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Effects of hydrogen incorporation in GaMnN
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Single-phaséGa,MnN layers grown by molecular beam epitaxy witt8 at. % Mn were exposed

to ?H or *H plasmas under conditions designed to permeate layers with hydrogen. No evidence of
the formation of Mh—H complexes could be detected from either infrared spectroscopy or the
changes in magnetic properties. However, the residual magnetization incregX¥d after
hydrogenation, consistent with passivation of crystal defect&amMnN. Hydrogenation may be

an attractive method for improving the magnetic properties of these heteroepitaxial materials.
© 2003 American Institute of Physic§DOI: 10.1063/1.1637151

(Ga,MnN is one of the most promising candidates for layer thickness was-0.15 um and the Mn content was 3
realization of a room temperature ferromagnetic semiconducat. % as determined by Auger electron spectroscopy. The as-
tor. Numerous groups have reported on the magnetic propegrown samples showed clear hysteresis at 300 K with coer-
ties of GaN doped with Mn during epitaxial or bulk growth civities of 52—85 Oe and residual magnetization-e1.6
or by doping after growth by direct implantation or emu/g at this temperature. Both x-ray diffraction and high
diffusion~* Depending on the synthesis conditions, it ap-resolution transmission electron microscopy showed the ma-
pears possible to prepare single-ph&&a,MN with Mn  terial was single phase within the resolution of these tech-
concentrations of a few atomic percent. The origin of theniques. The samples were exposedttoor 'H plasmas for
ferromagnetism is somewhat controversial, with the contrifperiods of 0.5-3 h at 250°C in a (13.56 MH2 reactor
bution of phases such as Ga—Mn or Wiy compounds ap- operating at 300 mTorr pressure and 100 W forward power.
parent in some cas&27 In addition, the free carrier concen- Depth profiling of’H, H and Mn was performed with sec-
tration in most(Ga,MnN does not appear to be high enough ondary ion mass spectroscoggIMS) measurements in a
for conventional carrier-induced ferromagnetic coupling be-Cameca system using 14.5 keV'Cseams fofH and 3 keV
tween the Mn ions and the deep nature of the Mn acceptd®” ~ beams for Mn. Infrared spectra were measured with a
level (Ey+1.4€V) precludes it contributing a significant Bonem DA3 spectrometer equipped with a KBr beamsplitter
number of free holes at normal temperatuféRecent theo- @nd InSb detector. The samples were cooled to 4.2 K in an
ries suggest that at percolation limits, localized holes neafir Products helium cryostat. Magnetic properties were mea-
the magnetic impurity are polarized and the energy of thesured in a superconducting quantum interference device
system is lowered when the polarization of the localized SQUID) magnetometer. Three samples of each type were

holes is parallel and therefore ferromagnetism is possible iffié@sured in the SQUID to check the reproducibility of the
insulating or low carrier density materigi&2° results and one sample of each type was remeasured for a

The effects of atomic hydrogen on the magnetic proper_similar reason. In each case, the magnetization was the same

ties of (Ga,MnN is of interest since potentially it could have to within #5%' ) ) 3 1y
a large influence if it were to passivate the deep Mn To calibrate the incorporation depth and *H in

acceptor$?? In addition, the hydrogen may passivate crys-(Ga"vlln)N’ SlM? megﬁurerr;er;]ts welre perfofrm%% on a
talline point and line defects that would otherwise degradeSampe exposed to_either of these plasmas for min at

o H H 1 H
the magnetization. In this letter we demonstrate that hydro-zﬁ0 c li)n :E?h%fe 02_1:2;1 1tr? N tfhlecasotla ofH. ::'q[we tlh t
gen does not form a detectable concentration of (Mrf-H) shows bo an epth profiies, demonstrating tha

. . . both readily diffuse into the material. Note that the diffusiv-
complexes im-type (Ga,MnN, but that there is an increase . X :
in the magnetization from the material upon hydrogenation.Ity (D) of 1H. wil b_e ‘/z t|m_es faster than foft, through the
The n-type (1~5x 101 cm2) (Ga,MAN was grown relation for isotopic diffusion,
by plasma-assisted molecular beam epitaxy on undoped 3 D(H)
um thick GaN buffer layers grown by metalorganic chemical =
vapor deposition og-plane ALO; substrates. ThéGa,MnN D(“H)

