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Luminescence emission originating from nitrogen doping of-Ga,O5; nanowires

Y. P. Song! H. Z. Zhang! C. Lin?2 Y. W. Zhu! G. H. Li2 F. H. Yang® and D. P. Yd*
School of Physics, National Kay Laboratory of Mesoscopic Physics, and Electron Microscopy Laboratory, Peking University,
Beijing 100871, People’s Republic of China
2Spex Fluorescence Johin Yvon, Inc., Edison, New Jersey 08820, USA
3Semiconductor Institute, Chinese Academic of Sciences, Beijing 100083, People’s Republic of China
(Received 9 September 2003; published 10 February)2004

Nitrogen-doped3-Ga,0O; nanowire§GaO NW3 were prepared by annealing the as-grown nanowires in an
ammonia atmosphere. The optical properties of the nitrogen-doped GaO NWs were studied by measurements
of the photoluminescence and phosphorescence decay at the temperature range between 10 and 300 K. The
experimental results revealed that nitrogen doping in GaO NWs induced a novel intensive red-light emission
around 1.67 eV, with a characteristic decay time around A8@&t 77 K, much shorter than that of the blue
emission(a decay time of 457us). The time decay and temperature-dependent luminescence spectra were
calculated theoretically based on a donor-acceptor pair model, which is in excellent agreement with the
experimental data. This result suggests that the observed novel red-light emission originates from the recom-
bination of an electron trapped on a donor due to oxygen vacancies and a hole trapped on an acceptor due to
nitrogen doping.
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I. INTRODUCTION by the following method. One hundred milligram metallic
gallium was put on a silicon substrate and placed into a
Monoclinic gallium oxide (3-G&0s) is a promising ox- quartz boat. Two or three silicon substraté40 deposited
ide semiconductor with the widest band gap4.8eV) with a 5-nm Au film were placed downstream of the boat.
to date,”” which allows tunability in the wavelength range The boat was then put into the center of an alumina tube
from infrared to ultraviolet for optical devices. For example, (6 cmx 100 cm), which was inserted in a horizontal tube
proper element doping can modify the electronic structure OEurnace. The alumina tube was evacuated by a mechanical
the GgO; and introduce defect levels between the band gapyymp and cleaned by the flowing argon. The furnace was
which enable tunable light emissions. T|feG&0; Semi-  heated to 900 °C at a rate of 15 °C/min and kept for 30 min
conductors have been widely studied not only for their hight;. anowire growth with a flow of argon at 80 sccm. After-

