atomically resolved

X-STM image of the (In,Mn)Sb (110) cleavage surface

obtained at constant current and positive sample voltage

(empty state imaging) is shown in Fig. 1. The bright features

correspond with substitutional Mn acceptors at different

depths below the cleavage surface. In previous X-STM

measurements on (Mn,Ga)As, we were able to prove that Mn

acts as an deep acceptor that incorporates on a group III site

as an Mn2þ ion with a 3d5 ground state.8 Depending on the

polarity of the applied voltage, either the neutral or ionized

charge state of the Mn acceptor is imaged. This is due to tip-

induced band bending which can pull the Mn acceptor level

below the Fermi level at a negative voltage bringing the Mn

acceptor into an ionized state, whereas at positive sample

voltage, the acceptor level of the Mn dopant can be pulled

above the Fermi level bringing the acceptor into a neutral

state. In Fig. 1, which is taken at positive sample voltage, we

observe the Mn acceptors in their neutral state and the

Scanning Tunneling Microscopy (STM) contrast of a single

Mn reflects the charge distribution of the hole bound to the

Mn acceptor. This is in excellent agreement with X-ray

Absorption Spectroscopy that indicated the presence of

Mn2þ ions with a 3d5 ground state, corresponding with an

acceptor-like behavior, in similar MOVPE grown InSb sam-

ples. Previous STM studies on various acceptors with a dif-

ferent binding energy in III–V semiconductors have shown

that the charge distribution of the hole bound to the acceptor

is related to the binding energy of the acceptor.8,17 At a fixed

depth, the charge distribution of a deep acceptor (binding

energy of the order of 100 meV or more) is characterized by

a bow-tie shape8,17 whereas the shape of the charge distribu-

tion of a shallow acceptor, such as Zn in GaAs18 or Mn in

InAs,19 is triangular. Our X-STM measurements clearly

show a triangular contrast for the Mn dopants corresponding

with a shallow acceptor state. This agrees with the study of

Obukhov et al.,20 where it is shown that Mn in InSb acts as a

shallow acceptor with a binding energy of about 9 meV.21,22

If we image the cleaved surface at negative voltages (filled

state imaging) we observe circular symmetric contrast. For

Mn in GaAs we know that the acceptor at these tunnel condi-

tions is ionized due to the band bending.8,23 The circular

symmetric contrast is thus due to the influence of the

Coulomb potential of the ionized Mn acceptor on the tunnel-

ing process.

The differences in the shape and intensity of the Mn

contrast observed in Fig. 1 is related to the depth of Mn

atoms below the (110) surface.24 Fig. 2(b) shows the

FIG. 1. Constant current X-STM topographic image (100 nm� 85 nm) of

the (110) Mn:InSb surface. The indices correspond with the depth of the Mn

acceptor below the (110) surface (Vsample¼þ0.5 V and I¼ 50 pA).

FIG. 2. (a) Topographic profile lines along the [110] direction for the vari-

ous classes of Mn acceptors in InSb observed under the same tunnel condi-

tions as in Fig. 1. All these Mn acceptors are in their neutral charge state

configuration under these tunnel conditions. (b) Constant current STM

images (10 nm� 7 nm) of the same classes of Mn acceptors observed under

the same tunnel conditions. (c) Histogram of the number of Mn acceptors of

each class observed in Fig. 1.
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different classes of contrast of Mn acceptors that can be

found in Fig. 1. The highly localized feature of class A in

Fig. 2(b) corresponds to an Mn acceptor localized in the

uppermost monolayer of InSb. The contrasts B-E all have an

almost triangular shape but the intensity of the contrast

varies strongly as shown by the profile lines taken in the 110

direction and shown in Fig. 2(a). The Mn impurities with a

less intense contrast are located deeper below the (110)

cleavage plane than the impurities with a more intense con-

trast. Thus, we conclude that the acceptors of class B-C-D-E

are located, respectively, in the 2nd, 3rd, 4th, and 5th mono-

layer below the (110) surface. Because Mn acceptors deeper

below the cleavage surface are not resolved as clearly and

distinctively as those in layer 1–5, they are not categorized.

Fig. 2(c) shows the frequency distribution of the different

classes of Mn contrast. The frequency of appearance is ho-

mogeneous for every class of Mn contrast except for the Mn

in the uppermost layer which appears less than the other

classes. The frequency of the Mn acceptors in the top five

layers was used to determine the Mn doping concentration.

The estimated Mn concentration based on the X-STM mea-

surement shown in Fig. 1 is 3� 1019 cm3, which is some-

what lower than that obtained from EDX measurements

(9� 1019 cm3) on this sample. This difference is very likely

due to the uncertainties in: (1) the EDX measurements where

the data are obtained close to their detection limit, (2) the

uncertainty in the counting based on the X-STM measure-

ments, and (3) a gradient in the Mn concentration that we

observed in this sample. Because we cleave the sample along

the growth direction we get a cross-section through the

grown epilayers and the substrate and thus various regions of

the epilayer and the substrate have been scanned. While

scanning the (110) plane in the [001] direction from the epi-

layer towards the substrate, no clear (In,Mn)Sb/InSb inter-

face was found. Instead we observe a monotonous decrease

of the Mn concentration extending from the epilayer into the

substrate. Mn atoms have been found at a distance of up to

1500 nm from the top of the film. Because the Mn:InSb epi-

layer thickness is 500 nm, Mn atoms must have diffused by

1000 nm into the substrate. The small difference between the

melting point of InSb (527 �C) and the growth temperature

(400 �C) might be related to this long range diffusion.

The sample was also analyzed by X-STM spectroscopy.

