AlP  Applied

Formation of manganese d-doped atomic layer in wurtzite GaN
Meng Shi, Abhijit Chinchore, Kangkang Wang, Andrada-Oana Mandru, Yinghao Liu et al.

\\ \ ‘\\\

\

Citation: J. Appl. Phys. 112, 053517 (2012); doi: 10.1063/1.4750034
View online: http://dx.doi.org/10.1063/1.4750034

View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/N112/i5
Published by the American Institute of Physics.

Related Articles

Strong atomic ordering in Gd-doped GaN
Appl. Phys. Lett. 101, 101912 (2012)

Structure and magnetic properties of Ni-doped AIN films
J. Appl. Phys. 112, 053911 (2012)

Emission bands of nitrogen-implantation induced luminescent centers in ZnO crystals: Experiment and theory
J. Appl. Phys. 112, 046102 (2012)

Influence of Li-N and Li-F co-doping on defect-induced intrinsic ferromagnetic and photoluminescence properties
of arrays of ZnO nanowires
J. Appl. Phys. 112, 043910 (2012)

Mg doping for p-type AllnN lattice-matched to GaN
Appl. Phys. Lett. 101, 082113 (2012)

Additional information on J. Appl. Phys.

Journal Homepage: http://jap.aip.org/

Journal Information: http://jap.aip.org/about/about_the journal
Top downloads: http://jap.aip.org/features/most_downloaded
Information for Authors: http://jap.aip.org/authors

ADVERTISEMENT

alPAdvances @ [ //

Special Topic Section:

PHYSICS OF CANCER

Why cancer? Why physics?  viw articles Now



http://jap.aip.org/?ver=pdfcov
http://aipadvances.aip.org/resource/1/aaidbi/v2/i1?&section=special-topic-physics-of-cancer&page=1
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Meng Shi&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Abhijit Chinchore&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Kangkang Wang&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Andrada-Oana Mandru&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Yinghao Liu&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4750034?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v112/i5?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4751245?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4749408?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4749402?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4747929?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4747524?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov

JOURNAL OF APPLIED PHYSICS 112, 053517 (2012)

Formation of manganese /-doped atomic layer in wurtzite GaN

Meng Shi, Abhijit Chinchore, Kangkang Wang, Andrada-Oana Mandru, Yinghao Liu,
and Arthur R. Smith®

Department of Physics and Astronomy, Nanoscale and Quantum Phenomena Institute, Ohio University,
Athens, Ohio 45701, USA

(Received 19 December 2011; accepted 9 August 2012; published online 7 September 2012)

We describe the formation of a ¢-doped manganese layer embedded within c-plane wurtzite
gallium nitride using a special molecular beam epitaxy growth process. Manganese is first
deposited on the gallium-poor GaN (0001) surface, forming a v/3 x v/3 — R30° reconstructed
phase. This well-defined surface reconstruction is then nitrided using plasma nitridation, and
gallium nitride is overgrown. The manganese content of the v/3 x v/3 — R30° phase, namely one
Mn per each /3 x v/3 —R30° unit cell, implies that the MnGaN alloy layer has a Mn
concentration of up to 33%. The structure and chemical content of the surface are monitored
beginning from the initial growth stage up through the overgrowth of 20 additional monolayers
(MLs) of GaN. An exponential-like drop-off of the Mn signal with increasing GaN monolayers, as
measured by Auger electron spectroscopy, indicates that the highly concentrated Mn layer remains
at the d-doped interface. A model of the resultant d-doped structure is formulated based on the
experimental data, and implications for possible spintronic applications are discussed. © 2012

American Institute of Physics. [http://dx.doi.org/10.1063/1.4750034]

. INTRODUCTION

The importance of spintronics in general was emphati-
cally described by Wolf er al.," while the possibility to fabri-
cate room-temperature spintronic devices based on GaN was
proposed by Dietl e al.” The idea, based on a mean-field
Zener model calculation, was to create a dilute magnetic
semiconductor (DMS) involving GaN doped with a few per-
cent Mn, and it was predicted to be ferromagnetic (FM) at or
above room temperature. Moreover, GaN-based spintronic
DMS systems are particularly attractive for spin-injection
applications, as it has been predicted that the spin lifetime in
GaN is 3 orders of magnitude larger than that in GaAs.’
More recently, first principles calculations have been applied
by many different researchers in order to determine the mag-
netic and electronic states induced by doping GaN with vari-
ous transition metal impurities.*”’

