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ABSTRACT: ZnjsMny,O nanocrystals were synthesized by
the wet chemical route and were treated with different content
of octylamine. The environment around Mn and the defect
type and concentration were characterized by photolumines-
cence, Raman, X-ray photoelectron spectroscopy, and X-ray
absorption fine structure. It is found that N codoping
effectively enhances the solubility of Mn substituting Zn via
reducing donor binding energy of impurity by the orbital N

hybridization between the N-acceptor and Mn-donor. On the 1
other hand, the O atoms released from MnOjg and the N ions
from octylamine occupy the site of oxygen vacancies and result
in reduction of the concentration of oxygen vacancies in Zn,gsMn,,O nanocrystals.
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1. INTRODUCTION plex, which reduced the ionization energy of the acceptor
impurities. In the ZnO system, transition metal Mn doping
forms a donor level, while N doping forms an acceptor level.
We suppose that a Mn-donor level and N-acceptor level may
form the donor—acceptor—donor (D—A—D) complex, which
has a similar structure to A—D—A, and thus it could increase
the solubility of Mn in ZnO during (Mn, N) codoping by
reducing the ionization energy of the donor impurities.
However, it is difficult to measure the solubility and the
defect type and concentration. X-ray absorption fine structure
(XAFS) is very sensitive to the local environment of a selected
atom.'® The oxidation states and the local coordination of the
selected atom can be exactly studied even in a diluted content.
For example, Sun'” has found that the substitutional Co ions in
ZnO tended to gather together via investigating the Co
occupation sites and distributions in Zn,_,Co,O thin films by
XAFS. Hsu'® has also proved the existence of oxygen vacancies
by Co and Zn k-edge XAFS. In this paper, we have synthesized
Zng9sMn, 1,0 by the wet chemical route and have treated them
with different contents of octylamine. We have systematically

As an important wide-band-gap semiconductor material (band
gap 3.37 eV), ZnO has many attractive properties, such as near-
ultraviolet (UV) emission, transparent conductivity, UV
sensitivity, and gas sensitivity.”> Mn-doped ZnO has been
investigated extenswely due to the potential applications as
spintronics materials.” However, the solubility of Mn in ZnO is
lower in the nanocrystals than that 1n the bulk because of the
self-purification process of Mn ions.** Zhang® has proved that
the solubility of Mn in Mn-doped ZnO nanocrystals is less than
1%. In addition, some defects such as oxygen vacancy (Vo) can
be easily formed due to the low formation energy’ during
doping. The presence of Vg has great effects on the properties
of Mn-doped ZnO.*’ 1t is very important to find an effective
method of enhancing the solubility of Mn and suppressing the
formation of V in Mn-doped ZnO. Codoping can modify the
state of the dopants in host lattices and modulate the defect
type and concentration. It has been reported recently that the
codopant Te in N-doped ZnO could effectively increase the
solubility of N and suppress the formation of defects in N-

doped ZnO."® Chen et al." have indicated (E, Li) codo m% investigated the variations of the environment around Mn and
can suppress the Li interstitials in ZnO. Sato et al.'

theoretically proposed that codoping Ga in N-doped ZnO Received: July 26, 2012
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the concentration of Vg in ZnygsMng,,O nanocrystals via Mn
and Zn k-edge XAFS, Raman, and photoluminescence spectra.
We found that codoping can effectively change the state of Mn
dopants in ZnO and tune defect type and concentration.

2. EXPERIMENTAL SECTION

ZnyosMny O nanocrystals were synthesized by the wet
chemical route as described by Schwartz.'” The precursor
salts (zinc acetate and manganese acetate) were dissolved in
dimethylsulfoxide (DMSO) according to the desired stoichi-
ometry. The total metal ion concentration was 0.1 M.
Tetramethylammonium hydroxide (TMAH) was dissolved in
ethanol, keeping the concentration at 0.55 M. Then the
ethanolic solution of TMAH was added dropwise to the metal
salt solution under constant stirring at room temperature. After
48 h, the nanocrystals were precipitated by adding ethylacetate
and removed from the supernatant by centrifugation. Octyl-
amine in different amounts (0, 2, 5, and 10 mL) was added to
the ZnyggMn,O precipitates in a 1:1 mixture of ethanol and
DMSO solutions. The mixture was stirred at 318 K for 2 h,
then centrifuged and dried at 353 K. Finally, the precipitates
were annealed at 873 K in air for 3 h to remove the precursor.

