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EFFECT OF NITROGEN DOPING ON THE STRUCTURAL AND OPTICAL
PROPERTIES OF Zn;GeO4 PHOSPHORS
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Nitrogen-doped Zn:GeOy (ZGO:N) phosphors were synthesized using a chemical hydrothermal ap-
proach. The influence of nitrogen doping on the structural and optical properties of ZGO phosphors was in-
vestigated. Results indicated that N ions substituted for O ions successfully and N doping expanded through-
out the unit cell of the crystal host lattice. We observed a slight blue-shift in bandgap energy, which signified
the weak quantum confinement of the prepared ZGO nanoparticles. At a 260-nm excitation wavelength,
compared with the photoluminescence (PL) spectrum of the ZGO phosphors, the peak position of emission
of the N-doped ZGO phosphors blue shifted. In the vibrational modes of ZGO owing to N incorporation,
H substituted at the O site, subsequently causing passivation in ZGO:N nanoparticles. The concentration
of N ions in ZGO:N played important roles in the evolution of PL intensity and quality of nanocrystals. This
result contributed to the optimization of nitrogen-doped phosphors with 5 mol% content. The possible lumi-
nescence mechanism of ZGO:N phosphors was also discussed.
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Jlecuposanuvie azomom nromunogopsl Zn:GeQy (ZGO:N) cunmesuposanvi ¢ UCNOAb308AHUEM XUMUYe-
CKO20 2UOPOMEPMATLHO20 nO0X00d. Hccredosano eruanue n1ecuposans a30mom Ha CIMpyKmypHble U Onmu-
yeckue ceoticmea nomunopopos ZGO. Tlokazano, umo uoHvl a30ma ycnewHo 3amMeHsiom UoHbL KUCIOpoOd U
Jlecuposanue azoma pacnpocmpansemcs no 6cell I1eMeHmapHoll ayelike Kpucmaniuueckou pewemxu. He-
bonvuloe cunee cmewjerue IHep2UU 3anpeuyerHoli 30HbL YKasvleaem Ha claboe KeaHmosgoe yoepicanue noy-
yennvix nHanouacmuy ZGO. Ipu onune soanvl 6030yxcoenus 260 HM NO CPABHEHUIO CO CHEKMPOM Gomonto-
Mmunecyenyuu momunogopos ZGO nonodicenue Maxcumyma uznyvenus momunogopos ZGO, necupoeanuvix
asomom, cmewjaemcs  cumioro ooaracme. B xonebamenvhvix pesxcumax ZGO u3-3a 8Ka0UeHUs A30Ma 8000-
Ppo0 3amewaemces 6 O-catime, umo @uvizvieaem naccusayuro ¢ nanouacmuyax ZGO:N. Konyenmpayus uonos
asoma 6 ZGO:N uzcpaem 6adiCHY0 poNb 8 260M0YUU UHMEHCUBHOCIU DPOMOTIOMUHECYEHYUU U KAYeCmEa
HaHOKpucmannos. Pesynomam cnocobcmayem onmumMuzayuu 1ecupo8aHHbIX a30mom JOMUHOPopos ¢ co-
oepotcanuem 5 mon.%. Obcyarcoaemces 603MOACHBIL MeXAHUZM TroMUHecyeryuu niomurogopos ZGO:N.