Experimentally, manganese doping of GaN has been
well studied, with many interesting results having been
reported very early.® ' The incorporation of Mn in Ga-polar
GaN is complicated to some extent because of the Ga bi-
layer, which plays an important role in normal GaN growth.
This metallic Ga bi-layer also impacts the growth of
MnGaN, making the Mn incorporation a strong function of
the growth conditions as they range between N-rich and Ga-
rich.'*'? In particular, the Mn incorporation was found to
drop off precipitously with increasing Ga-rich conditions.
Furthermore, there have been indications of GaMnsN clus-
ters precipitating under stoichiometric conditions for Mn
concentrations more than a couple of percent."” To try to
avoid this type of problem and alongside the developing
effort studying Mn-doping of GaN, many other semiconduct-
ing host materials have been investigated including silicon,
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germanium, gallium phosphide, silicon carbide, and zinc ox-
ide just to name a few, in order to realize a room temperature
DMS material without second-phase precipitation.'*2! In
addition, many different dopant species, both transition
metal and rare earth, have also been tried.?*>* To date how-
ever, the search continues for the ideal DMS system.

Very recently, Cui et al. have investigated d-doping of
GaN/AIN heterostructures theoretically as a potentially
attractive alternative to bulk DMS doping, in order to
achieve more effective spin injection properties.zs‘26 Con-
ceptually, this involves laying down just a single layer of
dopants and then overgrowing with bulk material, thus
achieving a highly concentrated dopant layer, hopefully
without the dopants having had time to form second-phase
precipitates. A digital 6-doped layer offers the possibility to
achieve a high concentration of dopants. Cui et al. calculated
based on first-principles in fact that for 1/4 monolayer (ML)
and 1/2 ML, the doped layer (either Mn or Cr) becomes FM
half-metallic (HM), while for a complete 1 ML coverage
(Mn or Cr), it becomes FM (spin-polarization up to 69%) but
metallic. This is then particularly attractive, since with the
100% spin polarization achieved in a HM system, coupled
with the intrinsic ability of DMS systems to overcome the
so-called conductivity mismatch problem, it may be possible
to realize 100% efficient spin injection in a realistic GaN-
based DMS system. The challenge then is to experimentally
realize such a digital 5-doped system in GaN.

In this paper, we present an experimental study of digital
J-doping in wurtzite GaN. To avoid the Mn incorporation
problem due to the Ga bi-layer on the Ga-polar face, we
choose the N-polar (0001) face and make use of an intrinsic
Mn-induced /3 x v/3 — R30° reconstruction, in order to
populate the GaN surface with a high concentration of Mn
dopants.”” The /3 x v/3 — R30° reconstruction plays the
role of a template for the Mn dopants, thus opening the

© 2012 American Institute of Physics
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possibility that the dopants will be prevented from interact-
ing with each other, thereby avoiding the formation of Mn-
rich precipitates. Nitridation and subsequent GaN over-
growth of the Mn dopant layer is carried out, and structural
and chemical measurements are presented which address the
question regarding how effectively this method results in a
high concentration of Mn dopants remaining at the interface.
In this way, we address the suitability of digital d-doping as
a means to potentially produce a spintronic material system
in wurtzite GaN.

Il. EXPERIMENTAL METHOD AND PROCEDURE

The experiments are performed in a molecular beam epi-
taxy (MBE) chamber equipped with reflection high energy
electron diffraction (RHEED) for monitoring the evolution of
the surface during growth and processing. The sample may
be transferred directly into an adjoining ultra-high vacuum
(UHV) surface analysis chamber containing scanning tunnel-
ing microscopy (STM) and Auger electron spectroscopy
(AES) capabilities. The system is depicted in Fig. 1.

Growth of GaN on sapphire is accomplished by using a
Ga effusion cell and an rf N-plasma nitrogen source. During
growth, the sample is mounted on a sample stage, which
may be heated up to 1000 °C. The RHEED electron beam
has energy of 20.0keV, and the pattern is collected onto a
phosphor screen and imaged using a CCD camera, which
displays the pattern on a computer screen as well as allowing
electronic data capture.

The substrates used are (0001)-oriented sapphire having
size of 1.0cm x 1.0 cm; substrates are coated by Ti on the
backside to absorb the heat radiation from the heater. Sub-
strates are typically cleaned in acetone and isopropanol
before being loaded into the MBE chamber. The process of
the initial GaN growth and annealing, Mn deposition and
processing, and further overgrowth of GaN is depicted in
Fig. 2.

