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Two-photon and three-photon spectroscopy of ZnO under uniaxial stress
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Using two-photon excitation spectroscopy and three-photon difference frequency generation, resonances on
the transverse and longitudinal polariton branches ofAttles), B(I's), andC(I';) 1S excitons of ZnO are
studied under uniaxial stress. Due to the small linewidth, shifts and splittings are clearly resolved and six
deformation potentials are determined with high accurf89163-18227)06944-(

. INTRODUCTION energy of the Nd:YAG laserf{w,=1.164 75 eV) is shifted
by stimulated Raman effect in methane or hydrogen to
Semiconductors of large band gap have gained increasingw,=0.803 43 eV oriw;=0.649 72 eV, respectively. For
interest because they are used for the construction of blugiree-photon difference frequency generation the direction of
light-emitting luminescence and even laser diodes. There is the infrared laser beam is antiparallel to the dye laser. Both
competition between 1I-VI and 11I-V semiconductoréThe  |aser beams are focused on the sample, which is mounted in
II-VI devices are based on ZnSe, which crystallizes in zinc-the uniaxial stress apparatus in a helium flow cryogtanhis
blende structure, whereas the 1lI-V devices are based omodel DT) at a temperature of about 5 K. The polarization
GaN, which crystallizes in wurtzite structure. By epitaxial directions of the laser beams are adjustable by half-wave
growth on GaAs it can also be forced into zinc-blendeplates. A double-prism monochromai@eiss MM3 is used
structure? Concerning the fundamental electronic propertiesto suppress scattered light from the dye laser. The electronic
like valence-band structure and details of excitonic spectrgignals of the signal photomultiplier and the reference diodes
the zinc-blende semiconductors are much better known thagire measured by gated integrators, digitized by analog-to-
the wurtzite materials. This is especially true for the defor-digital converters, and recorded by a computer, which also
mation potentials, which are gained from measurements ureontrols the wavelength setting and the polarization of the
der hydrostatit®and uniaxial stres§.° Because of the more |aser.
complicated valence-band structure one expects in wurtzite The samples are single crystals and oriented to better than
materials at least six deformation potentials as compared t0.05° by x-ray Bragg reflection. The surfaces are polished
three in zinc-blende materials. For the determination of thesand etched. Typically dimensions of the crystals after prepa-
six deformation potentials one needs rather large crystals ifation are about 1:81.5X6 mnv.
order to apply uniaxial stress in different directions with re-  Measurements are performed in four different configura-
spect to the crystalline axes. Unfortunately GaN single crystions |, II, Ill, and IV (Fig. 1) which are specified by the

tals of sufficient size(several millimeters have not been irections of the applied force and totalk vector with re-

available up to now. We have chosen ZnO as a model su spect to the crystalline axes: confi uration*||[0001] (z
stance for the determination of deformation potentials in a p_ TS : 9 TPV

wurtzite structure by nonlinear spectroscopy because zn@Xis) andki[1120] (x axis); configuration II, 7I[1010] (y
exhibits optical properties similar to those observed in
GaN ¥ We will show that four configurations of applying the

force to the crystal and choosing the tokavector are suffi-
cient to determine the six deformation potentials. We further-
more show that the influence of seven further deformation
potentials can be neglected.

The paper is organized as follows. After a short descrip-
tion of the experimental setup, we present an outline of the
theory for the analysis of our data. Finally, experimental re-
sults are presented and discussed.

Il. EXPERIMENT

Two-photon excitation spectroscog2P-ES and three-
photon difference frequency generati@P-DFQG are per-
formed with a tunable dye laser pumped by a Nd:YAG laser
with a repetition rate of 10 Hz. The lasers have a pulse length
of 5 ns and a peak energy of 8 rdye laser and 600 mJ FIG. 1. Schematic diagram of the four experimental configura-
(Nd:YAG lase). For the 3P-DFG measurements of some oftions I-IV. 7 andk are the applied force and the totalvector,
the resonances on the lower polariton branches the photasspectively.
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TABLE I. Components of the strain tensor for different stress

axi9 and KI[1120]: configuration Ill, 7I[1010] and  TA
directions.