:\?pt}:gg[iiﬂg tlfr?a?]'i“t% 'nsgﬁgﬁi?lleprgggrt'g;gg;[salwoziggge';évards, the temperature was decreased to 700 °C and kept for
high temperatuHeg and transparent conductors in V\(/)hmm fotr nltlzogen Idcapltng n fIO\{vmg am:non(@Oﬂsccn).
optoelectronicé.Recently, nanostructure materials have bee en naturally cooled to room temperature in flow argon
a focus of research for both fundamental physics and pote?@o sccm, a white layer material was observed on the sub-
tial applications in nanoscale optoelectronic devices. BeStrates. _
cause of their high surface/volume ratio, 68 nanostruc- The morphology and microstructure of the products were
tures are obviously preferable for many applications, such agharacterized using transmission electron micros¢af,
Surface_contro'-type gas sensors with Very low energy ex:recna| F3O and f|e|d em|SS|0n-S-C3nn|ng electron mICI’OSCO_py
pense. In particular, it was found that dopants or impuritiedSEM). The chemical composition and dopant concentration
in gallium oxide will considerably increase its conductafice, were analyzed using x-ray photoelectron spectros¢Xpo)
and in turn modulate its optical properté®ulk 8-Ga,0;  and electron-energy-loss spectroscqBELS). Photolumi-
crystal can exhibit ultravioletiuv) and blue-green(BG) nescencéPL) spectra were measured by a He-Cd laser with
emissions. However, the luminescence origin®iGa,0;  a 325-nm line in a temperature range between 10 and 300 K.
nanowire§GaO NW3 is not well understood. Also, most of The as-grown GaO NWs were doped under flowing am-
investigations on the luminescence focused on the galliunmonia (50 sccm atmosphere and the nitrogen concentration
oxide powder or crystallite/**and there were only afew can be controlled by the temperature and the heating time. It
works? " reported on the luminescence of GaO NWs. Inwas found that the higher the temperature and the longer the
this paper,3-G&0; nanowires were doped with nitrogen doping time, the more the nitrogen can be doped into the
prepared by annealing the as-grown nanowires in ammonigaO NWs. Three representative samples were prepared for
atmosphere, and the luminescence properties were invesHifferent dopant concentrationnamed sample no. 1,
gated by photoluminescence measurements. The calculateg)g °c/20 min: sample no. 2, 700°C/40 min; and sample
time decay and temperature dependence of the luminescengg 3, 750 °C/40 min). The general morphology and micro-
agreed well with the experimental data. structure of the N-doped GaO NWsample 1 are shown in
Il EXPERIMENT the SEM[Fig. 1(a)] and TEM[Fig. 1(b)] images. These im-
ages indicate that the product mainly consists of GaO NWs
GaO NWs were first synthesized by Zhaewal. via va-  with diameter between 40 and 150 nm, and the typical
por phase growth.The GaO NWs used here were preparediengths of these nanowires are in the range between 10 and
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FIG. 1. General morphology of the nitrogen-doped GaO NWws. FIG. 2. The XPS spectra of GagP, N(1s), and O(X) for the
(@ SEM image andb) TEM image. Inset shows corresponding hitrogen-doped GaO NWs.
SEAD patterns(c) Electron energy-loss spectra of N-doped GaO
NWs (sample 1. oxygen atoms were substituted by nitrogen, and the binding

energy of Ga(8) decreases due to the fact that the elec-

50 um. The selected-area electron diffracti®@EAD) analy-  tronegativity of nitrogen is smaller than that of oxygen. For
sis revealed that the as-grown GaO NWs were monoclinisample 3, the binding energy of GalBtends to approach
crystalline gallium oxide. The composition of the N-dopedthat of GaN(19.5 e\}. Figure Zb) shows apparently that the
GaO NWs was also analyzed using EELS and the result washemical energy shifts of N between samples are very
shown in Fig. 1c). lonization edges arising from nitrogen large (sample 1, 399.36 eV, sample 3, 396.85)eVhis re-
were observed around 402.8 eV, which indicates that the niveals that the chemical environment of nitrogen atoms in
trogen has been doped into the GaO NWs after heat treagrallium oxide is affected considerably by the doping of ni-
ment in flowing ammonia. trogen. Furthermore, the very broad peak of B) pectrum

XPS is a powerful method to study the element bindingfrom sample 1 indicates that the chemical environment of
state and the chemical environment in a crystal. It was useditrogen atoms is complicated, and some kind of disorder of
here to analyze the nitrogen dopant concentration in the Gahe nitrogen atoms may exist in the doped gallium oxide.
NWs. Figure 2 shows the XPS spectra of Ga(3N(1s), Since the electronegativity of nitrogen is larger than that of
and O(X) from samples 1-3. It is obvious from Fig(€2  gallium, the N(X) binding energy tends to decrease with the
that the peak position corresponding to G & differentin  increase of the nitrogen concentration, and it further de-
the three samples, and there is a significant downshift in thereased to 396.85 eV in sample 3, which approaches the
binding energy of Ga(8) with the increase of the nitrogen value for GaN. From Fig. @), the O(1s) binding energy at
dopant, which is 20.41 eV, 20.06 eV, and 19.44 eV forlow-nitrogen doped sample 1 is near to that of gallium oxide
samples 1-3, respectively. This result indicates that the ni530.8 eV). In fact, the O(%) chemical energy shifts be-
trogen concentration in sample 1 is the lowest, so its bindingween samples 1, 2, and 3 are small, which shows that the
energy is nearest to that of Ga(B of the gallium oxide influence of dopant concentrations on oxygen is not so sig-
(20.4 e\j. With the increase of the nitrogen doping, more nificant compared to the effect on nitrogen and gallium. Ac-
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cording to quantitative XPS analysis, the nitrogen dopant 5000
concentrations for samples 1, 2, and 3 are around 1.01 at. %
1.06 at. %, and 2.60 at. %, respectively. 4000

