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We have investigated the conductivity and photoconductivity response of undoped and Li-doped
ZnGa0, epitaxial films grown using pulsed-laser deposition. A significant enhancement of the
ultraviolet (UV) photoresponse is observed with Li doping that also correlates with an enhanced
luminescent intensity. The wavelength dependence observed for creation of free carriers under UV
excitation suggests that the transition is either band-to-band or involves a defect level near the band
edge. Moderate-type dark conductivity is observed for undoped films processed under reducing
conditions. With Li doping, dark conductivity is reduced, suggesting that lithium ions in the zinc
gallate lattice serve as deep acceptors. In addition, Li doping effectively eliminates persistent
photoconductivity that is commonly observed in undoped films, suggesting the possible use of
Li-doped ZnGaO, as a visible wavelength blind UV photodetector. 2001 American Institute of
Physics. [DOI: 10.1063/1.1396829

I. INTRODUCTION ductivity properties of Li-doped and undoped epitaxial films.

ZnGa0, is an interesting wide band-gap oxide possess:rhe use of epitaxial ZnGe, f"'T‘S ellmlnatgs spurious ef-

ing the spinel crystal structure. It is an attractive phos ho}‘ects that may result due to grain boundaries. The photocon-
9 P y ) phosp uctivity response of ZnG®&,, both doped and undoped,

. . . e |
host candidate material for flat panel displays because of 't\‘7‘vas measured at wavelengths sufficiently short for band-gap
excitation. For undoped films, photoconductivity is relatively

favorable photgPL) and cathodoluminescen¢€L) proper-
ties and excellent mechanical and thermal stability. Zza weak. However, we observed a significant enhancement of
the ultraviolet photoconductivity for epitaxial Li-doped

exhibits an intense green emission when doped witf'Mn
inGaQO4 films. The photoconductivity correlates with an en-

ions; blue luminescence is realized in undoped material via
transition involving a self-activated center. With a band hanced photoluminescence intensity. In all cases, the films
remained relatively transparent to visible light.

gap of 4.4-5.0 eV, semiconducting ZnGxy is potentially
useful as a transparent conducting oxide, particularly if trans-
parency through the violet to near UV spectrum is desired.
Room temperature resistivity on the order of 30Q0ikm has . EXPERIMENTAL DESCRIPTION
been reported for polycrystalline bulk Zng.* Other Epitaxial ZnGaO, thin films with different amounts
semiconducting spinel oxides that have been investigated fasf lithium were grown on (001) MgO using pulsed-
their electroconductive properties include CdGAEy  laser deposition. Polycrystalline 1 in. diam ZnGa
=3.1eV) and MgI@O4(Eg:3.4eV).5'6 Of these spinel Li, 4Zng oGa0,, and L ,Zng sGay ,40, targets were pre-
structures, semiconducting Zng&a is unique in providing pared by mixing and pressing 40 [Alfa, 99.99%4, ZnO
transparency into the UV. Despite promise as a transparefflfa, 99.999%, and GaO; [Alfa, 99.9995% powders, fol-
electronic material, relatively little work has been done tolowed by sintering in air at 1250 °C for 24 h. Mosaic targets
elucidate the effects of processing and doping on the transyere required in order to provide excess Zn flux necessary to
port properties of semiconducting Zng&x materials, par- compensate for Zn loss due to its high vapor pressure at the
ticularly as thin films. growth temperaturéApproximately 2um-thick films were

In this article, we report on the properties of semicon-grown using an excimer KrF laser with a wavelength of 248
ducting ZnGgO, films grown by pulsed-laser deposition. In nm. The laser fluence was approximately 3.5 JcSingle
particular, we have investigated the transport and photocorerystal(100 MgO substrates were used, providing a 1% lat-
tice mismatch with ZnG#&,. The films were grown at

dElectronic mail: yonglee@etri.re.kr 730 °C under oxygen _partia! press@ﬁoz)] of ]:OO mTorr. .
YElectronic mail: dnort@mse.ufl.edu Crystal structure was investigated using four-circle x-ray dif-
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Stoichiometric ZnGg0, is an insulator with the large band