EII[@Ol]; configuration IV,7 under 45° betweef0001] and

[1010], kI[1120]. The two- and three-photon spectra are e TP 71(6,+86)
measured for uniaxial stress up to 500 MPa. The uncertainty: ‘ 4 y
in the stress values is less than 2 MPa. €22 Saa7 Sa7 (Si3t+ S39) 712
Exxt €yy 2837 (St S 7 [(Si2t S19)/2+ Sia] T
lIl. THEORY Exx €y O (S12=Sw)7 (Siz= S 72
. . . €y, 0 0 Syytl2

The exciton and polariton states are derived from the low- 0 0 0
est s-like conduction band and thp-like valence bands. 0 0 0
Without spin-orbit coupling the crystal-field causes a split-_*
ting of thep states intd'5 andI'; states. Crystal-field split-
ting and spin-orbit coupling lead to three twofold degenerate . ) _
valence bands. These bands are dengidd,), B(T'g), and A excitons: Ty@l7el7=T'sel1 015, @)
C(I'y) in order of increasing energy. The symmetry of the )
excitons with a B envelope(symmetryl';) can be decom- B excitons: I'1@I7®@T9=T's& 1, @
posed into irreducible componer{fsllowing the notation of
Ref. 12 C eXCitonS: F1®F7®F7=F1®F5®F2. (3)

TABLE II. Hamiltonian matrix for 1S excitons in wurtzite semiconductofpointgroupCs,) for k=0. I'; denote the symmetry of the
wave functionsy; .

T I's I's I's Is Is I's Iy ry I, Ig Ig Iy
i Xa Xs Xc Ya Yg Ye Zy Zc Ta Tg, Tg, Te
Xo  A+Ans  Ap A, 0 S, 0 0 s 0 S 3, S
Xg Ay B+Ags Agy 24 0 29 -2 210 -2 0 0 31
Xc A Azy CHAcs 0 2 0 %5 0 2 3 210 0
Y, 0 s, 0 A+Ax Ay A, 0 S 0 -3, S ~3s
Yg P 0 S A B+Ags Ay 36 -1 35 0 0 310
Yo 0 S, 0 A, A C+Ags S 0 -%s -3,  Sn 0
Zs 0 -3, s 0 e Ss At+An Ay 0 -3, 3, 0
Zc S S0 0 S -3 0 Ay C+A¢g 0 S -3 0
Ta 0 _26 23 0 _27 _25 0 0 A+Ap, 21 24 _22
Ts, 26 0 21 -3 0 —210 -3 2 3 B+Agg 0 —33
TB2 27 0 210 26 0 211 21 *23 24 0 B+ABG *Eg
TC 28 211 0 _25 210 0 0 0 _22 _23 _Eg C+AC2
substitutions
Aps=(=y))f+3, SA=P1+Py+ y*(P3+Py—P7—Pg) = 25y(Pg+Pyg) P1=Die;,
Ags=—f+33 Sg=P;+Py+P3+P,+P;+Pg P,=Dy(exxt €yy)
Acs=(y?*—8)f+3¢ Sc=Py+Py+ %P3+ Py—P;—Pg) +28y(Pg+ Py P3=Dse,,

AA1:(72_352)f+2A
Aci=(82—3yH)f+3¢

3=~ yPs+6Py3
3,=y8(P3+Ps—P;=Pg) +(¥*— %) (Pg+ Py

Ps=Dy(exxt Eyy)
Ps=—Ds(exx— Eyy)

App=F+2p 23=—0P5— yPy3 Ps=—Ds2ey
Age=Tf+3p 24=vyPs—6P13 Ps=DgV2ey,l4
Acy=f+3c Se=—P{+P}, Ps=DeV2e€, /4

