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We report Fé*-related emission in ion-implanted ZnO single crystals. Iron ions were implanted at
room temperature with 100 keV and a fluence ok 10'® Fe*/cn?, and were submitted to
annealing treatments in vacuum and in air. After implantation, the damage raises the minimum yield
(xmin) from 2% to 50%. Annealing in an oxidizing atmosphere leads to a reduction of the
implantation damage, which is fully recovered after annealing at 1050 °C wjth,2-3% in the
implanted region. With extrinsic excitation, red Fe-related emission is observed at low temperatures.
The intensity is dependent on the annealing conditions. For samples annealed in air, the
luminescence can be detected up to 120 K. When a comparison is made between unimplanted and
post-implanted annealed samples, noticeable changes on near-band-edge and deep-level
photoluminescence spectra are observed. A thermally populated structured green emission could be
observed in the sample annealed in air, as shown by the temperature-dependent photoluminescence
excitation studies. €2003 American Institute of Physic§DOI: 10.1063/1.1573341

I. INTRODUCTION are commonly observed in undoped ZnO single crysfats,
ZnO is a wide-band-gap materidE~3.37 eV at room powder sample$?'® thin films!*!® and nanocrystalline

temperaturgwith an exciton binding energy of 60 mévhat particlest® The centers responsible for the unstructured
has potential technological applications in both short-emission bands in the green, yellow, and red spectral regions
wavelength light-emitting devices and semiconductor spirfre usually assumed to be due to different native defects in
electronic€~* Undoped, as-grown ZnO presents nominalZnO, such as oxygen vacancy ¢N zinc vacancy (¥,),
n-type conductivity, whilep-type doping is difficult to ob- interstitial zinc, interstitial oxygen, and antisite defect
tain. This is the major drawback for fabrication of suitable (O,,).*°*®Until now, no consensus has existed in the litera-
optoelectronic  devices. However, recent theoreticature concerning the nature of the defects where luminescence
calculations, Hall-effect and conductivity measurements on originates. In addition, theoretical studies propose controver-
molecular-beam-epitaxy-grown homoepitaxial ZnO thinsjal explanations to the green emission in ZnO due to tran-
films doped with N(see Ref. § may indicate thap-type  sitions involving \b,'” and V.8

ZnO can be achieved, opening the way for the production of  Besjdes the intrinsic nature of the defects responsible for
high-quality ZnO-based devices. Besides the in-grown dopg,e green and yellow/red emission bands, some authors argue

ing process, ion implantation is a well-established techniqu?hat the recombination processes are due to extrinsic impuri-

Fhat allows for the mtrodgchon of dopants in crys?al latt'C.eSUes, such as Cu and Li, respectivély?® The Cu-related
in a controlled way. For instance, successful optical activa- _." . .
. . . L emission band has been known to be a LO-phonon-assisted
tion and lattice recovery have been achieved by ion implan- . _ .
tation in GaN’ transition with zero phonon line&y,3,y) near 2.86 eV and

Typically, with intrinsic excitation, the low-temperature With maximum at~2.43 ev:? ?4Th|s emission is also char-
photoluminescencePL) spectra of undoped ZnO single actérized by a fast exponential decay440 ns at 1.6 K
crystals are characterized by complex near-band-édg&) ~ and presents a nearly structured mirror-image PL excitation
spectra dominated by the recombination of free excitondPLE) spectrum at low temperatures with its excitation maxi-
(FXA), rotor states E>3.37eV), and neutral donor/ mum near 3.12 e¥/~** The recombination model for this
acceptor bound-exciton complexes®®A®X) near 3.36 eV  structured Cu-related emission corresponds to a transition of
followed by 72.8-meV LO phonon replica$:°At lower en-  an acceptor-type bound excitopCu®(d°+e),h] to the
ergies, 29.9 meV below the exciton complexes, two-electromround stateqT,) of Cl?*(d®) ion.2~%This state acts as an
satellite (TES) recombination is observéd™® Donor—  electron-trapping level located200 meV below the bottom
acceptor paif(DAP) recombination at 3.22 eV followed by of the conduction bantt? The quantum yield of the green
LO phonon replicas is usually preseérit? Besides these pL in znO is known to be of near 1008b.Thus, it is con-
structured NBE emissions, deep-level structureless emissiong,ded that the (Cli,h) state in crystals with less than 250-
ppm copper concentration decays purely radiatively to the
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Recently, the vibronic-assisted green band was explained i
as an overlap of phonon DAP-assisted transitions between 1 0] omy oy @050
two shallow donors, withfEp; =30 meV andEp,=60 meV 10%1 0] 1o VA ot
and a deep unknown acceptdThese donor activation en-
ergies are common in ZnO samplés;; being recently re-
lated with hydroger’® Annealing treatments in air in ZnO
single crystals are known to induce changes in the green
emission band? While in unannealed samples, a broad, un-
structured band peaked at 2.47 eV is observed, after anneal-
ing, the structured Cu-related band with maximum at 2.43
eV is detected It has been suggest&dhat the structureless ' ' .
emission is a DAP recombination involving Cwacceptors. 1.5 20 25 3.0 35
In the present work, we report on the optical and struc- Energy (eV)

