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We present a study of the optical properties of cubic Zn1−xMnxSe thin films withx=0,0.136 and 0.21, grown
on GaAss001d substrates by molecular beam epitaxy. We determine the complex dielectric function using
variable-angle spectroscopic ellipsometry in the photon energy range from 0.75 to 4.5 eV. A critical-point
parametric model including the two lowest critical pointsE0 andE0+D0 is employed for the dielectric func-
tion. An excellent match of the experimental data is obtained in the below and near-band-gap photon energy
range. For increasing Mn content we observe a large negative bowing of the band gap and an increase in the
spin-orbit splitting(by 80% for 21% Mn). From the fit, an exciton binding energy of 17 meV is obtained for
ZnSe. This value changes only slightly with the addition of Mn, namely to 17 and 20 meV for 13.6% and 21%
Mn, respectively. The below-band-gap index of refraction is well represented by a simple Cauchy dispersion
formula, which is provided here as well.
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I. INTRODUCTION

ZnSe related semiconductor materials have already been
successfully applied in a variety of optoelectronic devices,
e.g., in photodetectors and light sources for the UV, blue and
green spectral region,1 or in electro-optic waveguide
modulators.2 Recently, Zn1−xMnxSe attracted large attention
as a suitable spin aligner for future spin-based electronic de-
vice structures.3 The addition of the 3d-transition element
manganese to ZnSe leads to expected changes of the elec-
tronic and optical properties. A nonlinear dependence of the
band gap energy on the Mn concentration has been reported
and was studied in detail by several authors.4–8This phenom-
enon, observed also in other diluted magnetic semiconduc-
tors (e.g. in Cd1−xMnxS

9),9 has been attributed to the large
electronicsp-d exchange interaction between the magnetic-
element-induced states and the host conduction and valence
band states.10

Electronic properties, such as the band-to-band transition
energies, strength, and broadening parameters, are strongly
related to the dielectric functione. Hence, knowledge ofe
provides access to fundamental physical material parameters.
The index of refractionsnd and the absorption coefficientskd
follow directly from e=sn+ ikd2, i =Îs−1d. The knowledge of
the material parametersn and k is crucial for the design of
the optoelectronic devices. However, investigations of the
dielectric function of Zn1−xMnxSe at optical wavelengths,
specifically in the near-band-gap spectral region have not
been exhaustive so far. Adachi and Taguchi11 reported on
spectroscopic ellipsometry(SE) studies of ZnSe. A simpli-

fied model for the electronic band-to-band transition contri-
butions was employed, which led to fair agreement with the
experimental data. Dahmaniet al.12 used a set of harmonic
oscillators to fit the SE measurement. In both reports, the
effects of the native surface overlayer, which forms naturally
on the ZnSe surface under normal ambient, were ignored in
the data analysis. The latter was taken into account in Ref. 13
where a much better agreement between experiment and
theory is obtained. This, however, was achieved using a
rather complicated model with a large number of fit param-
eters. This model was based on the analytical construction of
the joint density of states and the use of both Lorentzian and
Gaussian line broadening.

Several authors presented the dielectric function of
ZnMnSe with different Mn content, but only for photon en-
ergiesE="v from 3.5 to 5.5 eV,14,15 i.e., above the funda-
mental band-to-band transition energy. Within the band gap,
to our knowledge, the refractive index for Zn1−xMnxSe with
Mn contents up to 46% was determined for a single wave-
length onlysl=632.8 nmd.16

In this paper we report on the dielectric function of
Zn1−xMnxSe obtained by spectroscopic ellipsometry(SE) in
the energy range 0.75–4.5 eV. We provide a model dielectric
function parameter set for a calculation of the dielectric func-
tion, including an approximate parameter representation of
the below-band-gap index of refraction dispersion. We dis-
cuss the dependence of the two lowest critical-point energies
E0 andE0+D0 on the Mn content. Special attention is given
to an unexpectedly large increase in the spin-orbit splitting
with growing Mn concentration.
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II. EXPERIMENTAL DETAILS