A1+=_'}/2f+21
A1,=—72f—21

26=0(Pg+P1)—¥P12
3= 5(Pé+ P:,Ll) - Ypiz

P;=Dye,J2
Pg=Dg(exxt €yy)/2

A,=—y821+3, 3g=Ps— Py Pg=Dgv2¢,/2

Ay =—82F+3; Yg=6Pg+ yPi3 P10=D10v2(exxt €yy)/2
Ay =-0621-3; 210= — ¥(Pg+P1)— 6P, P11=D11V2€,/4
Ay=—y64f-3, 311=— Y(Pg+Pq1)— 6P1» Pil= D11V2¢€,,/4

B=—-(a+b+c)

A=—(2a+b—c+(b—c)Z+4d?)/2
C=—(2a+b—c—\(b—c)2+4d?)/2

y=2d/\4d?+ (b—c— \(b—c)*+4d?)?

o=—\1-9

Pi= D12€y2/2
P1o=Di2€xd2

P13: - D13‘/2(Exx_ Eyy)/2
P]/.SZ - D13‘/26xy
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,-Polariton r,-Polariton dependence of the twelveS1 e_xcitc_)ns by perturba;ion
T T T T 344 theory. The unperturbated Hamiltoniadf consists of five
terms:

3.44

HOZ _a%/ﬁ_b/ﬁ‘z_ Czo'h,z/h,z_ d‘/z(o'h,x/h,x

+0—h,y/h,y)+f4&e&h- (4)

Energy (eV)

/n, on, and o, are the angular momentum and the spin
operators for the hole and the electron, respectively. The
Hamiltonian includes parameters for the absolute energy ref-
erence &), the crystal-field splitting If), the anisotropic
spin-orbit parameter&c andd) and isotropic analytical ex-
change { ).

H™ and H™ are operators that can be derived from an
invariant expansion according to CHbThey take into ac-
ount the stress dependence of crystal-field splitting and
pin-orbit coupling, respectively:

Kk (107/m)

FIG. 2. Polariton dispersion curves of ZnO at zero stféessen
from Ref. 19. Squares, circles, and triangles refer to resonances o
the A(I's), B(I's), and C(I';) states, respectively, measured by
three-photon difference frequency generation and two-photon exci- -l P
tation spectroscopyl’s andI"’; denote the symmetry of eigenstates H™=D1€,,+ Do €xxt €yy) +[Da€s+ Dyl exxt €yy) 175,
with polarization parallel ['s) and perpendicular{,) to thez axis. +De(( e Eyy)(/ﬁ,y—/ﬁ,x)—4€xy[/h,y )

T: transversal excitorl,: longitudinal exciton.
+DG(Exz[/h,xv/h,z]+5yz[/h,ya/h,z])v (5

I', andI'¢ states are pure triplet stat@saraexcitons and
spin forbidden. Paraexcitons have no oscillator strength for H?=[D7e,,+ Dg( €xx+ €yy) 10 /1 [ Do+ Dol €xx
electric dipole transitiond.’; andI 5 states are singlet-triplet

mixed stategorthoexcitongand refer to eigenstates with po- ey 1(Thxnxt Ty ny) ¥ D1al €x20h,2 n x

Iarizationparallel (FI.) and perpendicular(F5) to thez qxis. +€y,0h 2/ hy) + D1 €200 1 12T €520y 1 2)
Orthoexcitons are dipole allowed and thus interact with pho- ) )

tons and form polaritons. Since in ZnO the spin-orbit cou- +D1d (€0 €yy) (0n,y ny = Tnx n)

pling is small compared to the crystal-field splitting the — 264 (Thy nxt Trx’ hy) ], (6)

A(';) andC(I'5) states are weakly allowed states whereas
A(l's), B(I's), and C(I'y) are strongly allowed where

orthoexcitons3
For the theoretical analysis of the data we treat the stress [Zhi s/ njl= %(/h’i/h’j + /05 ni)- (7)
TABLE lll. Parameters of ZnO used in the theory for comparison with the experimental data.