tural studies in high-quality ZnO single crystals implanted _ o

S . . ; . . FIG. 1. Steady-state PL spectra observed at 14 K with He-Cd excitation for
Wlth. iron ions and Smeltted to post-_lm_plantatlon annealmgunimplanted sampléfull line), and iron-implanted samples annealed in
in air and vacuum ambient. Two main issues are address&@cuum(full line with closed circlesand in air(full line with open circles.
within the work: the changes in the NBE and green emissiornset: enlarged spectra of NBE spectral range.
transitions observed after annealing, and the intraionfc Fe
emission. In order to obtain further insight on the recombi-
nation processes involved on the green emission observdfPM hundreds ojus to seconds The PL was measured be-
after annealing, we have performed temperature-dependeff€en 14 K and RT using a closed-cycle helium cryostat and
PLE spectroscopy on the band maximum between 25 K anaollect.ed in a 90° geometry. In both cases, the luminescence
RT. The PLE spectra reveal that the population of the greeH"aS_?'Spersed by a Spex 1704 monochrométom, 1200
emission is a thermally activated process involving impurity™M ) and detected by a cooled Hamamatsu R928 photo-

or defect levels inside the band gap. In both the implantedmump"er' The presented spectra are all corrected to spectral

and annealed samples, 3Ferelated emission is observed, "¢SPONSES.
with an intensity that is dependent on the annealing condi-
tions. In samples annealed in air,°Feluminescence is ob- Ill. RESULTS AND DISCUSSION

served up to 120 K, revealing that, as in GaN, ion implanta- Figure 1 shows a comparison between the PL spectra

tion provides a useful tool to incorporate magnetic ions in aypiained with above-band-gap excitatitirie-Cd excitation

ZnO host. source at 14 K for the unimplanted and iron-implanted zinc
oxide samplesZn-face.

With intrinsic He-Cd excitation, noticeable changes are
observed in the spectra of unimplanted and post-implanted
High-quality ZnO single crystal§Zn-face grown by annealed samples. In the NBE spectral redioset of Fig.
seeded chemical vapor transport from Eagle-Picher Techt), the 14-K PL spectra of the undoped sample are dominated
nologies, LLC, were implanted at RT with a fluence of 1 by lines at 3.36, 3.333, 3.319, 3.293, 3.258, 3.22, 3.147, and