The X-ray diffraction (XRD) patterns were recorded by a
Rigaku Dmax/C X-ray diffractometer using Cu Ko radiation
operated at 40 kV and 200 mA. Mn and Zn k-edge XAFS
spectra were collected on Beamline 1W1B at the Beijing
Synchrotron Radiation Facility. For the Mn k-edge, the XAFS
spectra were measured in fluorescence mode due to the lower
concentration of Mn, while the spectra of Zn k-edge were
collected in transmission mode. The chemical state of N was
characterized by X-ray photoelectron spectroscopy (XPS) (MK
II XPS with Al (Ka) source). Photoluminescence and Raman
spectra were detected by a HR800 LabRam Infinity
spectrometer excited by a continuous He—Cd Laser with a
wavelength of 325 nm and by a continuous Ar" laser with a
wavelength of 514 nm, respectively.

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of Znj gsMng 5, O nanocrystals
treated with 0, 2, S, and 10 mL of octylamine, respectively. All
the diffraction peaks could be attributed to pure ZnO in the
wurtzite structure. The (002) diffraction peak, as shown in the
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Figure 1. XRD patterns of Zn,gsMn;p,O nanocrystals treated with
different content of octylamine. Inset is a comparison of the (002)
peak for the four samples.
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inset, shifts toward a small angle with increasing content of
octylamine, indicating an expansion of the lattice. No secondary
phase is detectable under the resolution of XRD.

Figure 2(a) shows the corresponding PL spectra of
Zny9gMny,O nanocrystals treated with different content of
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Figure 2. (a) Photoluminescence spectra of ZnesMn 4,0 nanocryst-
als treated with different content of octylamine. (b) The Gauss fitting
of PL spectra of peaks at 530 and 580 nm of ZngyggMngg,O
nanocrystals treated with different content of octylamine.

octylamine. Each PL spectrum can be divided into two
luminescence bands (UV emission at about 390 nm and visible
emissions at about 530 and 580 nm). The UV emission comes
from the near-band-edge free excitation transition. The red-shift
of UV emission with increasing content of octylamine indicates
the decrease of band gap width, and this could be attributed to
the strong hybridization between the d electrons of Mn and the
p electrons of N dissolved into ZnO, where the hybridization
narrows the band gap.”® The emission at about 530 nm appears
in both untreated and octylamine-treated ZngosMn,O
samples, which is considered from the V. 7>* The emission
at about 580 nm only appears in samples treated with
octylamine, as shown in Figure 2(b). We attribute this emission
to the defects possibly generated from the incorporation of N
atoms in Zngy¢gMng,O nanocrystals.24

To confirm the incorporation of N atoms in Zng¢gMnj 0,0
nanocrystals after octylamine treatment, we have measured the
N 1s XPS spectrum of Znj9gMn,,O nanocrystals treated with
2 mL of octylamine. As shown in Figure 3, two weak peaks are
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Figure 3. XPS spectra and simulated lines of N 1s for Zn,sMng 4,0
nanocrystals treated with 2 mL of octylamine.

observed: the peak at 399 eV corresponds to the N-related
bonding,* and the peak at 394.6 eV represents the Zn—N
bonding due to N substituting O sites.”® Figure 3 shows clearly
that some N ions have incorporated into the Zn,gMngy,O
nanocrystals after treatment with 2 mL of octylamine.