I's-polariton parametefs I';-polariton parametefs Elastic constants
Tary (eV) 3.37599:0.00003  Tgr, (eVv) 3.421 62-0.000 01 S (1071 Pa-1) 0.7858
Fary (eV?) 0.161+0.005 Fey (eV?) 0.540+0.006 S, (101 pa?l —0.3432
Tory (ev) 3.38256:0.00006 Ty ev) 3.561+0.001 Si3 (101 pa?l —0.2206
Fary (eV?) 0.360+0.005 Fory (eV?) 3.05+0.06 Si3 (1071 pal 0.6940
Tory) (ev) 3.527+0.001 En(ry) 3.754+0.003 S (101 pa? 2.357
Forg  (eV)  2.90+0.05
en(ry) 3.658+0.003
Exciton energies Hamilton parametefs Ratio of the dipole matrix elemefts
A (eV) 3.37570.0002 a (eV) —3.4180-0.0006 M, /M| 0.991)
B (eV) 3.381740.0002 b (meV) 38.3:0.9
C (eV) 3.4199+0.0002 c (meV) —2.1£0.3

d (meV) —-9.1+0.9

f (meV) —0.61+0.02

y —0.978+0.007

) —0.21+0.03

8References 13 and 17; two- and three-photon spectroscopy: &tK.
bvalues taken from Ref. 19.
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TABLE IV. Polariton resonanceR1,...R10 measured by two-photon excitation spectrosc(&8-ES
and three-photon difference frequency generat@8PDFQ. # w; and\; denote the energy and wavelength
of the fixed frequency laser for 3P-DFG measurements.

3P-DFG
hw;=1.16475 eV hw,=0.80343 eV hw3=0.649 72 eV
Exciton 2P-ES A;=1064.18 nm Np,=1542.77 nm A3=1907.75 nm
A(Ts) R5 R3 R2 R1
B(I's) R6, R7
C(I'y R10 R9 R8 R4

Dj,....D13 denote the deformation potentials; are the ments(0|D|¥;) for the allowed transitions, whei@ is the

components of the strain tensor, which depend on the magdipole operator an¢D) corresponds to the ground state:

nitude of the uniaxial stress, the stress direction and the ~

elastic constantS,;, S;», Si3, Ss3, andS,, (Table ). [OID|¥ 2= (N1 Y+ Ao+ Amz®) 2+ (A ma¥+ Ams
We calculate the matrix elements of the total Hamiltonian P onn2

+)\m65) ]ML+()\m75+)\m87) Mua (10

—nyo 71l 72
H=H"+H™+H™. ®  where

For the resulting 1% 12 matrix we choose as a basis a set of - - -
wave functionsgthat are classified by the symmetry and the M. =(0|D|xs)=(0|Dlys), M,={0[D[z9. (11
Cartesian characters of the’€1) functions. The wave s is the singlet staté(1on— | Th)/v2] andx, y, z denote
functions are given in detail in Ref. 13. Table Il presents thethe directions of the” functions. The parameterg and &
resulting Hamilton matrix. The Hamiltonian that includes depend on the crystal-field and spin-orbit parameters and are
nondiagonal exchange and strain terms is diagonalized. Theefined in Table II.
twelve exciton eigenfunctiofW,) corresponding to the ei- The eigenvalue&,, of the Hamiltonian Eq(8) and the
genvalues, are linear combinations of the base functions:matrix elements Eq(10) determine the exciton oscillator
strengthsF,, for a given value and direction of the stréss:
|W 1) =Nl Xa) + N2l Xg) + Mgl Xc) + Nl Ya) + N s Yi) . )
+ N6l Y&) + Mzl Za) + Mgl Ze) + Mol Ta) h (Ij:mMEIijlD“P:M " 112 123 (121
is procedure leads to the componesjgi €{1,2,3}) o
+)‘m10|T31|>+)‘m11|TBz>+)‘m12|TC>' ©  the di?electric tensor, which has on?y diagpts){nal{comp}gnents in
the system of principal axes:
m=1,...,12.

i,n
X, Y, Z denote the polarization of the singlet part of the base eil(B)=ep+ ; EZ _g2 (3
wave functions and’ denotes pure triplet states. From the hn
eigenfunctions¥, one can calculate relative matrix ele- g, ; are the background dielectric constants. The sum in Eq.
(13) is extended over all eigenstates with a polarization par-
allel to the corresponding principle axis.