Knrouesvie crosa: nromunopopol ZnGeQy, necuposanue azomom, 2uopomepmMaibibli Memoo.
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Introduction. Zinc orthogermanate (ZGO) is a phosphor with bluish-white luminescence and a wide
bandgap of 4.68 eV. ZGO materials have good thermal stability, nontoxicity and high brightness, i.e., they
are 40% brighter than commercial phosphors of ZnO [1, 2]. ZGO as an important p-block metal oxide with
d'® configuration is a type of glass or ceramic with special optical properties [3]. The optical properties of
ZGO are still of special interest, and the emission of ZGO changes with two main factors: the method of fab-
rication and the ion doping. Under excitation with ultraviolet and near-ultraviolet light, the ZGO phosphor
emits a broad band from blue to red [4]. Many papers have been published on ZGO materials doped with ra-
re-earth (RE) and transition metals and show excellent luminescent properties [5—9]. Guoping Dong and col-
leagues successfully synthesized ZGO:Mn?" through an easy solvothermal method. These phosphors can be
applied in lighting, optical displays, and optoelectronic devices [10]. PanLai Li’s group researched and man-
ufactured ZGO:Cr’" materials by a solid-phase reaction and used the product to make phosphor powder [11].
Zhijun Wang and colleagues successfully researched and manufactured ZGO:RE materials (RE: Ce**, Eu®",
Tb**, and Dy*") for application as phosphor powder [12]. To date, no study has focused on the optical prop-
erties, structural morphology, and effect of nitrogen anion concentration on ZGO:N phosphors synthesized
using the hydrothermal method. Notably, studying the phase and morphological structures affect the optical
properties of materials. Driven by the aforesaid motivations, we aimed to understand the effect of nitrogen
doping on the structural and optical properties of ZGO nanoparticles. N-doped ZGO (ZGO:N) nanoparticles
were prepared with various dopant concentrations using a hydrothermal method. The samples were subjected
to a series of characterizations, and the results were systematically discussed.

Experimental. All samples with composition ZGO:x mol% N (x = 0-9) were synthesized using a hy-
drothermal method. All chemical reagents, including GeO> (99.99%), Zn(CH;COO), - 2H,O (>98%),
CO(NHz)2 (AR), and NaOH (AR) used in this experiment were purchased from Sigma-Aldrich.

The N-doped ZGO samples were synthesized using a simple hydrothermal method. In the synthesis of
one of the solutions, GeO, (1 mmol), NaOH (2 mmol), and CO(NH2), (0—0.09 mmol) were added to a mix-
ture of 10 mL of deionized water. The process of mixing ends after the GeO, powder is completely dis-
solved. The second solution synthesis contained Zn(CH3COO), - 2H>O (2 mmol) and 20 mL of deionized
water. After stirring the mixture to form a homogeneous solution, additional agitation was conducted for 60 min,
and then the solution was transferred to an 80-mL stainless Teflon-lined autoclave, sealed, and maintained at
200°C for 24 h. After cooling to room temperature, the as-obtained precipitate (ZGO:x mol% N) was washed
several times with deionized water and ethanol and dried in a vacuum-drying oven. The powders were dried
at 80°C several times.

The crystalline structures of ZGO:N were characterized by X-ray diffraction (XRD; D8 Advance;
Bruker, Germany) with Cuk,, radiation (A = 1.5418 A and 20 = 10-70°). The morphologies of samples were
investigated by field-emission scanning electron microscopy (FESEM; JEOL, JSM-6700F, JEOL Tech-
niques, Tokyo, Japan) accompanied by energy-dispersive spectroscopy to examine the chemical composi-
tion. Photoluminescence (PL) measurements were performed to evaluate the optical properties of nitrogen-
doped ZGO. A NANO LOG spectrofluorometer (Horiba, USA) equipped with a 450-W Xe arc lamp and
double-excitation monochromators were used. All samples were investigated using a PMS-80 UVVISNEAR
IR spectroscopy analysis system of ZGO and ZGO:N phosphor.

