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ABSTRACT

This brief report examines the influence of Ga/N flux conditions on Mn incorporation in GaN. Mn-doped GaN layers were grown at 680 °C
by molecular beam epitaxy on a Ga-polar GaN(0001) template substrate under Ga-rich, N-rich, and no-flux conditions (i.e., Mn § doping).

Mn incorporation was the highest under an N-rich condition, lowest under a Ga-rich condition, and intermediate in the absence of Ga and ¢
N fluxes. For the growth conditions examined in this study, the corresponding Mn sticking coefficients, relative to that of the N-rich condi- ;

tion, were determined to be 0.31 for no-flux growth and 0.01 for the Ga-rich growth.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0005286

I. INTRODUCTION

Nitride semiconductors are among the most commercially
important semiconductor materials after Si. They have been
extensively employed in a wide range of electronic and optoelec-
tronic devices owing to their wide bandgap tunability and both n-
and p-type dopability. In recent years, growing interest has
focused on incorporating new functionalities into nitrides, includ-
ing ferroelectricity and superconductivity.' Mn, a transition-metal
ion with a half-filled d orbital, provides large magnetic moments
when incorporated into a semiconductor host,””* enabling
potential spintronic applications. Both ferromagnetic GaMnN
(Refs. 5-8) and ferrimagnetic MnyN (Refs. 9-11) have been
explored as approaches to introduce magnetic functionality into
the nitride material platform. On the other hand, Mn can also be
used to achieve semi-insulating GaN over a wider temperature
range than Fe- or C-doped GaN, owing to its deeper acceptor
activation energy.12

Although N-rich growth conditions are commonly employed
to enhance Mn incorporation in GaN,”'*'* the influence of Ga/N
flux conditions on Mn incorporation during molecular beam
epitaxy (MBE) growth has not been systematically investigated.
This is despite the fact that, in plasma-assisted MBE, N-rich condi-
tions are generally unfavorable for GaN growth due to the tendency
toward three-dimensional growth modes."” In this work, we sys-
tematically examine the effect of Ga/N flux conditions on Mn
incorporation and determine the corresponding relative Mn stick-
ing coefficients.

Il. EXPERIMENT

A GaN:Mn/GaN multilayer sample was grown on a Ga-polar
GaN(0001)/sapphire template in a Veeco GENxplor MBE chamber
equipped with standard dual-heater effusion cells for Ga and Mn
and a radio frequency plasma source for active N species. The base
pressure of the growth chamber was ~107!° Torr under idle
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conditions and a2 x 10~° Torr during growths due to N, gas. An
rf plasma power of 200 W and a nitrogen flow rate of 1.9 sccm were
used, which were found to lead to a growth rate of 6.1 nm min™!
for c-plane GaN under Ga-rich conditions, i.e., N flux fy = 6.1 nm
min~!. Two different Ga fluxes (fg,) of 8.0 and 4.8 nm min~! were
used for the Ga-rich (fg,/fy = 1.3) and the N-rich (fy/fc. =~ 1.3)
conditions in the sample, respectively. All Mn-doped regions were
grown using a fixed Mn beam-equivalent pressure of
1.6x107° Torr in order to investigate the effect of the Ga/N flux
ratio on Mn incorporation in GaN. The substrate temperature was
estimated to be 680°C and was maintained during growth. The
schematic of the sample structures is displayed in Fig. 1(a). A
225nm GaN buffer layer was first grown on a GaN template in
order to get a chemically clean GaN surface. Three different
Mn-doped GaN regions were grown under Ga-rich, N-rich, and
no-flux conditions. The last condition, corresponding to Mn
6-doping, was carried out by opening the Mn shutter, while the Ga
and N shutters were closed. During this step, the N plasma source
was ignited, and the chamber was filled with N, gas. Each
Mn-doped region was sandwiched by GaN spacer layers grown
under the same Ga-rich conditions. There were growth interrup-
tions when the Ga-rich and N-rich conditions were switched, as
indicated by the asterisks in Fig. 1(a). These interruptions were
necessary to adjust the Ga cell temperature accordingly. The GaN
surface was confirmed to be Ga-adlayer-free by in situ reflection
high energy electron diffraction (RHEED) prior to the growth of
the N-rich GaN:Mn and Mn J-doped layers. The densities of Mn
and the impurity elements H, C, O, and Si in the sample were mea-
sured by dynamic secondary ion mass spectrometry (SIMS). Mn
was analyzed using magnetic-sector SIMS, while H, C, O, and Si
were analyzed using quadrupole SIMS at two different EAG labora-
tories. These separate analyses resulted in a mismatch of approxi-
mately 25 nm between the two SIMS profiles, as indicated by the
growth-interface peaks at ~600nm in Figs. 2(a) and 2(b).
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FIG. 1. (a) Schematic layer structure
of GaN:Mn/GaN multilayers grown on a
GaN template at 680 °C by MBE. The
36 i 112 nm double and single asterisks indicate
GaN:M GaN growth interruptions of 12 and 6 min,
G(:n-ricr? G of:i h respectively. (i)-(v) RHEED patterns