Figure 4(a), (b), and (c) shows the dependence of
Zny9sMny 0,0 nanocrystal lattice constants a and ¢ and the
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Figure 4. Variations of the lattice constants a and ¢ and the unit cell
volume (V) and the intensity of emission at 580 nm in PL spectra
(Ipsgo) of the nanocrystals treated with different content of octylamine.

unit cell volume (V) on the octylamine content deduced from
XRD patterns. The lattice constants a and ¢ and the unit cell
volume increase with increasing octylamine content. The lattice
of Zny9sMn ;,O expands when O is substituted by N because
the radius of N (0.75 A) is bigger than that of O (0.73 A). The
increase of lattice constants and cell volume further
demonstrates that some N atoms substitute O in the ZnO
lattice. Figure 4(d) shows the intensity of the PL peak at 580
nm (Ipsg) as a function of the octylamine content. The
intensity of PL emission at 580 nm also increases with the
octylamine content, indicating the increase of the defects due to
N dissolved into the ZnO lattice, which is well consistent with
XRD results as shown in Figure 4(a)—(c). All these results
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reveal that more N atoms dissolved into ZnO with more
treatment of octylamine content.

Figure S shows the room-temperature Raman spectra of
ZnyosMny 1,0 nanocrystals treated with different content of
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Figure 5. Raman spectra of ZnjgsMng,O nanocrystals treated with
different content of octylamine.

octylamine. The two bands at 433 and 566 cm™" correspond to
E¥®" and A}° modes.””*® The 201 and 323 cm™ peaks are
assigned to the second-order Raman modes arising from the
zone-boundary phonons 2-TA(M) and 2-E,(M).?**° The
mode at 232 cm ™' is assigned to the acoustic-phonon branch
at the zone boundary.>"** The two additional peaks at 521 and
643 cm ™}, labeled as A and B, are assigned to the defects due to
Mn?* dissolved into the ZnO lattice™® > and the oxygen
vacancies,*>° respectively. The increase of peak A intensity and
the decrease of peak B intensity suggest that the Mn content
dissolved into ZnO increases, and the Vi density decreases
with increasing octylamine content.

To investigate the variation of the concentration of Vj, we
have compared the Zn k-edge X-ray absorption near edge
structure (XANES) spectrum of pure ZnO with those of
Zng0sMny,O nanocrystals treated with different content of
octylamine. As shown in Figure 6, the XANES spectra of all
octylamine-treated samples are similar to the reference
spectrum of ZnO, while the intensity of the white line of
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Figure 6. Zn k-edge XANES spectra of ZnjsMn,(,O nanocrystals
treated with different content of octylamine and reference ZnO.

dx.doi.org/10.1021/am301471v | ACS Appl. Mater. Interfaces 2012, 4, 4470—4475



ACS Applied Materials & Interfaces

octylamine-treated samples increases with increasing octyl-
amine content. As the amplitude of the photoelectron
scattering from Zn is much smaller than that from O, the
intensity of the white line is mainly determined by the number
of the O atoms surrounding the Zn atom.’” The first
coordination configuration of Zn is the ZnO, tetrahedron in
ZnO. The increase of the white line intensity implies the
increase of coordination of oxygen around Zn, which could
only result from the decreasing of Vg density.*®

In Figure 7 we compared the variation of intensity of the
peak at 643 cm™' in Raman spectra (Igg;), the intensity of
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Figure 7. Variation of intensity of peak B in Raman spectra (Ipgy;), the
intensity of green emission at about 530 nm in PL spectra (Ipsso), and
the intensity of the white line in Zn k-edge XANES spectra (I,) of
Zny9gMny ;,O nanocrystalline treated with different octylamine.

green emission at about 530 nm in PL spectra (Ipss), and the
intensity of the white line in Zn k-edge XANES spectra (I,) of
Znj9sMng,O nanocrystals treated with different octylamine.
As we discussed above, all these peaks are related with the Vg
density. The decrease of Iyg; and Ipsso and the increase of I
reveal that the Vg density deceases with increasing treatment of
octylamine content. All these results are well consistent with
each other.

