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Abstract

Aerosol-assisted vapor phase synthesis aimed at preparation of magnetic semiconductor nanopowders of Ga12xMnxN is carried out both

from aqueous and methanol solution mixtures of gallium nitrate and manganese (II) nitrate. After an additional pyrolysis at 1000 8C under an

ammonia flow, the light colored products are characterized with XRD, SEM/EDX, EPR, BET surface area determinations, helium

pycnometry, and oxygen analyses. The characterization data for the powders are consistent with the formation of composites of nanosized

manganese-doped hexagonal GaN and regular MnO phases.

q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Nanosized Group III-nitrides are often preferred for

advanced electronic applications that implement break-

through technologies [1–3]. ‘Blue’ emitters, luminescence

devices, spintronics, and photonic crystals represent a few

prominent examples of either emerging or potential

utilizations for the heavy Group III materials. Isoelectronic

with graphite and, at the same time, more oxidation resistant

boron nitride powders offer other advantageous properties

including in thermal management composites and adsor-

bents for specific gas separations [4].

While there are continued efforts in search of new

precursor routes to simple III–Vs, there appears to be a

significant trend toward development of synthesis and

processing of more complex systems. For example, boron

nitride BN doped with rare-earth metals is reported to

combine its advantageous thermal properties with the

luminescence features of the rare-earth metal centers [5]

while BN nanoparticles encapsulated in zeolite are found

to emit in the blue region of UV–vis [6]. Similarly, rare-

earth doped GaN is considered for applications in

emitters/optical communication systems [7] and in full

color light sources [8].

The coexistence of ferromagnetism and semiconducting

properties in one material (magnetic semiconductors) offers

an attractive area for combining the advantages of both in

spintronics [2,9,10]. In this regard, the GaN/Mn system has

recently become the subject of extensive research especially

after it was predicted that GaN-based diluted magnetic

semiconductors might have Curie temperatures exceeding

room temperature [10,11].

One of the approaches to study such phenomena is to

dwell on thin Mn-doped GaN films [10a,b]. One can also

incorporate Mn-centers into bulk microcrystalline GaN as

was successfully done by some of the co-authors of this

report [11]. In this case, the synthesis of the polycrystalline

material was accomplished by the so-called AMMono

method [11d]. In the particular case of the Ga12xMnxN

preparation, the as-prepared GaN powders were mixed with

powdered manganese metal and the mixture was heated at

1230–1250 8C under an ammonia flow for several hours.

The GaN-doped large single crystals grew directly on the

GaN powder bed and up to 2 wt% of manganese could be

incorporated in such crystals [11c].

Herein, we describe attempts to utilize the aerosol-

assisted vapor phase synthesis (AAVS) methodology to

0022-3697/$ - see front matter q 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/j.jpcs.2003.10.044

Journal of Physics and Chemistry of Solids 65 (2004) 639–645

www.elsevier.com/locate/jpcs

* Corresponding author.

E-mail address: janikj@uci.agh.edu.pl (J.F. Janik).

http://www.elsevier.com/locate/jpcs


prepare Mn-doped GaN powders based on modifications of

this simple and versatile method already successfully

applied to make BN [12a] and GaN [12b] powders. The

AAVS method was easily adapted to make Mn-doped GaN

and/or composite GaN/Mn-based materials by use of

aqueous solutions containing both gallium nitrate and

manganese (II) nitrate. Also, the aerosol synthesis was

explored by using methanol solutions of the salts. The

carbothermally-assisted reduction chemistry in such sys-

tems was expected to preferentially drive the nitridation

reactions toward low oxygen products. The combination of

advantages of the aerosol method with its nanosized region

of particle evolution was expected to offer some potential

for making manganese-doped gallium nitride powders.

2. Experimental

2.1. Aqueous solutions

Ga(NO3)3·x H2O and Mn(NO3)2·x H2O ðx ¼ 4–6Þ

(Aldrich) were used to make both aqueous and methanol

solutions. For gallium nitrate, x was assumed at 9 [13c] while

for manganese nitrate at 4 to prepare solutions with three Ga/

Mn atomic ratios labeled 20/1(H2O) for Ga:Mn ¼ approx.

20:1, 10/1(H2O) for Ga:Mn ¼ approx. 10:1, and 5/1(H2O)

for Ga:Mn ¼ approx. 5:1. For example, for the 20/1(H2O)

solution, 25.00 g (0.05985 mol) of gallium nitrate and 0.82 g

(0.00305) mol of manganese (II) nitrate, Ga:Mn ¼ approx.