X 10'%cm™2 of Fe ions with 100 keV. The samples were 3.076 eV. Similar emission lines were previously
subjected to a four-step annealing procé&&min at 300°C  reported:®® The transitions are currently assigned t8XD
+30 min at 600 °G-30 min at 900 °G-30 min at 1050°C  (and A’X) complexes, TES, and DAP recombinatidifs’
both in air and in vacuum. Crystalline quality and damageAfter implantation and annealing procedures, the NBE PL is
recovery were studied by Rutherford backscattering speanainly dominated by the 3.36 eV emission, with minor lines
trometry and channelingRBS/O. The measurements were at 3.309 and 3.239 eV also observed for the sample annealed
performed using a 1-mm collimated 2-Mé¥e' beam with  in air.
the samples mounted in a computer-controlled two-axis go- As presented in Fig. 1, deep emission bands are clearly
niometer with an accuracy of 0.01°. The backscattered pambserved in all samples. In accordance with previous
ticles were detected by two surface barrier silicon detectorsesults?* in the unimplanted sample, only a green “bell
placed at 160° and close to 180° with respect to the bearshaped” unstructured band peaked~&.47 eV is observed,
direction, and with energy resolutions of 13 and 16 keV,whereas after implantation and annealing treatments, a struc-
respectively. Particle-induced x-ray emissiéRIXE) was  tured green band peaked with a maximum~&.43 eV is
measured with a 10-mhSi(Li) detector of 150-keV resolu- observed. Its characteristics are similar to the previously re-
tion and a 5um Be window. ported Cu-related=2* emission. With our time-resolved
PL measurements were carried out with a 325-nm cwspectroscopy setup, the emission could not be detected. This
He-Cd laser with an excitation power density typically lessindicates, as previously reportétia transition with a fast
than 0.6 Wcm?, and with a Xe lamp coupled to a mono- lifetime (shorter than hundreds gfs). Besides the green PL,
chromator. PLE spectroscopy was provided by a Xe lamm structureless red band with maximum near 1.9 eV is also
dispersed by a monochromator. Time-resolved sp&TiRD) detected. At 25 K and under low-excitation conditiopxe
were carried out with a pulsed Xe lamp as an excitatiodamp+monochromatgr an unstructured emission peaked
source and a boxcar system for detectisetup resolution near 2.43 eV can be observed in implanted and anncaled

F10°
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Energy {eV)

PL, Intensity (a.u)

J 304 312 320 328 3.36 3.44

Il. EXPERIMENTAL DETAILS
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FIG. 2. Steady-state PL spectra observed at 14 K with He-Cd excitation for o
unimplanted sampléfull line) and iron-implanted sample annealed in air - 60 K .
(full line with open circle$. Full line with open squares corresponds to the 87 ._,_v‘————”//\‘v
25-K PL of the same iron-implanted sample observed with band-gap exci- GC)
tation obtained with a Xe lamp coupled to a monochromator. € 40 K
-_— *
—
" ,_,M/J\f\—
25K *
samples in the same spectral region in which the structured M
emission occurs. These observations are consistent with pre- 31 32 33 34
vious report® that indicate the absence of structure for Excitation energy (eV)
T~20 K. In Fig. 2, the comparison between the steady-state
spectra for sample annealed in air is presented. (b)
In order to obtain further insight on the recombination 10 345 3
processes involved in the green band observed after anneal- < 340 %600- YT
ing, temperature-dependent PLE spectroscopy has been car- 13 3% § 400,
ried out on the band maximum using a Xe lamp coupled to a E) \ g 3.25{PLE 3 200]
monochromator. In Fig. 3, the temperature-dependent PLE S10° ~ 3204Pe S
. . . . L3 [ 0
and PL spectrdobserved with excitation on the PLE maxi- 2 315 g 100 20 300 £ 100 200 300
mum) are presented for selected temperatures between 25 K g 1 Temperature (K) Temperature (K)
and RT. S04 290 K
While the band maximum of the green PL band remains
constant with increasing temperature, the same is not ob- .
served for the temperature-dependent PLE spectra. At 25 K,
the PLE spectra show that the green PL band could be ex- 10’

cited for energies higher than3.05 eV(onset of PLE spec-
tra) with increasing excitation efficiency with light in reso-
nance with neutral donor/acceptor complexes. This means
that at low temperatures, free carriers or localized carriers on
shallow impurities are needed to effectively excite the greerriG. 3. (a) Temperature-dependent PLE spectra performed on the 2.47-eV
band. With increasing temperature, these shallow impuritiegand maxima(the asterisks correspond to the temperature dependence of

P P :FXA described in Ref. L (b) Temperature dependence of green PL spectra
became thermally ionized and new_extrinsic pOpl'llatlonobserved with excitation on the band PLE maxima. Insets: temperature de-

channels are in the origin of the green PL recombinatiop. It iyendence of integrated intensity of green band, peak position of FXA, and
clear that for temperatures above 40 K, the PLE band is welband-gap dependence with temperature. Also enclosed is the behavior of the

below the band gap, and for higher temperatures, the bariak position of the PLE spectra with temperature.

enlarges and there is an energy shift to lower energies larger

than the band-gap dependence of Z(i@set of Fig. 3.

