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Gag _,Mn,As layers with Mn composition of up to 6.2% are investigated by cross-sectional
scanning tunneling microscopy and spectroscopy. We identify in the tunneling spectra contributions
from Mng, acceptor states, compensatingégsdonor states, and additional compensating donor
states, which we suggest to be Mninterstitials. On basis of the observed Fermi level shift and a
charge carrier compensation analysis, we deduce the concentration ?J’f iterstitials.
Furthermore, scanning tunneling microscopy images suggest an inhomogeneous distribution of Mn
dopant atoms. €2003 American Institute of Physic§DOI: 10.1063/1.1522821

The use of the spin of electrons in future electronic dehy MBE on a(001) p*-GaAs substrate, which was covered
vices gained considerable interest with the discovery of diby a 300-nm-thick Be doped and 20-nm-thick undoped GaAs
luted magnetic semiconductors, such as highly Mn-dope@uffer layer grown both at 600 °C. The substrate temperature
GaAs!? Ga,_,Mn,As becomes ferromagnetic even for low was then cooled down to 255°C and a 60-nm-thick
Mn concentration’s and is perfectly compatible with the Ga,_,Mn,As layer was deposited. Different samples were
IV semiconductor epitaxy. In order to achieve high di- grown with Mn compositionx ranging from 0% to 6.2%.
luted Mn concentrations without MnAs precipitates, thefinally, a 100-nm-thick GaAs cap layer was grown at
Ga _«Mn,As is commonly grown by molecular beam epi- 255°C. The samples were cleaved situ in ultrahigh
taxy (MBE) at low temperatures around 250 °C. However, atyagcuum with a base pressure7x 10" ° Pa to expose a
such low growth temperatures, a very high density of arseni¢110) cross-sectional surface for STM analysis. The electro-
antisite defects (Ag) is incorporated due to an excess of chemically etched W tips were prepared in ultrahigh vacuum
anions. This leads to heavy compensation effects of the MBy annealing and self-sputtering. The spectroscopic measure-
dopants acting as shallow acceptors on Ga lattice sites ihents were acquired at room temperature with variable tip-
GaAS4 NeVertheIeSS, with increasing Mn concentration Onesamp|e Separations as proposed by Martensson and
should expect that the material is increasingly becoming-eenstrd.
p-type, once the Mn concentration is larger than the antisite  Figure 1 shows typical constant-current STM images of
concentration(i.e., >1X 10 cm °.)° However, for Mn  Ga _ Mn,As layers. The fine vertical lines are the As atomic

concentrations above abouk1L0?* cm* the Ga_,Mn,As  rows in[1-10] direction. Compared to the GaAs buffer lay-
loses itsp-type charactet. Therefore there must be another

compensation mechanism.

In order to identify this additional compensation mecha- LTG GaMnAs 1+ GaAs
nism, we investigate Ga,Mn,As layers with the Mn con- . 3, R
centrationx ranging from 0% to 6.2% by cross-sectional
scanning tunneling microscof$TM) and spectroscopy. We
identify in the tunneling spectra contributions from Mn
acceptor states, &§ donor states, and additional donor
states. Moreover, we observe a Fermi level shift toward
p-type material with increasing Mn concentration up to about
5% Mn. Above 5% Mn, the Fermi level shifts back toward
midgap. This behavior is explained by the presence of the
additional donor states, which we suggest to béTVI'rmter—
stitials. Finally, STM images show that the electronic struc-
ture fluctuates on the scale of 5 nm in the highly Mn con- . _ _ N
taining material, suggesting an inhomogeneous distributio ;)GX' ibi;)M;rT;S)ef jg?&”gr%ﬂxh“g”ljﬁ;ﬁﬁrg ;"J?e':/'l';;;’.“ﬁ?:'::Jon”nse‘l)i;g

of Mn dopant atoms. _ _ conditions werg@ —2.00 V and 80 pA andb) —1.75 V and 40 pA. The
The Ga_,Mn,As layers investigated here were grown gray scale ranges from ®lack) to 2.5 A (white).
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Ga _,Mn,As with different Mn concentrations. The spectra are shifted for
FIG. 2. Tunneling spectra acquired on GgMn,As layers for Mn compo-  clarity and were calculated with no compensating donors.
sitions of (a) 0% (Ref. 5, (b) 0.5% (Ref. 5, (c) 2.8% (d) 3.2%, (e) 5.2%,
and (f) 6.2%. The valence-band maximuB, and the conduction band
minimum E of GaAs and Gg Mng /As are indicated by solid lines. The level E shifts with the Mn compositiofiFig. 4(a)]: first E¢
horizontal lines show the zero level of each spectrum, which are shifted foghifts toward the valence bandE §— Er increaseswith in-
clarity. The Fermi energy of each sample is located at 0 V. creasing Mn concentrations of up to 5%. Above 5% M,