I It The resonances on the polariton dispersion curves can be
/Rf,;6 R7 R3 calculated by solving the macroscopic Maxwell equations as
<7 oMPa 0MPa described in Ref. 16. For stress direct[@01] the dielectric
tensor consists of two different diagonal elements and the
A,\ N MPa J\ A 121 MPa
. TABLE V. Deformation potentials of ZnO. The different con-
§ — 239 MPa ventlpns for the deflnltlgn of the deformation potentials in the stress
z Hamiltonian are taken into account.
A j\\m MPa A A 356 MPa Deformation
potential This work Euwemat al?
465 MPa 455 MPa Dl (e\/) —3.90+0.03 —3.8
3.376 3.380 3.384 3.388 3.392 3.396 3.356 3.360 3.364 3.368 3.372 3.378 D2 (E\/) 7413i003 738
Energy (eV) D3 (eV) —1.15+0.04 -0.8
D, (eV) 1.22+0.04 1.4
FIG. 3. Stress-induced shift and splitting of resonariRgsRs, Ds (eV) 1.53+0.01 1.2
Rg, andR; (cf. Fig. 1). Resonanc®; is measured by three-photon D¢ (eV) 2.88+0.04 28

difference frequency generation whereas resonaRgesRg, and
R, are derived by two-photon excitation spectroscopy. aReference 9; reflection under uniaxial stres3 at1.8 K.
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FIG. 4. Stress-dependent shift and splitting of resonames..,R.q for configurations I1-IV. The solid lines are the result of a
least-squares fit and symbols denote experimental results.

crystal is uniaxial, whereas for other stress directions all /2022

. ons Farg Ferg)
components are different and the crystal becomes biaxial:

—/=7 =ér.=épryt =2 2T 2 2
E 5 5 TA(FS)—E TB(F5>—E

F
en 0 O + 7 g2 b(F_S)EZ, (17)
e=| 0 &, 0. (14 b(l's)
0 0 eg3 for the I's polariton and
£11=€0F £33 for stress direction[0001], and e1# &5,
# £437 £1, for other stress directions. In all stress configura- h2c%k? Feay Fory
tions (cf. Fig. 1) the totalk vector is parallel to a principal ?zsrlng(rl)Jr Tf:(rl)—E2 - Tﬁ(rl)— E2 (18

axis of the dielectric tensor and Maxwell's equations lead to
the dispersion formula of pure transverse and longitudinafor theI'; polariton. We neglect damping, spatial dispersion,
waves: and the oscillator strengths of the weak allowed orthoexci-
tonsA(I';) andC(I's) [cf. Egs.(1) and(3)]. The parameters
of the polariton dipersion are listed in Table Ill. The nonlin-
K2c2 ear resonanceRy,...,R;g measured by 2P-ES and 3P-DFG
gi= 7 for transverse states, (15  are well reproduced by the polariton dispersion curves cal-

g;=0 for longitudinal states. (16 1.0

IV. RESULTS AND DISCUSSION

Figure 2 shows the polariton dispersion curves of ZnO
without external perturbation and the measured polariton
resonancestaken from Ref. 1¥. The two polariton disper- i
sions are classified by eigenstates with a polarization perpen ¢
dicular (symmetryI's) and parallel(symmetryI’;) to thez 0