Likely candidates for this indirect extrinsic population of the [(T)=1(0)+[Ciexp(—E,/kgT)/

green emission are, for instance, thermally ionized DAP re-

combination centers with species that indirectly populate the (Czexp(—Ea/kgT) +1)], @
green recombination band. This justifies the absence of thehere E;, are the activation energies an@,, are
peak shift of the green PL emission with increasing temperatemperature-independent constants. The best fit to the inten-
ture. When the excitation is made on the band maximum osity dependence of the green band was obtainedEfpr
PLE spectrum, the integrated PL intensity of the green emis=11.9+2.1 meV, E,=32.9+4.7 meV with pre-exponential
sion follows the same PLE behavior, increasing with increasfactors ofC;=28.3+5.4 andC,=9.6+1.4.

ing temperature until 100 K, followed by a decrease for  The binding energy of an exciton bounded to a neutral
higher temperatures. The temperature dependence of the Blbnor measured from the energy difference between the FXA
integrated intensityinset of Fig. 3b)] can be fitted accord- and I’X PL peak positions is 11.3 me\This value matches

ing to the activation energy found for the thermal population of the

1.8 20 22 24 26 28
Energy (eV)
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observed green PL between 25 and 100 K. This result sug-
gests that the thermal release of excitons bound to neutral 318ev \.».J/
donors occurs within this temperature range. The ionization e
energy of the donor is estimated Bg=59.5+ 2.1 meV, ap- 255V Excfﬁiozr;"sfﬁgy o)
plying the Haynes rulédespite the fact that, so far, no evi- ijﬁzz\‘ﬁ
dence exists that the Haynes rule could be applicable to 269ev
ZnO), which agrees with the recently reportéd°Ep, value
of one of the donors present in ZnO. As the PLE intensity
increases with temperature, the thermal release of the exciton
provides more carriers that could be trapped by the defect 168 172 176 1.80
that feeds the levels where the green band originates. After Energy (eV)
100 K, the integrated PL intensity decreases with an activa-
tion energy near 32.9 meV, which could be due to competi-
tive nonradiative processes of the populating defect or to ‘°"&\

0 1020 30 40
Time (ms)

at1.725 eV

PL signal

Intensity (a.u)

intrinsic de-excitation of the Cu-related center.

Besides the discussed green emission detected in our
iron-implanted and annealed samples, reti'Feslated lumi-
nescence is observed in both annealed samples, its relative
intensity being higher in the sample annealed in air. This
emission was previously observed in in-grown doped single
crystal$® and in iron-contaminated ZnO sintered pelf@tin
Fig. 4{ the 14-K PL spectra observed with different excitation 168 172 196 180
energies between 3.18 and 2.69 eV are presented.

As for the green emission, and as pointed by the authors
of Refs. 30 and 31, the Fe-related center is excited inside theG. 4. (a) Steady-state PL spectra observed at 14 K for iron-implanted
band gap via an indirect process. It was previously repéﬁ'ted sample annealed in air with different excitation energies: 3.18, 3.1, 3.02,

_ ifati 6 it 2.95, 2.88, 2.76, and 2.69 eV. Inset: PLE spectra monitored at the PL band
that g‘f _IOW temperature lifetime Of_ thlé_l% Al tr_anSItlon maximum.(b) 14-K TRS obtained with 3.02-eV excitation between 0.1 and
of F n _ZnO corresponds to a single decay t'me of 25.210 ms after the pulse lamp. Inset: measured decay time on the band maxi-
ms. The time-resolved PL spectra performed with openeehum at 14 K.
slits with 3.02-eV excitation presented in Figib# clearly

indicate the slow character of the observed transition. How- . ] )
ever, as previously observed in sintered pellets saniplbe, However, the implantation damage peak is well-pronounced

measured decay time in the band maximum at 14 K clearlj? the [000Z-aligned spectra, leading to a minimum yield
shows that the red emission cannot be described by a singfgtio between the aligned and random spectra in the damage

exponential decaginset of Fig. 4. Its behavior is adjustable "€9ion of xmi,~50%. Defect recovery starts at a tempera-
to bi-exponential fast and slow decays of 1.4 and 23 msture as low as 300°C, as indicated by the decrease to 43%
respectively. observed in the minimum yield. After annealing at 1050 °C,