Results and discussion. Figure 1a shows the XRD patterns of x mol.% N-doped ZGO powder samples
(x = 0-9), recorded within the 26 range of 10—70°. Prominent XRD lines were observed at (110), (300),
(220), (113), (410), (223), (600), (520), (333), (603), (523), (710), (006), (630), (713), (550), (633), and
(416). These lines were indexed accordingly, and all diffraction peaks of the samples can be assigned to
a pure rhombohedral ZGO phase (JCPDS No. 11-0687) [13]. No extra peak was observed in the XRD pat-
terns from the N-doped samples, suggesting that the N ion was completely substituted in the ZGO lattice.
A close evaluation of the XRD peaks from 30° (113) to 35° (410) in Fig. 1b shows that the diffraction peaks
of the N-doped sample were located at a higher angle than the ZGO host. A higher concentration of nitrogen
doping corresponded with a greater increase in peak diffraction to a higher angle. This peak deviation can be
explained as follows. Given that the ionic radii of N (r?" = 1.46 A) is greater than that of O (10> = 1.38 A),
the N substitution for O in the ZGO lattice may result in tensile strain with expanded crystallite size [14].
We calculated the lattice constants, cell parameters, and volume of ZGO:x mol.% N by using the formula [15]:
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where A, k, [ are Miller factors, L = 1.5418 A is the wavelength of the X-ray, and 20 is the diffraction angle.
In the (113) and (223), the lattice parameters a, ¢, and V of ZGO:x mol.% N with different doping rates were
calculated and presented in Table 1. Obviously, changes occurred in cell parameters a, ¢, and V' of ZGO base
materials when doped with N ion. A greater deviation led to a higher N ion-doping concentration. The C
values are presented in Table 1. With increased N doping, the lattice constant C increased from 9.5105 to
9.5252 A. The lattice parameters can be expected when N ions are replaced by O ions; thus, the substitution
of N dopant resulted in the modification of the lattice constant C. The above result led to greatly increased
cell parameters and volumes for ZGO:x mol.% N. Thus, N-doped ZGO phosphors were synthesized by sub-
stituting the O site.
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Fig. 1. (a) XRD patterns of ZGO and ZGO:x mol.% N (x = 0-9) nanophosphors, and (b) partially enlarged
detail of the (113) and (410) peaks prepared using a hydrothermal method at 200°C for 2 h.

TABLE 1. Crystallographic Data of ZGO:N

Parameter GO ZGO:1%N | ZGO:3%N | ZGO:5%N | ZGO:7%N | ZGO:9%N
a, A 14.2133 14.2115 14.2242 14.2279 14.2336 14.2346
c, A 9.5105 9.5111 9.5114 9.5136 9.5203 9.5252
v, A3 1663.88 1665.91 1666.59 1667.85 1670.36 1671.45

Having determined the phase and basic crystal parameters, FESEM was used to ascertain the morpholo-
gy of undoped and N-doped ZGO. The morphologies of the prepared ZGO:x mol.% N (x = 0-9) nanostruc-
tures are shown in Fig. 2. The lattice fringes of nanostructures through FESEM images are also shown in the
respective inset figures. With increased doping concentration, the size of ZGO nanoparticles increased. The
nanoparticle sizes estimated through FESEM analysis were also in line with the XRD analysis results. The
modal nanoparticle size of doped samples was larger than that of undoped samples. In fact, the moral values
of nanoparticles slightly increased with increased light intensity, confirming the incorporation of N dopants
into undoped ZGO nanoparticles.

To demonstrate the ability of N ions to enter the ZGO lattice, we also investigated the phosphor proper-
ties through UV-Vis spectroscopy analysis. Figure 3a shows that the optical absorption margin of ZGO:N
slightly shifted to the higher-energy region than ZGO (4.66 e¢V). We found that with increased doping con-
centration, the bandgap of ZGO phosphor increased (4.7 ¢V). This bandgap was due to the size-confinement
effect for nanoparticles [16]. In the present case, the energy gap increased to higher valance owing to the im-
purity levels of N. This result further demonstrated the successful doping of nitrogen ion into the ZGO host
lattice.

To determine the presence or absence of molecular species in the prepared nanoparticles and subsequent-
ly detect the influence of N doping on the vibrational modes of ZGO nanoparticles, the FTIR transmission-
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mode spectra for undoped and ZGO:N nanoparticles were recorded, and the results are shown in Fig. 3b. The
IR modes at 420, 520, 730, and 800 cm™' were attributed to the vibration modes of ZnO4 and GeOy tetrahe-
dra in Zn,GeOs [17]. An additional IR peak at 906 cm™' was observed for N-doped ZGO, i.e., 1 to 9 mol.%
N doping (Fig. 3b). The vibrational mode at 906 cm™' was related to substitutional hydrogen to an oxygen
site (Ho) bound to the lattice Zn site (i.e., Zn-Ho). This substitutional hydrogen may act as a shallow donor
in ZGO. This peak evidently indicates the passivation of ZGO:N by H, as H preferred to bind with No at the
antibonding forms No-H complex. This finding further confirmed the substitution of O by N in the ZGO host
lattice [18].