Zn1−xMnxSe films in the cubic zinc blende modification
were grown by molecular-beam epitaxy on GaAss001d sub-
strates using Zn, Mn and Se as source materials. In order to
control the composition, only the Mn flux was varied while
the fluxes of the other two elements were held constant.
Slightly Se-rich growth conditions were used in all cases to
ensure a good crystal quality. Depending on composition, the
growth rate ranged from 255 to 380 nm/h. For each compo-
sition one pair of samples with thicknesses of about 700 and
1400 nm was prepared. On top of the Mn-containing
samples a thins5 nmd ZnSe cap layer was added. In order to
determine the manganese content in each sample as accu-
rately as possible, we used Rutherford backscattering(RBS),
particle-induced x-ray emission(PIXE), and energy-
dispersive x-ray analysis(EDX). The results from all these
methods were in good agreement. For the three pairs of
samples used in the optical experiment the Mn concentra-
tions were 0%, 13.6%, and 21%, respectively. All samples
were found to be stoichiometric within the experimental
resolution.

The structural properties of the samples were studied by
transmission electron microscopy(TEM). Figure 1 shows
[110] cross-section bright-field TEM images of the ZnSe(a)
and Zn0.864Mn0.136Se (b) sample, respectively, taken under
two-beam conditions with imaging vectorg=s002d. In the
Mn-containing layer stacking faults with a density of
,100 cm−2 are found, which is a well known problem of this
material system. However, as proven by TEM diffraction
patterns(see, e.g., insets in Fig. 1) all samples investigated
have the zinc blende crystal structure.

A spectroscopic rotating-analyzer ellipsometer with auto-
mated compensator function(J.A. Woollam Co.) was used
for ellipsometry measurements in the photon energy range
from 0.75 to 4.5 eV. The spectral resolution was 10 meV,
and data were acquired at angles of incidenceFa=76° and
78°.

III. ELLIPSOMETRY DATA ANALYSIS

A. Ellipsometry

Ellipsometry can determine the complex dielectric func-
tion e and thicknessd of a thin-film sample by comparing the
measured data with best-fit model calculations. The standard
ellipsometric parameters are defined throughC andD. They
are related to the complex reflectance ratior,17

r ;
rp

rs
= tanC expsiDd, s1d

whererp andrs are the reflection coefficients for light polar-
ized parallelspd and perpendicularssd to the plane of inci-
dence, respectively. The ellipsometric parameters depend on
the photon energyE, the sample layer structure(layer se-
quence and thicknessd), the dielectric functione of all ma-
terials involved, and the angle of incidenceFa. The
pseudodielectric functionkel is a common representation of
the ellipsometric dataC and D assuming the two-phase
(ambient-substrate) model,18

kel = easfs1 − rd/s1 + rdg2sin2Fa + cos2Fadtan2Fa, s2d

where the ambient dielectric functionea=1 .

B. Data analysis

Ellipsometry is a model-based technique and experimen-
tal data must be compared with model calculations. One way
to obtain the optical constants of the layer of interest is the
wavelength-by-wavelength(“point-by-point”) numerical in-
version of the experimental data.19 The point-by-point fit is
normally inapplicable to single sample data analysis, because
of the correlation problem betweene andd within the spec-
tral region where the thin film is transparent. If, however,(i)
all other material constituents optical constants are known,
and(ii ) samples with thin films of sufficiently different thick-
ness but equal material properties are available, the point-by-
point fit is fully applicable(multiple sample analysis). In
addition to the thickness and the real and imaginary values of
e for each photon energy, we included the thickness and the
Lorentz function parameters of the oxide overlayer, as dis-
cussed in Sec. III D. Alternatively, the number of unknown
parameters for data analysis can be reduced if appropriate

FIG. 1. [110] cross-section bright-field TEM images of the ZnSe
(a) and Zn0.864Mn0.136Se(b) samples with corresponding diffraction
patterns in the insets.
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parametric line shape functions for the materials of interest
are available. Such model dielectric function approaches
were also applied, as discussed below.

