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Effects of hydrogen incorporation in GaMnN
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Single-phase~Ga,Mn!N layers grown by molecular beam epitaxy with;3 at. % Mn were exposed
to 2H or 1H plasmas under conditions designed to permeate layers with hydrogen. No evidence of
the formation of Mn–H complexes could be detected from either infrared spectroscopy or the
changes in magnetic properties. However, the residual magnetization increased;20% after
hydrogenation, consistent with passivation of crystal defects in~Ga,Mn!N. Hydrogenation may be
an attractive method for improving the magnetic properties of these heteroepitaxial materials.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1637151#
or
u
pe
th
r
p

h
tr

-
gh
e

pt
t

e
th
e
e

e
e

n
s
d
ro
)

e
on

d
a

as-
er-

gh
ma-
ch-

er.
-

h a
ter
an

ea-
vice
ere
he
for a
ame

a
at

t
v-

are
any
~Ga,Mn!N is one of the most promising candidates f
realization of a room temperature ferromagnetic semicond
tor. Numerous groups have reported on the magnetic pro
ties of GaN doped with Mn during epitaxial or bulk grow
or by doping after growth by direct implantation o
diffusion.1–16 Depending on the synthesis conditions, it a
pears possible to prepare single-phase~Ga,M!N with Mn
concentrations of a few atomic percent. The origin of t
ferromagnetism is somewhat controversial, with the con
bution of phases such as Ga–Mn or MnxNy compounds ap-
parent in some cases.5,17 In addition, the free carrier concen
tration in most~Ga,Mn!N does not appear to be high enou
for conventional carrier-induced ferromagnetic coupling b
tween the Mn ions and the deep nature of the Mn acce
level (EV11.4 eV) precludes it contributing a significan
number of free holes at normal temperatures.18 Recent theo-
ries suggest that at percolation limits, localized holes n
the magnetic impurity are polarized and the energy of
system is lowered when the polarization of the localiz
holes is parallel and therefore ferromagnetism is possibl
insulating or low carrier density materials.19,20

The effects of atomic hydrogen on the magnetic prop
ties of ~Ga,Mn!N is of interest since potentially it could hav
a large influence if it were to passivate the deep M
acceptors.21,22 In addition, the hydrogen may passivate cry
talline point and line defects that would otherwise degra
the magnetization. In this letter we demonstrate that hyd
gen does not form a detectable concentration of (Mn–H0

complexes inn-type ~Ga,Mn!N, but that there is an increas
in the magnetization from the material upon hydrogenati

The n-type (n;531016 cm23) ~Ga,Mn!N was grown
by plasma-assisted molecular beam epitaxy on undope
mm thick GaN buffer layers grown by metalorganic chemic
vapor deposition onc-plane Al2O3 substrates. The~Ga,Mn!N
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layer thickness was;0.15 mm and the Mn content was;3
at. % as determined by Auger electron spectroscopy. The
grown samples showed clear hysteresis at 300 K with co
civities of 52–85 Oe and residual magnetization of;1.6
emu/g at this temperature. Both x-ray diffraction and hi
resolution transmission electron microscopy showed the
terial was single phase within the resolution of these te
niques. The samples were exposed to2H or 1H plasmas for
periods of 0.5–3 h at 250 °C in a rf~13.56 MHz! reactor
operating at 300 mTorr pressure and 100 W forward pow
Depth profiling of2H, 1H and Mn was performed with sec
ondary ion mass spectroscopy~SIMS! measurements in a
Cameca system using 14.5 keV Cs1 beams for2H and 3 keV
O21 beams for Mn. Infrared spectra were measured wit
Bonem DA3 spectrometer equipped with a KBr beamsplit
and InSb detector. The samples were cooled to 4.2 K in
Air Products helium cryostat. Magnetic properties were m
sured in a superconducting quantum interference de
~SQUID! magnetometer. Three samples of each type w
measured in the SQUID to check the reproducibility of t
results and one sample of each type was remeasured
similar reason. In each case, the magnetization was the s
to within 65%.

To calibrate the incorporation depth of2H and 1H in
~Ga,Mn!N, SIMS measurements were performed on
sample exposed to either of these plasmas for 30 min
250 °C in the case of2H and 1 h in thecase of1H. Figure 1
shows both the2H and1H depth profiles, demonstrating tha
both readily diffuse into the material. Note that the diffusi
ity ~D! of 1H will be& times faster than for2H, through the
relation for isotopic diffusion,

D~1H!

