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Optical properties of the isoelectronic trap Hg in ZnO
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Nominally undoped ZnO crystals were doped with Hg by implanting radioactitdg/*°’Au

atoms. After annealing at 1073 K, the photoluminescditg spectra recorded at 1.6 K exhibit a

Hg related band in the region between 3.28 and 2.85 eV. The sharp no-phonon line, which is
observed at 3.276 51 eV, is assigned to a bound exciton. At lower energies, a phonon sideband is
visible, which is caused by the strong coupling with acoustical and optical phonons. It is shown that
these PL signals are caused by an exciton bound to a Hg atom that resides on a cationJi@8 ©
American Institute of Physics[DOI: 10.1063/1.157691]2

There is a renewed interest in the wide band gap semiifetime® 7;=92.53 h to stablé®’Au, the concentrations of
conductor ZnO because of its application as piezoelectri¢®’Hg and'®’Au atoms in the crystals change with time in a
transducer, varistor, phosphor, and transparent film. Due tpredictable way, and a change with time of the intensities of
its band gap, ZnO is a potential material for optoelectronicall PL lines that are related to defects containing Hg or Au
devices in the blue and UV range like UV light emitting atoms is expected to occur, accordingly.
diodes(LEDs) or UV laser diodes. For the fabrication of For the PL investigations state-of-the-art ZnO single
optoelectronic devices, knowledge about the properties ofrystals(Eagle Picher, USAwere used, which were grown
impurities, like donors, acceptors, and isoelectronic impuri-by seeded chemical vapor transport. Before implantation, the
ties, is of essential interest. Thus, it is known that isoelecZnO crystals were etched in a solution of 37% HCI for 60 s
tronic traps can enhance the efficiency of the radiative reand subsequently rinsed in an ultrasonic bath in bidistilled
combination of electrons and holes, as has been shown favater and in acetone. After implantation of th&€Hg ions
LEDs based on GaP. with a dose of 18 cm 2 and an energy of 60 keV, the

An isoelectronic impurity is generated by substituting acrystals were annealed at 1073 K for 30 min in oxygen at-
host atom by an atom of the same column of the periodianosphere in order to remove the implantation-induced radia-
table. In 1965, the observation of an exciton bound to artion damage. Recording thgeray spectrum of the implanted
isoelectronic nitrogen atom in GaP was repoftédcording  samples using a germanium detector revealed that radioac-
to Hopfieldet al, the difference in electronegativity between tive isotopes other than the isotop€éHg and®"™g were
nitrogen and phosphor was suggested to be responsible faot implanted. The fractions of metastaB®™g decaying
the binding of the exciton to the nitrogen centeklterna- to '%Au (7%) and °"Hg (93% with the lifetime& r,
tively, the binding mechanism can be described as a conse=34.34 h were estimated to about 20% at the time of im-
guence of the lattice deformation due to the atomic size difplantation. Therefore, the time dependence of the concentra-
ference between impurity and host atom. A recent overvievtion of 1*Hg atomscy(t) normalized to the time of implan-
of theoretical models describing the binding of excitons totation is described by
isoelectronic impurities has been given by Zh&resides
GaP:N some more isoelectronic traps have been discovered, Chg(t) =1.2958 exp—t/7;) —0.2958 exp—t/7;). (1)
which, however, were incorporated always on the anion sites

of 1=V or [I-VI semiconductors.® Only in the case of the  p;ing 20 days, a sequence of PL spectra was recorded at the
ll-VI semiconductor ZnTe doped with the isoelectronic al- g mpje position yielding the highest intensity of the PL lines
kaline earths elements Ca, Sr, and Ba, the occurrence of th,jer investigation. This position could be reproduced with
correspo_ndlng states on the cat|o_n site was rep6rted. an accuracy of less than 1gam in all measurements. In
In this letter, about photoluminescent®L) spectra of 4y to avoid additional modifications of the crystal during

