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Strain effects on exciton resonance energies of ZnO epitaxial layers
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Magnitudes of strain in ZnO epitaxial layers grown on sappgbd@l substrates under various
growth conditions were experimentally determined by x-ray diffraction. We discuss the
strain-induced energy shift on the exciton resonances, the results of which were analyzed
theoretically using the Hamiltonian for the valence bands under in-plain biaxial strain. Comparative
studies with GaN evidenced the advantages of ZnO in terms of sensitivity of the strain-induced
energy shift and of piezoelectric effect in heterostructures.2@1 American Institute of Physics.
[DOI: 10.1063/1.1398328

Much effort has recently been devoted to the studies omated as a function of strain. These experimental results
ZnO epitaxy due to the potential application as semiconducwere analyzed using the strain Hamiltonian.
tor laser diodes. This wide-gap semiconductor ensures an The samples were nominally undoped submicron-thick
excitonic effect, which can be utilized at temperatures wellZnO(000)) epilayers, which were grown on sapph®e0l)
above room temperatufe® Therefore, a lower pumping substrates by laser molecular-beam epitaxy. To control the
threshold for the gain emergence can be expected, in pridattice strain systematically, we used various types of
ciple, if an exciton-related recombination rather than arsamples at various growth and annealing temperatures. Re-
electron-hole plasma recombination is used. An example dflection spectra were taken at 4.2 K using a xenon lamp as an
the latter is an IgGa,_,N laser® ZnO epilayers oriented in excitation source. The spectral resolution was 1.5 meV.
the c-axis direction suffer from biaxial strain due to the mis- Figures 1a) and ib) show the annealing temperature
match of lattice constants between the epilayer and the suldlependence of the lattice constantscodnd a axes in two
strate. Quantum wellQW) structures also suffer from a cer- typical ZnO epilayers and the relationship betweenand
tain amount of strain. These strains may induce, for examplea-lattice constants, respectively. These were measured using
the formation of dark-line defects and a piezoelectric effecthe four-axis x-ray diffraction. The residual strain along the
as discussed in the studies on ZnSe or GaN optoelectric de~ and c-axes were estimated bsy,=(a—ag)/a, and €,,
vices. These defects tend to shorten the operational lifetime- (c—cy)/cy, whereay andcy are, respectively, the lattice
of the device, while the piezoelectric effect can lead to aconstants in the unstrained crystal and takemgs 3.2505
reduction in the oscillator strength for excitonic transition. Itand 5.2048 A. Since there is the relationship &f=
should be noted that since the stimulated emission and/o+2(C,3/C33) €. (in-plane biaxial strain we define the
laser action in ZnO related materials are of excitonic origin,Poisson ratio ag’=C;3/C33. Here,C;3 (i=1-3) denote
the strain never becomes advantageous for reducing the gaiine components of the elastic stiffness constants. One can
threshold. deduce,r=0.5 from the fitting shown in Fig. (b). Our es-
The in-plane lattice constant of sappli@@0]) substrate timated value is closer to that obtained in a Bulfw
is largely mismatched with that of Zn(8%). However, the  =0.50) rather than that in a sputtered filv=0.40).
actual amount of strain depends on the epitaxy mechanism Figure 2 shows a reflection spectrum in a strained ZnO
and hence growth conditions, e.g., growth and annealingaken at 4.2 K. Three transitions labeled “A,” “B,” and “C,”
temperatures. It is important to achieve deeper understandinghich correspond to transitions from respective valence
of the electronic structures of ZnO under in-plain biaxial bands to the conduction band, can be seen. In Wurtzite-type
strain, in particular, the strain dependencies of the excitoml—IV compounds, three exciton serié&, B, and Q that are
resonance energies. formed from thes-like (I';.) conduction band and the three
In this letter, we present the optical properties of strainecp-like (I'y, , ', , andF'7v) valence bandscf. inset of Fig.
ZnO epilayers, The exciton resonance energies were est®), are observeft’ A and B transitions are allowed for light
polarization perpendicular to the axis, while the C transi-

aElectronic mail: tmakino@postman.riken.go.jp tion is essentially allowed for polarization parallel to the
YOn leave from: Ishinomaki Senshu University, Ishinomaki, Japan. axis. Because of the-axis orientation, A and B transitions
9Present address: Institute for Material Research, Tohoku University, Sere dominant
dai, Japan. ) . .
9Also a member of CREST, Japan Science and Technology Corporation, The resonanc_e energ'éEA and EB).Were summarized
Tsukuba, Japan. in Fig. 3 as functions of strairg,, (strain parallel to the
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For this purpose, we fit the experimental results with the
equations derived by Rowet al® The equations for the
strain dependence have been obtained from the strain