In the iron-implanted sample annealed in air, the Felhe recovery of the.implantation damage is almost complete
related emission can be detected up to 120 K, as indicated @nd the minimum yield reaches a valuexgfi,~3% close to
Fig. 5. At 14 K, three main emission lines are observed athe one found before the implantatio{i,~2%). The re-
1.7899, 1.7885, and 1.7872 eV. The band presents a simil&°Very during the annealing in vacuum follows the same
vibronic coupling to the one observed previou¥ly! The
dependence of the integrated Fe-related emission with tem-

-
(=
3

Intensity (a.u)

Intensity (a.u)

Energy (eV)

cesses andC; is a temperature-independent constant. The

best fit was obtained foE;=8.45+0.51 meV, with a pre-

exponential factor ofC;=3.05+0.27. A similar value was

found in the sintered pellet sampl&s. -

Structural studies on the samples were performed using 1.68 1.72 1.76 1.80

RBS and PIXE analysis. The annealing recovery during the Energy (eV)

annealing in air is displayed in Fig. 6. The arrows inserted in _

the figure indicate the position of the surface edge for thé:IG' 5. Temperature dependence of steady state PL spectra observed with
. . 410 nm excitation for iron-implanted sample annealed in air. Indejs:

dlffe_rent _elemen_ts- As can be seen, _Zn masks the_ Fe 5'9nfﬁlltegrated intensity of PL as a function of temperatu®; temperature

making impossible the study of this element with RBS.dependence of the observed zero-phonon lines.

perature is shown by the Arrhenius plot in ingatof Fig. 5. ) = o
The thermal dependence of the integrated intensity can be £ 5 | ek
fitted according to 2 § |
_1 5 |2 § |5k
I(T)/1(0)=[1+Czexp(—E3/kgT)]™ 7, (2 s | & £
) o o = £ 1020 30 4050 6070 80 1.785 1.788 1.791
whereEj; is the activation energy for the de-excitation pro- = 100077 (K') Energy (eV)
&
=
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Random wherefg, is the fraction of impurity in substitutional sites
120001 () <0001>Virgin (Zn Face) along the[0007] direction andy min(Fe) andymin(Zn) are the
1 (a) <000Q1>As - Implanted e : : 0,
10000 4 (b) <000 1»300 °C ! air minimum y|el_ds of Fe _and Zn, respecuvely, we founc_i 56%
(©) <000 1> 8600 °C / air substitutionality after implantation. After the annealing at
J O (a) <0001>900°C:air 1050 °C in air, we measured an increase on the substitution-
8000
*g (e) <0001>1050°Can ality of Fe along thec-axis to 73%. The incorporation of a
8 6000 llz,, fraction of Fe in Zn sites is not unexpected, taking into ac-
1 count chemical considerations.
4000 {9
20001 & IV. CONCLUSIONS
o Q\“N_ We have incorporated Fe into optically active sites ZnO

200 400 600 800 1000 single crystals py ion ir_nplantation. The iron-rglate_d emissiqn
was observed in the implanted samples being its intensity
greater in samples submitted to annealing in air procedures.
FIG. 6. Random antﬂ0001]-ali%r11§d +RB§12 spectra of a ZnO single crystal Besides the red-related Fe luminescence, we have shown
implanted with a fluence of X 10°° Fe"/cmr: before(a) and after annealing ; ; e
in air at (b) 300 °C, (¢) 600 G, (d) 900 °C, ande) 1050 °C. that the green PL in samples annealed in air is |_nd|rectly
populated. The thermal dependence of the population of the
levels where the green band originates is consistent with the

ionization of species that give rise to shallow levels in the

trend, but the residual damage is slightly higher after eaCIEBand gap as the donor located 60 meV below the conduction
annealing stage compared to the sample annealed in air. TlB% d

minimum Yyield achieved after the annealing at 1050 °C in
vacuum wasymin~6%. The higher damage level found for
the sample annealed in vacuum suggests the importance HEKNOWLEDGMENTS
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