19.6, were dissolved in 460 ml of deionized water affording

around 480 ml of a solution, about 0.12 M in Gaþ3 ions. The

solutions were used in aerosol generation experiments to

afford raw powders at 1050 8C, NH3 flow ¼ 3.0 l/min, N2-

carrier flow ¼ 1.0 l/min [12b]. Typically, a batch of 480 ml

of a solution after a 12–15 h run afforded around 2 g of a raw

powder. For reference purposes, 200 ml of the manganese

(II) nitrate solution (30.00 g in 300 ml H2O) were used in a

5 h aerosol generation yielding 1.5 g of a dark green powder.

Similarly, a powder was made from the pure gallium nitrate

solution [12b]. The raw powders were then pyrolyzed at

1000 8C for 5 h with an NH3 flow of 0.2 l/min. All products

were characterized by XRD (Siemens D5000 diffractometer,

Cu Ka source), SEM/EDX (Hitachi S-800), EPR (Bruker

ESP-300 X-band spectrometer), and oxygen analysis (Saint-

Gobain Adv. Ceram. Corp., Amherst, NY, USA) while

helium density (Micromeritics AccuPyc) and BET surface

area (Micromeritics Gemini 2360) were determined for

selected samples. The analytical results included for (i)

reference manganese product (MnO): mass loss during

pyrolysis, 7%; O, 22.8%; BET, 1.1 m2/g; dHe; 6.0 g/cm3, for

(ii) reference GaN: mass loss during pyrolysis, 9%; O, 1.6%,

for (iii) 20/1(H2O): mass loss during pyrolysis, 5%; O, 1.8%;

dHe; 6.0 g/cm3, for (iv) 10/1(H2O): mass loss during

pyrolysis, 8%; O, 3.0%; BET, 0.5 m2/g, dHe; 6.1 g/cm3, and

for (v) 5/1(H2O): mass loss during pyrolysis, 12%; O, 4.4%.

2.2. Methanol solutions

Both Ga(NO3)3·x H2O and Mn(NO3)2·x H2O are soluble

in methanol. The methanol solutions were labeled as

20/1(MeOH) for Ga:Mn ¼ approx. 20:1 and 10/1(MeOH)

for Ga:Mn ¼ approx. 10:1. The 5/1(MeOH) ratio was

not investigated. For reference purposes, 25.00 g of

Ga(NO3)3·x H2O were dissolved in 460 ml of methanol

and the solution was used in a 7 h run affording 1.4 g of a

black product. Similarly, a reference raw powder was

made from the solution of 25.00 g of Mn(NO3)2·x H2O in

460 ml MeOH, 7 h run, 2.9 g yield of powder (no soot

formation observed). Relatively lower yields from the

methanol solutions were obtained that were caused by a

tendency of the sooty powders to stick to the sides of the

tube due to unfavorable experimental design of the set-up

specifically built for aqueous solution process character-

istics. This phenomenon could be minimized by suitable

design/experimental changes. All the raw powders were

subsequently pyrolyzed at 1000 8C for 5 h with an NH3

flow of 0.2 l/min yielding similar products as observed in

the aqueous systems. The analytical results included for

(i) reference manganese product (MnO): mass loss during

pyrolysis, 3%; O, 21.3%; dHe; 5.7 g/cm3, for (ii) reference

GaN: mass loss during pyrolysis, 10%; O, 1.0%, for (iii)

20/1(MeOH): mass loss during pyrolysis, 10%; O, 0.9%,

and for (iv) 10/1(MeOH): mass loss during pyrolysis,

21%; O, 1.9%.

3. Results and discussion

We successfully applied the convenient AAVS method to

make a range of GaN-based composites containing manga-

nese. Our approach included the use of traditional aqueous

solutions (confirmed to make spheroidal powders of BN and

GaN [12]) as well as a new attractive method modification

that used methanol solutions of Ga(NO3)3·x H2O and

Mn(NO3)2·x H2O. In general, the method enables combining

the soluble substrates in the solution that is then used to

generate aerosol powders and, potentially, creating advan-

tageous conditions for forming composite products mixed on

the molecular level. Under such circumstances, one can

envision the formation of a range of otherwise difficult to

make solid state products including kinetically controlled

metastable phases, solid solutions, and nanocrystalline

assemblages. The first synthesis step, done under an

ammonia rich atmosphere, results in thermal cracking and

partial nitridation chemistry of the precursor. In the second

step, the raw powder is subjected to pyrolysis, i.e., at 1000 8C

for the gallium system, under an ammonia flow intended to

complete the nitidation reactions. Also, our previous

experience with using methanol solvent in some precursor

systems for BN powders convinced us that its presence could

help in achieving raw powders with less oxygen than found in

those from aqueous solutions supporting the cooperating
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carbothermal reduction chemistry taking place under

experimental conditions of the AAVS method [13].

