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We investigated the optical properties of epitaxiatype ZnO films grown on lattice-matched
ScAIMgO, substrates. As the Ga doping concentration increased up & cmi 3, the absorption

edge showed a systematic blueshift, consistent with the Burstein—Moss effect. A bright
near-band-edge photoluminesceliee) could be observed even at room temperature, the intensity

of which increased monotonically as the doping concentration was increased except for the highest
doping level. It indicates that nonradiative transitions dominate at a low doping density. Both a
Stokes shift and broadening in the PL band are monotonically increasing functions of donor
concentration, which was explained in terms of potential fluctuations caused by the random
distribution of donor impurities. @004 American Institute of Physid®©Ol: 10.1063/1.1776630

Optical properties of ZnO are currently the subject ofsured by using an UV/visible spectrometéBhimadzu,
numerous investigations, in response to the industrial dewVv2450).
mand for short-wavelength optoelectronics devices. Produc- Figure Xa) shows room-temperature near-band-edge
tion of high-quality doped ZnO films is indispensable for the photoluminescence spectrdleft-hand sidg¢ in n-type
device application. Photoluminesceng®l) is a sensitive Ga-doped ZnO samples with different doping densities. The
and nondestructive method, the results of which provide gorresponding absorption speciright-hand sidg are also
good indicator of material quality. Impurity-doping, defect,
and surface profile influence its broadening, Stokes shift, anc
radiative efficiency. Room-temperatuil®T) near-band-edge
(NBE) luminescence has not been observed in donor-dopet
ZnO except for lightly doped ones despite the long researcl &
history of this material as a transparent conductive
window™* Indeed when ZnO:Al films were grown on lat-
tice matched substrates, detectable NBE PL could be ob
served only at 5 K. As pointed out by Ket al., oxidation of
the Al during the growth owing to its high reactivity may be
responsible for that. On the other hand, Ga is less reactive =
and more resistive to oxidation. The covalent bond lengths of 5
Ga-0 are slightly smaller than that of Zn—0O, which will &
make the deformation of the ZnO lattice small even in the 2 ]
case of high Ga concentratiérin this letter, we report ob- 810 o R ]
servation of the RT NBE luminescence from ZnO:Ga epi- L | l | I =
taxial layers. The radiative efficiency, threshold energy and 26 28 30 32 34 36 38 40 42
the linewidth of the near-band-gap optical transition are in- PHOTON ENERGY (eV)
vestigated as a function of doping density of Ga.
Ga-doped ZnO samples were grown by laser molecular- S
beam epitaxy on théd00D-plane of a SCAIMgQ substrate. Fo =N~ 1 m
The samples were grown at temperatures of 650 to 680 °C
The Ga doping was varied to achieve doping densities in the
range of 8x 10'8to 6x 107° cm3.° We used Fig. 2 of Ref. 6
for the conversion from prescribed Ga concentration. The
photoluminescence measurements were performed using &
He—Cd laser, with emission at 325 nm. The luminescence
from samples was dispersed in a 0.3 m spectrometer an — K

detected by a charge-coupled device. Absorption was mea-
FIG. 1. (Color online (a) Room-temperature photoluminescence spectra

(left-hand sidg of n-type ZnO doped at different Ga concentrations. Also

[

n-type ZnO
Aoy = 325 Nm

‘exc

293 K

NTENSITY (arb. unit
ABSORBANCE (arb. units)

3Electronic mail: tmakino@riken.jp shown are the corresponding absorption spegight-hand sidg (b) An

PAlso at: Combinatorial Materials Exploration and Technology, Tsukubaenergy diagram of doped ZnO illustrating the corresponding optical transi-
305-0044, Japan. tion thresholds.
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FIG. 2. Integrated emission intensity of the near-band-edge transition of ’ i 2 4 68 - 2 4 68 - 2 4 638 5
n-type ZnO as a function of the doping concentration. 10 10 10 10

