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Doping of the nanocrystalline semiconductor zinc oxide
with the donor indium
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Doping of the nanocrystalline semiconductor ZnO with the doHdn was achieved by the
incorporation of*in atoms during the growth process followed by a hydrothermal treatment at 473

K. The incorporation ofin on substitutional Zn sites was shown by the perturbgdangular
correlation technique. The structural quality of nanocrystalline ZnO with a mean grain size of 11 nm
is significantly improved by annealing at 473 K, as revealed by x-ray diffraction, transmission
electron microscopy, optical absorption measurements, and photoluminescence spectroscopy. It is
shown that the incorporation dtin on undisturbed Zn sites in nanocrystalline ZnO seems to be
supported by the onset of crystal growth and by the removal of intrinsic defec0G8 American
Institute of Physics.[DOI: 10.1063/1.1598289

Among the current research on nanocrystalline materifoils were etched in a solution of 37% HCI for 60 s and
als, there are extensive investigations of nanometer-scakubsequently rinsed in an ultrasonic bath in bidistilled water
semiconductors, which exhibit strongly size-dependent optiand in 2-propanol. For the electrolysis, a current density of
cal and electrical propertiésHowever, the doping of nano- 10 mA/cnt was applied at a temperature of about 303 K.
crystalline semiconductors, a procedure that forms the basiBhe nano-ZnO crystallites were dopedsitu with In atoms
for the success of semiconductor technology still poses &y diffusing radioactivein atoms before electrolysis from
severe problem in these materialMost effort for solving & dried ™inCl; solution into the sacrificial electrode. By
this problem has focused on I1-VI semiconductor nanocrysmeasuring the radioactivity of the produced nano-ZnO the
tals doped with impurities, such as Mn and Cu, or rare-eartfielative concentration of“in was estimated to 1 ppb. Typi-
elements, such as Tisee Refs. 10—13 in Ref).2 cally an amount of 100 mg nano-ZnO was produced during a

Here, we report on the doping of the nanocrystallineSingle run; but the EDOC method can easily be upscaled for
II-VI semiconductor ZnO(nano-ZnQ, which was achieved the production of larger guantitiéle_Jring this procedur(_a_,
by introducing In atoms during growth followed by a hydro- the clusters are coated with TBA, which works as a stabilizer

thermal treatment at 473 K. This procedure led to a volume®f the colloidal nanocrystallites. For the hydrothermal treat-

weighted mean grain size of 11 nm. The experiments ingiment the ZnO nanocrystals were dissolved in 2-propanol and

cate the incorporation of the dopant In as a potential shalloW® Solution, encapsulated into a pressure vessel, was heated
donor on substitutional Zn sites. The incorporation of In at-2t & temperature between 373 and 523 K. At the maximum

oms on the Zn site, which is a prerequisite for the formatioriemperature of 523 K, the pressure in the vessel was about

of a shallow donor state, was determined from measuremen?s2 MPa. . . :
of the electric field gradient at the site of the dopant atoms. In ZT‘O' the mco_rporatlon of théll!n atoms on _Zn _S|tes
The quality of the undoped nanocrystallites, that is, crystalginnfﬁégé)bemzsgzslr':ge:t ?gecgnﬂgngl?r?eﬂ;: d?(lyzccttril\(/:eﬁzlc()j g:]at'
linity, size, and size distribution, was determined by X-rayypy 11y N turb | lati . pt
diffraction (XRD), transmission electron microscopyEM), n in a perturbedyy angular correlation experimen

. ; . PAC),® with the well-known EFG caused by the hexagonal
optical absorption measurements, and photoluminescen

spectroscopyPL). First results on the incorporation of In in nO lattice at the Zn site. Choosing,, as the largest com-

nano-ZnO were obtained after annealing at 573 K in arionent of the traceless EFG tensor., Vit Vyy+Vz
3 . o =0) and the asymmetry parameter= (V,,—Vy,)/V,,, the
furnace; but the volume-weighted mean grain size of the 11 . :
) EFG measured by the prob¥in/**Cd in bulk ZnO is char-
annealed sample was about 20 fusp that the optical ex-

) . X acterized by the coupling constantrg=eQV,,/h
Ere]irfltrr:)efrlasedt;gnr(;Otg;QOW any confinement effects, such as g31.2(1) MHz andz=0:° here,Q is the nuclear quadru-

NaNo-2n0 duced by the el hemical d pole moment of the isomeric 245-keV5/2" level of 1*Cd
ano-Zn0 was produced by the electrochemical deposiygq for measuring the hyperfine interaction with the EFG.

tion under oxidizing condition€EDOC) method®* The elec- Figure 1 shows the PAC time specit) and their Fourier
troly§|s process uses two Zn electrqdes and _takes place '”t?ansformsF( ) detected afin-doped nano-ZnO. After
solution of 0.1-M tetrabutylammonium-bromiddBA-Br) = anneajing at 373 and 423 K, the PAC spectra exhibit a broad
dissolved in 2-propanol. Before growth, high-purity ZinC ¢requency distribution, similar to samples that were not an-
nealed. This shows that tHé'in atoms are incorporated in
dElectronic mail: thomas.agne@tech-phys.uni-sb.de nonunique crystalline environments characterized by a distri-
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FIG. 2. XRD spectra of nano-ZnO as prepared and after hydrothermal treat-

