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Two-photon and three-photon spectroscopy of ZnO under uniaxial stress

J. Wrzesinski and D. Fro¨hlich
Institut für Physik, Universita¨t Dortmund, D-44221 Dortmund, Germany

~Received 25 June 1997!

Using two-photon excitation spectroscopy and three-photon difference frequency generation, resonances on
the transverse and longitudinal polariton branches of theA(G5), B(G5), andC(G1) 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 accuracy.@S0163-1829~97!06944-0#
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I. INTRODUCTION

Semiconductors of large band gap have gained increa
interest because they are used for the construction of
light-emitting luminescence and even laser diodes. There
competition between II-VI and III-V semiconductors.1,2 The
II-VI devices are based on ZnSe, which crystallizes in zin
blende structure, whereas the III-V devices are based
GaN, which crystallizes in wurtzite structure. By epitax
growth on GaAs it can also be forced into zinc-blen
structure.3 Concerning the fundamental electronic propert
like valence-band structure and details of excitonic spe
the zinc-blende semiconductors are much better known
the wurtzite materials. This is especially true for the def
mation potentials, which are gained from measurements
der hydrostatic4–6 and uniaxial stress.7–9 Because of the more
complicated valence-band structure one expects in wur
materials at least six deformation potentials as compare
three in zinc-blende materials. For the determination of th
six deformation potentials one needs rather large crysta
order to apply uniaxial stress in different directions with r
spect to the crystalline axes. Unfortunately GaN single cr
tals of sufficient size~several millimeters! have not been
available up to now. We have chosen ZnO as a model s
stance for the determination of deformation potentials in
wurtzite structure by nonlinear spectroscopy because Z
exhibits optical properties similar to those observed
GaN.10 We will show that four configurations of applying th
force to the crystal and choosing the totalkW vector are suffi-
cient to determine the six deformation potentials. We furth
more show that the influence of seven further deformat
potentials can be neglected.

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

II. EXPERIMENT

Two-photon excitation spectroscopy~2P-ES! and three-
photon difference frequency generation~3P-DFG! are per-
formed with a tunable dye laser pumped by a Nd:YAG la
with a repetition rate of 10 Hz. The lasers have a pulse len
of 5 ns and a peak energy of 8 mJ~dye laser! and 600 mJ
~Nd:YAG laser!. For the 3P-DFG measurements of some
the resonances on the lower polariton branches the ph
560163-1829/97/56~20!/13087~7!/$10.00
ng
ue
a

-
n

s
ra
an
-
n-

te
to
e
in
-
-

b-
a
O

r-
n

-
e
-

r
th

f
on

energy of the Nd:YAG laser (\v151.164 75 eV) is shifted
by stimulated Raman effect in methane or hydrogen
\v250.803 43 eV or\v350.649 72 eV, respectively. Fo
three-photon difference frequency generation the direction
the infrared laser beam is antiparallel to the dye laser. B
laser beams are focused on the sample, which is mounte
the uniaxial stress apparatus in a helium flow cryostat~Janis
model DT! at a temperature of about 5 K. The polarizatio
directions of the laser beams are adjustable by half-w
plates. A double-prism monochromator~Zeiss MM3! is used
to suppress scattered light from the dye laser. The electr
signals of the signal photomultiplier and the reference dio
are measured by gated integrators, digitized by analog
digital converters, and recorded by a computer, which a
controls the wavelength setting and the polarization of
laser.

The samples are single crystals and oriented to better
0.05° by x-ray Bragg reflection. The surfaces are polish
and etched. Typically dimensions of the crystals after pre
ration are about 1.531.536 mm3.