Fig. 2. FESEM of ZGO:x mol.% N (x = 0-9) nanophosphors prepared
using a hydrothermal method at 200°C for 2 h.
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Fig. 3. (a) UV-Vis and (b) FTIR spectra of ZGO:x mol.% N (x = 0-9) nanophosphors prepared
using a hydrothermal method at 200°C for 2 h.

Figures 4a and b show the excitation and emission spectra of the ZGO phosphors. The excitation spec-
trum monitored at 465 and 510 nm was centered at around 260 nm (Fig. 4a), which can be assigned to the
band-to-band transition of the ZGO lattice. As shown in Fig. 4b, under UV excitation, the bluish-white (510 nm
for undoped ZGO samples) and blue (465 nm for N-doped ZGO samples) emission was attributed to the na-
tive defects presented in the Zn,GeO4 host crystal, such as oxygen vacancy, Zn interstitial, Zn vacancy, and
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Ge vacancy [19, 20]. This blue shift in the band region emission for nanoparticles, compared with that for
undoped, was due to the size-confinement effect for nanoparticles [21]. However, only a small change
in band region emission occurred in our case, as the prepared nanoparticles were not too small to experience
strong quantum confinement. Therefore, the slight blue shift could be attributed collectively to the emer-
gence of discrete energy states owing to the nanosized structure and insertion of nitrogen defect states within
the electronic structure of ZGO. The spectrum was similar, and no peak shift occurred at all. This finding
showed that the intensity of fluorescence of N ions in the lattice was maximized when the doping concentra-
tion was ~5 mol%, and the phenomenon of fluorescence quenching occurred with increased doping concen-
tration.

PLE 510

260 280 300 320 340 A,nm 400 450 500 550 600 A,nm

Fig. 4. (a) PLE, (b) PL spectra of ZGO of ZGO:x mol.% N (x = 0-9).

A published report on N-doped ZnO has revealed that complexes of No—V7z, are shallow acceptors
[22, 23]. The switching of an N to an O site and leaving a Zn vacancy behind formed a shallow defect com-
plex with high barrier energy. This finding proved that the N defect levels were just above the valance band,
and the absorption process brought the N defects state to the deep discrete states in the conduction band.
Based on the above results, we established a schematic of the PL mechanism of N-doped ZGO phosphors
synthesized using a hydrothermal method, as shown in Fig. 5. Under ultraviolet excitation, the excited elec-
trons were trapped by the defects and then released, with blue emission (~465 nm).
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Fig. 5. Photoluminescent mechanism of ZGO:N phosphors prepared using a hydrothermal method.
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Conclusions. We successfully synthesized a series of ZGO:x mol.% N (x = 0-9) nanophosphors using
a hydrothermal method to improve the luminescence of defects. The formation of a purely rhombohedral
phase for undoped and N doped samples was ascertained through XRD analysis. Owing to N doping, a light
blue shift in the energy bandgap from 4.66 to 4.7 eV was observed. Furthermore, the substitution of O by N
in the ZGO lattice, confirmed through FTIR analysis wherein ZGO:N was passivated by H, resulted in the
occurrence of No-H mode. Upon the excitation of 260 nm, the emission spectrum exhibited a broad band in
the range 350—-600 nm, which was centered at around 510 nm for undoped and 465 nm for N-doped ZGO.
The blue shift in emission for phosphors was due to the size-confinement effect for nanoparticles. ZGO:N
material is a fluorescent powder with potential application in the production of blue phosphor.
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