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Ellipsometric studies of BexZn12xSe between 3 eV and 25 eV

K. Wilmers* and T. Wethkamp
Institut für Festkörperphysik, TU Berlin, Hardenbergstrasse 36, D-10623 Berlin, Germany

and Max-Planck-Institut fu¨r Festkörperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany

N. Esser, C. Cobet, and W. Richter
Institut für Festkörperphysik, TU Berlin, Hardenbergstrasse 36, D-10623 Berlin, Germany

M. Cardona
Max-Planck-Institut fu¨r Festkörperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany

V. Wagner, H. Lugauer, F. Fischer, T. Gerhard, and M. Keim
Physikalisches Institut, Universita¨t Würzburg, Am Hubland, D-97074 Wu¨rzburg, Germany

~Received 27 August 1998!

We have determined the dielectric function of BexZn12xSe above the fundamental absorption edge for the
full composition range (0<x<1) by spectroscopic ellipsometry in the UV and VUV range. The spectra show
pronounced features in the photon energy range between 2.7 and 25 eV. By comparing the ZnSe spectra (x
50) to literature data, we assign the observed structures to interband transitions at specific points or regions of
the Brillouin zone. The corresponding assignment for BeSe is made by tracking the systematic dependence of
these structures on the Be contentx from x50 to x51. E0 has the steepest slopedE0 /dx and exhibits a
bowing vsx. On samples with a large Zn content (x,0.2) two structures show up at high energies~15.7 and
16.9 eV! which have not been observed before. We assign these structures to transitions from the Zn 3d bands
to a higher conduction band at theL point and at theG point. @S0163-1829~99!01515-5#
l
se
ity
ri

e-
o
-

e
lik
y

r

las
no
d
2

m
g

ab
ri
f

te

ials
ral
n.
lip-
ed
V

ults
ere
nc-
ail-
ed

e
l-
ry

s a

of
di-
gy,
e

pos-
n

-
in-
I. INTRODUCTION

Devices based on II-VI semiconductors, such as ZnSe
ser diodes, have a reduced lifetime compared to III-V ba
devices due to defect formation favored by the high ionic
and the smaller bond energies of conventional II-VI mate
als. Recently, however, it has been demonstrated that B
compounds have a high degree of covalent bonding and b
energies similar to GaN.1 This should entail a lattice harden
ing and slower degradation with time.

Therefore, II-VI compounds containing beryllium hav
become interesting materials for optoelectronic devices
green and blue laser diodes.1–5 For instance, quarternar
compounds, such as BexMgyZn12x2ySe/GaAs(001), may be
used to tailor the optical and electronic properties ove
wide range by varying the composition (x,y) under condi-
tions of lattice matching to GaAs.1,2

Beryllium chalcogenides, however, are a rather new c
of materials; their optical and electronic properties have
yet been elucidated. As we show below, BeSe has a fun
mental band gap of 5.5 eV while the band gap of ZnSe is
eV. Thus, by varying the stoichiometry in BexZn12xSe a
wide range of band-gap energies is covered and even s
differences of the beryllium content in alloys cause lar
band-gap shifts.

The technique of spectroscopic ellipsometry is well est
lished for investigating the optical properties of bulk mate
als and thin films.6,7 It facilitates the direct determination o
the complex dielectric functione5e11 i e2 and thus circum-
vents the need for a Kramers-Kronig transformation.e is
directly related to the electronic band structure of the ma
PRB 590163-1829/99/59~15!/10071~5!/$15.00
a-
d

-
VI
nd

e

a

s
t
a-
.7

all
e

-
-

-

rial through interband transitions. Wide band-gap mater
exhibit their main interband transitions within the spect
range from 3 to 15 eV, i.e., in the UV/VUV spectral regio
Since this range is not fully accessible to conventional el
someters, which are limited to approximately 6 eV, we us
the VUV ellipsometer at BESSY in the range of 2.5 to 25 e
with a synchrotron radiation source.