Measurements are performed in four different configu
tions I, II, III, and IV ~Fig. 1! which are specified by the
directions of the applied forcetW and totalkW vector with re-
spect to the crystalline axes: configuration I,tW i@0001# ~z

axis! and kW i@112̄0# ~x axis!; configuration II,tW i@101̄0# ~y

FIG. 1. Schematic diagram of the four experimental configu

tions I–IV. tW and kW are the applied force and the totalkW vector,
respectively.
13 087 © 1997 The American Physical Society
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13 088 56J. WRZESINSKI AND D. FRÖHLICH
axis! and kW i@112̄0#; configuration III, tW i@101̄0# and
kW i@0001#; configuration IV,tW under 45° between@0001# and
@101̄0#, kW i@112̄0#. The two- and three-photon spectra a
measured for uniaxial stress up to 500 MPa. The uncerta
in the stress values is less than 2 MPa.

III. THEORY

The exciton and polariton states are derived from the lo
est s-like conduction band and thep-like valence bands
Without spin-orbit coupling the crystal-field causes a sp
ting of thep states intoG5 andG1 states. Crystal-field split-
ting andspin-orbit coupling lead to three twofold degenera
valence bands. These bands are denotedA(G7), B(G9), and
C(G7) in order of increasing energy. The symmetry of t
excitons with a 1S envelope~symmetryG1! can be decom-
posed into irreducible components~following the notation of
Ref. 12!
ty

-

-

A excitons: G1^ G7^ G75G5% G1% G2 , ~1!

B excitons: G1^ G7^ G95G5% G6 , ~2!

C excitons: G1^ G7^ G75G1% G5% G2 . ~3!

TABLE I. Components of the strain tensor for different stre
directions.

tW ieW z tW ieW y tW i(eW y1eW z)

ezz S33t S13t (S131S33)t/2
exx1eyy 2S13t (S121S11)t @(S121S11)/21S13#t
exx2eyy 0 (S122S11)t (S122S11)t/2
eyz 0 0 S44t/2
exz 0 0 0
exy 0 0 0
TABLE II. Hamiltonian matrix for 1S excitons in wurtzite semiconductors~pointgroupC6v! for kW50W . G i denote the symmetry of the
wave functionsc i .

G i

c i :
G5

XA

G5

XB

G5

XC

G5

YA

G5

YB

G5

YC

G1

ZA

G1

ZC

G2

TA

G6

TB1

G6

TB2

G2

TC

XA A1DA5 D11 D2 0 S4 0 0 S5 0 S6 S7 S8

XB D11 B1DB5 D31 S4 0 S9 2S7 S10 2S6 0 0 S11

XC D2 D31 C1DC5 0 S9 0 S5 0 S8 S11 S10 0
YA 0 S4 0 A1DA5 D12 D2 0 S8 0 2S7 S6 2S5

YB S4 0 S9 D12 B1DB5 D32 S6 2S11 2S7 0 0 S10

YC 0 S9 0 D2 D32 C1DC5 S8 0 2S5 2S10 S11 0
ZA 0 2S7 S5 0 S6 S8 A1DA1 D4 0 2S4 S1 0
ZC S5 S10 0 S8 2S11 0 D4 C1DC1 0 S9 2S3 0
TA 0 2S6 S8 0 2S7 2S5 0 0 A1DA2 S1 S4 2S2

TB1
S6 0 S11 2S7 0 2S10 2S4 S9 S1 B1DB6 0 2S3

TB2
S7 0 S10 S6 0 S11 S1 2S3 S4 0 B1DB6 2S9

TC S8 S11 0 2S5 S10 0 0 0 2S2 2S3 2S9 C1DC2

substitutions

DA55(d22g2) f 1SA SA5P11P21g2(P31P42P72P8)22dg(P91P10) P15D1ezz

DB552 f 1SB SB5P11P21P31P41P71P8 P25D2(exx1eyy)
DC55(g22d2) f 1SC SC5P11P21d2(P31P42P72P8)12dg(P91P10) P35D3ezz

DA15(g223d2) f 1SA S152gP51dP13 P45D4(exx1eyy)
DC15(d223g2) f 1SC S25gd(P31P42P72P8)1(g22d2)(P91P10) P552D5(exx2eyy)
DA25 f 1SA S352dP52gP13 P5852D52exy