Oscillator strength

axis, respectively. We have used Sellmeyer formulas with Stress (MPa)
three and two oscillatorf®rthoexcitons and phenomenologi-
cal background oscillators(I's) andb(I";) which represent FIG. 5. Oscillator strengths for the strong allowed orthoexcitons

resonances at higher enerdies for the stress configurations 1-IV.
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culated from Egs(17) and(18). Table IV gives an overview This fit takes into account the stress dependence of the
of the polariton resonancéy , ...,R;; and the corresponding crystal-field splittingand the spin-orbit coupling. There was
nonlinear technique. We measured four resonances by 2P-B® significant difference as compared to the result of the first
and six resonances by 3P-DFG. fit (Fig. 4). The total error decreases only by 9% compared to
As an example we show in Fig. 3 the stress-induced shiftéhe first fit. This result gives clear evidence that the stress
and splittings for the resonanc&s, Rs, Rg, and R, of ~ dependence of spin-orbit parameters can be neglected in
configurations Il and Ill. For this configuration the crystal Zn0.
becomes biaxial and thus the eigenstates, which are classified Figure 5 shows the normalized oscillator strengths of the
by X andY polarization are no longer degenerate. The split-strongly allowedA(I's), B(I's), andC(I";) 1S excitons. For
ting is a combined effect of analytical exchange and stresgonfiguration | the oscillator strengths are nearly independent
and was discussed by Euweragal® of the stress whereas for the other configurations a splitting
For the analysis of the experimental results under uniaxiaPf the A andB exciton oscillator strength is resolved. Due to
stress we use the elastic constants, polariton and exciton pHi€ stress-induced mixing & andB states theAy and By
rameters listed in Table Ill. The parameters of the Hamil-states attain oscillator strength from tBg and Ay states,
tonian H® [Eq. (4)] of the unperturbated crystal are deter- respectively.
mined by the exciton energies and their oscillator strengths [n Table V we compare the deformation potentials of this
as described in Ref. 13. work with the results of Euwemat al® who used linear
According to Egs.(5) and (6) and Table | the stress reflection. There is good agreement concerning the values of
Hamiltonian depends for the configurationgll, Ill) and IV D1, D2, andDg. We were able to resolve a slight difference
on 8(Dy4,....D,4, Ds,....Dy0), 10 (D4,...Ds, Ds,....D;q betweenD; andD, wheras Euwemat al. detemined iden-
andD ), and all 13 deformation potentials, respectively. Fortical values. There are significant discrepancies concerning
each stress direction at least 8 deformation potentials occiife values oDz, D4, andDs. Since the analysis of reflec-
in the stress HamiltoniafEgs. (5) and (6)]. Therefore we tion spectra requires the use of Kramers-Kronig relations and
determined the deformation potentials by fitting the four con-since the linewidths of resonances in reflection are about ten
figurations simultaneously We made two different fits for times larger than those of the resonances of the nonlinear

the analysis of the experimental data: measurements in this work, we are convinced that our defor-
In a first calculation we take into account the stressmation potentials are more reliable. _
Hamiltonian according to Bir and Pikd8which is identical In conclusion we have shown that nonlinear spectroscopy

to Eq. (5), but in this theory the stress dependence of spiniS @ suitable technique for the determination of polariton pa-
orbit parameters is neg|ected_ Values mL---!DG from a rameters with hlgh accuracy. Starting from the full Hamil-
least-squares fit are listed in Table V. Solid curves in Fig. 40nian for wurtzite structure we analyzed polariton states in
show the result of this fit. Good agreement with our experi-ZnO under uniaxial pressure up to 500 MPa. The analysis of
mental data is achieved. There is a discrepancy concerniri§je data shows clearly that the stress dependence of the spin-
the stress-induced shifts of the resonsarResR,, andR; orbit splitting can be neglected in ZnO and that six deforma-
in configuration I. One has to keep in mind that we neglection potentials are sufficient for the description of the experi-
the stress dependence of the background ocillat¢ls), ~ mental results.
b(T";) and the background dielectric constantgr,) . ep(r,)

[cf. Egs.(17) and(18)]. As shown in Ref. 11 resonances of

the lower polariton branch are sensitive to the stress depen- The authors thank K. Reimann and U.$Rter for stimu-

dence of higher oscillators. lating discussions. The financial support of one of the au-
In a second analysis we use the total stress Hamiltoniathors (J.W) by the Graduiertenkolleg ‘“Festkperspek-

[Egs.(5) and (6)] for the analysis of the experimental data. troskopie” is greatly appreciated.
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