Figure 8 shows the Mn k-edge Fourier transform of k’y(k)
functions without phase correction for our samples. For
comparison, the Mn k-edge Fourier transform of ky(k)
functions of Mn metal, MnO, Mn,0;, and MnOOH as well
as the Zn k-edge of pure ZnO are also illustrated. Here, peaks
A, (141 A) and B, (241 A) could be attributed to the first
Mn—O and the second Mn—Mn coordination shell of MnOg in
MnOOH, respectively, and the elongated Mn**Og octahe-
dron®® has two long and four short Mn—O bonds, as shown in
Figure 9(a). Peaks A, (1.55 A) and B, (2.87 A) represent the
first Zn—O and the second Zn—Zn shell in ZnO. With Mn
substituting Zn, the coordination of Mn in Mn-doped ZnO is a
Mn>*O, tetrahedron with four identical Mn—O bonds, as
shown in Figure 9(b). In untreated nanocrystals, there are only
two peaks located at 1.41 and 2.41 A, which means that there
are only MnOy configurations. In octylamine-treated samples,
there are three main coordination peaks, as shown in Figure 8.
Peak A corresponds to the Mn—O coordination, which is
situated between peaks A; and A,. The other two peaks are
located at around 2.41 and 2.87 A, close to peaks B, and B,,
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Figure 8. Mn k-edge Fourier transform of XAFS k’y(k) functions for
Zn;osMng ;O nanocrystals treated with different content of octyl-
amine and Mn, MnO, Mn,0; and MnOOH reference samples,
together with the Zn k-edge of reference ZnO. Inset is a comparison of

peak A for the four samples.
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Figure 9. Schematic diagrams of MnOy (a) and MnO, in Mn-doped
ZnO (b).

which represent the Mn—Mn in MnOy and the Mn—Zn(Mn)
coordination in MnQOy in ZnygsMny 3, O. The position of peak
A situated between peak A, and A, as well as the coexistence of
peaks at 2.41 and 2.87 A indicate that there are two different
configurations of Mn in octylamine-treated Zng¢sMny ,O
nanocrystals (Mn**O, and Mn’'Oq4 configurations, respec-
tively). With increasing treatment of octylamine content from 2
to 10 mL, the position of peak A shifts from 1.43 to 1.49 A, as
shown in the inset. The increase of Mn—O bonding distance
indicates that the content of Mn-substituted Zn in
Zng9gMn; 1,0 nanocrystals is increasing, while the concen-
tration of MnOg is decreasing. In addition, the increasing
intensity of the peak at 2.87 A provides another evidence for
the increase of MnO, in Znj¢sMn,(,O nanocrystals.

Figure 10 shows the normalized Mn k-edge XANES spectra
of Zny9sMn 5, O nanocrystals treated with different content of
octylamine and the reference samples of Mn, MnO, and
Mn,0;, respectively. For comparison, the Zn k-edge XANES
spectrum of reference ZnO is shifted to the position of the Mn
k-edge XANES spectra of Zn,9sMn ;0. The valence of Mn in
Mn metal, MnO, and Mn,Oj varies from 0 to +3. The positions
of the white line A in our samples are close to that of Mn,0;,
which indicates that the valence of Mn is close to trivalent.
However, with increasing octylamine treatment content from 2
to 10 mL, there is a small shift to the low energy white line A
resulting from the increasing Mn** in ZngosMng,O nano-

dx.doi.org/10.1021/am301471v | ACS Appl. Mater. Interfaces 2012, 4, 4470—4475
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Figure 10. Normalized Mn k-edge XANES spectra of ZngggMngg,O
nanocrystals treated with different content of octylamine and reference
samples Mn, MnO, and MnOOH. The Zn k-edge XANES spectrum of
reference ZnO is shifted to the position of the Mn k-edge XANES
spectra of the samples. The inset displays a comparison of the white
lines of the four samples.

crystals, which is in agreement with the result of Mn k-edge
EXAFS. In addition, the intensity of the white line for our
samples decreases with increasing octylamine treatment
content, which indicates that the number of O atoms around
Mn decreases. So we conclude that the decrease in O content
around Mn atoms in ZnyegMng,O is due to the reduced
coordination of Mn resulting from the transformation from
MnOg4 to MnO,.