Various BexZn12xSe samples with different beryllium
contents were investigated at room temperature. The res
obtained for the two binary compounds ZnSe and BeSe w
compared to band-structure calculations and dielectric fu
tions derived therefrom. We compared reflectivity data av
able in the literature for ZnSe to the reflectivity calculat
from our ellipsometry measurements.

No experimental data in the VUV spectral rang
were previously available for the beryllium containing a
loys. Local-density approximation density-functional theo
~LDA-DFT! calculations for BeSe~Ref. 8! predict that, in
contrast to ZnSe, the interband transition at theL point from
the top valence band to the lowest conduction band ha
higher energy than that at theX point. Our experimental data
for BeSe do not allow for an unambiguous interpretation
structures ine because the main structures of the BeSe
electric function appear very close to each other in ener
and thus are difficult to resolve. In this article, however, w
show that an assignment of spectral features becomes
sible when tracking the evolution of the dielectric functio
with varying x.

II. EXPERIMENTAL DETAILS

The experiments were carried out with the VUV ellipsom
eter at the 2m-Seya-Namioka beamline at BESSY. High
10 071 ©1999 The American Physical Society
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tensity, natural collimation, and the high degree of line
polarization of synchrotron radiation are essential for ell
sometric measurements. The accessible spectral range o
2m-Seya-Namioka beamline is 2.5 to 35 eV.

The VUV ellipsometer operates with two different rota
ing analyzers. Below 10 eV, we use MgF2 Rochon prisms as
polarizer and rotating analyzer. Above 10 eV there are
transparent, birefringent materials that could be used as
larizers or analyzers. That is why we use the reflection n
the pseudo-Brewster angle to polarize the light; i.e., a fix
configuration of three reflecting gold surfaces constitutes
rotating analyzer. Since this is not an ideal polarizer, num
cal corrections must be applied to the measured data a
10 eV.9,10 The two different analyzers are attached to t
main UHV chamber in two separate chambers at differ
angles of incidence,F567.5° andF545°, respectively.

Up to 10 eV the VUV ellipsometer has the same accur
as a conventional one with light sources limited to 6 eV11

Above 10 eV, however, we find the polarization nonidea
ties mentioned above. Furthermore, a significant contribu
effected by second-order diffracted light between appro
mately 10 and 13 eV~i.e., 20 to 26 eV photon energies!
shows up in the spectra presented here. Between 10 an
eV, this causes a reduced amplitude ine2 and an artificial
broad structure ine1 . Moreover, diffuse scattered light com
ing from the zero order of the monochromator grating giv
rise to a feature between 10 and 11 eV. As a conseque
the absolute values of the dielectric function are not relia
between 10 and 13 eV. A more detailed description of
experimental setup is given in the Refs. 9–11.

The investigated BexZn12xSe layers were grown on GaA
in a Riber 2300 four-chamber MBE-system. First, homoe
taxial buffer layers were grown on GaAs substrates. Elem
tal Be, Se, and Zn effusion cells were employed
BexZn12xSe layer growth. Usually, a substrate temperat
of 300 °C was chosen. Composition and strain of the sam
were determined by high-resolution x-ray diffraction. Laye
with a Be content larger thanx50.2 were found to be re
laxed ~i.e., not pseudomorphic!. The samples~004! reflex
width vary between 150’’ and 850’’ full width at half maxi
mum ~GaAs substrate: 17’’–38’’!. Layer thickness range
between 200 and 800 nm, exceeding the penetration dep
light above the fundamental bandgap. The samples w
transported from the molecular-beam epitaxy chamber to
UHV chamber of the VUV ellipsometer in a nitrogen atm
sphere in order to avoid contamination or oxidation.