Our results indicate that the nitrogen concentration is
mainly dominated by the treatment temperature, which im-
plies that the doping of the nitrogen was controlled by the
diffusion process. When the heat-treatment temperature i
not high enough €700 °C), nitrogen atoms are disordered 2000
in gallium oxide. However, at higher temperature, nitrogen
atoms are much easier to bond with gallium atoms with more 1000
stable chemical bonds, and the gallium nitride clusters or
galliumoxynitrides intermediate phase (G&)) may ap-
pear in gallium oxidé>®For example, when the GaO NWs 150 175 200 225 250 275 300 325 350
were heated under ammonia atmospt{&fesccm at 900 °C )
for 30 min, the nitrogen concentration can be as high as 4.1]-"é 16000
at. % in the nanowires, and apparent diffraction peaks corre- 5
sponding to gallium nitride phase can be detected in XRD_ g
spectra. S

For comparison, the PL spectra of the as-grown GaO™~~
NWs were measured between 10 and 300 K, as shown ir_.é‘ 8000 |
Fig. 3(@. The main emission characteristic of the as-grown ¢
GaO NWs is a broad blue-green band, while no uv band was g3
measured due to the limitation of the 325-nm excitation. The &
blue-green emission peaks have a blueshift with the increas™

3000

12000 |

4000 |

of the temperature, and are peaked at 2.56 eV and 2.43 eV zi S e

300 K and 10 K, and the full width at half maximum sooop %0175 200 2% 2% 2% 00 &

(FWHM) is 0.65 eV and 0.95 eV, respectively. The relative A (©)

intensity increases with a decrease of the measurement ten 50000 |-

perature, in agreement with the reported resdits. The .

green-blue peak can in fact be decomposed into several sut 40000 |-

peaks, each corresponding to a defect level with a different I

recombination mechanism. Similar blueshift from 2.54 eV at 30000 b

12 Kto 2.75 eV at 300 K was also observed under excitation L g

at 4.67 eV in a Zr-doped single crystal, which is contrary to 20000 |-

normal expectation$The observed abnormal emission char- A

acters as a function of temperature are not yet well under- 10000 1

stood, however we think that the observed blueshift is relatec I

to the difference in the activation energies of the recombin- 0 ,

ing charges at different temperatures. 1807200 225 280 27 300
Figure 3b) shows the PL spectra for sample(ritrogen Enel’gy (eV)

concentration~1.01 at. %) measured at the temperature
range between 10 and 300 K. It is seen that the PL spectra FIG. 3. PL spectra of the GaO NWs measured at temperatures
are different from that of as-grown GaO NWs. First, besidedetween 10 and 300 K& As-grown GaO NWs. Only a broad
the broad blue-green peaks observed in the as-grown sampl#een-blue peak was observed at 300 K, while a weak red peak
a new red peak around 1.71 eV emerges after doping, whicfaround 1.76 eYemerges at 10 K, arising from the intrinsic impu-
has a blueshift and becomes more and more intense with tHBY in the as-grown GaO NWsb) Sample 1(nitrogen concentra-
decrease of the temperature. Secondly, the PL intensity frofiP? around 1.01 at. 9% A novel red-light emission at 1.71 eV
sample 1 is nearly four times more intense than that of th@ppears even at 300 K, which increases in intensity anq has a blue-
as-grown GaO NWs. The PL spectra of the heavily doped;hnct with t_he decrease of the teomperatt(r@. _Sample_3(p|trogen
GaO NWs with high nitrogen concentration 2.60 at. o CONCENtration around 2.60 at'M’Th.e r.ed “g.ht emission over-