taken along the (1120) azimuth at
various stages of the growth, as indi-
cated by the lines connected to (a).
The two yellow arrows in (v) highlight
the diffraction patterns associated with
a contracted Ga bilayer on the GaN
surface. [(b) and (c)] AFM micrographs
of the Mn-doped GaN multilayer struc-
ture, showing (b) the as-grown surface
and (c) a sputtered substrate region
after SIMS measurements. The RMS
roughness over a 2 x 2um? area is
0.68 nm for (b) and 0.64 nm for (c).

Nevertheless, this discrepancy does not influence the evaluation of
relative Mn incorporation under the different flux conditions.
Both the as-grown MBE sample surface and the substrate
surface exposed after the SIMS sputtering exhibit comparable
root-mean-square roughness values of approximately 0.6 nm over a
2 x 2um? area [Figs. 1(b) and 1(c)].

I1l. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show SIMS depth profiles of the impuri- ¢
ties O, C, Si, and H, and dopant Mn in the GaN:Mn/GaN multi-

layer sample. Before directly addressing Mn incorporation, we first
briefly discuss the differences in impurity incorporation among the
GaN:Mn regions. O and C concentrations under the N-rich
and no-flux conditions exceed those under the Ga-rich conditions
by more than one order of magnitude, indicating that a
Ga-adlayer-free dry GaN surface is more prone to the incorpora-
tion of these impurities, particularly O. Such enhanced O and C
incorporation under N-rich conditions is commonly observed in
nitride films grown by plasma-assisted MBE.'>'” The nearly
constant impurity concentrations observed between the GaN
buffer/barrier layers and the GaN:Mn layer grown under Ga-rich
conditions indicate that the Mn flux does not affect those impu-
rity incorporation within the experimental detection limits. A
similar behavior is observed for Si and H, whose incorporation
remains insensitive to the growth flux conditions, even under
N-rich growth, indicating that surface kinetics are not the
limiting factor.

We now examine how the Ga/N flux conditions influence Mn
incorporation in GaN. The highest Mn concentration, approxi-
mately ~1 x 10 cm™3, is obtained in GaN:Mn grown under
N-rich conditions [Fig. 2(b)]. During growth of this layer, the
growth front becomes rough as a result of the reduced adatom
diffusion length under N-rich conditions,'” as indicated by the
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FIG. 2. SIMS depth profiles of GaN:
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modulated RHEED patterns [Fig. 1(i)]. The transmission patterns
confirm that the wurtzite hexagonal crystal structure is maintained
even at this high Mn incorporation level. The high Mn incorpora-
tion observed under N-rich conditions is unlikely to result from
enhanced incorporation associated with the rough surface mor-
phology; otherwise, the Mn density would be expected to increase
gradually with the thickness of the N-rich-grown layer. An appar-
ent Mn peak density approximately one order of magnitude lower
is achieved under no Ga/N flux conditions, corresponding to the
Mn J-doped region. The absence of changes in the RHEED pat-
terns before [Fig. 1(ii)] and after [Fig. 1(iii)] Mn J-doping indicates
that no structural degradation occurs as a result of the §-doping.
Before proceeding to the Ga-rich results, it is useful to note that,
although not central to the discussion, the apparent broadening of
the Mn peak in the SIMS profile is largely governed by surface
morphology. Because SIMS signals are collected from a relatively
large sputtered area, the technique tends to broaden dopant profiles
and underestimate the true volumetric density in spatially abrupt,
narrow regions, such as J-doped layers.” The Mn areal density
(~8.2 x 102 cm~2, also see below) of the Mn 5-doped region leads
to a maximum possible volumetric density of =3 x 10%*° cm~3,
assuming that the thickness of the Mn &-doped region is confined
to a single GaN monolayer (ML). We now examine Mn incorpora-
tion under Ga-rich conditions, which exhibits a sharp decrease.
The lowest Mn concentration, approximately =1 x 10'® cm™3, is
observed in GaN:Mn grown under Ga-rich conditions. The RHEED
pattern after growth of the Ga-rich GaN:Mn layer [Fig. 1(iv)] is