DB65 f 1SB S45gP582dP138 P65D6&eyz/4
DC25 f 1SC S552P681P118 P685D6&exz/4
D1152g2 f 1S1 S65d(P61P11)2gP12 P75D7ezz/2
D1252g2 f 2S1 S75d(P681P118 )2gP128 P85D8(exx1eyy)/2
D252gd2 f 1S2 S85P62P11 P95D9&ezz/2
D3152d2 f 1S3 S95dP581gP138 P105D10&(exx1eyy)/2
D3252d2 f 2S3 S1052g(P681P118 )2dP128 P115D11&eyz/4
D452gd4 f 2S2 S1152g(P61P11)2dP12 P118 5D11&exz/4

P125D12eyz/2
B52(a1b1c) P128 5D12exz/2

A52(2a1b2c1A(b2c)214d2)/2 P1352D13&(exx2eyy)/2

C52(2a1b2c2A(b2c)214d2)/2 P138 52D13&exy

g52d/A4d21(b2c2A(b2c)214d2)2

d52A12g2
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56 13 089TWO-PHOTON AND THREE-PHOTON SPECTROSCOPY OF . . .
G2 and G6 states are pure triplet states~paraexcitons! and
spin forbidden. Paraexcitons have no oscillator strength
electric dipole transitions.G1 andG5 states are singlet-triple
mixed states~orthoexcitons! and refer to eigenstates with po
larizationparallel (G1) andperpendicular(G5) to thez axis.
Orthoexcitons are dipole allowed and thus interact with p
tons and form polaritons. Since in ZnO the spin-orbit co
pling is small compared to the crystal-field splitting th
A(G1) andC(G5) states are weakly allowed states where
A(G5), B(G5), and C(G1) are strongly allowed

orthoexcitons.13

For the theoretical analysis of the data we treat the st

FIG. 2. Polariton dispersion curves of ZnO at zero stress~taken
from Ref. 17!. Squares, circles, and triangles refer to resonance
the A(G5), B(G5), and C(G1) states, respectively, measured
three-photon difference frequency generation and two-photon e
tation spectroscopy.G5 andG1 denote the symmetry of eigenstat
with polarization parallel (G5) and perpendicular (G1) to thez axis.
T: transversal exciton,L: longitudinal exciton.
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dependence of the twelve 1S excitons by perturbation
theory. The unperturbated HamiltonianH0 consists of five
terms:

H052a 1
2 l h

22bl h,z
2 2c2sh,zl h,z2d&~sh,xl h,x

1sh,yl h,y!1 f 4sW esW h . ~4!

l h , sh , and se are the angular momentum and the sp
operators for the hole and the electron, respectively. T
Hamiltonian includes parameters for the absolute energy
erence (a), the crystal-field splitting (b), the anisotropic
spin-orbit parameters~c and d! and isotropic analytical ex-
change (f ).

Ht1 and Ht2 are operators that can be derived from
invariant expansion according to Cho.14 They take into ac-
count the stress dependence of crystal-field splitting
spin-orbit coupling, respectively:

Ht15D1ezz1D2~exx1eyy!1@D3ezz1D4~exx1eyy!#l h,z
2

1D5„~exx2eyy!~ l h,y
2 2l h,x

2 !24exy@ l h,y ,l h,z#…

1D6~exz@ l h,x ,l h,z#1eyz@ l h,y ,l h,z# !, ~5!

Ht25@D7ezz1D8~exx1eyy!#sh,zl h,z1@D9ezz1D10~exx

1eyy!#~sh,xl h,x1sh,yl h,y!1D11~exzsh,zl h,x

1eyzsh,zl h,y!1D12~exzsh,xl h,z1eyzsh,yl h,z!

1D13@~exx2eyy!~sh,yl h,y2sh,xl h,x!

22exy~sh,yl h,x1sh,xl h,y!#, ~6!

where

@ l h,i ,l h, j #5 1
2 ~ l h,i l h, j1l h, j l h,i !. ~7!

of

i-
TABLE III. Parameters of ZnO used in the theory for comparison with the experimental data.