Hg doped ZnO is reported and a characteristic band is aspg time between the different PL measurements, in particu-
signed to an exciton bound to the isoelectronic Hg impurity,, by aging processes, the sample temperature was always
on a cation site by applying PL spectroscopy in combinationyen helow 120 K. The PL spectra were recorded at 1.6 K,
with radioactive impurity atomé” This is a case of an iso- using the 325 nm line of a HeCd laser for the excitation of
electronic trap caused by a group b element. the ZnO crystals. The luminescence was analyzed by a 0.5 m

,'\'O”?i”al”; undoped ZnO crystals were implanted with oating monochromator and detected by atdéoled charge
radioactive ~°'Hg ions at the ISOLDE mass-separator atcoupled device camera.

. . 97 .
CERN (Geneva. Since the isotopé®Hg decays with the Figure 1 shows two PL spectra that were recort®d
and (b) 458 h after annealing of the implantation-induced
3Electronic mail: thomas.agne@tech-phys.uni-sh.de damage in ZnO. Like in Fig. 2, the spectra are normalized to
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FIG. 1. PL spectra me_agure_d at 1.6(k), 2 and(b) 458 h after annealing of 1 3. |ntensity of the no-phonon ling as function of the normalized Hg
the radiation damage i"Hg implanted ZnO along with an expanded over- concentratiorc,y, .
view of the bound exciton region, labeled according Ref. 10. Y

tion of normalized Hg concentratioo,y, which was ex-
tracted from 11 PL spectra using E@). The intensity of this
line was determined by integrating the PL spectra between
3.2746 and 3.2776 eV, whereby the background was deter-
mined using the PL spectrum recorded after 458 h.

The data in Fig. 3 show that the intensity of the no-

the intensity of the first LO phonon replica of the bound
excitons(BX) at 3.289 eMBX—1L0O). At the time of record-
ing the second spectrum, thA¥Hg atoms almost completely
decayed to'%/Au atoms due to the lifetimes of 92.53 and
34.34 h of the radioactive isotopé¥Hg and*®*"™g. Both

spect.ra show signals of bound excitbhand twg—electron phonon line A is proportional to the Hg concentration.
sqtelllteg(TES) of the _neutral donor-bound.excnﬁnalong Therefore, the no-phonon ling has to correspond to a de-
with their phonon replica. The expanded view of the boundfect containing a single Hg atom. Based on its chemical

excitons, shown in the inset and labeled according Ref. 1G, 0 fies Hg is expected to be incorporated on Zn sites of
documents the crystalline quality of the sample after annealyo 700 [attice after implantation and annealing. The incor-
ing. Only sp_ectrun(a) shows a pronounced new band W't_h a poration of Hg on Zn sites is corroborated by recent emission
no-phonon linéA at 3.276 51 eV and several phonon repl'caschanneling experiments using th radiation of 17Hg.12

at its low energy side. The fact that the intensities of theserpg 1 aliminary analysis of this data confirms our assump-
lines decrease.as a funcnon_of th_e (7alap§ed tg;e along witf g Therefore, it is concluded that the observed lumines-
the transmutation of the radioactivéHg into */Au (see cence of lineA corresponds to an isolated isoelectronic Hg

also Fig. 2 shows th? invqlvemer\t of th? el_ement'Hg. Con-atom incorporated on a cation site of ZnO. The sharpness of
trary, there was no line with an increasing intensity observ-the no-phonon lineA, exhibiting a linewidth of 0.82 meV.

able, which can be related to Au atoms. indicates that the Hg line is caused by an excitonic recombi-

Figure 2 shows a blow-up of the energy region 3.200—4i0n process. This assignment is supported by measuring

3.295 eV of 5 PL spectra that were recorded at different, jnrensity of the no-phonon link, as a function of the
times. Obviously, the intensity of the no-phonon liaglike intensity of the exciting laser powet,, yielding I,
the whole band, monotonously decreases with time. In Fig.