Once inside the MBE chamber, the substrate is heated up
to ~1000°C and simultaneously nitrided for up to 30 min.
Following this step, the substrate is lowered to the buffer layer
growth temperature (~600 °C) with plasma running, and then
the Ga cell is opened at a flux which is known to produce
smooth GaN growth (typically 1 — 3 x 10'* atoms/cm?/s).

AES
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Chamber

Growth Cryo
Chamber | pump
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X Porter m
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FIG. 1. Diagram of the experimental system.
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FIG. 2. Schematic diagram of the GaN growth, Mn deposition, and subse-
quent GaN overgrowth process.

After a short period of buffer growth (~5 min), the substrate
is heated to a higher temperature (~700 °C) for the main GaN
layer growth. The main GaN layer growth time is ~1h or
more. This growth procedure results in N-polar GaN.

Following the successful smooth growth of GaN as
judged by streaky RHEED patterns along both [1120] and
[1010], the GaN sample is cooled to ~200°C. If higher
order reconstruction lines are seen such as 3rd order diffrac-
tion streaks, the sample is annealed to within the range
700-750°C in order to remove Ga adatoms and Ga droplets.
Finally, a RHEED pattern showing mainly 1 x 1 is obtained
at low temperatures (~200 °C or less).

Synthesis of the Mn-containing layer proceeds with the
sample held at ~200°C and by deposition of a small quan-
tity of Mn by means of a Mn effusion cell. In this experi-
ment, the amount of Mn evaporated is ~2/3 ML, where a
ML of Mn is defined in terms of the density of Ga on the
GaN surface (so, 1 ML = 1.135 x 1015/cm2). After deposi-
tion, 1/3rd and 2/3rd order streaks appear clearly along
[1010], indicative of a V3 x /3 — R30° reconstruction. The
actual Mn content of the v/3 x v/3 — R30° can be estimated
by AES (see Sec. III). Deposition at temperatures higher
than 200 °C also leads to the v/3 x /3 — R30° structure but
at a reduced sticking rate. If the Mn coverage is reduced, this
would presumably lead to localized patches without Mn and
localized patches of V3 x /3 — R30° with Mn.

The /3 x /3 — R30° phase is then the starting point
for the subsequent formation of the o-doped layer. This
begins by exposing the v/3 x v/3 — R30° structure to nitro-
gen and nitrogen plasma and heating to the GaN growth tem-
perature. The nitridation process is explored by RHEED and
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by AES. Following the nitridation of the v/3 x v/3 — R30°
structure, and with the N plasma still active, GaN is over-
grown by simply opening the Ga shutter and restarting MBE
growth of GaN.

Different experiments are carried out, including moni-
toring the nitridation and GaN overgrowth process by
RHEED in a continuous fashion using the SCAN mode of
the RHEED system to acquire a continuous movie evolution
of the RHEED pattern and RHEED streak spacing. This is
done for both the [1010] and [1120] azimuths. In addition,
start-and-stop type growth and analysis experiments are car-
ried out, in which the GaN growth is interrupted after succes-
sive MLs of GaN are overgrown, in order to measure the
Mn, Ga, and N signals by AES as a function of overgrowth
thickness.

The accumulated information is then analyzed by care-
ful measurements of RHEED streak spacings as functions of
the nitridation and overgrowth time, and the AES snapshot
information is used to determine the rate at which the Mn
signal drops off with GaN overgrowth.

Finally, x-ray diffraction (XRD) is carried out in order
to measure the c lattice constant.

lll. RESULTS AND DISCUSSION
A. GaN growth and surface structure

Presented in Fig. 3 is RHEED and STM data corre-
sponding to the initial growth of the GaN layer on sap-
phire(0001). Shown in Fig. 3(a) is the RHEED pattern for
the GaN surface just after growth at the growth temperature
where a 1x pattern is observed. This is typical for GaN
growth under Ga-rich conditions. After cooling down to less
than ~300°C, as shown in Fig. 3(b), the pattern shows %

[1010]

(a)

FIG. 3. RHEED and STM of GaN(0001) surface grown by MBE. (a)
RHEED of GaN surface at the growth temperature; (b) RHEED after cooling
to room temperature; (c) STM images of GaN(0001) showing 3 x 3 recon-
struction (left) and ¢(6 x 12) reconstruction (right).
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[1120]

[1070]

(b)

