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Optical functions of uniaxial ZnO determined by generalized ellipsometry
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The optical functions of uniaxial ZnO have been determined using two-modulator generalized ellipsometry,
where a single measurement is sufficient to determine the optical functions from appropriately aligned uniaxial
crystals. Above the direct band edge (;3.3 eV), this technique produces the most accurate values of the
optical functions of ZnO presently available, while the refractive indices determined below the direct band
edge agree with minimum-deviation methods. Near the direct band edge, the optical functions are modified by
the excitonic interaction with a three-dimensional critical point. The optical dielectric response functions are fit
to a recent formulation by Holdenet al. @Phys. Rev. B56, 4037~1997!#. One isotropic point in the spectrum
was observed at 3.114 eV, and a near-isotropic point near 3.31–3.34 eV.@S0163-1829~98!05428-9#
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Zinc oxide ~ZnO! is an n-type direct-gap semiconducto
with a wurtzite crystal structure. Optically, ZnO is uniaxia
defined by a dielectric function for light polarized parallel
the c axis (Eic or extraordinary!, and a dielectric function
for light polarized perpendicular to thec axis (E'c or ordi-
nary!. The band gap of the material is large (;3.3 eV), mak-
ing it of considerable technological interest for both elec
cal and optical applications. Recently, room-temperat
optically pumped lasing has been observed in thin films
ZnO grown by plasma-enhanced molecular-beam epitaxy
sapphire.1

In the early 1960s, several workers reported the result
optical reflection studies of ZnO that showed the presenc
an exitonic structure in the optical spectra near the dir
band edge. These early studies2 measured the optical reflec
tion for light polarized parallel and perpendicular to thec
axis, and used Kramers-Kronig analysis to determine the
tical functions. Later, workers prepared very thin samples
ZnO and measured the optical transmission through the
terial for light polarized with eitherEic or E'c.3,4 For light
below the direct band edge, traditional angle-of-minimu
deviation methods produced very accurate values of the
fractive index for bothEic and E'c.5 Freeouf6 obtained
much better values of the dielectric functions by measur
the reflectivity from 0.6 to 20–30 eV before applying th
Kramers-Kronig analysis to determine the dielectric fun
tions. Matz and Lu¨tz7 determined the optical functions o
ZnO using nulling ellipsometry at several wavelengths
fined by interference filters. Very recently, Huet al.8 used
optical transmission to measure the optical functions of th
film ZnO prepared by pulsed-laser deposition.

In this Brief Report, we describe the procedure used
determine the anisotropic optical functions of ZnO usi
two-modulator generalized ellipsometry~2-MGE!.9,10 We
will show that the optical functions for ZnO determined u
ing 2-MGE are the most accurate available in the reg
from the band gap to the measurement limits of the ins
ment ~i.e., ;3.3– 5 eV). In addition, the optical function
obtained below the band edge~1.45 to;2.8 eV) agree with
minimum deviation measurements,5 within the limits of er-
ror.
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The 2-MGE is described in detail in Refs. 9 and 10, a
the analysis technique used to determine the optical fu
tions for uniaxial materials from 2-MGE measurements
described in Ref. 11 for rutile (TiO2). Briefly, 2-MGE uses
two photoelastic modulator-polarizer pairs, one in t
polarization-state generator~PSG! arm of the ellipsometer
and the other in the polarization-state detector~PSD! arm.
Each modulator operates at a different resonant freque
~50.2 and 60.2 kHz in our case!, making it possible to mea
sure eight different elements of the reduced sample Mue
matrix. If the PSG and PSD are aligned at~0, u45u! or ~u45u, 0!
with respect to the plane of incidence, then it is possible
determine completely the light reflection from a nondepol
izing sample. That is, the entire reduced Jones matrix of
sample

J5S rpp

rsp

rps

1 D ~1!

can be determined with a single measurement. In Eq.~1!,
rpp5r pp /r ss, rps5r ps /r ss, and rsp5r sp /r ss, where r pp
and r ss are the complex reflection coefficients forp- and
s-polarized light, respectively, andr sp andr ps are the cross-
polarization complex reflection coefficients.