3.1. Aqueous solutions

All of the composite systems yield light colored powders

with oxygen contents ranging from 1.8% for 20/1(H2O) to

4.4% for 5/1(H2O) while for the reference pure gallium and

pure manganese products the values are 1.6% and 22.8%,

respectively. Based on the expected formation of GaN, these

O-content levels suggest that the manganese component

does not undergo significant nitridation, if at all. Actually,

the theoretical oxygen content in MnO is 22.6%, which can

be compared with the 22.8% value found above. On the

other hand, the observed value of 1.6% for the reference

GaN product appears to be in the upper range of residual O-

contents for GaN powders prepared previously from

aqueous solutions.

The XRD patterns for all three composite powders and

two pure phases clearly indicate that the former ones are

composed mostly of the respective hexagonal GaN (h-GaN)

and cubic MnO lattices (Fig. 1). Additionally, a detailed

examination of the patterns for the 10/1(H2O) and 20/1

(H2O) powders indicates a presence of minute quantities of

Mn3N2 and Mn4N, respectively. The X-ray data are

consistent with the O-analyses. Apparently, the bulk of the

manganese precursor is not nitrided but undergoes simple

thermal decomposition. The average crystallite diameters

(Scherrer’s equation, K ¼ 1) are for the pure MnO product

in the 90–100 nm range and for the 10/1(H2O) composite:

h-GaN, 70–80 nm and MnO, 35–40 nm.

In this regard, there seems to be no a priori structural

basis to expect the formation of stable solid solutions of

manganese nitride phase(s) in the h-GaN structure or vice

versa. The known polytypes of manganese nitride encom-

pass u (MnN), h (Mn3N2), z (Mn5N2, Mn2N, and MnN0.86),

and 1(Mn4N) phases [14]. The u, h, and 1 phases are

reported to have (fct) or (fcc) cubic structures and z is

described as the anti a-PbO2 type while it is suggested that

ordered or random N-vacancies may be quite common in the

Mn–N system. Similarly, there is a large mismatch between

the cell parameters of the zinc blende c-GaN and of the Mn-

nitride polytypes. However, the aforementioned tendency of

the manganese nitrides to form N-vacancy defected

structures may offer some potential of incorporating Mn-

centers into gallium nitride as reported for microcrystalline

h-(Ga, Mn)N powders [11] and calculated for c-GaN [10e].

In the related area, intentionally Mg- and Si-doped h-GaN

lattices are well established [15]. Concerning the XRD

results above and in light of the expected limited solubility

of manganese in h-GaN, one can conclude that the XRD

data while indicating the major types of lattices, i.e., h-GaN

and cubic MnO, do not discriminate against the possibility

of the host phase being doped by a guest metal center.

Fig. 2 presents the SEM images of the pure GaN and

MnO products. The GaN sample (Fig. 2A) consists of rather

large particles, many of them showing spheroidal mor-

phology. This suggests that an individual microsized

particle, which is likely derived from an aerosol generated

parent sphere, may be composed of a number of

nanocrystallites of GaN (see, XRD results above). For

MnO (Fig. 2B), there appears to be a growth of sharp-edged

crystallites resulting in macroscopic sintering of the

product.

In Fig. 3, the SEM images of the composites are shown.

As it is seen for 5/1(H2O) (Fig. 3A), the powder’s overall

morphology is more reminescent of the related pure GaN

powder (Fig. 2A) than of the pure MnO (Fig. 2B). A similar

picture emerges from the 10/1(H2O) system (Fig. 3B). It is

likely that the coexistence of the two components in this

composition range imposes definite constraints on crystal

growth of the two separate phases. Accordingly, the average

MnO crystallite sizes in the composite systems are

significantly smaller, 2–3 times, than in the pure MnO.

For 20/1(H2O) (Fig. 3C), a characteristic feature is the

presence of abundant rod-like crystallites and much smaller

whiskers. These morphologies are confirmed by EDX

measurements to be mostly if not exclusively GaN.

Fig. 1. XRD patterns for composite and reference powders obtained via aqueous solutions.
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Apparently, in this system with the smallest amount of Mn,

the co-crystallization is dominated by the growth of bulk h-

GaN although other crystal growth phenomena may

manifest themselves as well. These could include a known

catalytic mechanism involving transition metal promoted

whisker/rod growth or similar gas phase reactions [16].