o5k [Mw,. size and size distribution increase and reaches, at an anneal-
0.1F . Inoq ) 41 ing temperature of 473 K, the valu&,=7.47 nm ando
g Zn lattice site =1.5, corresponding t¢D),,;=11 nm. At the same time,
\ A ﬁ"!‘ i 1 the microstrain decreases and disappears at 473 K, which
0.0 — 0 coincides with the onset of the incorporation of the In atoms
0 200 400 O 200 400 on regular Zn sites observed by PAC.
t [ns] o [Mrad/s] The grain size distribution and shape of the nano-ZnO

crystallites was investigated by TEM using a JEM 2010 elec-
FIG. 1. PAC spectra of*in doped nano-ZnO after annealing between 373 trgn microscope. After preparation and after hydrothermal
and 523 K for 5 h by the ydrothermal method. treatments at 373 and 423 K, the samples exhibit crystallites
of spherical shape, and the distribution of the grain size

bution of EFG. After annealing at 473 K, an EFG charactermatches well with the log-normal distribution of the XRD
ized by vo=31(2) MHz andy=0.2 is observed, whereby a analysis. The sample annealed at 473 K still consists of
fraction of about 12% of alMin atoms is situated in this hanocrystals of spherical shape but of few rod-shaped crys-
environment. Increasing the annealing temperature to 523 Kallites as well. After annealing at 523 K, the rod-shaped
this fraction increases to 25%. The coupling consb&glof crystallites prevail, having a length up to 200 nm and a di-
the observed EFG matches very well that of the EFE"¢fi ~ ameter of about 15 nm.

on undisturbed Zn sites in bulk ZnO, mentioned earlier. The ~ The optical absorption measurements were carried out
difference in the asymmetry parametgrof the observed Using an UNICAM UV 500 spectrometer and nano-ZnO dis-
EFG might indicate small distortions of the ZnO lattice in Solved in 2-propanol. The spectra in Fig. 3 exhibit a blueshift
the environment of thé!in atoms. These distortions might due to the confinement effect. With increasing annealing
be caused by the incorporation Bfin atoms near the sur- temperature, the spectra show a shift of the band gap of
face of the crystallite or by internal strain present in theN@no-ZnO to smaller energies corresponding to the increase
nanocrystallites. Lattice distortions in nanocrystallites aref the size of the nanocrystals observed by XRD and TEM.
also known from extended x-ray absorption fine structureAt the same time, the total absorption in the UV range in-

experiments. creases with increasing annealing temperature up to 473 K,
In order to investigate the response of the nano-ZnO host
lattice to the hydrothermal treatment, undoped material was T T T T T T T T T T T A K,

analyzed by XRD, TEM, optical absorption, and PL. For this
purpose, a sample of nano-ZnO was divided into five parts in
order to compare samples as prepared and after hydrothermal
treatments at 373, 423, 473, and 523 K, respectively.

The XRD measurements were carried out using GuK
radiation of a Siemens D-500 diffractometer®-20 geom-
etry. The spectra plotted in Fig. 2 exclusively show the dif-
fraction pattern of the hexagonal ZnO lattice. The line shape
of the Bragg peaks was analyzed by the method of
Warren/Averbach in order to yield size, size distribution, e i 1 . . .y ,asprep.
and microstrain of the nanocrystallitts\fter preparation, 3.0 35 4.0 45 5.0
the nano-ZnO crystallites show a log-normal distribution Energy [eV]

with a m.eqlan flametEDc’: 3.96 n.m' a geomemcal _Stan- FIG. 3. Absorption spectra of nano-ZnO as prepared and after hydrothermal
dard deviationr=1.11, corresponding to a volume-weighted yeatment at different temperatures. The spectra were recorded at room tem-

mean grain size 0£D>vo|=4-1 nm, and a microstraife?)  perature.
Downloaded 12 Aug 2003 to 134.96.29.109. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp

lin. Absorption [a.u.]

373K




1206 Appl. Phys. Lett., Vol. 83, No. 6, 11 August 2003 Agne et al.

trinsic defects causing this band is reduced. After annealing
F at 523 K, the line of bound excitons becomes still sharper
F373K ! but, at the same time, a new deep emission band arises, cen-
[ 3 tered at 2.4 eV.

423K 3 In summary, nano-ZnO with a mean grain size of 11 nm
was successfully doped with the donBfin. The required
incorporation of!*in atoms on undisturbed Zn sites after
hydrothermal treatment at 473 K was shown by detecting the
site-specific EFG in nano-ZnO using PAC. The comparison
with nano-ZnO that was annealed under vacuum in an oven

n prep.

log. Intensity [a.u.]

P T S T oo 1 shows the superiority of the hydrothermal process. At the
20 22 24 26 28 30 32 34 36 same temperature of 473 K, the structural quality of nano-
Energy [eV] ZnO is significantly improved as revealed by TEM, XRD,

FIG. 4. PL spectra of nano-ZnO as prepared and after hydrothermal treaf"—lpsorpt'on’ a“‘?' PL e)_(pe.”mems' The results obtained _by the

ment at different temperatures. The spectra were recorded at 1.6 K and agfifferent techniques indicate that the successful doping at

shifted vertically for the sake of clarity. 473 K is accompanied by the onset of crystal growth and
might be due to the removal of intrinsic defects in the nanoc-

indicating that an increasing fraction of nanocrystals is in_rystalhtes. Based on the known conditions for the incorpora-

1 i : ;
volved in the absorption process, possibly due to an orderin I?:mosf alltnraetlg;:/Semcgﬁzgnfrg%)nesxpsfr m;ir;tust\_/v ilt(;;;atzlne In
of the lattice of the ZnO nanocrystallites. The same results [OaresS
were obtained in case of hydrothermally treated nano-zZnd"°9 '

that was doped witfin. . The authors are grateful to Manfred Schuler andyJo
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