III. RESULTS AND DISCUSSION

A. ZnSe

The experimentally determined pseudo-dielectric funct
^e& and the resulting reflectivityR of ZnSe are plotted in Fig
1. Most of the features are well known from previo
work.12–19Table I displays the calculated critical point ene
gies from Ref. 18 and those of the structures we find in
ellipsometric spectra. In these spectra Fabry-Perot inter
ences dominate up to 2.69~1! eV, where the absorption at th
fundamental band gapE0 sets in. The imaginary part^e2& of
the pseudodielectric function shows two strong maxima,
at 4.77~1! eV (E1) with a shoulder at 5.04~1! eV (E11D1)
and the second one at 6.25~1! eV (E2). A weaker maximum
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is observed at 8.27~2! eV (E18). In the high-energy regime a
broad structure appears at around 13 eV. This structur
assigned to transitions from the Zn 3d bands to the lowes
conduction band,16 which are resolved into three peaks
second derivatives of the spectra. In addition to these Znd
transitions at 12.34~5!, 12.84~5!, and 13.15~5! eV ~from
Zn 3d to G6

c , L6
c , and X6

c , respectively, see Table I! we
observe structures at 15.7~1! and 16.9~1! eV, which have not
been reported in relevant publications to our knowledge.
assign these structures to Zn 3d transitions to higher con-
duction bands. Localizing the Zn 3d band 9 eV below the
valence band edge18 ~9 eV is the value determined b
photoemission20–22!, we find corresponding gap energies
16.3 and 16.4 eV (Zn 3d→G7

c ,G8
c) at the center of the Bril-

louin zone as well as 16.7 eV (Zn 3d→L6
c , L4,5

c ) at theL
point ~see Table I!.

The imaginary part of the dielectric function as deriv
from pseudopotential band structure calculations17 @dashed
curve in Fig. 1~b!# and our measurement show a good over
agreement of peak positions; this agreement impro
slightly at lower energies~see Table I!. The amplitude of the
structures is underestimated at lower energies and over

FIG. 1. Real part̂ e1& ~a! and imaginary part̂ e2& ~b! of the
pseudodielectric function~Ref. 30! and the reflectivityR ~c! of
ZnSe. The solid curves display our data, the thin curves pre
these data scaled vertically by a factor 10. Stray light dominates
measured signal in the hatched section between 10 and 11
Between 10 and 13 eV, the reduction in^e2& and the broad peak in
^e1& are due to second-order light effects~dashed segment! ~see
experimental details!. The dashed curve in~b! is the imaginary part
of the dielectric function as derived from LDA-DFT band-structu
calculations~Ref. 17!. In ~c! the reflectivity calculated from the
ellipsometric data is shown as a solid curve, the dotted curve re
duces the reflectivity reported in Ref. 16.
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TABLE I. Location in the Brillouin zone, symmetry, and energy of the calculated interband critical points for ZnSe~from Ref. 18! and
energies of the corresponding structures observed for ZnSe and BeSe by means of ellipsometry.

Location in the Symmetry Critical-point Ellipsometry structure
After Brillouin zone energy~eV! ~eV!

Ref. 19 Calculated for ZnSe18 ZnSe BeSe

E0 G8
v2G6

c M0 2.77 2.69~1! 5.55~1!

E01D0 G7
v2G6

c M0 3.22 3.11~1! 5.8~1! a

E1 L4,5
v 2L6

c M1 4.72 4.77~1! 6.15~1!

~0.5,0.5,0.5!
E11D1 L6

v2L6
c M1 5.00 5.04~1! 6.30~1!

E2 D5
v2D5

c M0 6.55 6.25~1! 6.56~1!

~0.5,0.0,0.0!
E21d D5

v2D5
c M1 7.08 6.62~1!

~0.6,0.0,0.0!
E08 G8

v2G8
c M0 7.42 7.25~5! 7.29~1!

~0.0,0.0,0.0!
E081D0 G7

v2G6
c M0 7.87

E18 L4,5
v 2L4,5

c ,L6
c M0 8.46 8.27~2! 8.47~2!