Lip 55210 50G2,50, gap, showingn-type semiconductor behavior after annealing
at high temperature under reducing atmospRefae dark
Lij 0521, 4sGa,0, conductance in ZnG®, is due to free electrons excited

from oxygen vacancies that introduce shallow donor levels
below the bottom of the conduction band. Under these pro-
cessing conditions, semiconducting ZpGa films with re-
sistivity p(300 K)=100 m() cm were realized. This resistiv-
ity is slightly higher than that reported for polycrystalline
460 4'50 560 5‘50 660 650 bulk samples, and may reflect the absence of grain bound-
Wavelength (nm) aries or slight deviations in cation ratios. Hall measurements
o _ _ _indicate that the films are-type as expected, although quan-
tFa'rG-eé- O':'-Z :g“;g”; r:(é)r bL'i“e ”r‘]'”'f"mgh/;f%‘ofngipos'tﬁd sing mosaigitative Hall results were difficult to obtain due to the high
-y +1Zn0. Lio oMo 955804 /20O, ba#M0sGe 20l agistivity of the samples. With Li doping, the conductivity
decreased significantly. For a Zsiligo=Ga0, flm grown
and post-annealed under the same conditions as described
fraction (XRD) with CuK « radiation (0.154 06 nm wave- @above, the room temperature resistivity was on the order of
length. Photoluminescence spectra were measured at roo%BQC_m; . . _
temperature using a broadband incoherent UV light excita-  Within the spinel structure, it is useful to consider where
tion source with a dominant excitation wavelength of 254the Li dopants might reside. Lithium can potentially occupy
nm. Conductivity was measured using van der Pauw medWo different sites in the spinel lattice, as well as interstitial
surements. Photoconductivity of the films was determinecites. The unit cell for the spinel structure is composed of 8
via four-point conductivity measurements at room tempera€lementary cells, consisting of 32 oxygen ions, 8 tetrahedral

ture. For contacts, Ct.5 nm/Au(100 nm dots were depos- cations, and 16 octahedral cations. In ZpGa the Zn cat-
ited on the films using electron beam evaporation. ions occupy tetrahedrally coordinated sites; the Ga occupies