FIG_. 4. RHEEI_) images (a) before and (b) after Mn deposition along both
(1120) and (1010), as indicated.

order streaks, indicating a 3x periodicity. This is seen along
both azimuths—[1120] and [1010]. This pattern has been
shown to correspond to the 3 x 3Ga adatom-on-adlayer
reconstruction, which was first understood in 1997.28

Displayed in Fig. 3(c) are STM images of the resulting
GaN surface acquired at room temperature. The image on the
left is of the 3 x 3 reconstruction in which Ga adatoms
occupy every 3rd site along the high symmetry directions,
whereas the image on the right is of the ¢(6 x 12) reconstruc-
tion, which has a slightly more complicated model.>* Both of
these structures contain Ga adatoms; the 3 x 3 model con-
tains 1/9th ML of Ga adatoms. In Ref. 29, the c(6 x 12) is
modeled to contain 2/9th ML of Ga adatoms. For the next
step of this project, we anneal the sample with the goal to
remove these adatoms and create a 1 x 1 surface structure.

Annealing of the as-grown GaN(0001) surface results
in removal of Ga adatoms and Ga droplets from the surface
and ultimately 1 x 1 RHEED patterns are obtained as
shown in Fig. 4(a). There we see that the 1/3rd- and 2/3-
order streaks are removed, indicating that the surface has
very little remaining Ga adatoms and that the surface is
mostly in a 1 x 1 surface structure. After careful calibration
of our RHEED system, we also discovered that the in-plane
lattice constant after annealing is expanded isotropically
relative to bulk stoichiometric values by as much as 5%.
We show in the next sections that this expansion may be
attributed to a fractional loss of N from the sample which
occurred during annealing.

B. Deposition of manganese and composition
measurement

Manganese is deposited onto the 1 x 1GaN(0001)
surface, and the RHEED pattern changes distinctly as
shown in Fig. 4(b). Along [1010], the pattern develops dis-
tinct % and % order streaks, whereas along [1120], the pattern
remains in a 1 x 1 state. These RHEED patterns correspond
to a v3 x v/3 — R30° unit cell.”’” The integral streak spac-
ing of the V3 x /3 = R30° pattern is measured and com-
pared with that of the surface prior to Mn deposition; it is
found that there is no change in streak spacing during Mn
deposition along either azimuth to within 0.6%.
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FIG. 5. AES spectra (integrated) of GaN(0001) surface before and after Mn
deposition: (a)—(c) are Ga, N, and Mn AES spectral regions (1064eV,
380eV, and 582 eV, respectively) before Mn deposition; (d)—(f) are Ga, N,
and Mn AES spectral regions after Mn deposition. Green boxes indicate the
peaks of interest.

To determine the chemical content of the surfaces corre-
sponding to the RHEED patterns shown in Figs. 4(a) and
4(b), AES was performed, as shown in Fig. 5. Figures 5(a)—
5(c) are the AES spectra before Mn deposition, corresponding
with Ga, N, and Mn spectral regions, respectively. Figures
5(d)-5(f) are the corresponding spectra after Mn deposition,
for comparison. While Ga and N AES peaks are clearly seen
in Figs. 5(a)-5(e), no Mn signal is found prior to Mn deposi-
tion, as shown in Fig. 5(c), whereas after Mn deposition, Mn
is clearly observed, as shown in Fig. 5(f).

From these spectra, derivative spectra were calculated in
order to perform composition analysis using known AES
sensitivity factors, which are relevant to derivative spectra.
From the resulting amplitudes of the primary AES derivative
peaks for Ga, N, and Mn, the elemental ratios Ga:N, Mn:N,
and Mn:Ga were calculated. The results after Mn deposition
show that Ga:N=1.15; Mn:N=0.11; and Mn:Ga=0.10.
Although in principle, Ga=N at the surface, the terminating
layer should be a Ga layer (Ga adlayer); therefore the calcu-
lated Ga : N > 1 is reasonable. At the same time, since the
AES elemental ratios are sensitive to several complete
bilayers of Ga and N, but only to one partial surface layer of
Mn, the surface Mn coverage (in MLs) would be signifi-
cantly larger than the elemental AES ratio calculated.