A regression analysis is commonly used to vary the model
parameters until the calculatedsCi j

c ,Di j
c d, and measured

sCi j ,Di jd data match as closely as possible. This is done by
minimizing the mean-square error(MSE) function, which is
appropriately weighted to the estimated experimental errors
si j

C andsi j
D (Ref. 20),

MSE =
1

2MN
o
i,j

N,M FSCi j − Ci j
c

si j
C D2

+ SDi j − Di j
c

si j
D D2G . s3d

The indicesi and j indicatesC ,Dd data sets at photon energy
Ei and angle of incidenceFaj.

C. Model dielectric function

For SE data analysis simple parametric optical functions
such as the Cauchy model for dielectrics, or the Zollner
model for semiconductor native-oxides21 are often utilized.20

General parametric models, i.e., model dielectric functions
(MDF), that completely describe critical point(CP) struc-
tures and the line shape of the dielectric function of semi-
conductors are highly complex, and have been developed,
e.g., by Kimet al..22 and Kim, Garland, and Raccah.23 Such
models reveal information about CP energy, broadening, and
the joint density of states. Accurate CP energies and line-
widths are then obtained from analysis of SE data and its
derivatives.23,24 Based on the one-electron parabolic-band
approximation and augmented by discrete and continuum ex-
citonic contributions, Adachi’s composite MDF has often
been applied with success to numerous semiconductor com-
pound materials.25 In this model the dielectric function is
given as a sum of contributions of individual CP structures,

e = eE0
+ eE0+D0

+ eE0

d.e. + eE0+D0

d.e. + eE0

c.e. + eC. s4d

The expressions for all parts of Eq.(4) are given in the
following.

The E0 and E0+D0 transitions are of the three-
dimensional(3D) M0 type. Assuming parabolic bands they
are described by

e jsEd = eif jAjEj
−1.5x j

−2f2 −Î1 + x j − Î1 − x jg, s5d

with x j =sE+ iG jd /Ej s“ j ” = “ Eo” , “ Eo+D0” d. Aj, Ej, andG j

denote, respectively, amplitude, transition energy, and broad-
ening(lifetime) parameter of the CP transition. The constant-
complex-phase parameterf accounts for coupling between
spectrally adjacent resonance transitions, rendering the ef-
fects of Lorentzian-broadened anharmonic line shape func-
tions. The excitonic transitions in the vicinity of the lowest
direct band gap have a strong influence on the optical prop-
erties. The contributions due to discrete excitons(d.e.) are
given by a Lorentzian line,

e j
d.e.sEd = eif j

d.e.
Aj

d.e./sEj − Eeb− E − iG j
d.e.d, s6d

with Eeb being the exciton binding energy(“ j ”
= “ Eo” , “ Eo+D0, ” respectively). The continuum-exciton

(c.e.) transitions are modeled with a Lorentz oscillator,

ec.e.sEd = Ac.e.Ec.e.Gc.e./„sEc.e.d2 − E2 − iGc.e.E…. s7d

Contributions from higher-energy CP transitions outside
the spectral range of our experiment are modeled by

eCsEd = es + Ap/sEp
2 − E2d, s8d

wherees is a constant offset andAp andEp are amplitude and
position of a loss-less dispersion pole, respectively.

D. Layer model

A four-layer model (three-layer for the ZnSe samples)
was used here for the analysis. This model consists of the
GaAs substrate, the Zn1−xMnxSe layer, the ZnSe cap layer
(except for the ZnSe samples), and the native ZnSe oxide
overlayer. The optical properties of the ZnSe native oxide are
not known. Kooet al.26 modeled this overlayer by the use of
the Bruggeman effective-medium approach averaging the
optical constants of amorphous Se,sGa,Asd2O3, and the am-
bient. In our model we applied a simpler approach, which is
based on the semiconductor oxide optical constants model
introduced by Zollner.21 Accordingly, the dielectric function
of the ZnSe native oxide is described here by a Lorentz os-
cillator function, and its parameter values together with the
oxide thicknessdox were varied during the best-fit data
analysis. We obtaineddox,3 nm for all samples, similar to
the results reported in Ref. 26.

IV. RESULTS AND DISCUSSION

Figure 2 depicts, as an example, the real(a) and imagi-
nary (b) part of the pseudodielectric function for the sample
with 13.6% manganese and a thickness of 700 nm. The ex-
perimental data(dashed line) are shown along with the best-
fit results obtained by the point-by-point multiple sample
analysis approach(solid line). The two spectra are in excel-
lent agreement.