Since the features of the optical spectrum of ZnO are v
narrow near the band edge, it was essential to improve
wavelength resolution of the monochromator described
Ref. 9. This was done by replacing the untapered opt
fiber ~400-mm diameter! with a 400–200-mm tapered fiber
coupled directly to the monochromator~thus eliminating the
f /# matcher!, making the input slit the exit aperture of th
tapered fiber~200 mm!. The resulting resolution of this con
figuration was measured using the light from a HeNe las
and was found to be 0.5 nm when the exit slit of the mon
chromator was set to 100mm or less. The measurement r
quires only that the optical axis of the sample be significan
off-normal to avoid zeros in the off-diagonal elementsrsp
andrps caused by symmetry.11 If this is satisfied, then it is
possible to determine the complex dielectric functio
«1o(E), «1e(E), «2o(E), and«2e(E) with a single measure
ment. @Here the subscripto means ordinary, (E'c); and e
means extraordinary, (Eic).#
3586 © 1998 The American Physical Society
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Three different samples of ZnO were measured using
MGE. One sample was grown using the chemical va
transport method~denoted as sample VT!, and another by the
hydrothermal method by Airtron Industries~denoted as
sampleH!. In order to examine the effect of doping on th
exitonic structures, a vapor-transport-grown ZnO sam
doped with Sn was also measured using 2-MGE. The VT
H samples were clear, while the Sn-doped VT sample w
black. The optic axes of the VT andH samples were in the
plane of the sample surface (u;90°), while the optic axis of
the doped sample was 59°62° off-normal as measured b
x-ray analysis. All measurements were performed at ro
temperature.

Below the band edge (;3.3 eV), undoped ZnO is trans
parent, implying that«2 (E,3 eV),1025. Therefore, the
fact that Im(rpp).0 indicates the presence of a surface ov
layer. To correct for this overlayer, the 2-MGE data fro
1.46 to;3.1 eV were fit to a three-medium model, consi
ing of air/surface roughness/ZnO, where the surface rou
ness was modeled using a 50% air, 50% ZnO Bruggem
effective medium, and the transparent ZnO was modeled
ing a traditional Lorentz approximation for bothno(E) and
ne(E). The overlayer thickness and directions of the opti
axes were treated as fitting parameters, which were then
to determine the optical functions of ZnO as described
Ref. 11, including error limits. The results are shown in Fi
1 and 2 for the VT sample. Near and above the critical po
(;3.3 eV) the resulting dielectric functions from the thr
samples were identical within error, while the refractive
dices of theH and the Sn-doped VT samples were;0.012

FIG. 1. The real and imaginary parts of the complex dielec
function («1 and «2) and the absorption coefficient~a! of ZnO
grown by vapor transport and measured at room temperature.
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60.007 less than the refractive index of the undoped
sample from 850 to;450 nm.

The data for the refractive index at several waveleng
below the band edge are shown in Table I. For comparis
the data from Ref. 5 are included in Table I, where the
fractive indices were obtained from prisms fabricated fro
vapor-transport-grown ZnO using the minimum-deviati
method. While the 2-MGE approach is not as accurate as
minimum-deviation method below the direct band edge,
accuracy is still very good, and an accuracy of60.003 in
no(E) andne(E) can be obtained. This technique gives sim
lar values of the dielectric function for different sample
with different orientations of the optic axes, with differe
values of the surface roughness, and at different angle
incidence~60° and 65°!.

No similar comparison can be made for the values of
dielectric function above the band edge. Well above 3.5
the error limit of«1 and«2 was 0.03–0.05, while the erro
limit climbed to 0.10–0.15 in the 3.2–3.4-eV range. T
dielectric functions determined by Kramers-Kronig integr
tion of reflectance data of Freeouf6 comes the closest, but th
Kramers-Kronig technique is far more inaccurate than
ellipsometric technique, since it relies on more inaccur
data~reflectance! and requires extrapolations to perform th
Kramers-Kronig integrals. Therefore, the 2-MGE techniq
is the most accurate technique available to determine
dielectric functions@«1o(E), «1e(E), «2o(E), and «2e(E)#
of uniaxial crystals above the band edge.