Supposing Ga and N peaks correspond effectively to m
contributing layers of GaN, the surface Mn coverage in
MLs should be: 0y, =2 Mn : N x m (in MLs), where we
assume that N remains constant after Mn deposition.
Assuming m ~3-4, we get that 0y, = 0.3-0.4 ML. This is
consistent with the amount of Mn, which would be

J. Appl. Phys. 112, 053517 (2012)

contained within a v/3 x v/3 — R30° structure having 1 Mn
per unit cell (=0.33 ML); it is also consistent with the
amount of Mn deposited (2/3rd ML) x the sticking coeffi-
cient at 200 °C (~ 0.4) = 0.3 ML. This surface corresponds
to the starting point for subsequent processing steps includ-
ing annealing, nitridation, and finally growth of additional
MLs of GaN, which shall be discussed in the following
sections.

C. Effect of annealing and nitridation

As can be seen in the RHEED pattern of Fig. 6(a), heat-
ing the Mn-covered surface to as high as 670°C does not
destroy the \/§ X \/§ — R30° structure. Still, the % and %
order streaks can be observed. This means that the /3 x
v/3 — R30° structure is quite stable. Heating to yet higher
temperatures (e.g., more than 700 °C), finally results in loss
of the fractional order Mn-induced streaks, but in addition
the GaN surface itself begins to dissociate.

Despite the stability of the V3 x /3 — R30° with tem-
perature, exposure of the surface to N, at room temperature
results in disappearance of the fractional ordering streaks.
This is seen clearly in Fig. 6(b). After the N, exposure, the
sample was again measured by AES, with the result for the
Mn peak displayed in Fig. 6(c). The Mn peak is not reduced
in intensity, thus showing that Mn atoms are not removed
from the surface by the N, exposure. This result suggests that

(c)]
T
-
(&)
[7)]
]
S, ]
M
z
TR
520 560 600 640
Energy (eV)

FIG. 6. (a) RHEED image after annealing to high temperature. (b) RHEED
image after nitridation. (c) Mn AES spectrum showing Mn 582 eV peak after
nitridation.
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FIG. 7. (a) RHEED scan-mode image along (1120). Line 1: t=0s, open
nitrogen gas into chamber. Line 2: t=22s, plasma on. Line 3: t=100s,
plasma off. (b) RHEED scan-mode image along (1010). Line 1*: t=36s,
open nitrogen gas into chamber. Line 2*: t=80s, plasma on. Line 3*:
t=150s, plasma off.

the Mn-containing (cation) layer is covered over with a N

(anion) layer, and thus the reconstruction streaks disappear.
We find that the exposure of the surface to nitrogen

plasma also results in the reversion of the in-plane lattice
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constant back to a GaN bulk-like stoichiometric value
(a=3.189 A). The RHEED patterns along [1120] and [1010]
are recorded in scan mode as a function of time, as presented
in Figs. 7(a) and 7(b), respectively. The scan mode images
along both azimuths show the changing of the streak spacings
as well as some lateral shifts, which commonly occur during
activation of the plasma source. Also, along [1010], the fad-
ing out of the 2/3rd-order streaks is clearly seen as the surface
is being nitridated.

From the scan mode data, the streak spacing is carefully
measured starting from before exposing the surface to N,
gas, until after the plasma is lit and running and finally
turned off. As can be seen in Figs. 8(a) and 8(c), the RHEED
streak spacing between the 1x streaks increases rapidly
along both azimuthal directions, corresponding to a bi-axial
lattice contraction in real space [Figs. 8(b) and 8(d)]. By cali-
bration, we find that this contracted value corresponds to a
GaN bulk-like stoichiometric lattice constant.

It can be noticed that the increase in streak spacing with
time is not precisely linear. This can be understood, since it
takes some time for the plasma source to be lit (done man-
ually). As such, along [1120] for example, at t=0s, N, gas
is opened into chamber, RHEED streak spacing starts to
increase. A small shoulder appears after ~22 s indicating a
partial lattice contraction. At that point, the plasma source is
turned on and gradually activated. Then at t=32s, after a
total ~3.6% change, the lattice constant has regained its

[1010]
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FIG. 8. % changes in RHEED streak spacings and lattice parameters, based on data from Fig. 7. (a) and (b): along (1120) direction. (c) and (d): along (1010)

direction.
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stoichiometric value. From t=32s to t=100s, only very
small fluctuations in the RHEED streak spacing is seen, and
at t=100s, the nitrogen plasma source is turned off.

