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Optical observation of donor-bound excitons in hydrogen-implanted ZnO
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The optical and structural properties of H or He implanted ZnO were investigated using low
temperature photoluminescen@®l) and infrared spectroscogyR). H implantation is shown to
influence the relative luminescence intensities of the donor bound excitons, enhancing the 3.361 eV
peak, and changing the overall intensity of the PL spectrum. PL from He implanted ZnO is used to
demonstrate that implantation damage is partially responsible for the variations observed in the PL
of H implanted ZnO. IR spectra show that the increase in the relative intensity of the 3.361 eV peak
coincides with an appearance of the H vibrational mode in the ZnO lattice. Our results indicate that
the implanted H forms O—H bonds at Zn vacancies, and that it is these defect complexes which give
rise to the shallow donors participating in the observed bound-exciton luminescence at 3.361 eV.
© 2005 American Institute of PhysidDOI: 10.1063/1.1906330

As-grown ZnO, in the nominally undoped state, typi- implantation at 3< 10 /cn?. PL was excited using the 351
cally exhibits n-type conductivity. In spite of intensive re- nm line from an Af laser and the emitted light was detected
search, the origin of tha-type conductivity is still debated. with a LN,-cooled charge-coupled device camera. Infrared
It has been traditionally attributed to native defects in thespectroscopyIR) measurements in multiple internal reflec-
ZnOZ! However, both experimental and theoretical studiegion mode were performed at room temperature.
have not clearly demonstrated that there is a native defect Figure 1 shows the change in the 4.2 K PL spectra for
which behaves as a shallow donor in ZnO. Recently, firstZnO as a function of H implantation dose. The bound-
principles calculations have suggested that hydrogen acts asciton PL spectrum prior to implantation exhibits at least
a source ofn-type conductivity’: Consistent with these cal- six narrow peaks with the strongest peak at 3.364 eV mea-
culations, several studies using electron paramagnetic reseuring about 1 meV full width at half maximuiFWHM),
nance, Hall effect measurements, and muon spin spectrosensistent with the previous work by Reynoleisal® After
copy have shown that there is a shallow H-related donoH implantation, the relative intensity of PL peaks changed.
level just below the conduction barid. The intensity of the 3.361 eV peak relative to that of the

In this article, we investigate the effects of H implanta- 3.364 eV peak increased for all doses. In addition, the overall
tion on the optical properties of ZnO using a combination ofPL intensity of the H implanted ZnO showed a nonlinear
low temperature photoluminescen@d.) and multiple inter-  variation with respect to the H implantation dose. While the
nal reflection infraredMIR-IR) spectroscopies. 2 10" H/cn? implantation increased the overall PL inten-

Commercially available ZnO single crystals were usedsity, the 3x 10 and 5x 10 H/cn? implantations de-
in this work® The (0001 surfaces were implanted with 6 creased the intensity. The FWHM of the PL peaks increased
keV H* at doses of X 10*3, 3x 10" and 5< 10 H/cm?.  with increasing H implantation dose, causing the well-
At this energy the majority of the implanted H comes to restresolved peaks observed in unimplanted ZnO to merge after
at a depth between 40-110 nm, which is believed to be
within the absorption and emission depth for PL. This is the
significant difference between our study and previous work E  Vignzoo L
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regarding the effect of H implantation in Zn3.Due to the F = 2x10"Hen "
high implantation energies ranging from 100 keV to 1 MeV 10" O g f

. h . ; . E- -~ 5x10"H/
in previous studies, the implanted H resided much deeper T

than the optically active region and showed only the effect of
implantation induced damage on the optical properties of
ZnO. Half of the hydrogen-implanted samples were annealed
in vacuum at 300 °C for 15 min. To evaluate the role of the

implantation damage on the PL spectrum of ZnO, a compan-
ion set of room temperature implants was produced using 10

PL Intensity (A. U.)

keV He' at a dose of 2.5 10" /cn?, which according to the N v B e
stopping and range of ions in matté8RIM) simulationd 103_34 335 336 337 338
supplies the same amount of lattice damage as the 6 KeV H Energy (eV)

JAuthor to whom all correspondence should be addressed; electronic maifIG. 1. PL spectra of unimplanted andx20'%, 3x10% and 5
jklee@lanl.gov X 10% H/cn? H implanted ZnO measured at 4.2 K.
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FIG. 2. PL spectra of He implanted ZnO measured at 4.2 K.