G5-polariton parametersa G1-polariton parametersa Elastic constantsb

TA(G5) ~eV! 3.375 9960.000 03 TC(G1) ~eV! 3.421 6260.000 01 S11 (10211 Pa21! 0.7858
FA(G5) (eV2) 0.16160.005 FC(G1) (eV2) 0.54060.006 S12 (10211 Pa21) 20.3432
TB(G5) ~eV! 3.382 5660.000 06 Tb(G1) ~eV! 3.56160.001 S13 (10211 Pa21) 20.2206
FB(G5) (eV2) 0.36060.005 Fb(G1) (eV2) 3.0560.06 S33 (10211 Pa21) 0.6940
Tb(G5) ~eV! 3.52760.001 «b(G1) 3.75460.003 S44 (10211 Pa21) 2.357
Fb(G5) (eV2) 2.9060.05
«b(G5) 3.65860.003

Exciton energiesa Hamilton parametersa Ratio of the dipole matrix elementsa

A ~eV! 3.375760.0002 a ~eV! 23.418060.0006 uM' /M iu 0.98~1!

B ~eV! 3.381760.0002 b ~meV! 38.360.9
C ~eV! 3.419960.0002 c ~meV! 22.160.3

d ~meV! 29.160.9
f ~meV! 20.6160.02
g 20.97860.007
d 20.2160.03

aReferences 13 and 17; two- and three-photon spectroscopy atT55 K.
bValues taken from Ref. 19.
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TABLE IV. Polariton resonancesR1,...,R10 measured by two-photon excitation spectroscopy~2P-ES!
and three-photon difference frequency generation~3P-DFG!. \v i andl i denote the energy and waveleng
of the fixed frequency laser for 3P-DFG measurements.

Exciton 2P-ES
\v151.16475 eV
l151064.18 nm

3P-DFG
\v250.80343 eV
l251542.77 nm

\v350.649 72 eV
l351907.75 nm

A(G5) R5 R3 R2 R1
B(G5) R6, R7
C(G1) R10 R9 R8 R4
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D1 ,...,D13 denote the deformation potentials.e i j are the
components of the strain tensor, which depend on the m
nitude of the uniaxial stresst, the stress direction and th
elastic constantsS11, S12, S13, S33, andS44 ~Table I!.

We calculate the matrix elements of the total Hamilton

H5H01Ht11Ht2. ~8!

For the resulting 12312 matrix we choose as a basis a set
wave functions that are classified by the symmetry and
Cartesian characters of the (l 51) functions. The wave
functions are given in detail in Ref. 13. Table II presents
resulting Hamilton matrix. The Hamiltonian that include
nondiagonal exchange and strain terms is diagonalized.
twelve exciton eigenfunctionuCm& corresponding to the ei
genvaluesEm are linear combinations of the base function

uCm&5lm1uXA&1lm2uXB&1lm3uXC&1lm4uYA&1lm5uYB&

1lm6uYC&1lm7uZA&1lm8uZC&1lm9uTA&

1lm10uTB1
u&1lm11uTB2

&1lm12uTC&, ~9!

m51,...,12.

X, Y, Z denote the polarization of the singlet part of the ba
wave functions andT denotes pure triplet states. From th
eigenfunctionsCm one can calculate relative matrix ele

FIG. 3. Stress-induced shift and splitting of resonancesR3 , R5 ,
R6 , andR7 ~cf. Fig. 1!. ResonanceR3 is measured by three-photo
difference frequency generation whereas resonancesR5 , R6 , and
R7 are derived by two-photon excitation spectroscopy.
g-

f
e

e

he

:

e

ments^0uD̂uC i& for the allowed transitions, whereD̂ is the
dipole operator andu0& corresponds to the ground state:

z^0uD̂uCm& z251/2@~lm1g1lm21lm3d!21~lm4g1lm5

1lm6d!2#M'
2 1~lm7d1lm8g!2M i

2 , ~10!

where

M'5^0uD̂uxs&5^0uD̂uys&, M i5^0uD̂uzs&. ~11!

s is the singlet state@(↑e↓h2↓e↑h)/&# andx, y, z denote
the directions of thel functions. The parametersg and d
depend on the crystal-field and spin-orbit parameters and
defined in Table II.