The same effect is also seen along [1010], as the
plasma source is being lit. At t=36s, N, gas is opened into
the chamber, at which point the 3 x streaks start to fade. At
t=2380s, the plasma source is turned on, and the slope of
RHEED spacing gets steeper at this turning point. Similar
to [1120] direction, at t=94s, a total ~3.9% lattice con-
traction to the GaN stoichiometric value is observed. Simi-
larly, from t=94s to t =150s, the RHEED streak spacing
becomes stable, and only a small fluctuation is found. At
t=150s, the nitrogen plasma source is turned off, and after
that no notable change could be seen in the RHEED streak
spacing.

These observations show that nitridation restores the
GaN in-plane stoichiometric lattice constant which had been
modified (increased) by high temperature annealing. Since
adding N back to the sample restored the stoichiometric lat-
tice constant, we conclude that high temperature annealing
not only removes excess Ga from the surface but also creates
N vacancies in the sample which can be re-filled by N
plasma exposure. We also observe that additional nitridation
does not lead to excess N in the sample, since the in-plane
lattice constant stabilizes.

As a consequence of these measurements, we therefore
find that the incorporation of the Mn ¢-doped layer has very
little if any effect upon the sample lattice constant, which is
however strongly affected by N vacancy concentration. We
also measured our sample using XRD and found that GaN
stoichiometric ¢ values were obtained. This is consistent with
our previously reported study of random ~5% Mn-doped
GaN, in which no changes to the ¢ lattice constant were
observed for any growth condition (Ga- or N-rich).'? This is
also consistent with other work which reported negligible lat-
tice constant changes for dilute MnGaN, up to 5% Mn con-
centration. In most studies of Mn-doped GaN, solubility
problems set severe constraints on the maximum Mn concen-
tration, with 5% being considered high.*® A key advantage of
the Mn /3 x v/3 — R30° structure is setting a well-ordered
template for the formation of this high-density ¢-doped 2-D
layer. Here, we find that even a high 33% o-doping concen-
tration has no important effect on the surface lattice constant.

It is interesting to note that Cui et al. found HM behav-
ior for Mn d-doping concentrations of both 25% and 50%. In
addition, for either case, the magnetic moments per Mn atom
were reported to be ~3.8 1. Incidentally, another theoretical
paper by Kanoun et al., for Mn bulk doping of zinc-blende
GaN, reported a very similar value of 4.0 up per cell (3.1 pp
per Mn) with HM ferromagnetism.?' The sample reported
here, with a Mn content assumed to be ~33% assuming one
Mn per v/3 x v/3 — R30° unit cell, therefore represents an
intriguing candidate structure for possible magnetic proper-
ties (currently under investigation).

D. Overgrowth of monolayers of GaN

Next, the overgrowth of GaN layers on top of the Mn-
o-doped GaN layer is investigated 1 ML at a time. Shown in

J. Appl. Phys. 112, 053517 (2012)

[1120]

FIG. 9. (a)~(d) RHEED images along (1120) direction, corresponding to 1
ML, 3 MLs, 5 MLs, and 11 MLs of GaN overgrowth, respectively.

Fig. 9 is a selection of RHEED patterns corresponding to
overgrowth of GaN in such small increments. We see in Fig.
9(a) that after 1 ML of GaN growth, the RHEED pattern
remains in a clear and bright 1 x 1. Again, 3 MLs of GaN in
total is deposited, and the RHEED pattern is obtained, as
shown in Fig. 9(b); a clear and bright 1x pattern is still
observed. This process is repeated, and similar results are
obtained for GaN overgrowths of 7 MLs [Fig. 9(c)] and 11
MLs [Fig. 9(d)]. Based on the intensity and sharpness of the
RHEED patterns, it is evident that GaN overgrows the Mn-
covered GaN surface while maintaining crystalline surface
order.

The RHEED scan mode image along [1120] is taken to
record the nitridation and overgrowth of 20 MLs of GaN on
top of the Mn/GaN sample [see Fig. 10]. A quantitative

[1120]

FIG. 10. Scan mode RHEED image along (1120) showing effects of nitrida-
tion and 20 MLs GaN overgrowth. A total time of 600 s has been recorded.
Line 1: t=40s, open nitrogen gas. Line 2: t=70s, plasma on. Line 3:
t=240s, open Ga shutter, begin growth. Line 4: t =390s, close Ga shutter
and turn off N plasma, stop growth.
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analysis of the RHEED streak spacing in this process is care-
fully carried out to clearly identify the lattice constant
change involved in this process [see Fig. 11]. Att=40s, N,
gas is filled into the growth chamber at which point the pat-
tern dims as seen in Fig. 10, and as shown in Fig. 11, the
RHEED streak spacing starts to increase immediately. At
t="70s, the plasma source is turned on, and by t=80s, a
total change of the RHEED streak spacing of 3.3% is found,
ending with the GaN stoichiometric lattice constant. Some
small fluctuations within £0.4% of the RHEED streak spac-
ing are seen, once the lattice constant is stabilized.