shifts back toward midgap. This behavior correlates well
ers on the right-hand side, high concentrations of defects angith the Mn composition dependence of the variation of the
observed in the Ga,Mn,As layers. These are arsenic anti- ferromagnetic  transition temperature.Obviously the
site defectgmarked Ag,) and Mns, dopants. At high Mn  changes irp-type character of the layers are associated with
compositions, the Ga,Mn,As layers exhibit a pronounced a compensation by defects. However, a single defect, such as
fluctuation of the contrast on the scale of 5 nm. This is disthe antisite defect, is insufficient to explain the observed
cussed later. On the GaMn,As layers, we acquired tun- shifts of Fermi energy. Indeed, with increasing Mn, the com-
neling current—voltagel V) spectra from which we ex- petition of Mn with the excess As for Ga lattice sites should
tractedd In1/dInV as a value for the density of stat@dg. 20  reduce rather than increase the antisite defect concentration.
for the different Mn compositions. Each spectrum exhibitsThus we need another donor state, which appears at high Mn
on the right-hand side at positive voltages and on the lefteoncentrations and compensates the Mn acceptors. Because
hand side at negative voltages the conduction band and vaf the competition between excess As and Mn in their incor-
lence band states, respectively. In between the spectra a bapdration on Ga lattice sites, it is conceivable that at high Mn
gap region is displayed, which is reduced with increasing Mrconcentrations Mn is not only substitionally incorporated,
composition. In addition, we find a number of states in thebut also on interstitial sites. Arsenic vacancies or Ga antisite
band gap, depending on the Mn concentration. With no Mrdefects cannot be expected to occur in high concentrations,
[Fig. 2(a)] the low temperature-GaAs layer exhibits a pro- because of the excess As. Ga vacancies would also be occu-
nounced band of midgap states, associated with the presenped by Mn or As, such that their concentrations should be
of antisite defectsin concentrations of 1710°°cm 2 as  negligible. Thus Mpinterstitials are the most natural defects
measured in STM imagé€sA small concentration of Mn which could act as double don8rand their concentration is
(0.5% shifts the Fermi energy into the Asband, splitting  directly connected with the Mn concentration. The most
the defect band in an occupied and empty part, appearing as
two states in the spectrw(]tn).7 With further increasing Mn . , . , , . .

concentration up to 3.2%, the Fermi energy is shifted toward < 127(a) 2 D T
the valence band. Thus the Adand is completely emptied @ 10+ 3 a5 4

and contributes to the density of empty states visible in the | w
band gap[Figs. 2¢c)—2(f)]. Simultaneously, the density of i, 08T @ T
states(DOS) at the valence band edge changes. Additional ‘Y 06T O 1

2+
I

states appear, which are associated with a band of Mn accep- e §
tors. This is corroborated by a calculation of the DOS for +(b) ° T02'%
different Mn compositiongFig. 3). The calculation in the o' c
tight-binding approximation simulates the perturbation po- T o 10153
tential arising from the charged Mn atoms by setting a nega- §
tive unit charge on one Ga atom in a supercell. In order to Te® TO.OLL

1 2 3 4 5 6 7

keep each supercell neutral, a uniform positive background
charge density was introduced. The Mn acceptor induced - .
band overlaps completely with the GaAs valence band edge, Mn composition (%)

such that the band gap 1 effectlvely reduced as visible in thEIG. 4. (a) Shift of the Fermi leveEg relative to the conduction band edge

calculated and measured spectra. Ec and (b) derived fraction of Mn incorporated on interstitial sites as a

The spectra in Fig. 2 show furthermore that the Fermifunction of the Mn composition of the Ga,Mn,As layer.
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probable atomic configuration is the one when a Mn atontroscopy and spectroscopy of GaMn,As layers with the
occupies a tetrahedral interstitial position surrounded byMn concentration ranging from 0% to 6.2%, was used to
anions® investigate the compensation of Mn acceptors in

This situation can be modeled in terms of a charge balGa _,Mn,As. The tunneling spectra exhibit contributions
ance. The charge balanoep includes the charges induced from Mng, acceptor states, éﬁ donor states, and additional
by the single A§, antisite donor, the double A3 antisite  donor states, which we suggest to beMrinterstitials. Us-
donor, the Mg, acceptor, and the Mif interstitial double ing the Fermi level shift behavior observed in the tunneling
donor. Taking the positions of the Fermi energy from thespectra, we extracted that the concentration of Mimter-
tunneling spectrdFig. 4@], we calculated the occupancy stitials increases up to about one quarter of all Mn incorpo-
probabilities for the different charge states of the antisiterated. Finally, scanning tunneling microscopy images show
defects using 0.52 and 0.75 eV for the charge transfer level$at the electronic structure fluctuates on the scale of 5 nmin
(0/+) and (+/++), respectively, relative t&.° With this  the highly Mn containing material, suggesting an inhomoge-
information, we extracted the fraction of Mn incorporated onneous distribution of Mn-dopant atoms.

interstitial sites, assuming a constant antisite defect concen-
tration of 1.7< 10?° cm 3 as measured in the STM images of ~ ©One of the authorePh.E) thanks the CNRS for support-

the 0.5% Mn-doped layer. The resulting data in Figo)4 N9 him_ as a visiting scientis_t at the IEMN. The work at the
show that the M}i? concentration increases up to about auniversity of Tokyo was partially supported by the PRESTO
quarter of all Mn in the sample. This result corroborates thé2"d CREST programs of JST, Toray Science Foundation, and
expectation that with increasing Mn concentration, the conGrant-in-Aid for Scientific Research from Monbu-Kagaku-

centration of the Mji2 increases. A close look at the density S"°-

of empty states in the band gap of the spectra in Fig$), 2
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