In these measurements the feedback loop of the piezo-

scanner is deactivated and at each point in the studied area

the current is measured while the voltage is scanned. Fig. 3

shows the dI/dV spectra taken on a free InSb (110) surface

(red line) and on an Mn impurity (blue line). The current at

negative sample voltage is due to the electrons tunneling

from the filled states of the sample (i.e., valence band) to the

tip whereas at positive sample voltage, the current is due to

the electrons tunneling from the tip into the empty states

(i.e., conduction band). The band gap of InSb, at the mea-

surement temperature of 77 K, can be determined from the

range of low tunnel current and is about 0.3 eV. This is a

good agreement with the value of 0.23 eV at 80 K that is

reported in the literature. When no voltage is applied

between the semiconductor sample and the STM tip, the

Fermi levels of the tip and the semiconductor are aligned.

We can thus conclude from the spectroscopy measurements

that the semiconductor Fermi level is located close to the top

of the valence band, which is to be expected for p-type mate-

rial and further supports our conclusion that Mn acts as an

acceptor in InSb.

The spectroscopy measurements on an Mn atom show

an extra current channel at about 0.4 V, which is due to the

electrons tunneling from the STM tip into the neutral

acceptor state. At these tunnel conditions, the appearance of

the triangular contrast is best observed. The additional cur-

rent at negative sample voltage measured at the position of

an Mn acceptor is due to the influence of the Coulomb poten-

tial of the ionized Mn acceptor on the tunnel current.

In order to determine the disorder of the spatial distribu-

tion of the Mn atoms in the InSb sample, we used a filled

state image mode (Vsample¼�0.8 V and I¼ 200 pA) at which

mainly Mn atoms in the outermost surface layer are detected,

see Fig. 4(a). At these tunnel conditions, the Mn atoms are

observed in their ionized state, which allows for an optimal

spatial resolution of about 3 nm (see inset in Fig. 4(b)). We

used an automated procedure to determine the position of

each Mn atom in the image (marked by a black star) and

from these dopant positions the radial distribution function

was derived (Fig. 4(b)). The value of the radial distribution

function is close to unity for all distances beyond 3 nm, prov-

ing that the Mn-distribution is purely random at these length

scales. The amount of disorder and clustering that we see is

thus as is expected for a fully randomized distribution of Mn

doping atoms. The dip in the radial distribution below 3 nm

is due to the X-STM technique, which does not allow to sep-

arate two neighboring Mn atoms that are closer to each other

than the resolution limit under these tunnel conditions. If we

image the surface at positive voltage, when the Mn atoms

are in their neutral state, we can recognize close pairs more

easily.9 However, we did not observe any indication that ex-

cessive Mn-pairing, as was for instance found to occur in

(In,Mn)As,13 is taking place in our (In,Mn)Sb sample.

The image in Fig. 4(a) shows topographic contrast, i.e.,

the tip is retracted due to an enhanced tunneling probability,

around each ionized Mn atom. This topographic contrast is

at maximum 50 pm and extends laterally over about 3 nm.

The height contrast we observe in Fig. 4(a) is due to a spatial

variation in the integrated density-of-states, which is avail-

able for tunneling from the semiconductor to the tip, i.e., the

total density-of-states that is present in the energy range

FIG. 3. Local tunneling spectroscopy spectra measured on Mn:InSb

obtained with the set point at Vsample¼þ1 V and I¼ 200 pA. The red line

represents the dI/dV spectra on the free InSb (110) surface whereas the blue

line represents the dI/dV spectra taken on an Mn acceptor. The inset shows

an empty state X-STM image of an Mn acceptor in InSb obtained at

Vsample¼þ0.5 V and I¼ 50 pA.
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between the top of the valence band and the tip Fermi-level.

The contrast varies because the local Coulomb potential

around each charged acceptor (the Mn atoms are ionized at

the applied tunnel condition) is not constant. This will

locally shift the top of the valence band.23 Because the tip is

operating in a constant current mode, the height of the tip

(the topographic contrast) is adjusted such that the tunnel

current remains constant when more states become available

for tunneling. In the present case, the tip is retracted when

the energy interval over which electrons can be extracted

from the valence band locally increases due to a variation in

the local Coulomb potential. The dark blue regions in the

topographic are thus attributed to the effect of the local

Coulomb potential from the ionized Mn acceptor. It appears

that the areas with enhanced contrast, the dark blue regions

which correspond with a higher local electrostatic potential,

are forming interconnected networks of local potential varia-

tions. The holes, donated by the Mn-acceptors, will modify

their spatial distribution according to the local potential net-

work and form conductive percolation pathways through the

InSb matrix. Along such pathways, stronger interactions

between the (magnetic) ions might occur, but it is difficult to

estimate how much this will exactly affect the magnetic

behavior. It remains thus of high interest to explore further

the role of disorder in the distribution of magnetic acceptors,

considering both the role of the spatial location of the

magnetic moments and the related percolating network of

the carriers that can be involved in coupling the magnetic

moments.

In conclusion, the incorporation of Mn and its spatial

distribution in diluted, magnetic semiconductor (In,Mn)Sb

was investigated by X-STM. It was found that Mn atoms

incorporate as Mn2þ ions and thus act as a well-behaved

acceptor. The observed contrast of neutral Mn atoms agrees

with a small binding energy for the hole bound to this

acceptor. The impurities are randomly distributed for pair

distances greater than 3 nm, which is the resolution limit of

our approach. The amount of clustering that we see at a dop-

ing concentration of the order of �1020 cm�3 is thus as

expected for a fully randomly disordered distribution, and no

indications were found for enhanced pairing or enhanced

clustering of the Mn on a short length scale or the formation

of second phase inclusions. Well-resolved percolation path-

ways associated with the Coulomb potential of Mn acceptor

are observed in the X-STM images. These pathways might

be important for understanding the reported ferromagnetic

behavior.
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