The EDX analysis of all of the composites clearly

indicates nonuniform manganese distribution suggesting

that the materials are compositionally heterogeneous. In this

regard, there are regions noticeably enriched in manganese

or gallium with respect to the average composition signal

ratio. Due to the accuracy limitations of our EDX

measurements, we cannot strictly prove the existence of

the suggested pure phases by the XRD data, i.e. h-GaN and

MgO, in the composites. However, the results support their

existence while not excluding the host phase doped with the

guest metal center even up to a few atomic percents.

The EPR measurements (X-band, 9.4 GHz) yield for

each composite a single structureless resonance signal of g-

factor equal to 2.008 ^ 0.003 (Fig. 4). The g-value of

2.005 ^ 0.003 for the reference GaN sample with apparent

nonintentional Mn contamination (Fig. 4B, a), differs

slightly from the above results which, most likely, can be

attributed to the less accurate determination associated with

the ‘wave’ curvature of the line. The Mnþ2 defects (3d5,

S ¼ 5=2; I ¼ 5=2) were initially observed by EPR in thin

layers of Mn-doped GaN deposited on sapphire [17].

Therein, the line of g ¼ 1:999 showed a fine splitting into

five components, each with a six-fold hyperfine splitting due

to the interaction of an electron spin with a Mn-nuclear spin.

On the other hand, for the microcrystalline Mn-doped GaN

powders obtained by the AMMono method, the þ1/2

! 2 1/2 transition with a six-fold splitting was only

observed for low Mn-concentrations while for higher

concentrations only one broad line with hyperfine splitting

more or less marked and with g ¼ 2:000 ^ 0:003 was seen

[11a,b]. In this regard, the presence of a single broad line

was typically claimed in different semiconductors highly

doped with Mn and ascribing to Mnþ2 pairs or bigger

clusters of interacting Mnþ2 ions [18]. It is also known that

exchange interactions lead to narrowing of EPR lines.

Therefore, the observed structureless lines are strong

indication of high concentration of Mnþ2 ions and exchange

interactions among them. A slightly higher g-factor for the

interacting vs. isolated Mnþ2 ions was reported in the

related system ZnS/Mn [18].

Fig. 4A shows a composite picture of all normalized

resonances (re-scaled to the same amplification factor and

sample volume) while Fig. 4B presents only the as-obtained

resonances. Since all the linewidths are comparable

Fig. 2. SEM micrographs of reference powders: A—GaN(H2O); B—MnO(H2O).

Fig. 3. SEM micrographs of composites from the aqueous solution systems: A—5/1(H2O); B—10/1(H2O); C—20/1(H2O).
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(approx. 32 mT), differences in the line magnitudes

correspond to differences in the concentrations of para-

magnetic defects. It can be seen (Fig. 4A) that the

concentration of paramagnetic defects slightly increases

with the relative amount of manganese in the system;

however, the dependence is not proportional but it rather

bears features of a saturation effect. In conclusion, it is

apparent that the g-values obtained in this study for the

nanosized powders via the AAVS aqueous route are larger

than those for single crystals and microcrystalline powders

of manganese doped GaN. With respect to the make-up of

the AAVS composite powders, the EPR results seem to be

consistent with the existence of specific paramagnetic

defects associated with Mn(d5) centers.

3.2. Methanol solutions

The O-contents are for 10/1(MeOH) and 20/1(MeOH),

1.9% and 0.9%, respectively, and for the reference GaN

(MeOH) and manganese product, 1.0% and 23.2%,

respectively. The latter values suggest that, first, the pure

GaN powder contains less oxygen than the GaN powder

from the aqueous solution system and, second, the major

manganese product is again MnO. Apparently, the

carbothermal reduction chemistry results in lower residual

oxygen contents in GaN but it has no influence on

promoting nitridation in the manganese systems.

The XRD patterns for the composites here are very

similar to those shown in Fig. 1 and they confirm the

presence of the prevailing h-GaN with the minor cubic

MnO. On the one hand, it is encouraging that the AAVS

method can successfully be extended to the methanol

solutions to make low oxygen GaN powders. On the other

hand, it is a bit disappointing that the use of methanol has no

impact on MnO nitriding. Again, the XRD results do not

preclude the possibility that the h-GaN phase in the

composites could be doped with Mn-centers.

There appears to be a striking difference in morphology

between the pure GaN powders obtained via the aqueous

(Fig. 2A) and the methanol (Fig. 5A) routes. In the former

case, spheroidal particles are mostly seen while, in the latter

case, the well shaped large crystallites are embedded in the

matrix of abundant much smaller fine particles. Rarely

visible are particles in between the two extremes. On

Fig. 4. Normalized EPR resonance lines for composite (A) and reference (B) powders obtained via aqueous solutions; A: a—5/1(H2O), b—10/1(H2O), c—

20/1(H2O); B: a—reference GaN, b—reference MnO.