Gallium nitride overgrowth is then started at t =240, at
which point the Ga shutter is opened. Growth of GaN is car-
ried out for 150s, corresponding to a thickness of ~20 MLs
or 50A of GaN. The GaN growth region corresponds to a
dip in the RHEED streak spacing on the graph. This dip may
correspond to the Ga-rich (N-poor) growth condition. At
t=390s, the GaN growth stops and the sample is cooled
down to room temperature. Upon cooling, a slight increase
in RHEED streak spacing is seen, corresponding to a small
thermal lattice contraction with reducing temperature.
Finally, at the end of the total 600 s scan, the lattice constant
is very close to that of stoichiometric GaN.

g

292 t=240s -
Open Ga
Shutter 1
14 / t=390s
Stop

/ Growth _

RHEED Streak Spacing Change (%)
o
P

Lattice Constant Change (%)

Time (sec)

FIG. 11. % changes in RHEED streak spacing and lattice parameter, based
on data from Fig. 10. Direction is [1120].
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FIG. 12. Mn AES waterfall plot showing decreasing Mn peak intensity with
increasing number of GaN MLs.

It is, therefore, found that GaN overgrowth on the Mn J-
doped layer is stable and maintains the GaN stoichiometric
lattice constant up to Snm in thickness. In fact, we have
repeated the experiment and seen that the GaN layer with
stoichiometric lattice constant is maintained for much larger
thicknesses.

In order to further verify that the Mn remains in the Mn-
doped layer, AES spectra were acquired as a function of
increasing deposited MLs of GaN (see Fig. 12). In this se-
quential ML-by-ML experiment, the sample is repeatedly
transferred back and forth between the growth chamber and
the AES analysis chamber under UHV in order to measure
the surface chemical composition after 1, 2, 3, 5, 7, and 11
MLs of GaN. From Fig. 12, we can see that the Mn-specific
582 eV peak is gradually decreasing in height; and that by 11
MLs, the Mn signal is essentially gone. This can be
explained as the Mn J-doped layer being overgrown by the
GaN MLs without escaping to the surface of the sample.

Since all AES spectra were recorded with the sample at
room temperature, therefore during this experiment, the tem-
perature must be ramped to the growth temperature between
every consecutive AES measurement. While this could result
in some Mn diffusion away from the interface in principle,
the rapid drop off of the Mn signal with increasing GaN MLs

120, _ ~<Gum —u—Ga/N -0.12
| - o- Mn/N

1.004 Q‘\ N ——— ++«0-+- Mn/Ga L 0.10
1 A) ]

0.804 % 10.08
1 A

0.60 ‘5\ 10.06

0.40 *.Na L0.04
] “eun __,,..g.",‘_‘-u“. -

0.20 Sreug 10.02

0.00 . . : r r ; ’ 0.00

0 2 4 6 8 10 12 14
MLs

FIG. 13. Surface element concentration ratios carried out by AES analysis.
Solid (black) line: Ga/N ratio (left-side scale); dashed (red) line: Mn/N ratio
(right-side scale); and dotted (blue line): Mn/Ga ratio (right-side scale).
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FIG. 14. Evolution of the absolute value of the in-plane GaN lattice constant
as a function of processing steps including (a) after MBE GaN growth at
~700°C; (b) after high temperature annealing at 700-750 °C; (c) after addi-
tion of Mn to form J-doped layer; (d) after nitridation; (e) after heating to
700 °C growth temperature; and (f) after GaN overgrowth.

does not support that. This may be due to strong Mn-N-Ga
bonding at the interface.

A numerical analysis of the AES data is carried out by
computing the Ga/N, Mn/Ga, and Mn/N surface concentra-
tion ratios (specifically the AES peak height ratios cor-
rected for sensitivity factors*?) as a function of increasing
MLs of GaN overgrowth. The result is shown in Fig. 13. As
can be seen in the figure, the Ga/N ratio (shown in black
solid line) gradually decreases, then remains more or less
stable with increasing MLs of GaN. The slight downward
trend in Ga/N ratio may be due to a slight Ga-poor growth
condition.

