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Temperature-dependent photoluminescence of ZnO layers grown
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Temperature-dependent photoluminescef®e of ZnO layers grown on 6H-SiC substrates has
been described. The PL spectra were dominated by free ex&i¥oremission throughout the whole
temperature range, which reflects shallow nonradiative centers in high crystalline ZnO layers. The
temperature-dependent exciton peak energy as well as intensity quenching due to overlapping of FX
and D°X (donor-bound excitonbands has been addressed with an inclusion of donor-bound
exciton-like defects. ThB®X linewidth of ~8 meV exhibited the thermal activation energy-ef6

meV, closely consistent with the exciton-defect binding energy. This particular bound-exciton peak
suggests that it dissociates into a FX and a neutral-donor-bound-like defects pair complex with the
increase of temperature. ®004 American Institute of Physic§DOI: 10.1063/1.1649451

I. INTRODUCTION metalorganic chemical-vapor depositiéddOCVD).” In this
article, it is shown that the ZnO crystalline quality grown on
Wide band-gap semiconductors are currently the subje@H-SiC substrate is superior than that grown on theQ4l
of interest for investigations in response to the industrial desybstraté. It was found that a 6H-SiC substrate greatly im-
mand for optoelectronics devices. Among the available widgyroves the crystallinity of ZnO epilayers, which may be a
band-gap materials, ZnO is promising which has a directesult of smallerf,, that is less than of the AL,O; substrate.
band-gap energy of 3.4 eV that can be adjusted in the rangerom the view point of smallef,,, the strain-dependent
of 2.4-5.2 eV by alloying with CdO or Mg®? The most  study is under the way and will be discussed elsewhere.
exciting physical properties of ZnO are its large exciton-From these samples, however, the dominant optical proper-
binding energy of~60 meV? which can be tuned up to ties were discussed together with the higher ZnO crystallin-
~120 meV by controlling the active ZnO layers in quantumity, but the details of optical properties of ZnO layers grown
structures This large exciton-binding energy of ZnO layers on the 6H-SiC substrates are yet not addressed.
indicates the potential for excitonic recombination at a tem-  |n this article, temperature-dependent photolumines-
perature well above room temperatufRT).* Toward these cence(PL) of ZnO layers grown on 6H-Si0001) substrates
goals, a great deal of effort has been made on ZnO layengas been demonstrated. The temperature-dependent PL spec-
grown mostly on AJO3 substrates. However, structural and tra showed the exciton peak energy as well as intensity
optical characterizations indicated the presence of large reuenching by overlapping the FX amX bands with the
sidual strain, structural defects including mosaics, and dOﬂOIincrease of temperature. The physica| mechanism of this
bound exciton emission O°X) with a high carrier quenching and/or overlapping has been attributed to the
concentration. These result from the Iarge lattice mismatch 3pecu|ation of probab|e inclusion of phonons and/or defects
(fm) between the ZnO epilayer and A); substrate of in the optical bands. We also deduced the activation energies

~19%. Itis noted that the lattice constants of ZnO along thesf FX andD®X bands, consistent with exciton-defect binding
aandc axes are 3.246 and 5.213 A while those for theQy| energy.

substrate are 4.758 and 12.99 A, respectively.
Since the largé,, in a ZnO/ALO; heterostructure seems
to be a limitation in optoelectronics, the use of an alternativd!- EXPERIMENT

substrate such as SiC may overcome these problems. Re- 7,q layers were grown directly on 6H-Si@O0Y) sub-

cently, there have been many reports on GaN layers includsyates by MOCVD. The substrate cleaning and processing

ing quantum dots grown on 6H-SIC substrdtéthe lattice  paye been discussed in detail elsewHeFer the growth of
constants of 6H-SiC substrate along thaendc axes are 3.08 .5 layers, the flow rate of DEZn was controlled by adjust-

and 15.117 A, respectively. Considering the ZnO lattice Coning the flow rate of carrier gas N After the initial flow of

stant, thef,, for the ZnO/6H-SIC heterostructure has beenDEZn, the substrat&,,, was heated to the growth tempera-

estimated to be-5%. This smallerf,, may explore ZnO e T . The flow of G was started in the temperature range
epitaxy with superior crystalline and optical properties. Re-¢ T2n=Teus=<T,. The substrate was then maintainedrat

cently, we have reported the fundamental structural proper,, the successive growth of ZnO layers at 450 °C. In this
ties of epitaxial ZnO layers grown on 6H-SIC substrates bygy,qy the flow rate of DEZn was kept at 6.5 sccm, while the
O, flow rate was 10 sccm. The grown ZnO layers were char-
dElectronic mail: ashrafi@postman.riken.jp acterized by PL measurements.
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FIG. 1. PL spectrum of ZnO layer grown on 6H-SiC substrate. The PL
measurement was performed-al0 K under the He gas temperature. The

dashed line shows the Gaussian fitting of the experimental data. 34 T T ®
3.38} 1