the octahedral sites. The total numbers of tetrahedral and
octahedral vacancies in the unit cell are 64 and 32, respec-
tively. Therefore only 1/8 of the tetrahedral and 1/2 the oc-
The as-deposited films were epitaxial with good out-of-tahedral sites are filled by cations. With a small ionization
plane and in-plane alignment. X-ray diffraction provided nopotential and suitable ionic size, Li could occupy tetrahedral
evidence for the formation of lithium-related impurity vacancy sites () and be ionized so as to release electrons
phaseg. Earlier efforts showed that mixtures of Zn&a  into the conduction band, and consequently decrease the re-
and LiGaOg exhibit considerable enhancement in lumines-sistivity of the films? Lithium also possesses a similar ionic
cent intensities as compared to undoped Zi@aThis has radius to that for Zn [R(Li*)=0.059 nm,R(Zn*")
led to continued efforts in developing highly efficient =0.060 nnj and may substitute on the tetrahedral zinc sites
LiGasOg—ZnGa0, and LLO-ZnGaO, phosphor materials (LiZ,). From cation valence arguments one would anticipate
for display applications. Recently, we reported on the effecthat Li (+1) substitution for Zn(+2) introduces an acceptor
of Li doping on the CL properties of undoped and Mn-dopedlevel. The results for Li-doped Zn@@, films suggest that Li
epitaxial ZnGaO, films grown by pulsed-laser deposition. behaves as a deep acceptor dopant, given the decrease in
Our results showed that the addition of Li to ZnGa con-  n-type conductivity. This is also consistent with the behavior
siderably enhances the low voltage CL efficiencies. As-observed for ZnO, where Li doping introduces a deep accep-
deposited blue and green lithium zinc gallate thin-film phos-tor, making ZnO insulating.
phors exhibited CL efficiencies of 0.21 and 0.29 Im/W at 1 In addition to conductivity we also investigated the pho-
kV and 2.26uAlcm?, respectively Figure 1 shows the PL toconductivity response of undoped and Li-doped Zs@a
spectra for films with different amounts of lithium. A remark- films. Three wavelength regions were explored for photocon-
ably enhanced PL intensity is observed for the films containductive response: broadband visible, long wavelength UV
ing lithium. The peaking wavelength was located at approxi{365 nnj, and short wavelength U¥254 nn). For both Li-
mately 483 nm. The films containing lithium also exhibited adoped and undoped Zng3,, no photoconductivity re-
second peak at approximately 455 nm. A similar enhancesponse was observed for visible or 365 nm UV excitation,
ment with lithium doping is observed in the cathodolumines-consistent with the reported band gap. However, photocon-
cence spectra. The mechanism by which Li doping improvesluctivity was observed for irradiation at 254 nm in both
luminescent properties in Zn@a, phosphor materials will doped and undoped material. Most notably, a significant en-
be discussed later. hancement in photoconductivity was observed for the Li-
In order to elucidate the effects of Li doping on the doped material. Figure 2 shows the variation of dark-and
semiconducting properties of Znga, we investigated the photocurrent response with applied voltages measured at
conductivity and UV photoconductivity response of the epi-room temperature. For photoconductivity measurements, the
taxial films. Conductivity in the epitaxial ZnG@, films via UV intensity was approximately 100QW/cn?. First note
the formation of oxygen vacancies was achieved by postthat the dark conductivitfwith no UV excitation of the
annealing in~1 atm 4% H/ 96% Ar at 650°C for 1 h. undoped ZnG#), film is lower than that for the Li-doped

:

ZnGa,0,

3x
10x

PL Intensity (Arb. Units)

Ill. RESULTS AND DISCUSSION

Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 90, No. 8, 15 October 2001

T

Lee et al.

3865

' ) ' T 8 T T T T T T [l T T T
30 Lig 570, 50Ga, 550, i 7 ‘UV-lamp off
- : | ~ :ﬁ; —€— ZnGa,0, 7
320 Li 05219 9sG2,0, <§_ 6L —B— Li, 0571sGa,0, i
= 10 - = 5| *— Lig 552 59Ga, 50, |
5 | ZnGa0, 5 [ad
g ol & —a
5 0 2 T T T 5 4 r i e -
8 2_:;1 —Llo.oszno.gsGazOA_ 8 ‘é’ : :
B-10r bt - 2 3- % I ] -
K = E ]
B0t Z I m 2t g -
| 7nGa,0, e e N
-2_70 TR 5 0 1 & Decay time (sec) -
-30r 1 1 } L ?ppliedIVoltagel 2 | 0 h e
-80 -60 -40 -20 0 20 40 60 80 0 200 400 60 800 1000

Applied Voltage (V) Decay time (sec)

FIG. 2. Variations of photocurrent under UV excitation for films deposited | 3. Decay curves for films deposited using mosaic targets of

u;ing mosaic targets pf an@dZnO, Lig.0ZNg 0£G&0,/Zn0O, and ZnGa0,/Zn0, LipgZNg 0:Ga0,/Zn0, and L »Zn <Gay 240,/Zn0  at
Lio 2621056 2504/ZnO with applied voltages at room temperature. Rela- fixed voltages of 20 V and at room temperature. Initial relaxation is inserted.
tionship of dark current vs applied voltage is inserted.