On the other hand, the Mn/N and Mn/Ga ratios track
each other quite closely, both showing a similar trend of
exponentially decaying Mn content as GaN is deposited.
Such exponentially decaying behavior in concentration ratio
for AES data is modeled by two-dimensional overgrowth of
layer B (here, GaN) on layer A (here, d-doped MnGaN).33
We note that the ratio is not quite zero after 11 MLs, but the
result is strong evidence that the Mn ¢-doped layer remains
intact.

E. In-plane lattice constant evolution

Shown in Fig. 14 is a summary of the evolution of the
in-plane lattice constant as measured by in-situ RHEED, be-
ginning with (a) the MBE-grown GaN substrate, and con-
tinuing through the steps of (b) annealing at 700-750 °C; (c)
deposition of Mn; (d) nitridation; (e) heating to the growth
temperature (~700 °C); and finally (f) GaN overgrowth. The
absolute values were calibrated using a metalorganic chemi-
cal vapor deposition (MOCVD)-grown GaN substrate, which
was introduced into the growth chamber. As can be seen, the
as-grown GaN at 700°C has the stoichiometric value
(3.189 A). The high temperature annealing step results in a
rather dramatic lattice expansion by 3%—-5% (Note that ther-
mal contraction/expansion over the temperature range of the
experiment is maximally ~0.43%, which is within the pixel
spacing error of our RHEED measurements ~0.76%). Depo-
sition of Mn does not induce any change in the in-plane
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value. On the other hand, nitridation results in the observed
dramatic reduction back to the stoichiometric value (within
error bar). Heating to the GaN growth temperature preserves
the stoichiometric value (within error bar), and finally over-
growth of GaN continues to maintain the stoichiometric
value.

The overall conclusion from this graph is that although
high temperature annealing and subsequent nitridation do
induce lattice expansion and contraction, respectively, the
presence of the Mn d-doped layer does not have any noticea-
ble effect on the value of the GaN lattice constant. It remains
stoichiometric. Therefore, Mn does not appear to induce
strain within the structure; this may be an important consid-
eration for future work.

F. Model of Mn s-layer formation and overgrowth

Presented in Fig. 15 is a proposed model of the Mn J-
layer formation, followed by GaN overgrowth. In the initial
step, the Ga adlayer is populated by % ML of Mn atoms in
substitutional sites, via the V3 x /3 — R30° surface recon-
struction; at this stage due to our method of high tempera-
ture annealing prior to Mn deposition, there also exist some

GaN overgrowth

a
«~» GaN bulk-like

N
) spacing

i
—»>

A Nitridation 3 x V3 — R30°
Mn template

vac

FIG. 15. Model of ¢-layer formation and GaN overgrowth, beginning from
the Mn v/3 x v/3 — R30° reconstruction template.



053517-9 Shi et al.

N vacancies in the sample. Nitridation of this layer has two
important consequences. First, the sample N content is
restored, removing N vacancies, bringing the lattice con-
stant back to the GaN stoichiometric value; and second,
nitrogen termination of the Mn-containing Ga layer elimi-
nates the 3x RHEED streaks. This nitridated 1 x 1 MnGaN
o-layer is then ready for GaN overgrowth, which is seen as
the final step in the process. The next Ga ML forms bonds
with the N atoms, and GaN growth propagates. This model
of Mn incorporation is plausible based on the lack of forma-
tion of any additional RHEED streaks or spots other than
the v/3 x v/3 — R30° streaks, and also because GaN over-
growth proceeds smoothly in a crystalline fashion on the
nitridated Mn-containing layer.

IV. CONCLUSIONS

It is shown that Mn J-doping of wurtzite GaN is
achieved by depositing Mn on N-polar GaN(0001) 1 x 1,
resulting in the formation of a V3 x /3 — R30° reconstruc-
tion, followed by nitridation. The nitridated Mn J-doping
layer has a stoichiometric GaN-like lattice spacing and is
therefore stoichiometric. The nominal concentration of Mn
within the Mn J-doped layer is 33% (assuming one Mn per
V3 x /3 — R30° unit cell). Overgrowth of GaN on the J-
doped layer maintains crystalline order of the GaN film. The
implication is that the Mn is contained within the J-doped
layer with negligible out-diffusion during GaN overgrowth.
The successful formation of Mn-d-doped GaN layers sug-
gests the need for investigations of magnetic properties in
order to explore possibilities for developing GaN-based spin-
tronic devices.
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