Note that in the fit procedure a small thickness inhomo-
geneity of about 2% for all layers has been taken into ac-

FIG. 2. Real(a) and imaginary(b) parts of the pseudodielectric
functionkel of the sample with 700 nm of Zn0.864Mn0.136Se. Dashed
lines denote the experimental data and solid lines show the best-fit
calculated data obtained by the point-by-point fit approach.
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count as well as a nonzeros,2 nmd spectral bandwidth of
the detection system.

A. Below-band-gap index of refraction

To begin with, the ellipsometry data in the below-band-
gap spectral regions0.75–2.5 eVd were analyzed by using
the Cauchy model function for parametrization of the
Zn1−xMnxSe index of refraction. Thereby, the following for-
mula was used:

nsld = A +
B

l2 +
C

l4 , s9d

wherel=2pc/v denotes the wavelength,c is the speed of
light, andA, B, andC are the Cauchy model parameters. For
the sample with 21% manganese considerable absorption
was present, and the extinction coefficientk needed to be
included. This was done by the following approximation(ex-
ponential absorption tail):

ksld = a expFbShc

l
− gDG , s10d

wherea is the amplitude,b the exponent factor,g the band
edge in eV, andh Planck’s constant. Note, that Eqs.(9) and
(10) are not Kramers-Kronig consistent.

Figure 3 shows the resulting index of refraction and ex-
tinction coefficient spectra. The best-fit calculation param-
eters are listed in Table I. We observe a considerably smaller
refractive index change upon the incorporation of manganese
in ZnSe than that reported previously upon the incorporation
of Cd or Mg.16 The index of refraction decreases with in-
creasing Mn composition. The same trend is reported in Ref.
16, where the index of refraction was measured for a single
wavelength using the prism coupling technique. However,

our values are somewhat lower(by 1%). This might be due
to the assumption of slightly incorrect thickness values,
which are potential error sources for the prism method.

B. Zn1−xMn xSe dielectric function „0.75–4.5 eV…

The dielectric function of the Zn1−xMnxSe thin films was
determined over the spectral range from 0.75 to 4.5 eV by
the multiple sample point-by-point inversion approach. In
this procedure the thickness values of the individual
Zn1−xMnxSe layers were taken from the below-band-gap data
analysis and held constant. As described above, the thick-
nesses and parameters of the oxide overlayer as well as the
thickness of the ZnSe cap layer were varied. The resultinge
spectra for ZnSe,Zn0.864Mn0.136Se, and Zn0.79Mn0.21Se are
shown in Fig. 4. Our spectra for ZnSe are in very good
agreement with data published previously.11,13 For the other
two compositions data are only available in the spectral re-
gion from 3.5 to 5.5 eV so far.14,15Our e1 values are slightly
higher, whereas thee2 values are lower than those reported
by Hung et al., respectively.15 This can be attributed to the
better description of the oxide overlayer effect in our analy-
sis. Improper numerical reduction by use of inadequate oxide
optical constants affects the resulting thin film dielectric
function. The effect is a reduction(increase) of the real

FIG. 3. The index of refraction for Zn1−xMnxSe obtained from
the best-fit analysis of the below-band-gap experimental data by use
of the Cauchy dispersion model.

TABLE I. Cauchy model parameters[Eqs.(9) and (10)] for the index of refraction of Zn1−xMnxSe

A Bsmm2d Csmm4d a b gseVd

ZnSe 2.43331 0.03448 0.00991

Zn0.864Mn0.136Se 2.40064 0.03472 0.00961

Zn0.79Mn0.21Se 2.4018 0.02997 0.01029 0.00529 0.34072 2.7

FIG. 4. The real(a) and imaginary(b) part of the dielectric
function of Zn1−xMnxSe. The dotted lines correspond to the
wavelength-by-wavelength inverted ellipsometry data and the solid
lines to the modeled spectra. For clarity, the spectra are shifted by
0.5 for Zn0.864Mn0.136Se and by 1 for ZnSe.
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(imaginary) part, specifically near band-to-band transition
energies, as demonstrated by Aspneset al.18