3 the | itv of th h ik is plotted ¢ =If13(4), what is expected in case of an excitonic recombi-
» the intensity of the no-phonon likg s plotted as a func- 4o process® Also the PL investigations, performed as a

function of temperature and yielding a thermal activation
energy of 1347) meV, are consistent with the assignment of
line A to a bound exciton.

Figure 2 shows that different PL lines occur in the Hg
band between the no-phonon lideand its first LO replica.
Beside the no-phonon ling, the spectrum includes different
lines that have the general characteristics of replicas caused
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FIG. 2. PL spectra of the Hg bantlow-up of the PL spectra in Fig.)1
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by phonon-assisted transitions. The energy differeddesf

the most significant linesA;—A-,X) to the no-phonon line

A are listed in Table I. By comparing th&®E values with
phonon energies of different branches at theoint of the
Brillouin zonel* the linesA;—A; can be identified as the
phonon replicas of the optical modes at thepoint (see
Table ). The continuous part of the phonon sideband is as-
signed to the interaction of Hg bound exciton with different
optical and acoustical phonons. It should be noted that simi-
larly strong phonon sidebands were observed for other iso-

recorded at different times at 1.6 K. Like in Fig. 1, the spectra are normal€/€Ctronic traps, like for nitrogen in G&P.At present, no

ized to the LO replica of the bound excit¢BX—1LO). unigue assignment of th¢ line can be made. Its intensity is
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TABLE I. Lines observed in the Hg band along with their energy differ- et al. in the case of ZnTe:O and GaP:BiThe authors ex-
encesAE to the no-phonon line A extracted from the PL spectiéxp.” ) Plained both no-phonon lines by the coupling of the angular
he

and the proposed assignments. The energies of the ZnO host phonons at . o
I" point of the Brillouin zong“Raman,” “Theory” ) are taken from Ref. 14 momenta of the eleCtron] (: 1/2) and the hOIGJ(_ 3/2) to

(LO: longitudinal optical, TO: transversal optigal the total angular momentad=1 or J=2, and assigned the
lower energetic line to the dipole-forbidden transition with
AE (meV) the total angular momentd= 2. Thus, linesA andB in the
Line Exp. Raman Theory Assignment case of ZnO:Hg are tentatively assigned to the two no-

phonon lines caused by bound excitons with the total angular

21 ?'222 122 14 EE,W momental=1 andJ=2. But, this assignment has yet to be

A, 32.4 32.2 Blow verified by PL measurements in an applied magnetic field.

Ay 46.7 47.3 49.2 A(TO) In order to explain the binding of the exciton to the

Aq 49.1 51.3 52.8 El(J(hJ) isoelectronic Hg atom in ZnO, the model of Hopfigtal3

25 22-2 244 656557 Eﬁizh might be suited: The Pauling electronegativities of Zn and
6 ' 210 69.3 A (lLO) Hg are 1.65 and 2.00, respectively. Thus, within this model,

Az 72.9 719 715 Ei(LO) Hg tends to bind an electron more strongly. Via the Coulomb

interaction the electron binds a hole and, thereby, forms an
exciton. In addition, the covalent radii of Zn and Hg are

. . .0.131 and 0.148 nm, respectively, yielding a 13% larger co-
also proportional to the Hg concentration and, therefore, thiggjent radius of Hg as compared to Zn. Due to the induced

line seems to be connected with a defect containing a singlgice deformation about the Hg atoms a strain field should

Hg atom. But, at the same position an other defect relategg,e|op. Both mechanisms can explain the formation of an
line is present, which is still visible after the decay of all jsgelectronic trap at Hg in ZnO in a qualitative way.
19"Hg atoms(see Fig. 2
The investigation of the no-phonon lin& using a

higher-resolution grating shows that this line actually splits
into two lines,A and B, with an energy difference of 0.86
meV (see Fig. 4 The intensity of the no-phonon linB
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