D~2H!
5FM ~2H!

M ~1H!G
0.5

,

whereM represents the atomic mass. The results in Fig. 1
evidence that hydrogen and deuterium are not trapped to
8 © 2003 American Institute of Physics
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marked extent by the Mn, since the profile shapes are c
sistent with the bulk of the hydrogen and deuterium diffus
in the absence of significant trapping.23 To ensure complete
permeation of the hydrogen through the Mn-doped region
the samples, we used 3 hour plasma exposures of2H for
subsequent IR and magnetic characterization.

In order to achieve the highest sensitivity in the IR a
sorption measurements, two samples were used to pro
the differential spectrum shown in Fig. 2. One of t
~Ga,Mn!N samples was treated in a1H plasma and the sec
ond reference was treated in a2H plasma. Figure 2 present
the difference between the two samples, with positive pe
those that were stronger in the1H plasma treated sample an
negative peaks those that were stronger in the2H-treated
sample. No new2H or 1H lines were detected over the rang
of 1700–4000 cm21, with the lines at 2340 and 3200 cm21

due to CO2 and H2O frozen onto the~Ga,Mn!N surfaces and
the three lines near 2900 cm21 due to oil vapor in the spec
trometer vacuum. Clearly, no Mn–H lines were detec
within the sensitivity of the IR measurements, and if the
were present they would be easily observable under our
ditions. The charge state of hydrogen inn-type GaN is not
firmly established, but one can speculate on the basis of o
semiconductors that it might be in a negative charge s

FIG. 1. SIMS depth profile of2H, 1H and Mn in a ~Ga,Mn!N sample
exposed to2H plasma for 30 min at 250 °C or to1H plasma for 1 h.

FIG. 2. Differential IR spectrum of~Ga,Mn!N hydrogenated or deuterate
for 3 h at 250 °C.
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and formation of complexes with Mn acceptors would
unfavorable.20,21 The vertical electron mobility in the layers
measured from the reverse saturation current in m
Schottky diodes,24 increased from 840 to 903 cm2/V s after
hydrogenation, which is consistent with a reduction in sc
tering by charged defects.

Figure 3 shows field-cooled~FC! and zero field-cooled
~ZFC! magnetization as a function of the temperature for
~Ga,Mn!N before and after1H plasma hydrogenation for 3 h
at 250 °C. The overall magnetization increases;20% upon
hydrogenation and this is much larger than the uncertaint
the measurement~65%!. Similar results were obtained fo
the 2 h exposed samples. The data are also clear evid
that Mn is not passivated nor does it form complexes w
hydrogen or else the change in unpaired spin density wo
be expected to have a profound effect on the magnetic p
erties. The results are consistent with hydrogen passiva
of point and/or line defects that would otherwise degrade
magnetization. The much lower density of these defects r
tive to the atomic percent levels of Mn means they esc
detection in the IR. Numerous reports have shown that
residual magnetization of~Ga,Mn!N is a strong function of
the crystal quality and can be significantly increased wh
the material is grown on high quality, thick GaN layers com
pared to direct growth on sapphire substrates.1,2,4,15

In summary, hydrogen plasma exposure of~Ga,Mn!N
produces an increase of;20% in residual magnetization. N
evidence of the formation of Mn–H complexes is found
n-type ~Ga,Mn!N. The results are consistent with hydroge
passivation of defects in the material that otherwise degr
the magnetic properties. Similar experiments should be
formed in p-type ~Ga,Mn!N where hydrogen may be in
positive charge state. In this context, the recent succes
synthesis of p-type InMnAs with room temperature
ferromagnetism25,26 may provide another materials platform
for examining the effects of hydrogen in dilute magne
semiconductors.

The work at the University of Florida was partially sup
ported by ARO contracts DAAD 190210420 and DAA
190110701 and NSF DMR grants 0101438, DMR 01018
and ECS 02242203.

FIG. 3. Temperature dependence of FC and ZFC magnetization
~Ga,Mn!N before and after hydrogenation for 3 h at 250 °C. The results
deuteration under the same conditions were the same within experim
error ~65%!.
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