I1l. RESULTS AND DISCUSSION g ’

To discuss the PL properties of ZnO layers grown on the & 336

6H-SiC substrates, it would be useful to briefly review the & 334 ]

crystalline properties. The x-ray measurements diffracted the §

c-axis oriented growth of the ZnO layer on the 6H-SiC sub- : 332] ]

strate. The diffraction space mapping in the vicinity of sym- g

metric SiG0006 and Zn@0002 diffraction peaks showed & 33b - ]

no tilting between thab planes of SiC and ZnO. Consider- A~ FX

ing the x-ray diffraction(XRD) 6-26 measurements, the 3280 N ]

full-width at half maximum(FWHM) was recorded as 0.05°, FX-D"X=12 meV "‘..l o

which is minimum yet for the MOCVD-grown ZnO layers 326 FXN-d6meV ‘ ‘ A

on Al,O3 substratésbut comparable to that of molecular- 0 50 100 150 200 250 300 350

beam epitaxyMBE)-grown ZnO layersS. Therefore, we ob- Temperature (K)

served the best crystalllne propernias of ZnO Iayers grown aIEIG. 2. (a) PL spectra with the dominant FX3°X, andA°X peaks for the
the substrate temperature of 450°C and considered for th>%Iected temperatures, atig) photon energies are plotted against the tem-

temperature-dependent PL measuremeénts. perature. The solid lines represent the fitting results based on thé1Egs.
Figure 1 shows the PL spectra of ZnO layers with domi-
nant 3.3762, 3.3638, and 3.330 eV peaks originated from
FX,° DX, and neutral acceptor-bound excitoi%K)
bands:? respectively. To estimate the peak positions as weltemperature is increased, the FX aABX peak intensities
as FWHMs, the PL data were fitted using a Gaussian equdecome stronger compared to tBX peak. It carries out
tion, which is in fairly good agreement with the experimentalthat the bound-exciton emissions appear to be thermally
data to the extent that the width or area could be estimatequenched at temperatures above approximateh20 K,
and discussed separately for both the exciton bands. Therthereby theD®X band is absent by superposing with the FX
fore, we estimated the FWHMs of the FBX, andA°X  and prevented adequate identification of B*X position.
peaks, which correspond to 7.1, 8.3, and 16.6 meV, respec- The variation of FX,D°X, and A°X peak energy posi-
tively. It is noted that these values are the lowest ever in théions as a function of temperature is plotted in Fig)2The
MOCVD-grown ZnO layers. It is also added that the deep-figure shows that the excitons energies decrease gradually
level emission was completely absent even at RT in the ZnOWith the increase of temperature. From this result, the energy
6H-SiC heterostructurés. difference between the FX aria®X as well as that between
To clarify the origins of these peaks, temperature-the FX andA®X were estimated to be-12 and~45 meV,
dependent PL measurements were performed in the range mfspectively. These values are in fairly good agreement with
4-300 K and are plotted in Fig(&®. The assigned FXp°X, the reported values for the bulk Zn®:*? In addition, the
andA°X bands were dominantly observed from the temperaD®X band disappears at temperatures abe®€0 K, and the
ture range of 4—120 K. This series of PL spectra, howeverEX band seems to squeeze after X peak disappears.
illustrates that(i) the exciton emissions are shifted to the Therefore, the convergence of the FX amfX bands,
lower energy with the increase of temperature éindas the coupled with the line broadening of each of these peaks,
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showed a coupling zone of excitons with an increase of tem- 1200 , w
perature. * FX « px I

A shift in the exciton energy as a function of temperature . 1000 :’ e i
results essentially from the optical band shift. It is noted that & - ¢ .
this phenomena is based on the assumption that the excito/§ 200 E * |
binding energy is temperature independent since this drives g [ o = .

