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Enhanced annealing effect in an oxygen atmosphere on Ga  ;_,Mn,As
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We report onin situ resistivity measurements on GgMn,As during post-growth annealing in
different atmospheres. A drop in the resistivity is observed when the8a,As is exposed to
oxygen, which indicates that the passivation of Mn interstitidlim,) at the free surface occurs
through oxidation. The presence of oxygen can therefore be an important annealing condition for the
optimization of Ga_,Mn,As thin films, all the more since the oxidation appears to be limited to the
sample surface. Annealing in an oxygen-free atmosphere leads to an increase in the resistivity
indicating a second annealing mechanism besides the outdiffusion af Adoording to our
magnetization and Hall effect data, this mechanism reduces the amount of magnetically and
electrically active Mn atoms. @005 American Institute of PhysidDOI: 10.1063/1.1886912

The combination of ferromagnetism with the versatile Edmondset al. that at the surface the interstitial Mn atoms
semiconducting properties in 1ll-V ferromagnetic semicon-may be passivated by oxidatioh This mechanism is sup-
ductors such as GgMn,As makes them promising for fu- ported by the capping-induced suppression of the annealing
ture spintronics applications, in which the spin degree okeffects™®*" In this letter we present evidence that the pres-
freedom is used to process and transfer information. Thence of oxygen is an important parameter for the optimiza-
amount of Mn, that has to be incorporated to obtain ferrotion of T through annealing, indicating that the passivation
magnetic Ga,Mn,As epilayers, is far above the equilibrium of Mn, can indeed occur through oxidation.
solubility limit. Therefore these films have to be grown at Ga_Mn,As films with various Mn content$0.03< x
low temperatures using molecular beam epita(MBE).1 =< 0.08 were deposited by standard low-temperature molecu-
When Mn ions are incorporated into GaAs, they do not onlylar beam epitaxy on semi-insulating epirea01) GaAs
introduce magnetic moments but also act as acceptors, preubstrates. The growth was performed with a nearly stoichio-
viding holes that mediate the interaction between the localmetric As flux at temperatures typically=15 °C below the
ized Mn spins. Obtaining higher values for the Curie tem-Mn Segregation limit, on a 100 nm high-temperature GaAs
peratureTc is therefore not only a matter of increasing the puffer layer grown under standard conditions, followed by a
Mn content, but also of achieving a higher free carrier denjow temperature GaAs buffer of a similar thickness. The
sity. The low growth temperatures, however, lead to a highyrowth was monitoreih situ by reflection high energy elec-
density of As antisite defectéAsgy) and Mn interstitials  tron diffraction (RHEED), which showed a cleafl x 2) re-
(Mny). It was shown through ion channeling experiments byconstruction. The structural quality and the sample thickness
Yu et al. that a significant portion of the incorporated Mn of about 40 nm were checked with XRD measurements. Part
atoms indeed occupies interstitial positiGnBoth types of  of the wafer was then chemically etched into Hall bars using
defects act as double dond7S,and therefore compensate a photolithography. A small variation of about 3% in the room
fraction of the holes generated by the substitutionalcn temperature resistivity was observed in samples that were
acceptor. Moreover, Mntends to couple antiferromagneti- taken from the same wafer. Post-growth annealing was per-
cally to Mng,” thus reducing the total magnetic moment. formed in a tube furnace, which allows a well-controlled
Several authors have reported an enhancement of the hodgmosphere, consisting of vacuum or a specific gas, for the
concentration and upon aftergrowth annealing at tempera- annealing procedure. The resistance was measarsitii in
tures close to the growth temperat(i&' The highestT; val- 4 four probe configuration. Magnetization measurements
ues so far were obtained for annealing temperatlijegist  were performed with vibrating sample magnetom¢wsm)
below the growth temperatufe;* while long annealing  on unprocessed samples with a typical siz&0 mn?.
times and higher temperatures result in a reduction of g investigate the role of oxygen in the annealing pro-
Tc.”7"The optimization offc can be done in a controlled cess, we have subjected the samples to an aftergrowth an-
way by monitoring the resistance while annealth@s the  nealing procedure in which the atmosphere was initially
high temperature resistivity is correlated with the hole con-,yygen-free and after a well defined annealing time the ep-
centration, and therefore witfic. Yu et al. showed strong jjayers were exposed to oxygen. To ensure the oxygen-free
evidence that this increase o is related to the removal of jpjtja| atmosphere, the quartz tube containing the sample was
Mn, atoms; while Edmondset al. recently identified the un-  ,ymped to a vacuum of the order of #anbar, flushed out
derlying mechanism with the outdiffusion of the highly mo- 514 filled with forming gas consisting of 99%,Nas and 1%
bile Mn, to the free surface” It was already suggested by p, gas. The tube was then sealed, while filled with forming
gas at a slight overpressure0.1 bay. Within about 20 min
¥Electronic mail: mathieu.malfait@fys.kuleuven.ac.be the annealing temperature is stabilized with little overshoot

0003-6951/2005/86(13)/132501/3/$22.50 86, 132501-1 © 2005 American Institute of Physics
Downloaded 09 Dec 2005 to 134.58.253.114. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1886912

132501-2 Malfait et al. Appl. Phys. Lett. 86, 132501 (2005)