. . whelms the green-blue bands, and its intensity is 10 times that of
(sample 3 were also measured in detail at the temperaturef- e as-arown Gao NWSs
range between 10 and 300 K under the same experimentaﬂ g '
condition, as is shown in Fig(8). As expected, the intensity in contrast to that for the blue-green bands, as seen in Fig.
of the doping-induced red-light emission increased about te8(a). The temperature dependence of the red emission of
times more than that of the as-grown GaO NWs. At 10 K, thesample 3 is consistent with that of sample 1 shown in Fig.
red emission is peaked at 1.67 eV with a FWHM value3(b), indicating that the origin of the new red emission is the
around 0.5 eV. With increasing temperature, the intensity osame for all doped samples. The concentrations of the doped
the red emission decreases and the peak position shifts titrogen have a considerable influence on the red lumines-
lower energy and finally positions 1.65 eV at 300 K. This iscence characteristic, suggesting that the nitrogen doping
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FIG. 4. Temperature dependence of PL intensity from doped 0.1 0.2 0.3 04 0.5
GaO NWs[(a) sample 1;(b) sample 3. Solid lines are the least- Tlme (mS)

squares fitting. The parameters used for fitting &AFE=0.036 eV,

¢=7.34 for sample 1 and E=0.034 eV,c=7.26 for sample 3. FIG. 5. The phosphorescence-decay curves of the lbiyend

.the red-light(b) emissions from sample 3 at 77 K and 300 K, res-

leads to the novel red emission of the GaO NWs. ComparlI:)ec'[ively. The characteristic lifetime of red emission is around 136

son of the PL spectra between the {as-growp and qued Ga/% at 77 K, much shorter than that of the blue emisg#Bi7 us).
NWs revealed that the novel red-light emission is closely

related to the change of the band-gap structure of the galliuf}, 5t the blue emission has a rather long decay with a char-

oxide crystal induced by nitrogen doping. acteristic time of 45%s at 77 K, which is consistent with the

In order to evaluate the thermal activation energy of theegyts of Harwig and Kellendori®. The characteristic life-
novel red emission transition, the temperature dependence Qfe of red emission is of 13@s at 77 K. The decay rate

the normalized emission intensity was fitted with the well- yocreases at room temperature, that is, the tangent to the

known expressioff decay curve becomes steeper at 77 K compared to that at 300
_ _ K, as shown in Fig. &). This indicates that the decay of the
(D =1(0)/[1+cexp~AE/KsT)], @1 red emission is temperature-dependent. The temperature-
wherec is a constantkg is Boltzmann’s constant(0) isthe  dependent phosphorescence mechanism comprises an acti-
emission intensity at 0 K, whilAE is the activation energy vated release of trapped electrons or positive holes, followed
for the carrier involved in the recombination. The fitting re- by a recombination of the electrons and positive holes. So,
sults are shown in Fig. 4. The parameters used for fitting aréhe phosphorescence-decay measurements on the nitrogen-
AE=0.036 eV,c=7.34 for sample 1 andE=0.034 eV, doped GaO NWs revealed that the red-light emission comes
c=7.26 for sample 3. These values are almost the same fdrom the electron-hole recombination. As mentioned above,
samples 1 and 3, confirming that the red emission in thehe electron on the donor due to oxygen vacancies is in-
doped samples has the same origin. The reported activatiorolved in the red luminescence recombination. So, the other
energy of donors due to the oxygen vacancies was at 0.03earrier involved in the recombination will be related to the
0.04 eV (Ref. 18 in B-Ga0;. In our case AE is about nitrogen doping (N2 substitutes for O?). When nitrogen
0.034 eV, consistent with the value of donors due to oxygerions are doped into the lattice and substituted for oxygen, the
vacancies. Therefore, the obtained valueA& corresponds nitrogen dopants can generate acceptor levels in the band gap
here to the activation energy of the shallow donor due to th@f gallium oxide. Therefore, it is proposed that the novel
oxygen vacancies below the conduction band. Furthermoreed-light emission originates from the recombination of an
it indicates that the electrons trapped on the donor are inelectron trapped on a donor due to oxygen vacancies and a
volved in the red luminescence recombination. hole trapped on an acceptor due to the nitrogen dopant. In
The phosphorescence decay of sample 3 was measuredder to prove this hypothesis, the decay time and the lumi-
under excitation from the xenon lamp of the 266-nm line.nescence spectra of the red-light emission were calculated
Figure 5 shows the phosphorescence-decay curves of lumissing the donor-acceptor pa{DAP) model proposed by
nescence emissions at 77 K and 300 K. Figui® Beveals Thomaset al,?° under consideration of the thermal quench-
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ing effect. In B-G&0;, the reported donor concentration
due to oxygen vacancies wag,~10'® cm 3. As to the
nitrogen-doped GaO NWs, the nitrogen dopant concentration
is about 2.60 at. % for sample 3 as analyzed by XPS. How-
ever, XPS is a surface analysis method and the dopant con-
centration decreases inside of the nanowires, so the reason-
able nitrogen concentration at equilibrium is estimated to be
10*® cm™3. Therefore, the acceptor concentration due to the
nitrogen doping greatly exceeds the donor concentration in
the nitrogen-doped GaO NWs.