. . . *
from both the thermal expansion and exciton-phonon mter-s -
action. The corresponding temperature dependence frorrz, 600 o o’ .
both the mechanisms is very similar, and all of the phonons,'g .
in principle, contribute to the band shift. This overall contri- 2 490} o 0 ?em:,"eratf‘“m (}g ]
bution to the band shift can be reproduced by the Einstein.g et
approximation using the effective phonon enefigy, and in ~ ’:,
hi h 2 ¢ . ith th A 200} ee%%ecee®0e0, .
this case, the variation of exciton energy with the tempera- . Y Y Y
ture is given by @
0 ] L ) L i ;
E(T)=E(0)— M[exp(fiolksT) — 1], (1) 0 50 100T 150 t200 (Kz)so 300 350
emperature

whereE(0) is exciton energy ai =0 K, andA\ is a propor-
tional coefficient. The estimated value b (17.96 meV is
apparently higher than the maximum energy of a lower fre- (b)

quency group of ZnO bulk phonons 6f12 meV** This
parameter fluctuation is not clear from this study but it is
expected that thé,, may contribute to these results since
ScAIMgO, substrate has been used for the ZnO layer in Ref.
14.

To clarify the luminescence properties of ZnO layers
grown on 6H-SiC substrates, the PL peaks intensities of the
FX andDX as a function of temperature are plotted in Fig.
3(a). The FX andD®X peak intensities have a reverse role
with the increase of temperature &40 K. The FX peak
intensity once increases from 4 1640 K and then gradually
decreases, while thB°X peak intensity decreases rapidly
and Qisappears completely. aboyazo K. Howgver, the in- 0 G ¥ N 53 553 53
clination of the FX and°X lines is completely independent, UT (K'l)
which acknowledges the contribution of the origin of differ-
ent peaks. For FX emission, the peak intensity is quenchefic. 3. (a PL intensity of FX andD®X as a function of temperature. The
from 4 to 120 K with a ratio of-1.6, while forD®X the ratio inset shows the FX3°X intensity ratio as a function of temperature, ahyl
is ~10.2. Therefore, th® %X peak intensity decreasesl5 integrated PL intensity of the‘FX arl?lox asa function of inverse tempera-
times faster than that of the FX. This indicates the highellure' The plotted data were fitted with solid lines using the E2js.
quality of ZnO materials grown on the 6H-SiC substrates is
possibly subject to the smalldép, and lower residual carrier
concentration. whereE, is the activation energy is a Boltzmann constant,

To clear up this argument, the ratio of DJX peak anda is a proportional constari, is ~22 and~16 meV for
intensities is plotted in the inset of Fig(e. It shows that the the FX andD®X, respectively. Therefore, the, of D°X is
FX/D®X ratios increase with the increase of temperaturein good agreement with the exciton-to-defect binditugal-
Viswanath et al® also observed an analog result and in-ization) energy since it has been reported that the binding
ferred that with the increase of temperature BRX disso- ~ €nergy of the exciton to the defect-pair complexes ranges
ciates into a FX and a neutral donor. Based on this approacffom 10 to 20 meV:°
and the work of Reynoldst al.,'® we conclude that the ther- The temperature-dependent PL properties of ZnO layers
mal dissociation of the bound excitons results in the creatio@fown on 6H-SiC substrates suggested that the FX band was
of FXs and a neutral-donor-like defect-pair complex. dominated even at RT while tH2°X was suppressed below

Figure 3b) shows the Arrhenius plot of integrated PL ~70 K. This dominant FX emission is hardly seen in the
intensities of FX and°X peaks. TheD®X peak integrated MOCVD-grown ZnOJALO; heterostructure®~*" There-
intensity decreases independenﬂy W|th the increase Of tenfore, these observations in the ZnO/6H-SIiC heterostructures
perature. On the other hand, the FX peak integrated intensitg@n be attributed into three ways) smallerf,,, of ~5%; (ii)
becomes constant from 4 t070 K and is quenched gradu- +¢ polarity; and(iii) low impurity level® In particular, a
ally at temperatures above70 K. This overall temperature clearcut hexagon morphology was observed in atomic force

E_(FX):21~22 meV

Integrated PL intensity (arb. units)

E, (D°X): 16~18 meV

quenching behavior can be described by the equation microscopy, indicating at+c polarity in the ZnO epitaxy
grown on the 6H-SiC substrat®.It has been reported that
Ip =lg/[1+aexp —E,/kT)], (2 GaN layers grown on 6H-SiC substrates always showca
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