Two main features are observable in«1 and «2 near the
direct band edge, and the«1e and«2e spectra are nearly the
same shape as the«1o and «2o spectra—only shifted up in

c FIG. 2. The same data set as Fig. 1, but over the 3.1–3.5
range. The solid and dashed lines indicate fits to the data using
~2!.
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TABLE I. A comparison of the refractive indices of ZnO below the band edge determined in this
and in Ref. 5. Both ZnO crystals were grown by the vapor transport method.

Wavelength
~nm! Ordinary (E'c) Extraordinary (Eic)

a b difference a b difference

450 2.1058a 2.104b 0.0018 2.1231a 2.121b 0.0021
500 2.0511a 2.047b 0.0041 2.0681a 2.065b 0.0031
600 1.9985a 1.997b 0.0015 2.0147a 2.015b 20.0003
700 1.9735a 1.974b 20.0005 1.9897a 1.990b 20.0003
800 1.9597a 1.961b 20.0013 1.9752a 1.976b 20.0008
Error 0.0001 0.003 0.0001 0.003

aReference 5.
bThis work.
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energy and up in magnitude. From earlier work,1–7 the two
features can be identified as then51 and 2 excitons assoc
ated with a critical point in the joint density of states relat
to the one-electron band structure. Band-structure calc
tions of ZnO~Refs. 12–14! show that the conduction ban
~CB! near k50 consists of a single band with very littl
anisotropy in the effective mass, and the top of the vale
band~VB! consists of three bands, all of which contribute
near-edge absorption. From Ref. 3, the uppermost VB
wurtzite crystals is ofG9 symmetry, and optical transition
from this band to theG7 CB are selection rule limited to
E'c transitions. Optical transitions from two other VB
(G7 symmetry! are not selection rule limited, but theEic
transition is considerably stronger.2 The «2e spectrum is
shifted up in energy compared to the«2o spectrum by the
energy difference between theG9 VB and the topG7 VB
(;0.033 eV). In addition, the«2e spectrum is shifted up
with respect to the«2o spectrum, probably due to small di
ferences in the average matrix element between the CB
the different VB’s and to differences in the effective mass
of the G9 VB and the topG7 VB. All of the VB’s have
considerably higher effective masses than does the CB.
ing the similar shape of the«2o and«2e spectra and ignoring
the k dependence of the matrix elements, the shape of b
the «2o and «2e spectra above;3.45 eV is determined pri-
marily by the density of states of the CB.

The presence of the excitons near the three-dimensi
~3D! critical point modifies the dielectric function in thi
energy range.15–20 Using a Lorentzian approximation fo
line-shape broadening of the excitonic states and the b
edge, Holdenet al.19 determined that the dielectric functio
near a 3D critical point modified by excitonic interactio
could be expressed using five parameters. After some a
braic manipulation of their Eqs.~A7!–~A10!, this expression
is given by

«~E!5
A

2E2 H (
n51

`

@gb,n~E1 iGn!2gb,n~ iGn!#

1gu~E1 iG0!2gu~ iG0!J . ~2!

In Eq. ~2!,
a-

e
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nd
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t-

th
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gb,n~j!5
4R2

n3 F 1

~Eo2j!22R2/n2 1
1

~Eo1j!22R2/n2G ,
~3a!

gu~j!52 lnS Eo
22j2

R2 D 2
1

2 (
n51

`

gb,n~j!

2pFcotS pAR

AEo2j
D 1cotS pAR

AEo1j
D G . ~3b!

The five parameters are the amplitudeA, the direct-band-gap
energyEo , the excitonic binding energyR, the broadening
energy of the direct band gapG0 , and the broadening of the
excitonic peakG0

ex. The broadening of thenth exciton peak
is determined using the empirical relation16

Gn5G02
G02G0

ex

n2 . ~3c!