Fig. 5. SEM micrographs of reference powders: A—GaN(MeOH); B—MnO(MeOH).
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the other hand, the appearance of MnO (Fig. 5B) is similar

to its ‘aqueous’ counterpart showing, again, a heavily

sintered product.

The SEM images for the composites obtained via

methanol route, 10/1(MeOH) and 20/1(MeOH), are pre-

sented in Fig. 6 in, A and B, respectively. For 10/1(MeOH),

the characteristic and striking feature is a regular spherical

morphology. Many of the large spheres appear to be rather

soft and the fractured areas/cracked surfaces expose fine

crystallites inside them. The morphologies of the two

powders are somewhat similar to each other but differ

significantly from the comparable cases in the aqueous

systems. For example, there are no rod-like/whisker features

in the 20/1(MeOH) product that are so typical for the

relevant 20/1(H2O) product. This indicates basically

different nitridation/cracking reaction mechanisms operat-

ing in these solvent environments.

The EDX examination of both composites supports their

compositional heterogeneity. It appears, however, that the

observed Ga/Mn distributions are not reflected by any

specific microstructural features. Also, the results confirm

the fact that even the assisted carbothermal reduction

chemistry does not enable the nitridation of the manganese

precursor. It is instructive to note that the prevailing

crystallization of the stable MnO is seen in all cases.

Fig. 7 represents the EPR data obtained for the materials

via methanol route. As was the case of the relevant aqueous

solution systems, the higher manganese content in the

composites is reflected by the higher signal intensity of the

broad structureless resonance line, g ¼ 2:008 ^ 0:003; not

proportionally, though (Fig. 7A). These values are compar-

able with the quantities in the aqueous system and support a

similar nature of the paramagnetic defects in both cases. In

this regard, it is interesting to note that the intensities of the

resonance lines for the materials derived from the methanol

system are about twice as large as the intensities for those

from the aqueous system. This indicates significantly larger

amounts of paramagnetic defects in the powders derived via

the methanol route. This may suggest that better conditions

for manganese incorporation into the GaN matrix exist in

the methanol solution system both in terms of the structural

and/or surface aspects.

With the similar nature of the paramagnetic defects in

all of the investigated materials demonstrated by the broad,

structureless resonance lines, g ¼ 2:008; their structural

basis and linkage to potential Mnþ2/GaN centers remain at

Fig. 7. Normalized EPR resonance lines for composite (A) and reference (B) powders obtained via methanol solutions; A: a—10/1(MeOH), b—20/1(MeOH);

B: a—reference GaN, b—reference MnO.

Fig. 6. SEM micrographs of composites from the methanol solution systems: A—10/1(MeOH); B—20/1(MeOH).
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this point unclear. Certainly, the new nanocrystalline size

regime of the currently studied Mn-doped powders poten-

tially allows for the observed differences in the g-values vs.

available data for the relevant single crystal or microcrystal-

line environments [11a,b,17]. In this regard, the EPR

measurements would benefit much from smaller manganese

concentrations and fine splitting that would provide an

additional tool for precise structural referencing. However,

this is contrary to what we aimed to achieve in this study,

namely, checking the largest possible manganese contents in

GaN available via the AAVS routes. Some important aspects

of manganese incorporation into the GaN matrix can further

be addressed by measurements of sample magnetization with

temperature and field strength. Such studies are underway

and the results will be published elsewhere.

4. Conclusions

In this report, we describe the utilization of the aerosol-

assisted vapor phase synthesis method for the preparation of

nanocrystalline GaN powders with incorporated manganese

centers based on modifications of this versatile method

previously applied to make a range of pure BN and GaN

powders. Especially, we show that, in addition to aqueous

solutions of the commercially available gallium and

manganese precursors, we can utilize methanol solutions

with definite advantages related to the characteristics of the

pure, e.g., GaN, and composite products (less residual

oxygen, different morphology, higher concentrations of

paramagnetic defects in systems containing manganese).

The product powders from both solution systems are

composed of the major h-GaN phase and the minor MnO

phase. However, the EPR measurements and preliminary

magnetization data support a degree of manganese incor-

poration into the bulk/surface structure of the h-GaN matrix.

In this regard, the data suggest a solution-route-specific Mn-

saturation effect with the surplus of manganese resisting

nitridation under applied conditions and persisting as MnO

in the composites. It is worth to note that the latter

component can be removed from the composites by acid

washings leading to Mn-doped h-GaN nanopowders.
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