similar to that of a GaN layer grown under comparable Ga-rich condi-
tions [Fig. 1(ii)]. Furthermore, the RHEED pattern [Fig. 1(v)] recorded

below 300°C after completion of the entire structure exhibits a ¢

pseudo-1 x 1 pattern characteristic of a Ga-polar GaN surface with a
Ga bilayer,'"” indicating that no polarity inversion occurred as a
result of the Mn doping.

It is important to note that, under all the flux conditions, the
widths of the Mn concentration plateaus closely correspond to the
Mn shutter opening and closing times. This behavior indicates that
any delayed Mn incorporation associated with Mn floating on the
growth front is negligible, implying that Mn not incorporated
during growth desorbs from the surface. Otherwise, the apparent
thicknesses of the Ga-rich and §-doped Mn regions, as determined
from the Mn SIMS profiles, would be considerably larger than the
intended values.

The areal densities of Mn in each Mn-doped region were
determined by integrating the corresponding volume density pro-
files over depth. The integration limits were selected such that the
Mn concentration reached the background signal. Based on the Mn
shutter opening times (9 min for the N-rich and the Ga-rich GaN:
Mn, and 34s for the no-flux Mn & doping) for each Mn-doped
region, the resulting incorporated Mn fluxes were determined to be
7.8 x 10", 2.4 x 10", and 8.6 x 10°atomscm s~ for the
N-rich, no-flux, and the Ga-rich conditions, respectively. These
values yield relative Mn sticking coefficients, normalized to that
under the N-rich condition, of 0.31 for the no-flux condition and
0.01 for the Ga-rich condition. A similarly significant difference in
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Mn incorporation between Ga-rich and N-rich conditions has been
reported previously.”” The observed dependence of the Mn sticking
coefficient on the Ga/N flux conditions can be understood by con-
sidering that Mn occupies cation (Ga) sites in the GaN crystal."”
Under N-rich growth conditions, Mn can readily access available
cation sites. In contrast, under Ga-rich conditions, Mn competes
with Ga for incorporation at cation sites. This difference leads to
different Mn desorption rates and sticking coefficients. A
Ga-adlayer-free GaN surface, achieved in the absence of both Ga
and N fluxes during the Mn &-doping, would result in a sticking
coefficient that lies between the values observed under Ga-rich and
N-rich conditions.

IV. CONCLUSIONS

In conclusion, we investigated the growth kinetics of Mn
incorporation in Ga-polar GaN under different Ga/N flux condi-
tions at a substrate temperature of 680°C. An approximately
two-order-of-magnitude difference was observed between Ga-rich
and N-rich growth regimes, with the no-flux condition exhibiting
an intermediate Mn incorporation level. Although the Mn flux can
influence the sticking coefficients, the Mn incorporation is expected
to be governed primarily by the growth regimes. The observed flux
dependence is similar to that reported for Mg dopant incorpora-
tion, for which N-rich conditions also lead to higher Mg incorpora-
tion than Ga-rich conditions.”' It is also well known that Mg
incorporation of more than 1 ML (=1 x 10'* cm~2) on a Ga-polar
GaN surface results in polarity inversion.”” For the Mn flux and
growth temperature in this study, no crystal polarity inversion was
observed. However, a previous report has shown that significant
Mn surface accumulation can lead to polarity inversion at a rela-
tively low growth temperature of 550 °C."” In this context, future
studies addressing the influence of polarity and substrate tempera-
ture on Mn incorporation would be informative, given that Mg
incorporation in N-polar GaN is approximately one order of mag-
nitude lower than in Ga-polar GaN under Ga-rich conditions and
exhibits Arrhenius-type substrate temperature dependence.”””*
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