The eigenvaluesEm of the Hamiltonian Eq.~8! and the
matrix elements Eq.~10! determine the exciton oscillato
strengthsFm for a given value and direction of the stress:15

Fm}Emz^0uD̂uCm& z2, m51,...,12. ~12!

This procedure leads to the components« i i ( i P$1,2,3%) of
the dielectric tensor, which has only diagonal component
the system of principal axes:

« i i ~E!5«b,i1(
n

Fi ,n

Ei ,n
2 2E2 , ~13!

«b,i are the background dielectric constants. The sum in
~13! is extended over all eigenstates with a polarization p
allel to the corresponding principle axis.

The resonances on the polariton dispersion curves ca
calculated by solving the macroscopic Maxwell equations
described in Ref. 16. For stress direction@0001# the dielectric
tensor consists of two different diagonal elements and

TABLE V. Deformation potentials of ZnO. The different con
ventions for the definition of the deformation potentials in the str
Hamiltonian are taken into account.

Deformation
potential This work Euwemaet al.a

D1 ~eV! 23.9060.03 23.8
D2 ~eV! 24.1360.03 23.8
D3 ~eV! 21.1560.04 20.8
D4 ~eV! 1.2260.04 1.4
D5 ~eV! 1.5360.01 1.2
D6 ~eV! 2.8860.04 2.8

aReference 9; reflection under uniaxial stress atT51.8 K.
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FIG. 4. Stress-dependent shift and splitting of resonancesR1 ,...,R10 for configurations I–IV. The solid lines are the result of
least-squares fit and symbols denote experimental results.
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crystal is uniaxial, whereas for other stress directions
components are different and the crystal becomes biaxia

«̂5S «11 0 0

0 «22 0

0 0 «33

D . ~14!

«115«22Þ«33 for stress direction@0001#, and «11Þ«22
Þ«33Þ«11 for other stress directions. In all stress configu
tions ~cf. Fig. 1! the totalkW vector is parallel to a principa
axis of the dielectric tensor and Maxwell’s equations lead
the dispersion formula of pure transverse and longitud
waves:

« i i 5
k2c2

v2 for transverse states, ~15!

« i i 50 for longitudinal states. ~16!

IV. RESULTS AND DISCUSSION

Figure 2 shows the polariton dispersion curves of Z
without external perturbation and the measured polar
resonances~taken from Ref. 17!. The two polariton disper-
sions are classified by eigenstates with a polarization per
dicular ~symmetryG5! and parallel~symmetryG1! to the z
axis, respectively. We have used Sellmeyer formulas w
three and two oscillators@orthoexcitons and phenomenolog
cal background oscillatorsb(G5) andb(G1) which represent
resonances at higher energies#:
ll

-

o
l

n

n-

h

\2c2k2

E2 5«G5
5«b~G5!1

FA~G5!

TA~G5!
2 2E2 1

FB~G5!

TB~G5!
2 2E2

1
Fb~G5!

Tb~G5!
2 2E2 , ~17!

for the G5 polariton and

\2c2k2

E2 5«G1
5«b~G1!1

FC~G1!

TC~G1!
2 2E2 1

Fb~G1!

Tb~G1!
2 2E2 ~18!

for theG1 polariton. We neglect damping, spatial dispersio
and the oscillator strengths of the weak allowed orthoex
tonsA(G1) andC(G5) @cf. Eqs.~1! and~3!#. The parameters
of the polariton dipersion are listed in Table III. The nonli
ear resonancesR1 ,...,R10 measured by 2P-ES and 3P-DF
are well reproduced by the polariton dispersion curves c

FIG. 5. Oscillator strengths for the strong allowed orthoexcito
for the stress configurations I–IV.
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13 092 56J. WRZESINSKI AND D. FRÖHLICH
culated from Eqs.~17! and~18!. Table IV gives an overview
of the polariton resonancesR1 ,...,R10 and the corresponding
nonlinear technique. We measured four resonances by 2P
and six resonances by 3P-DFG.