. . -3
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shown, and they indicate a clear blue Sh(ﬁt, most FIG. 3. (Color onling (&) Optical band gap vs electron density for ZnO:Ga
=430 meV) related to the well-known Burstein—-Moss fiims as obtained from experimental datdosed circles and a computed
effect”® All of the luminescence spectra displayed intenseresult(solid curves. A solid curve refers to the theory for polar semicon-
near-band-edge transitions. In order to identify the physicaij“cg"fn"s‘ct’gr'gg ;zf'tf]re‘e;?_ysig'fe‘g';';%s's cited from Ref. 1. Also shown
nature of this near-band-edge transition, comparison with ab? °Pen =
sorbance data was made.rirdoped ZnO, as shown in Fig.
1(b), an absorptive optical transition occurs from the valencedoping concentrations. This decrease is probably attributed
band to the Fermi level or conduction band, while an emisto compensating native defedtsThe RT NBE PL could not
sive transition occurs from an impurity-donor band to thebe observed in ZnO:Al films grown on the lattice-matched
valence band. This is the reason for the occurrence of aubstrate.
Stokes shift, i.e., the luminescence peak is red shifted from We determine the energy position of the absorption edge
the absorption threshold. The dominant luminescence transky taking the zero crossing of the second derivative spectrum
tion is therefore thought to be due to such a donor-to-freeef the absorption coefficient. Solid marks in Figagshow
hole recombination. Since the Stokes shifts exceed a sum efkperimentas! data as a function of electron densityhat
the donor and acceptor ionization energies in samples at th@as measured by the Hall-bar method. The experimental re-
highest doping level§l.5—-6x 10°° cm™3), they are assigned sults are compared with the “full” theory of Serneliessal *
to recombination of donor—acceptor pairs. This has been developed for polar semiconductors, taking
The intensity of the near-band-edge transition increasethto account the band gap renormalization, Burstein-Moss
markedly as the doping concentration increases. Figure &ffect and polaron effect. A solid curve shows a result which
shows integrated intensity as a function of doping concentracomputes an energy difference between the valence band and
tion. The integrated intensity increases by a factor of 17 ashe Fermi level. All of the quantities required to calculate this
the doping density is increased fromx&80" to 1.5  curve were taken equal to those used in Ref. 1. The experi-
X 107 cm® and then finally decreases at the highest levelnental data for ZnO: Ga are seen to agree well with the solid
(6 107° cm™3). The relatively low intensity at low doping cyrve.
concentrations is attributed to nonradiative transitions. The  |nspection of the spectra reveals that the Stokes shift
lifetime of the nonradiative channel is determined by theenergy increases from 22.4 to 396 meV and the linewidth of
nonequilibrium minority carriethole) concentration and the  the transition increases from 154 to 293 meV as the doping
concentration of traps participating in the recombination. Inconcentration increases fromx<gLO8 to 6 102° cm™3. Open
n-type semiconductors, the trap recombination rate is propolsquares in Fig. @) show the Stokes shift that is difference
tional to Nyp, whereas the radiative recombination rate ispetween the PL peak and the absorption threshold. The en-
proportional tonp=Npp. The ratio of radiative to nonradia- hancements are explained in terms of potential fluctuations
tive recombination rates ip/Nr.™" If Ny is independent of  caysed by the random distribution of doping impuritiest
the doping concentration, radiative transitions increase witl thought that the localization of photocreated carrier due to
Increase in doping concentration. Thus, higher efficiency igpe fiuctuation determines the Stokes shift. The localization
expected afNp increases. This increase in efficiency was genth grows with an increase in the randomness. A quantita-
indeed observed experimentally. The monotonic increase ifye comparison will be made only for the latter case. Ran-
luminescence efficiency with an increase in doping conceng,m)y distributed dopants lead to unavoidable fluctuations of
tration also shows that luminescence killédeep levelsdo ¢ joning concentration on a microscopic scale. These mi-
not increase with increase in doping concentration, which igsqnic concentration fluctuations result in potential fluc-

indicative of the- high.quality of thg gpitaxial films. In the tuations. By taking the standard deviation of the potential
case of ZnO epitaxy, it has been difficult to achieve such Efluctuation, the broadening of the near-band-edge transition

situation, i.e., impurity doping has so far induced a Sizabl‘?/vas calculated® the result of which is used in this work. The
increase in the trap center concentrafidt? On the other cull width at haif—maximum(FWHM) s then given by
t

hand, the luminescence efficiency decreases at the highes
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FIG. 4. (Color online Experimental linewidth of the near-band-edge tran-
sition of n-type ZnO as a function of the doping concentration. Also shown
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the case ofn-GaN:Si, there were weak shoulders in the

Stokes sides of the main luminescence péaks.ZnO:Ga,

on the other hand, the intensity of a one-phonon replica
could be comparable to that of a zero-phonon peak, which
leads to larger FWHMSs. A further systematical study is nec-
essary to elucidate that.

In summary, observation of the room-temperature NBE
luminescence in ZnO:Ga is reported for Ga doping concen-
trations ranging from & 10 to 6x 10?° cmi 3. A compari-
son of luminescence and absorption results shows that the
NBE luminescence is assigned to donor-to-free-hole recom-
bination for relatively low dopant concentrations and to
donor—acceptor pairs for higher concentrations. The intensity

are the theoretical thermal broadening and broadening due to random impdiCreases monotonically with an increase in doping concen-

rity concentration fluctuations.

\/(Np + NA)%rSexp(— 304 % 2\2 1In 2,

1

wheree is the dielectric constanly;(N,) stands for the con-
centration of donorgacceptory andris either the Debye or
Thomas—Fermi screening radius. The factor22n 2 ac-

2¢?
AErwhm = 3me

tration except for the highest one, indicating the presence of
luminescence Killers in moderately doped ZnO. The rel-

evancy of recombination centers is reduced at high doping
concentrations. Doping yielded a band-gap widening to as
large as~0.4 eV. The sizable amounts of Stokes shift and

PL broadening were explained in terms of the localization

effect of photocreated carriers.
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