1000

Mn A:
® Ga, Mn As
x =0.06
S __ 1005
& £
g S
% g
a
105 (a) 3
_—/\
(¢
1 10 100 T T T T T T v
Time (hours) 0 50 100 150 200 250 300
TK)

FIG. 1. Resistivity vs annealing time for 40 nm thick G#Mn,As o

(x=0.06 films at 159, 177, and 201 °C, measured in a four probe configu'G: 2. Temperature dependence of the resistivity of; (BénAs
ration. The annealing is initially performed in a forming gas atmosphere(xzo'ooe) films (a) as-grown, (b) after annealing with only f(:rmlng gas
(N,+1%H,). The arrows indicate when the samples were exposed to oxy{198 °C. 16 B\ (c) after annealing in an oxygen atmosph¢t®0 °C, 70 h.
gen. The curve at 201 °C is shifted by —0.4dom for clarity.

The resistivity initially drops, but then quickly increases with
(<1 °C). After a well-controlled time, the tube containing @ rate that decreases with time. A similar effect is observed

the sample is exposed to a gentle @s flow, typically for for sanjpl_eg with various_Mn content and.the _slowly incregs—
5-—10 min, maintaining a constant temperature and ensurinjd resistivity was established for annealing times exceeding
an oxygen pressure of the order of 1 bar. During this entir 00 h. ltis ynhl'(ely that the increase in resistivity is caused
procedure the resistance is continuously monitored. Figure B¥ the passivation of the GaMn,As layer dlge to hydroge-
shows the resistivity as a function of time for Gan,As ~ nation as described recently by Braredtal,™ as a similar
(x=0.06 at 159, 177, and 201 °C. The resistivity initially 'eSistivity curve was observedG when annealing in agds
decreases with a rate that diminishes with timete that the ~atmosphere and in vacuufd0™ mbap. The resistivity in-
time in Fig. 1 is plotted on a logarithmic scileand then Crease is even observed &,=158 °C when annealing
rises again foi 4=177 and 201 °C, which will be discussed G&-MNAS (x=0.04 andk=0.08 in vacuum, albeit only by
later. Upon exposure to oxygen a sudden resistivity drop oc@Pout 20% after annealing for 120 h. These results are in
curs, which is very sharp foiT,=201°C, and shows agreerr'lentlwnh the mpreased reS|starlce1é)bserveq f_or long
diffusion-like behavior similar to that reported by Edmondsannealing times and higher temperatufé8:* The resistiv-

et al*“*® A similar drop in resistivity occurs when Nyas is 1y Versus temperature for @GaMn,As (x=0.06 after an-
used as initial atmosphere or for samples with a different M1€aling in forming gas is plotted in Fig. 2 as cur® and
content. These results clearly show that the presence of oxyhows semiconducting behavior with a slight deviation
gen enhances the resistivity reduction upon annealing, whicround 25 K. To determine the carrier type and concentra-
corroborates the migration of hole-compensating interstitial§ion, Hall effect measurements in dc magnetic fields up to
to the free surface during the annealing proc&sehere they 12 T were performed at 300 K, which is far abolig so no

are passivated through oxidation. This reduction of compensighificant paramagnetic contribution through the anomalous
sating defects results in the observed increase in hole densitj@ll effect was detected. The Hall data revealed positive
and conductivity. The GaMn,As epilayer itself does not holes as carriers with a concentration of 4.80' cm* for
appear to suffer from oxidation, since this would lead to anGa-MnAs (x=0.06 annealed in forming gas, which is al-
increase in the resistivity. This is confirmed by low anglemost an order of magnitude less than the hole concentration
XRD measurements on a 235 nm GMnAs (x=0.079  P=2.0x10?° cm™ found for the as-grown sample from Hall
film, which indicate a natural oxide layer with a thickness of Meéasurements at 5 K. The latter value fowas obtained by

2 nm, while after annealing in Ogas(=~200 °C, 80 h this taking the magnetoresistance contribution to the anomalous
thickness only increased to about 5 nm.

Fig. 2 shows the resistivity versus temperature for a 141 . . .
sample withx=0.06, both as-growiicurve a and after an- Ga, MnAs
nealing at=200 °C for 60 h in an @atmospherdcurve 9. 12 x=007
Both curves show typical behavior for metallic GgMn,As, T=198°C
with a peak atT,=82 K for the as-grown sample, anig, 10
=162 K for the oxygen-annealed one. The peak temperature
gives a good estimate of the Curie temperature for the as-
grown sample. The direct measuremenfgfwith vibrating
sample magnetometry giv8s=81 K. However, for the an- 6
nealed sampld, is found to overestimate the measurkg
=133 K by 29 K, which is a large deviation, even consider- T T pa po
ing the broadness of the resistivity peak. Time (h)

To investigate further the increase in resistivity observed

at Ty=177 and 201 °Qhefore exposure to § the same . Ceas o T o hows nysteredis loops mea
annealing procedure was repeated without oxygen, thus in é%red at 5 K for Ga,Mn As (x=0.09: (a) as-grown, measured along the

forming gas atmosphere. The resistivity of G&N,AS  [100] easy axisb) after annealing in a forming gas atmosph&te9 °C,

(x=0.07 as a function of time at 198 °C is shown in Fig. 3. 25 h), measured along tH®01] easy axis.
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