; ian 10,11 ;

FIG. 1. (a) Annealing temperature dependences of lattice constants of Ham'lton'a.n- Kegp!ng only 'terms Up.to the second Ord?r
(open and closed circlgsand ¢ axes(open and closed squajefor two in the strain and within a cubic approximation, the energies
reprensentative samples of ZnO epilayers are sh@wr.ength ofc axis is for A and B exciton states are
plotted against the length @f axis for the films under various growth and
annealing conditions. The solid line corresponds to the fitted results. The  EL=EC+ 5 + o, 8,— a, a_ 82/(E2—E?) )

. . . A AT 01 +02 + 2I\Ec A)s
lattice constants of unstrained ZnO are shown by dashed lines.
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axis). The fitting results reported for GaN layers are also _ _ _ _
plotted® Energies ofE,, andEg are both linearly increasing \évzerflil[A(lilA ]D[Z(/AV)fZAZ )2i28A(2?§1/2D4/V:,Ji)t§ZZ’Ej alzid
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functions of strain. The exciton energies of GaN shows & A_c and j=0.1) are the resonance energies for these

complicated and nonlinear behavior on strain. Inhomoge_net-hree exciton states in unstrained and strained cd3gs.

ity of the strain inside the epilayers or QWs induces an |n—:1_4) andv are deformation potential constants and the

homogene_ous broadening of energy d|.s-tr|-bu-t|on of the EXCle arlier-mentioned Poisson ratio, respectively. Quantiigs
ton states in GaN. Such a strain insensitivity inherent to ZnQO

: . . and 3\, are crystal-field and spin-orbit splittings, respec-
conserves the width of exciton energy states even if the stral{iwvely The difference in the strain dependence between ZnO
distributes inhomogeneously inside the samples. We no i

. . i . "ind GaN is attributed to the difference in the magnitude of
consider the reason of this difference in the strain depent-he proportional coefficient of the fourth term of E¢L),
dence. especially “a,a_."" Note, symmetries of these valence
bands (“valence band ordering/’® are reversed between
ZnO T, ZnO and GaN due to the negative spin-orbit splitttAgable

T | shows the valuéd of A;, A,, anda, o wherea, a_ of
GaN is 38 times of magnitude larger than that of ZnO. The
difference in the sign betweek; andA, in ZnO results in
the smaller value ofr, «_ . We obtained the following pa-
rameters: D,—D,/v=167 and D;—Dy,/v
=—166.

Reflectivity (arb. units)

TABLE I. Crystal-field (A,), spin-orbit splitting related energied §), and
a,a_ in Eg. (1) of ZnO and GaN are shown.

32 3.3 3.4 3.5 3.6

Material Ay A, a o
Photon Energy (eV)

Zno? 40.8 meV —1.57 meV 2.71x10°3
FIG. 2. Typical reflectance spectrum of ZnO/sapphire epilayers measured at GaN® 22 meV 5 meV 1.x10°1
4.2 K is shown. Structures labeled “A,” “B,” and “C” are due to reso-
nances of A, B, and C excitons, respectively. Inset is the band diagram dfFrom Ref. 14.
ZnoO. From Ref. 8.
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ZnO/(Mg,Zn)O In summary, the growth condition dependence of strain
— -(In Ga)N/’GaN in ZnO epilayers on sapphi@00l]) substrates was experi-
10 ’ . mentally estimated by determining the lattice constants with
commercial . ) ) . .
e LEDs an x-ray diffraction technique. Exciton resonance energies
g sl z «— Clectrons - were experimentally determined as functions of strain by
S 3 «— holes (4 -~ measuring the reflection spectra 4.2 K. The excitonic ener-
= \{K - gies in ZnO are insensitive to the influence of strain com-
.::’105 - nGaN e pared with those in GaN. We described the advantage of
2 P - ZnO/MgZnO and CdzZnO/MgZnO QWs in terms of small
3] - strain(i.e., piezoelectric field which is compared to the case
[
210" =~ Our QW——~ of GaN-related QWs.
Q samples
2
A

107
N Zn0O 1P, Yu, Z. K. Tang, G. K. L. Wong, M. Kawasaki, A. Ohtomo, H. Koinuma,
100 4l Ll L1 and Y. Segawa, iProceedings of 23rd International Conference on Phys-
4, 2 468 2 468 2 4 ics of Semiconductors, Berliadited by M. Scheffler and R. Zimmermann
10 10 . 10 (World Scientific, Singapore, 1996Vol. 2, p. 1453.
Mole fraction; x 2p, vy, Z. K. Tang, G. K. L. Wong, M. Kawasaki, A. Ohtomo, H. Koinuma,