As an example we show in Fig. 3 the stress-induced sh
and splittings for the resonancesR3 , R5 , R6 , and R7 of
configurations II and III. For this configuration the cryst
becomes biaxial and thus the eigenstates, which are class
by X andY polarization are no longer degenerate. The sp
ting is a combined effect of analytical exchange and str
and was discussed by Euwemaet al.9

For the analysis of the experimental results under unia
stress we use the elastic constants, polariton and exciton
rameters listed in Table III. The parameters of the Ham
tonian H0 @Eq. ~4!# of the unperturbated crystal are dete
mined by the exciton energies and their oscillator streng
as described in Ref. 13.

According to Eqs.~5! and ~6! and Table I the stres
Hamiltonian depends for the configurations I,~II, III ! and IV
on 8 ~D1 ,...,D4 , D7 ,...,D10!, 10 ~D1 ,...,D5 , D7 ,...,D10
andD13!, and all 13 deformation potentials, respectively. F
each stress direction at least 8 deformation potentials o
in the stress Hamiltonian@Eqs. ~5! and ~6!#. Therefore we
determined the deformation potentials by fitting the four co
figurationssimultaneously. We made two different fits for
the analysis of the experimental data:

In a first calculation we take into account the stre
Hamiltonian according to Bir and Pikus,18 which is identical
to Eq. ~5!, but in this theory the stress dependence of sp
orbit parameters is neglected. Values forD1 ,...,D6 from a
least-squares fit are listed in Table V. Solid curves in Fig
show the result of this fit. Good agreement with our expe
mental data is achieved. There is a discrepancy concer
the stress-induced shifts of the resonsancesR1 , R2 , andR3
in configuration I. One has to keep in mind that we negl
the stress dependence of the background ocillatorsb(G5),
b(G1) and the background dielectric constants«b(G5) , «b(G1)

@cf. Eqs.~17! and ~18!#. As shown in Ref. 11 resonances
the lower polariton branch are sensitive to the stress de
dence of higher oscillators.

In a second analysis we use the total stress Hamilton
@Eqs. ~5! and ~6!# for the analysis of the experimental dat
a,

ys
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.
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This fit takes into account the stress dependence of
crystal-field splittingand the spin-orbit coupling. There wa
no significant difference as compared to the result of the fi
fit ~Fig. 4!. The total error decreases only by 9% compared
the first fit. This result gives clear evidence that the str
dependence of spin-orbit parameters can be neglecte
ZnO.

Figure 5 shows the normalized oscillator strengths of
strongly allowedA(G5), B(G5), andC(G1) 1S excitons. For
configuration I the oscillator strengths are nearly independ
of the stress whereas for the other configurations a split
of theA andB exciton oscillator strength is resolved. Due
the stress-induced mixing ofA andB states theAY andBX
states attain oscillator strength from theBY and AX states,
respectively.

In Table V we compare the deformation potentials of th
work with the results of Euwemaet al.9 who used linear
reflection. There is good agreement concerning the value
D1 , D2 , andD6 . We were able to resolve a slight differenc
betweenD1 andD2 wheras Euwemaet al. detemined iden-
tical values. There are significant discrepancies concern
the values ofD3 , D4 , andD5 . Since the analysis of reflec
tion spectra requires the use of Kramers-Kronig relations
since the linewidths of resonances in reflection are about
times larger than those of the resonances of the nonlin
measurements in this work, we are convinced that our de
mation potentials are more reliable.

In conclusion we have shown that nonlinear spectrosc
is a suitable technique for the determination of polariton
rameters with high accuracy. Starting from the full Ham
tonian for wurtzite structure we analyzed polariton states
ZnO under uniaxial pressure up to 500 MPa. The analysi
the data shows clearly that the stress dependence of the
orbit splitting can be neglected in ZnO and that six deform
tion potentials are sufficient for the description of the expe
mental results.
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