Figure 11 shows the variation of intensity of the white line in
Mn k-edge XANES spectra (Iyy,), the position of the white line
in Mn k-edge XANES (Py), the bond length of Mn—O, and
the intensity of peak A in Raman spectra (Izs,;) of
Zny9sMn, 0,0 nanocrystalline treated with different octylamine
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Figure 11. Variation of intensity of the white line in Mn k-edge
XANES spectra (Iy,), the position of the white line in Mn k-edge
XANES (Py), the bond length of Mn—O, and the intensity of peak A
in Raman spectra (Iysy;) of ZngosMng,O nanocrystalline treated with
different octylamine content.
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content. The bond lengths of Mn—O are deduced from Mn k-
edge EXAFS spectra. The Igs,, increases with increasing
content of octylamine, as shown in Figure 11(a), indicating that
the amount of MnO, increases and the concentration of MnOy
decreases, which is further confirmed by the decrease of Iy, and
Py as well as the increase of bond length of Mn—O, as shown
in Figure 11 (b), (c), and (d).

From the above analysis, we can see that the Mn content in
the lattice of ZnO increases with increasing octylamine content.
There are two reasons to explain this phenomenon. First,
codoping with N can enhance the solubility of Mn in ZnO. In
the Mn-doped ZnO system, there is only a donor level in the
band gap, and the estimated donor binding energy of impurity
is high,"* which induces the low Mn solubility in ZnO. The
Bohr radius and binding energy of the donor are given by egs 1
and 2, where ¢ is the dielectric constant; 7 is reduced Planck
constant; and m, and e are the effective mass and charge of the
electron.

eh

a; =

4 mee2 (1)
e4me e 1

Bp=——53=--"—
2e°h 2e ay )

When codoping with N in Zn;9sMn,,0, an acceptor level will
be formed. There will be hybridization between the acceptor
and the donor. The donor impurity bandwidth will increase,
and the effective mass of electron will decrease, which increases
the Bohr radius of the Mn donor. According to eq 2, the
binding energy of impurity will be lowered. As a result, the
solubility of Mn in ZnO is enhanced by codoping N."*~"
Second, the reducibility of octylamine may also decrease the
amount of Mn*" according to the reaction

Mn3+06 octylamine Mn2+o4 420 (3)
When the Zny¢gMn;(,O nanocrystals are treated with more
octylamine content, more Mn** would dissolve into ZnO.
Meanwhile, more O would be released, and part of these O
atoms may dissolve into the lattice and decreases Vq. In
addition, N ions from octylamine occupy the sites of oxygen
vacancies which will also decrease V.

4. CONCLUSION

We have synthesized N codoped Zn 9sMn, 5, O nanocrystals by
the wet chemical route and postoctylamine treatment. With
increasing content of octylamine, N entering into ZnO lattice
increases; the concentration of Vy decreases; and the content
of Mn-substituted Zn in Mn-doped ZnO increases. The
decrease of V is due to the oxygen vacancies that are
occupied by the O atoms released from MnOg and the N ions
from octylamine. The increasing solubility of Mn in ZnO is
attributed to low donor binding energy resulting from the
orbital hybridization between N-acceptor and Mn-donor level.
We have clearly demonstrated that codoping with N can
enhance the solubility of Mn in ZnO and suppress V density
in Zng ggMny 4,0 nanocrystals. All results suggest that codoping
is an effective method to enhance the solubility of transition
metal and tune defects in oxide semiconductors.

dx.doi.org/10.1021/am301471v | ACS Appl. Mater. Interfaces 2012, 4, 4470—4475
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1. TEM image of the nanocrystals. 2. The comparison of lattice
constant and Mn—O bond length of the samples treated with
different content of octylamine. This material is available free of
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