64 Scatter-experimental
Line— theory

Intensity(arb.units)

Ill. THEORETICAL CALCULATION AND DISCUSSION

Thomaset al?® investigated the kinetics of radiative re-  FIG. 6. The theoretical calculatiofiine) of the time decay of
combination of acceptors and donors in S/Si-doped GaP bfpe red-light emission using Eq3.4) at 77 K and 300 K, and
comparison of the experimental decay behavior with the thecompared with the measured désaattey. The concentration of the
oretical calculations, and put forward a DAP model to ex-""Ccelmcjrf’“:2><1019 cm 3. () Wing=6x10° s7%; (b) Winay=6
plain the observed luminescence spectra. The present case’id0’ s
very similar to that of the doped GaP, so their model can be

time decay of the novel emission due to N doping in GaCthe above treatment. Therefore, a new term will be included

NWs, with some modifications made to fit our case. Accord-in Eq. (3.3 to describe the temperature dependence of the
ing to DAP theory, the minority carrier@ghe donors in our total luminescence intensity. In the nitrogen-doped GaO

cas¢ are supposed to be surrounded by a random distributioN\Ws, the electron is more easily detrapped than the hole
of majority carriers, e.g., the acceptors at distandeom a  because the activation energy of the acceptor due to nitrogen
donor. The main approximation of the model was that alldoping is much larger than that of the donor. So one needs
donors and acceptors are assumed to be neutral. Tunnel renly to consider the thermal quenching effect on the donor.

combination will occur from an electron at a donor site with Therefore, the intensity(t, T) of light emitted at timet and

a hole at an acceptor site, and a photon is emitted witfiemperatureT is given by

energy?%! q
E=Eg— (Eq+Ea) +Ec*NEpnonon (3.2) I(tT)= 1+cexp —Eq4/kgT) arl Q)

where E, is the band gapEy and E, are the ionization 4an

energies for the donor and acceptor respectively, Bigon N1+c exp(—Eg4/kgT)

is the phonon energy involved in the radiative transition,

with n=0,1,2,.... The ternE,=e?/4mer corresponds to the o 5

Coulombic interaction between an ionized donor and accep- X fo W(r)exp —W(r)t]redr

tor.
The recombination probability for a donor-acceptor pair

with separatiorr is expressed 4% X

exp{m-rn f:{exp[—W(r)t]— 1}r2dr“ ,

W(r)=Wexp—2r/Ry), (3.2 (3.9

whereRy is the Bohr radius of the shallowest defect. Equa-wheren is the concentration of the majority carriers, and in
tion (3.2) holds when one defect is much shallower than theour case it is referred to acceptors. For giveffr), this
other. In the case of nitrogen-doped GaO NWs, the acceptoiéeatment is a typical statistical problem in the limit of a
due to the nitrogen doping are of a deep energy level, théarge ratio of acceptor/donor concentrations, as it is in our
ionization energies of the acceptors are much larger than th&8Se€.

of the donors, and the Bohr radiu®y for a donor in The time decay of the red luminescence can be calculated
B-Ga,0j; is around 1.8 nm. For a given configuration of Using Eq.(3.4), and there are two variable parameters: the
acceptors at position'sand a donor at the Origin, the average acceptor concentration and the maximum recombination

of the probability for an electron on the donor sites is de-Probability Wy,,. Based on the above-mentioned formulas,
noted by(Q(t)), we calculated the decay time of luminescence for sample 3.