. ) e . ) _ . andY. Segawa, Solid State Commui®3 459 (1997).
FIG. 4. Magnitude of a piezoelectric field by the mismatch-induced strainin s - Bagnall, Y. F. Chen, Z. Zhu, T. Yao, S. Koyama, M. Y. Shen, and T.
QWs as a function of mole fractiow, in In,Ga _,N/GaN (dashed lingand Goto, Appl. Phys. Lett7072230(1’997). ' ' '
ZnO/Mg,Zn; O (solid line) QWs is shown. The Mg mole fractions of 4G Frankowsky, F. Steuber, V. Harle, F. Scholz, and A. Hangleiter, Appl.
QWs targetized in our previous studRef. 22 and In concentration of a Phys. Lett.68, 3746(1996.
commercial light-emitting diodéRef. 23 are shown by open circles. The s Mollwo, in Semiconductors: Physics of 1l-VI and 1-VII Compounds,
data for InGa _N/GaN are from Refs. 16, 17, and 19. Inset shows sche-  gemimagnetic Semiconductowl. 17 of Landolt-Bornstein New Series
matic band diagram of ZnO QWsight-hand side bottojnand of InGaN edited by O. Madelung, M. Schulz, and H. WeiSpringer, Berlin, 1982

QWs under the piezoelectric fielteft-hand side top, cited from Ref. 24 35,
Electrons and holes distributed in the InGaN well regions are spatially sepasp G Thomas. J. Phys. Chem. Solit)s 86 (1960.
rated due to the well-known quantum-confined Stark effects. 73. J. Hopfield 'J. Phys. Chem. Solitls, 97 (1960.

8A. Shikanai, T. Azuhata, T. Sota, S. Chichibu, A. Kuramata, K. Horino,

. . and S. Nakamura, J. Appl. Phy&1, 417 (1997).
We now evaluate the magnitude of strain generated be<;, . Rowe, M. Cardona, and F. H. Pollak, Solid State ComrBu239

tween the barrier and well layers when a QW structure is (1968.
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i N : "The exciton binding energies are dominated by the conduction band mass,
crystals may generate piezoelectric fields when subject toand hence the energy differences in the three ground-state excitons are due
external stress due to a biaxial strain-induced polarization, to the splitting of the valence band by the hexagonal crystal-field and the

which s expressed B  P,=2ds(Cy+C spin-orbit interaction. . .
2 hp dus i th 9 IZ . 31(C1rtCoo 12p. C. Reynolds, D. C. Look, B. Jogai, C. W. Litton, W. Harsch, and G.
—2C14JC3y) €x«, Whereds, is the piezoelectric constar(;; Cantwell, Phys. Rev. B0, 2340(1999.

are the elastic constants, aag is the in-plane strain. Figure *we follow the valence band ordering of Thomas and HopfiBlefs. 6 and
4 shows the magnitude of a piezoelectric field induced by the 7) in this work. There has been considerable controversy regarding the

strain in QWs as a function of mole fractior, in ordering. See the recent article by Reynoddsal. (Ref. 12. Roweet al.
’ have investigated the effects of static uniaxial compressive stress on the

|nxG35_L7xN/G_aN and_ ZnO/Manl,XO QWs. Here, piezo-  ajience band characteristics of bulk ZnO and supported the Thomas-
electric strain coefficients oflz;=—0.9x10 °cm/V for Hopfield interpretatior(Ref. 9. From our study, the sign of the splitting

GaN andd;;~—5X10" 0cm/V for ZnO were used’® The (Ref. 6 could not be determined because we could not access the strain

concentration dependences of lattice constants for both QV\/ls\r/‘?‘/"?(eL'?a‘r’]V;';: C}hAe Bon\ygf‘:jr';yhsg tg‘;\ftf‘;&gﬁggt(?gggmes unnegligible.
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Z_nMgO is surely respc')nsllble for this small p|ezoelectr!cuR'. B).lSchwaryz, K Khachéturyan"and E R Weber’ A[;pl. Phys. zert.
field. Such a piezoelectric field may lead to spatial separation 1122 (1997.

of the electrons and holes distributed in the well layer region®Y. Matsumoto, M. Murakami, Z. W. Jin, A. Ohtomo, M. Lippmaa, M.

and hence to the reduction of the oscillator strength for the,<awasaki, and H. Koinuma, Jpn. J. Appl. Phys., PaBB2L603 (1999.
. . L. . . . L. Gorgens, O. Ambacher, M. Stutzmann, C. Miskys, F. Scholz, and J.
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