C. Critical-point analysis

The above described critical-point model with 21 param-
eters has been used for the fit of the measured data. The
model comprises only the two critical points with energies
within the range of our measurement and the corresponding
discrete and continuum exciton contributions. All higher-
energy CP are modeled by a single pole function and a con-
stant offset. In order to allow this simplification the photon
energy range of the fit was limited to the region from
0.75 eV to just above theE0+D0 CP, i.e. to 3.3 eV for ZnSe,
3.4 eV for Zn0.864Mn0.136Se and 3.6 eV for Zn0.79Mn0.21Se.
In this range an excellent agreement was achieved for all
three samples as shown in Fig. 4. The experimental dielectric
function is given by dotted and the model by solid lines for
the three manganese compositions under study(x=0, 0.136
and 0.21). For clarity the spectra are shifted along the y-axis
by 0.5 for Zn0.864Mn0.136Se and by 1 for ZnSe. The best-fit
values of all parameters are listed in Table II. It should be
noted here that the critical-point parameters obtained from
the model used in this work will be different from the
critical-point parameters determined using different model
dielectric function approaches, and different analysis tech-

niques will potentially yield different critical-point param-
eters.

The energy positions of theE0 s2.71 eVd and E0+D0
s3.14 eVd CP of ZnSe obtained from the fit are almost iden-
tical with those presented in Refs. 13 and 27. The values
from other authors(e.g., Refs. 11, 12, and 14) are slightly
lower.

The dependence of these two energies on the Mn content
in our Zn1−xMnxSe samples is shown in Fig. 5.(The connect-
ing lines are just a guide for the eye.) The lowestE0 CP
exhibits at first a redshift and then a blueshift with increasing
Mn concentration, which is in agreement with the band gap
anomaly caused by thesp-d exchange interaction observed
already in photoreflectance, absorption, and photolumines-
cence measurements.8–10 The E0+D0 CP, on the other hand,
does not seem to follow this behavior. With increasing Mn
concentration the spin-orbit splitting is increasing quite sig-
nificantly, from 424 meV in ZnSe to 760 meV for 21% man-
ganese. One possible cause we considered to be responsible
for this increase is the effect of the strain in the
Mn-containing samples on the band structure. However, us-
ing the formulas in Ref. 28, the ZnSe deformation potential
values from Ref. 29 and the elastic constants for ZnMnSe
from Ref. 30, it can be estimated that strain has only a small
influence on the spin-orbit splitting. In an extreme case of
fully strained epilayers, the in-plane and vertical strains for
the sample with 21% Mn would be −0.0085 and 0.0107,
respectively, and the resulting change in the spin-orbit split-
ting would be only 25 meV. At the same time the change in
the band gap due to strain would be only 12 meV, which is
four times smaller and of an opposite sign than the change
obtained from the fit. Therefore, we conclude that strain can-
not be responsible for the observed band gap anomaly. More-
over, x-ray diffraction measurements showed that the re-
sidual strain in our samples is actually much smaller(see
Ref. 30 for details). For the sample with 43% Mn investi-
gated in Ref. 30 the strain would lead to a shift of the spin-
orbit split-off band by less than 20 meV. Therefore, the small
residual strain present in the samples accounts only for a
minor increase in the spin-orbit splitting. We suggest that a
possible reason for the observed strong increase is—apart
from the anomalous composition dependence ofE0—the in-
fluence of the high angular momentum 3d Mn states on the
ZnSe valence band wavefunction.