FIG. 4. Infrared(IR) spectra of as-grown and H implanted ZnO using

MIR-IR try.
the 5x 10'® H/cn? implantation leaving only two broad PL geometry

peaks at 3.361 and 3.364 e\&ee Fig. 1
PL measurements were also performed for ZnO im-3630 cm?® were observed for the H implanted ZnO. After
planted with He. Since there is no chemical interaction bedehydrogenation, the broad modes observed in the H im-
tween He and ZnO, changes in the PL spectra of this samplgianted ZnO disappeared, demonstrating that the IR peaks
reflected ion implantation lattice damage. As shown in Fig. Zahove 3300 crit were due to the local vibrations of H bound
a significant decrease in the PL intensity was observed folg zn0.
lowing the He implantation, %onsistent with previous reports  These data show that implanted H has a complex effect
on the highly iradiated Zné. However, the relative inten- o, the [uminescence of ZnO. H implantation under a critical
sity of the PL peaks remained unchanged and the peak @hse promotes the radiative recombination process in ZnO
3.364 eV sitill exhibited the maximum intensity. and increases the overall intensity of luminescence. How-
To elucidate the effect of H passivation, PL spectra Weryer after annealing at 300 °C, the PL intensity of H im-

also obtained for dehydrogenated ZnO. Figure 3 shows thﬁlanted ZnO decreased by an order of magnitude, suggesting

PL spectra for ZnO that was implanted with 3. Lo ;
4 .~ incomplete recovery or passivation of the lattice damage
x 10" H/cn? and then thermally annealed. A comparnison ., ;seq by ion implantation. While 300 °C is sufficient to

with Fig. 1 shows that the relative peak intensities as well as . .
the overall intensity of the PL changed after annealing; theaIIOW It?f. |_mplantedﬁ_H to escape pamallyf Horg onO
relative intensity between the 3.361 and 3.364 eV peaks refc_rysta S, It Is not sufficient to remove most of the defects
covered to that of unimplanted ZnO and the overall PL in- ormed _durlng lon |mplantat|on. This suggests that the de-
tensity decreased to 15% of the PL intensity of H implanteocredastﬁ in PL '”te”s"{ for ann_ealte((jj Zdan) v;/as:ue to l:h Iossb
Zn0O. The overall decrease in intensity following annealingan de' presence F?L _unpaS_SI\?a;ﬂOlgFe';: Sr’nz enlce, de ob-
indicates that defect formation occurs as a result of dehydros-erve_ Increase in mtensﬂy or chr imp z_inte_ .
genation and alters the luminescence mechanism by enharﬁno is most likely due to passivation of grown-in or intrinsic
ing the non-radiative energy transfer process. efects. An increase in the overall PL intensity following H
The bonding nature between H and lattice damaged zndcorporation in ZnO has been observed by several groups.
was investigated using MIR-IR for as-grown and 3 Ohashiet al. proposed that implanted H passivated the unin-
X 10 H/cn? H implanted ZnO crystals. In Fig. 4, two tentionally doped acceptors and defects, leading to the in-

broad bands, which are centered between 3330 angf€ase inthe PL intensity.Polyakovet al, however, attrib-
uted the increase of the PL intensity and electron

concentration to either the presence of H shallow donors or
H donor complexes bound to native defejcztRecentIy, Sea-
ger and Myer demonstrated that the incorporated H passi-
vated most of the acceptor states and introduced a shallow
donor level® For H implantation at and above 3
X 10" H/cm?, a decrease in the total luminescence effi-
ciency is observed, which we attribute to an increase in the
concentration of the nonradiative centers produced by the ion
implantation. It is apparent that irradiation defects contribute
3 e VirgnZa0 -, ] to the nonradiative process and suppress the luminescence
Eeee e 10 Hem? process. However, it is noted that the shape of the PL spectra
Y I - - - 3x10"* Hiom"+Anneal | for the 3x 10 H/cn? implanted ZnO and the He implanted
3.350 3.355 3.360 3.365 3.370 3.375 ZnO was different, although both conditions exhibit signifi-
cantly decreased PL. The luminescence with the maximum
Energy (eV) intensity was found at 3.361 eV for H and at 3.364 eV for He
FIG. 3. PL specira of as-implanted and 300 °C annealed ZnO for a dose diMPplanted ZnO, respectively. This suggests that the change in
3X 10" H/cn? measured at 4.2 K. the reiative intensity of the 3.361 and 3.364 eV peaks cannot
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be exclusively attributed to the formation of irradiation de- strength of the O—H bond in ZnO greatly reduces the energy
fects. for forming a hydrogen dondi.e., H" formation, making a

As shown in Fig. 1, H implantation changed the relativeZn vacancy—H complex act as a shallow donor. Here, it is
intensities of the PL peaks, with the intensity of 3.361 eVworth recalling that H implantation naturally creates defects,
peak becoming stronger relative to the 3.364 eV peak regarduch as vacancies and interstitials, and that the intensity of
less of implantation dose or implantation damage. Howeverthe 3.361 eV PL peak relative to that of the 3.364 eV PL
when implanted H started to be evolved from the ZnO cryspeak was observed to increase for only H implanted ZnO and
tals through annealing, the maximum intensity peak revertedot for He implanted ZnO. We thus conclude that H forms
to the 3.364 eV peak. Since both the 3.361 and 3.364 eVlefect complexes with native or implantation induced Zn
peaks are attributed to neutral donor bound excitons, thesgacancies and is responsible for the 3.361 eV PL peak while

results suggest that the concentration of the donors respopt in the BC configuration causes the 3.364 eV PL peak in
sible for the luminescence at 3.361 eV is very sensitive to thgno as suggested by previous studies.
presence of hydrogen.
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