Figure 6 shows the comparison of calculatéde) and ex-
* perimental(scattef measurements for the time decay of the
<Q(t))=ex;{4wn fo {exd —W(Nt1=1}r’dr|. 3.3 [od emission at 77 K and 300 K. The acceptor concentration
used for calculation is1=2x 10" cm™2, which results in
As we know, the temperature has a large influence on th®/,,,=6x10° s~ ! at 77 K andW,,,,=6x10* s~ ! at 300 K,
luminescence, and an electron on a donor or a hole on amespectively. It can be seen the the calculation results agree
acceptor can be detrapped with an increase of temperaturpretty well with the experiment data at 77 K, and only
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a little deviation occurs at 300 K. All the results indicate .
the red emission follows a power-law decay with hyperbolic gy 10K f_ca“fr'efpﬁ”r_"e“ta'
kinetics, whose mechanism comprises an activated relea: "é ine—calculation
of trapped electrons or positive holes, followed by =
a bicarrier-type recombination of the electrons and posi-
tive holes. Therefore, the power-law decays are quite sensi=
tive to changes of temperature, excitation density, and exci-f_“,
tation energy. >
The calculation of the temperature-dependent lumines-=
cence spectra was described as follows. According to Tho- 24
maset al,? if the electron on the donor recombined with a @

hole on an acceptor a distancgaway, the energy would be ‘E

given in lowest order by Eq3.1), independent of the other — AR S .. ‘ . ‘
acceptors. This permits one to calculate the total emissior — v
spectrum. The intensity(t) at energyE is given by b 18 '8 20 22 24 26

Energy (eV)
Te(t)=Wiry)ext W(rl)t]exp{ ;1 W(rj)t} FIG. 7. Theoretical simulation of the temperature dependence of
(3.5 luminescence spectra for sample 3 for 10, 100, 200, and 300 K,
respectively. The calculated PL curvesslid line9 were compared
The observed decay time should be the ensemble averaggh the corresponding experimental spediiashed linesin Fig.
of Eq. (3.5 over all possible positions of the other donors, 3(c), and both agree with each other=2x 10'° cm™2, c=7.4, and
which is the same as E¢3.3),° Wina=1X107, 7x 1P, 2x10°, and 6x10* s™! at 10, 100, 200,

and 300 K, respectively.
(Je(t)) =W(r)exg —W(rtl(Q(t)). (3.6

When considering the thermal quenching effect, the intenU""pp‘ad excitons formed by an electron and a hole. For GaO

sity 1(,T) at energyE time t, and temperaturg is give by NWs synthesized at high temperature, large quantities of
' ' oxygen vacancies\p) and gallium-oxygen vacancy pair

4mn(e?/4me)? (Vo, Vea) (Ref. 22 can be easily produced. The blue-green

T — (Jg(1)). (3.7 PL feature of GaO NWs in our case is consistent with the
Ec(1+cexp(—EalksT)) model mentioned above. However, red-light emission due to
Combining Eqs(3.1), and(3.2) into Eq. (3.7), the inten- doping in gallium oxide was not yet reported. The red lumi-

. . T nescence spectra for sample 3 were calculated using Eg.
sity | g(T) of the total luminescence emission is expressed afS 8, which proved to be complicated. At a limited tempera-
follows: " )