TABLE II. Best-fit MDF parameters for Zn1−xMnxSe in the
given photon energy range. The values in parentheses refer to the
error bar of the last digit and a 90% confidence interval.

xMn 0 0.136 0.21

E0seVd 2.711(1) 2.664(1) 2.671(2)

AE0
seVd3/2 16.5(8) 15.1(9) 16.2(9)

GE0
smeVd 3(5) 6(2) 3(2)

fE0
0.16(3) −0.11s9d −0.40s8d

D0smeVd 424(20) 530(60) 760(50)

AE0+D0
seVd3/2 21(3) 19(3) 35(4)

GE0+D0
smeVd 11(20) 47(80) 92(88)

fE0+D0
−0.15s4d 0.11(9) 0.25(5)

EebsmeVd 17(2) 17(10) 20(15)

AE0

d.e.seVd−1 0.016(1) 0.02(2) 0.034(30)

GE0

d.e.smeVd 18(1) 81(11) 103(9)

fE0

d.e. −0.63s12d 3.1(2) 3.0(3)

AE0+D0

d.e. seVd−1 0.024(9) 0.023(20) 0.078(60)

GE0+D0

d.e. smeVd 56(18) 116(84) 183(46)

fE0+D0

d.e. −0.28s36d 0.28(85) 1.28(28)

E0
c.e.seVd 2.73(2) 2.70(1) 2.71(2)

AE0

c.e. 0.13(5) 0.48(22) 0.68(30)

GE0

c.e.smeVd 85(40) 163(34) 225(27)

EpseVd 4.67(2) 4.69(3) 4.76(7)

ApseVd2 39(1) 42(1) 38(2)

es 2.21(6) 2.12(7) 1.8(1)

Photon energy

range(eV) 0.75–3.3 0.75–3.4 0.75–3.6

FIG. 5. The position ofE0 andE0+D0 CP as a function of the
Mn content in Zn1−xMnxSe as obtained from the MDF fit.(The lines
are just a guide for the eye.)
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It is also interesting to note that while the broadening of
the E0 transition stays almost the same(below 10 meV) for
all three samples, the transition at theE0+D0 CP is consid-
erably broadened with increasing Mn concentration. The
broadening of the continuum exciton transition is also en-
larged; for 21% Mn it is about three times larger than in
ZnSe. This contribution lies approximately 20 meV above
the band gap in ZnSe and follows the shift of theE0 CP with
an increasing Mn concentration.

The exciton binding energyEeb of ZnSe has been studied
by several authors. A value of 19 meV derived from low
temperature magnetoreflectance measurements was reported
in Ref. 31. In this publication similar results of other authors
are cited. In the more recent paper of Leeet al.32 a larger
value of 22 meV has been determined from magnetoabsorp-
tion measured at the liquid helium temperature. Kimet al.,13

on the other hand, found an exciton binding energy of
13 meV. This was obtained from the fit of the room tempera-
ture ellipsometry data. The authors explained their lower
value to be due to the temperature dependence of the dielec-
tric function and of the effective mass. Our fit yieldsEeb of
,17 meV for ZnSe. Taking into account the experimental
error bar, this value is in a fairly good agreement with the
previous low temperature results. Slight deviations might be
due to the temperature-dependence of the combined exciton
effective mass. With the addition of Mn,Eeb stays almost
unchanged, i.e., 17 meV for Zn0.864Mn0.136Se and,20 meV
for Zn0.79Mn00.21Se..

V. CONCLUSIONS

We presented the complex dielectric function of
Zn1−xMnxSe(x=0, 0.136, and 0.21) for photon energies from

0.75 to 4.5 eV extracted from the point-by-point fit of the
ellipsometric measurements. For the case of ZnSe very good
agreement with other published experimental curves11,13 was
found. In the transparent region the Cauchy model param-
eters for the refractive index of Zn1−xMnxSe were given. The
refractive index decreases with growing Mn content, consis-
tently with the results in Ref. 16.

The experimental dielectric function of Zn1−xMnxSe was
fitted with high accuracy in the photon energy range from
0.75 to 3.3 eV using a critical-point parametric model. Espe-
cially in the vicinity and below the band gap an improved
agreement was achieved with our MDF compared to previ-
ously published models.

The fit yields the positions of the two lowest CPE0 and
E0+D0. These energies show a different dependence on the
Mn content. With increasing Mn concentration we found a
large negative bowing of the band gap observed already in
photoluminescence and photoreflectance measurements.8–10

The E0+D0 CP, on the other hand, shifts to higher energies.
The unexpectedly strong increase in the spin-orbit splitting
D0 may be related to the anomalous composition dependence
of E0 and the admixture of 3d Mn states with high angular
momentum to the valence band wavefunction.
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