eliminated by Li doping. Decay times will typically be de-

material, as pointed out earlier. For both the doped and urtermined by defect levels in the forbidden energy gap. The
doped ZnGgO, films, the photocurrent observed for 254 nm reduced relaxation period after the cessation of UV light re-
irradiation, corresponding to a photon energy of 4.88 eVsults from the formation of deep acceptor levels by the
appears to result from band-to-band electron—hole pair gerithium ion. Persistent photoconductivity is typically associ-
eration, although excitation involving a defect level near theated with deep traps that have a large activation energy for
band edge cannot be ruled out. Irradiation by 3.20 eV UVbeing occupied. The absence of persistent photoconductivity
photons did not show appreciable changes in conductivitywith Li doping indicates the introduction of a deep level that
The addition of lithium introduces deep acceptor levels in thepossesses no effective barrier to trapping, at least at room
energy band gap, trapping electrons and subsequently reduemperature.
ing the dark conductivity of the films. The mechanism for Note that the creation of free carriers during UV excita-
enhanced photoconductivity with Li doping can also be redion in Li-doped ZnGgO, films also correlates with en-
lated to the deep acceptor level, explained as an excitation dfanced PL intensity. To address the possible relationship be-
electrons from occupied Li acceptor levels to the conductioriween the PL intensity and photoconductance in the films,
band. At the relatively high doping levels used, the Li couldone must delineate the mechanism by which blue lumines-
conceivably produce an extended impurity band that alseence in ZnGg0, occurs. It has been suggested that the
participates in conduction when depopulated via UV excita-oxygen vacancies producing free electrons and ®as are
tion. More work will be needed in order to determine energyresponsible for blue luminescence in ZnGabased on the
levels associated with Li substitution. following observation§~*? (1) The excitation spectrum of

In addition to the enhanced photoconductivity, Li dopingthe blue emission band for selected gallium containing ox-
also results in a significant reduction of the so-called persisides was identified by ligand-field theory as due to a"Ga
tent photoconductivity that is present in undoped Zs@a luminescence centef2) The intensity of blue luminescence
films. In general, persistent photoconductivity indicates then gallium-possessing oxide phosphors is typically enhanced
presence of deep-level traps possessing a capture bBgrier by annealing under a reducing environme(®. Annealing
that must be overcome via thermal excitati@b high tem- many gallium-containing phosphors, including JGg
peraturesor electron tunneling via multiphonon emissi@  Mg-Li gallate, and Mg—Zn gallate, in an atmosphere of pure
low temperatures® It is often observed in ionic semiconduc- oxygen decreases luminescence intensity. Based on these ar-
tors, including GaN. Photocurrent decay curves measured guments it appears that the Baions in the spinel lattice
a fixed voltage of 20 V are shown in Fig. 3 for Znf&a  combine with UV-generated free electrons, giving rise to
films with different Li doping levels. The undoped zinc gal- blue luminescence. The addition of Li, resulting in an in-
late film, exhibiting a lower photocurrent under UV excita- creased photogenerated carrier density, directly contributes
tion, shows a long tail in the decay curve after the cessatioto the radiative recombination process with®Galeading to
of excitation. Persistent photoconductivity in undoped andenhanced luminescence as seen in Li-doped Z08%a
lightly doped ZnGgO, films display decay times on the or- In summary we have investigated the transport proper-
der of minutes. In contrast, the film deposited using the targeties of semiconducting ZnG@, films. A decrease in dark
of composition LjoZngsGa »:0,/ZnO reveals a much current with lithium doping suggests that lithium ions intro-
higher photocurrent at the voltage of 20 V, and a decay timeluce deep acceptor levels. The addition of lithium consider-
that is orders of magnitude smaller than that for the undopedbly enhanced PL intensity for the films. This increase in PL
film. In fact, for the time resolution achieved in these mea-and CL correlates with an increase in photoconductivity re-
surements, the persistent photoconductivity appears to b&ponse under 254 nm irradiation. Generated free carriers un-
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