~0.5,0.5,0.5!
L4,5

v 2L4,5,L6
c M1 8.48

~0.35,0.35,0.35!
E181D1 L6

v2L4,5,L6
c M0 8.74

~0.5,0.5,0.5!
L6

v2L4,5,L6
c M1 8.76

~0.35,0.35,0.35!

Zn 3d-G6
c 11.76 12.34~5!

Zn 3d-L6
c 12.96 12.84~5!

Zn 3d-X6
c 13.54 13.15~5!

Zn 3d-G7
c 16.33 15.7~1!

Zn 3d-G8
c 16.42

Zn 3d-L6
c 16.68 16.9~1!

Zn 3d-L4,5
c 16.72

aValue derived from a fit to the measured values ofE01D0(x).
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mated at higher energies, a well-known observation usu
attributed to excitonic effects in the calculations.23,24

The reflectivity was calculated from the ellipsometric da
for comparison with the reflectivity measurement made o
cleaved ZnSe sample16 @dotted curve in Fig. 1~c!#. The peak
positions observed in the measured reflectivity are in ex
lent agreement with the normal incidence reflectivity calc
lated from our data. Also the absolute values are the sam
high energies. Below 10 eV, however, the VUV ellipsome
yields significantly higher reflectivity, probably due to
higher accuracy of the ellipsometric experiment or more
vorable surface preparation. The structure between 10 an
eV results from the artifact of the spectrometer mention
above.

B. BeSe

Figure 2 shows similar spectra for BeSe. In the transp
ent regime up to 5.5 eV Fabry-Perot interferences also do
nate the measured pseudodielectric function. Above 5.5
the imaginary part of the dielectric function increases to
strong maximum at 6.5 eV followed by a decrease with we
superimposed structures. This indicates that the direct b
gapE0 is situated at 5.5 eV.
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The band-structure calculation@density-functional theory,
local-density approximation~LDA-DFT! scalar relativistic
pseudopotential without spin-orbit splitting# underlying the
calculated dielectric function8 predicts that BeSe is an indi
rect band-gap semiconductor (G→X). For this material the
top valence and the lowest conduction bands are nearly
allel along L –G –X. The calculated gap energy betwee
these two bands is 4.5 eV at theG point (E0), i.e., 1 eV
below the measured absorption edge at 5.5 eV in our e
sometry spectrum. This fact must be a reflection of the
called gap problem associated with the LDA approach
exchange and correlation.25,26 In contrast to ZnSe~6.5 eV at
X and 4.72 eV atL),17 the gap energy between the top v
lence band and the lowest conduction band is smaller at
X point ~5.1 eV! than at theL point ~5.3 eV!.

The dielectric function derived from this band-structu
calculation is very similar in line shape to the experimen
results, but the positions of the features are shifted to lo
energies: the absorption edge appears at 4.5 eV and
maximum at 6 eV, i.e., 1 eV and 0.5 eV below the expe
mental features, respectively. A small absorption belowE0 is
observed in the ellipsometry spectra, corresponding to
indirect gap found in the calculated band structure.
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The assignment of the structures in the BeSe spe
is difficult because they appear in a very small ene
range and are therefore not resolved. This problem
be overcome by investigating the composition depende
of the structures observed in the mixed cryst
BexZn12xSe @Ecp(x)#.

C. BexZn12xSe

The spectra of BexZn12xSe~Fig. 3! show a clear compo
sition dependence for most of their structures. The structu
are reduced in amplitude and broadened in the compos
range aroundx50.5, similar to what is known for other ter
nary alloy systems~see e.g., Ref. 11!. A more detailed analy-
sis based upon the second derivatives of the spectra lea
the diagram shown in Fig. 4.