ture, the photons emitting from the recombination of elec-
w0 4mn(eXams)3 trons and holes will interact with lattice vibration via emit-
|E(T)=f ( 7 ting or absorbing phonons. The higher the temperature, the
Ecl1+cexp—Eq/ksT)] larger the interaction, which will cause broadening to the
22 luminescence spectra. PL emission spectra at different tem-
meaX{ exp{ - peratures were calculated, and comparison of the calculated
4meEcRy results(line) with the experiment datfescatter, the same as in
262 Fig. 3(c)] was shown in Fig. 7. The parametevé, =1
— Wast exp< - m)”((}(t)})dt. X107, 7X10°, 2x10°, and 6x10* s~ ! were used for cal-
TEECRd culation at 10, 100, 200, and 300 K, respectively. It can be
(3.9 seen that there is very good agreement between the observed
and calculated spectra. In principle, the acceptor ionization
Observation of luminescence from gallium oxide has beerenergy can be deduced from the energy position of the no-
studied widely and only uv, blue-, and green-light emissiongphonon line and the band g of the 8-Ga0s5.
were reported. Harwigt al'® showed that samples annealed  For heavily doped semiconductors, the band gap can be
in a reduction atmosphere favor the formation of oxygenreduced due to the formation of dopant subbands between
vacancies and blue emission was enhanced, while samplése band gap® For sample 3, the nitrogen dopant concentra-
heated in an @ atmosphere favor the formation Ga vacan-tion is up to 18° cm™3, so the acceptor induced by nitrogen
cies, which show a dominant green emission. It was prodoping will form a dopant subband in the band gap and
posed that the blue-green emissions from gallium oxide crysdecrease the band gap §fGa,O;, which leads to the red-
tal originate from a tunnel recombination of an electron on ashift of the red emission with the increases of the nitrogen
donor formed by oxygen vacancy§) with a hole on the concentration. It is noted that a weak red emission peak
acceptor formed by a gallium-oxygen vacancy paifg( around 1.76 eV appeared at 10 K but is absent at 300 K in
Vsa). Those experimental results confirmed that the bluethe as-grown GaO NWs, shown in Fig(a@ Such a red
light emission originates from the recombination of theemission in the as-grown GaO NWs may arise from impuri-

|E(t,T):

0
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Conduction band valence band. So the red-light emission will decrease and
E I can be quenched considerably with increasing temperature.
d L Donor
L~ rRed (1.68eV) IV. CONCLUSION
Acceptor L

e — Nitrogen was doped into GaO NWs by post-annealing the
Acceptor band T as-grown GaO NWs in flowing ammonia. The concentration
of the doped nitrogen in GaO NWs is dominated mainly by
the treatment temperature. The photoluminesce(Rb)
4 spectra were measured for both nitrogen-doped and as-grown
Valence band GaO NWs at temperature ranging between 10 and 300 K.
. o . o The PL measurements revealed a novel red-light lumines-
FIG. 8. Schematic depiction of the novel red-light emission pro-cence emission induced by nitrogen doping in the gallium
cess induced by nitrogen doping in GaO NWs. It is revealed theyxide. The emission intensity of red-light emission increases
nitrogen doping induced a hole trap in the acceptor, which willyjth decreasing temperature and the peak position shifts to-
recombine with electron trapped at the donor due to oxygen vagards lower energy with the increase of the nitrogen concen-
cancy, resulting in red-light emission. tration doped into the GaO NWSs. Phosphorescence-decay
) o o ) and temperature-dependent luminescence spectra of the red
ties, because it is not surprising that any pure material consmission were calculated based on a donor-acceptor-pair
tains inevitably some impurities. _ _ (DAP) model, which is in excellent agreement with the ex-
Our theoretical calculations are very consistent with theyerimental data, and revealed that the observed novel red-
experiment data for the time decay and temperature depefjgnt emission originates from the recombination of an elec-
dence of the luminescence spectra for sample 3, suggesting, trapped on a donor due to oxygen vacancies and a hole
that the red-light emission in nitrogen-doped GaO NWSsyapned on an acceptor due to nitrogen doping. The peculiar
originates from the recombination of an electron trapped on & tensive red luminescence from nitrogen-doped GaO NWs

donor due to oxygen vacancies and a hole trapped on agjj| make the nitrogen-doped GaO NWs excellent candidates
acceptor due to nitrogen doping. The nitrogen doping genef,, optoelectronic nanodevice applications.
ates deep acceptor levels in the band gap of gallium oxide,

and the position of the doping-induced subbands is about at
the center of the band gap, which is depicted in Fig. 8. The
electron trapped on a donor and the hole trapped on an ac- This project is financially supported by the National Natu-
ceptor will recombine radiatively, emitting a photon with ral Science Foundation of ChingGrant Nos. 50025206,
wavelength around 1.67 eV. With the increase of tempera60071014, 20151002 and national 973 projectgNo.
ture, the electron will detrap from a donor to the conduction2002CB613505, MOSJT D.P.Y. is supported by the Cheung
band, whereas the hole will detrap from an acceptor to th&ong.
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