Figure 2 shows the dielectric function spectra for Zn
near the 3.3-eV critical point determined from 2-MGE me
surements, and the best fit to the data from Eq.~2!. The
results to the fit are tabulated in Table II, where an ex
parameter«1(`) is added to Eq.~2! to take into account
transitions at higher energies@with no high-energy transi-
tions, «1(`)51]. The valuex2 listed in Table II is the re-
ducedx2 of the fit ~taking into account the error limits of«o
and «e), and should be;1 for a good fit of Eq.~2! to the
data. Clearly, Eq.~2! fits the main features of the data, b

TABLE II. Parameters determined by fitting the dielectric fun
tions of ZnO determined using 2-MGE to Eq.~2!.

Ordinary
(E'c)

Extraordinary
(Eic)

Eo ~eV! 3.37260.004 3.40560.004
R ~eV! 0.05660.002 0.05060.003
G0 ~eV! 0.00160.002 0.00660.002
G0

ex ~eV! 0.02360.002 0.02460.002
A 31.460.5 37.160.7

«1(`) 2.6660.03 2.5260.03
x2 4.0 4.4
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the high value ofx2 shows that the fit is not good. Th
difference between the data and the fit could come from
number of sources, including~1! the Lorentz approximation
for broadening~which is known to give too much absorptio
below direct band edges!, ~2! the empirical expression for th
broadening of thenth exciton@Eq. 3~c!#, or ~3! the parabolic
and isotropic assumptions of the 3D critical point.

The fitted parameters shown in Table II indicate that
direct band edges of ZnO are 3.372 and 3.405 eV for
E'c and Eic transitions, respectively, while the excito
binding energies are 0.056 and 0.050 eV, respectively. L
temperature excitonic binding energies determined fr
transmission and reflection measurements were 0.059
~Ref. 2! and 0.061–0.067 eV.4 The broadening of the exci
tons is 0.023–0.024 eV for both transitions, reminiscent
kT broadening~0.026 eV at room temperature!.

If it is assumed that«2o5«2e50 below;3.15 eV, then
there is an isotropic point for ZnO atE53.114 eV, where
«1o5«1e55.153. Clearly this becomes a pseudoisotro
point if «2oÞ«2e ~or, equivalently, if the absorption coeffi
cient aoÞae) at this energy. The 2-MGE is not sufficientl
sensitive to measurea accurately for a,33103 cm21.
Since this is well below the lowest direct absorption ed
the primary absorption mechanisms are impurity absorp
andkT broadening of then51 excitonic peak. Therefore,
true isotropic point could be obtained with very pure cryst
and at lower temperature. There also is a near-isotropic p
.
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near 3.3 eV~see the insets of Fig. 1!, but this is not a true
isotropic point, since«1o5«1e56.98 atE53.308, and«2o

5«2e52.49 atE53.341.
While 2-MGE ~as presently implemented in our labor

tory! is not as sensitive as many reflectivity measurement
determining energies of transitions, nor is it as good as m
mum deviation methods for measuring refractive indices
the transparentpart of the spectrum, it is unparalleled i
determining accurate values of the optical functions
uniaxial materials above the band edge. The 2-MGE
measure the entire reduced Jones matrix@Eq. ~1!# in a single
configuration. For orientations of the crystal where the o
diagonal elements (rsp and rps) are significantly different
from zero, this one measurement is sufficient to determ
«1o(E), «1e(E), «2o(E), and «2e(E) for uniaxial crystals.
We have applied 2-MGE to a determination of the optic
functions of ZnO and have shown that the spectra are ea
explained by the presence of excitons near a 3D band e
Additionally, an isotropic point exists at 3.114 eV, and
near-isotropic point near 3.31–3.34 eV.
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17A. Goñi, A. Canterero, K. Syassen, and M. Cardona, Phys. R

B 41, 10 111~1990!.
18C. Tanguy, Phys. Rev. Lett.75, 4090~1995!.
19T. Holden, P. Ram, F. H. Pollak, J. L. Freeouf, B. X. Yang, a

M. C. Tamargo, Phys. Rev. B56, 4037~1997!.
20P. Yu and M. Cardona,Fundamentals of Semiconducto

~Springer-Verlag, New York, 1996!.