The structures assigned toE0 , E01D0 , E1 , E1

1D1 , E2 , E08 , andE18 in ZnSe are observed in all of th
samples and with increasing beryllium content their spec
positions systematically shift towards higher energies. T
critical points show different slopesdE/dx, E0 , and E0
1D0 having the steepest slope and show a bowing tha
known for most ternary semiconductor mixed crystals.27 The
bowing parameterb51.1(1) eV for E0 and E01D0 , b
50.8(1) eV for E1 , and b50.6(1) eV for E11D1$E(x)
5E(0)1@E(1)2E(0)#3x1b3x3(x21)%. The energy
separation of theE1 and E2 transitions decreases with in

FIG. 2. Real part̂ e1& ~a! and imaginary part̂ e2& ~b! of the
pseudodielectric function~Ref. 30! of BeSe. The solid curves show
the measured pseudodielectric function; the dielectric function
derived from LDA-DFT band structure calculations~Ref. 8 is
shown by dashed lines. The thin curves represent our experim
results scaled vertically by a factor 10. Stray light dominates
measured signal in the hatched section between 10 and 11
Between 10 and 13 eV, the reduction in^e2& and the broad peak in
^e1& are due to second-order light effects~dashed segment! ~see
experimental details!.
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creasing Be content from 1.5 eV in ZnSe to 0.4 eV in BeS
but there is clearly no crossing of these gaps as the calcul
band structure predicts8 ~see BeSe: in contrast to ZnSe, fo
BeSe the calculated gap energy at theX point is smaller than
the one at theL point!.

The valence-band spin-orbit splitting at the zone cen
D0 is 0.42~2! for ZnSe, while for BeSeD050.25(10) is sig-
nificantly smaller. This might be due to the fact that t
hybride covalency~see Ref. 1! of BeSe is larger~0.79! than

s

tal
e
V.

FIG. 3. The imaginary part̂e2& of the pseudodielectric function
~Ref. 30! for eight BexZn12xSe samples with different compos
tions. The beryllium contentx is indicated for each spectrum. Th
thin lines mark the positions of the main structures.

FIG. 4. The critical energies of the observed structures a
function of the composition. Stray light dominates the measu
signal in the hatched section between 10 and 11 eV. Between
and 13 eV, second-order light influences the spectra~see experi-
mental details!.
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that of ZnSe~0.66!.1 This should result in a more importan
contribution of the atomic spin-orbit splitting of Be (.0) to
D0 andD1 . For ZnSe, the ratio betweenD0 and the valence-
band spin-orbit splitting in thê111& direction (D1) D0 /D1
is about 1.5~1!, for BeSeD0 /D1 is about 1.6~1!. This is the
standard situation in most tetrahedrally coordina
semiconductors.28

The assignment of the observed structures in BeSe
ZnSe to interband transitions is displayed in Table I. Ad
tional structures in the higher energy regime are observe
11–14 eV for all compositions, i.e., they are not related
the Zn content. The structure at 12 eV could possibly
attributed to the second-order light contribution~see experi-
mental details!. Most likely, however, it is related to the
samples since no features appear in the spectra above 2
The Se 3d states are located 59 eV below the conduct
band29 and therefore do not cause any structures within
experimental spectral range. The inspection of the calcula
BeSe band structure8 reveals that the corresponding inte
band transitions cannot result from transitions of thes-like
~lower! valence band into the lowest conduction band. W
therefore conjecture that these structures come from tra
tions from thep-like ~upper! valence bands to higher con
duction bands.
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IV. CONCLUSION

The dielectric function of BexZn12xSe mixed crystals has
been determined as a function ofx in the VUV spectral
range. The energies found for the optical gaps of ZnSe ag
well with previously published data. In addition to the tra
sitions from Zn 3d to the lowest conduction band at 12.3
12.84, and 13.15 eV we observe structures at 15.7 and
eV, which we assign to Zn 3d transitions to higher conduc
tion bands. The spectral structures in the dielectric funct
of BeSe were interpreted by investigating the ternary sys
BexZn12xSe. The lowest direct gapE0 of BeSe has an en
ergy of 5.5 eV. We assign the structures observed betw
13 and 14 eV to transitions from the top valence bands
higher conduction bands.
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