M (2H) 0.5
M(lH) ’

whereM represents the atomic mass. The results in Fig. 1 are
dElectronic mail: spear@mse.ufl.edu evidence that hydrogen and deuterium are not trapped to any
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Depth (1m) FIG. 3. Temperature dependence of FC and ZFC magnetization of

(Ga,MnN before and after hydrogenation for 3 h at 250 °C. The results for
deuteration under the same conditions were the same within experimental

) 1 .
FIG. 1. SIMS depth profile ofH, 'H and Mn in a(Ga,MnN sample error (+5%).

exposed tdH plasma for 30 min at 250 °C or ttH plasma for 1 h.

marked extent by the Mn, since the profile shapes are cor?nd formatugr; of complexes with Mn acceptors would be

sistent with the bulk of the hydrogen and deuterium diffusing“”favorablez- #!The vertical electron mobility in the layers,

in the absence of significant trappifyTo ensure complete Measured from the reverse saturation current in mesa
permeation of the hydrogen through the Mn-doped region irSchottky diodes; increased from 840 to 903 éi's after

the samples, we used 3 hour plasma exposure&dHofor hydrogenation, which is consistent with a reduction in scat-

subsequent IR and magnetic characterization. tering by charged defects.

In order to achieve the highest sensitivity in the IR ab-  Figure 3 shows field-cooletFC) and zero field-cooled
sorption measurements, two samples were used to produ¢gFC) magnetization as a function of the temperature for the
the differential spectrum shown in Fig. 2. One of the(Ga,MnN before and aftetH plasma hydrogenation for 3 h
(Ga,MnN samples was treated in'&l plasma and the sec- at 250 °C. The overall magnetization increasez0% upon
ond reference was treated irfld plasma. Figure 2 presents hydrogenation and this is much larger than the uncertainty in
the difference between the two samples, with positive peakghe measuremert-5%). Similar results were obtained for
those that were stronger in th plasma treated sample and the 2 h exposed samples. The data are also clear evidence
negative peaks those that were stronger in #Hetreated  that Mn is not passivated nor does it form complexes with
sample. No nevfH or 'H lines were detected over the range hydrogen or else the change in unpaired spin density would
of 1700-4000 cm’, with the lines at 2340 and 3200 ¢ e expected to have a profound effect on the magnetic prop-
due to CQ and HO frozen onto théGa,MnN surfaces and  gties The results are consistent with hydrogen passivation
the three lines near 2900 crhdue to oil vapor in the spec- of point and/or line defects that would otherwise degrade the
trometer vacuum. Clearly, no Mn—H lines were deteCteohwagnetization. The much lower density of these defects rela-

within the sensitivity of the IR measurements, and if thes ive to the atomic percent levels of Mn means they escape
were present they would be easily observable under our con;

. . . detection in the IR. Numerous reports have shown that the
ditions. The charge state of hydrogenriftype GaN is not residual magnetization diGa,MnN is a strong function of
firmly established, but one can speculate on the basis of othey al 9 lit q b anificantl 9 d wh
semiconductors that it might be in a negative charge stat%l:e crystal quaiily and can be significantly Increased when
the material is grown on high quality, thick GaN layers com-

pared to direct growth on sapphire substrate$!®

In summary, hydrogen plasma exposure (6fa,MnN
0.006 produces an increase 6f20% in residual magnetization. No
GaMnN evidence of the formation of Mn—H complexes is found in
/LAA ] n-type (Ga,MnN. The results are consistent with hydrogen

o, Ol residues HO passivation of defects in the material that otherwise degrade

the magnetic properties. Similar experiments should be per-
formed in p-type (Ga,MnN where hydrogen may be in a
IR 4.2K positive charge state. In this context, the recent successful
0.000 - InSb detector synthesis of p-type InMnAs with room temperature
Differential spectrum ferromagnetisi?® may provide another materials platform
for examining the effects of hydrogen in dilute magnetic
semiconductors.
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