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Ellipsometric studies of BgZn,_,Se between 3 eV and 25 eV
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We have determined the dielectric function of,Be, _,Se above the fundamental absorption edge for the
full composition range (&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 ZnSexspectra (
=0) 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 conterfrom x=0 to x=1. E, has the steepest slopks,/dx and exhibits a
bowing vsx. On samples with a large Zn contem<{0.2) two structures show up at high energi&S.7 and
16.9 e\) which have not been observed before. We assign these structures to transitions from thdZndS
to a higher conduction band at thepoint and at thd™ point. [S0163-182@9)01515-5

[. INTRODUCTION rial through interband transitions. Wide band-gap materials

exhibit their main interband transitions within the spectral

Devices based on 11-VI semiconductors, such as ZnSe laange from 3 to 15 eV, i.e., in the UV/VUV spectral region.
ser diodes, have a reduced lifetime compared to I1I-V basedince this range is not fully accessible to conventional ellip-

devices due to defect formation favored by the high ionicityS°Meters, which are limited to approximately 6 eV, we used

and the smaller bond energies of conventional 1l1-VI materi-th.e VUV ellipsometer at BESSY in the range of 2.5 to 25 eV
ith a synchrotron radiation source.

als. Recently, however, it has been demonstrated that Be-W Various BeZn,_.Se samples with different beryllium

comp(_)und_s have a hlgllg de_gree of covale_nt bon_dmg and boncq)ntents were investigated at room temperature. The results
energies similar to Ga 'Th's shou!d entail a lattice harden- obtained for the two binary compounds ZnSe and BeSe were
ing and slower degradation with time. _ compared to band-structure calculations and dielectric func-
Therefore, 1I-VI compounds containing beryllium have (o derived therefrom. We compared reflectivity data avail-
become interesting materials for optoelectronic devices likgyyje in the literature for ZnSe to the reflectivity calculated
green and blue laser diod&S. For instance, quarternary from our ellipsometry measurements.
compounds, such as Pég,Zn; ,_,Se/GaAs(001), may be  No experimental data in the VUV spectral range
used to tailor the optical and electronic properties over avere previously available for the beryllium containing al-
wide range by varying the compositiox,§) under condi- loys. Local-density approximation density-functional theory
tions of lattice matching to GaA's? (LDA-DFT) calculations for BeSé€Ref. 8 predict that, in
Beryllium chalcogenides, however, are a rather new classontrast to ZnSe, the interband transition at ithgoint from
of materials; their optical and electronic properties have nothe top valence band to the lowest conduction band has a
yet been elucidated. As we show below, BeSe has a funddydgher energy than that at tiepoint. Our experimental data
mental band gap of 5.5 eV while the band gap of ZnSe is 2.7or BeSe do not allow for an unambiguous interpretation of
eV. Thus, by varying the stoichiometry in B#&n,_,Se a  Structures ine because the main structures of the_BeSe di-
wide range of band-gap energies is covered and even smdlectric function appear very close to each other in energy,
differences of the beryllium content in alloys cause Iargea”d thus are dlﬁlqult to resolve. In this article, however, we
band-gap shifts. show that an assignment of spectral featqres bgcome; pos-
The technique of spectroscopic ellipsometry is well estab—s'_ble whgn tracking the evolution of the dielectric function
lished for investigating the optical properties of bulk materi- With varyingx.
als and thin film$:” It facilitates the direct determination of
the complex dielectric functioe= €, +i e, and thus circum-
vents the need for a Kramers-Kronig transformatienis The experiments were carried out with the VUV ellipsom-
directly related to the electronic band structure of the mateeter at the 2m-Seya-Namioka beamline at BESSY. High in-

Il. EXPERIMENTAL DETAILS
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tensity, natural collimation, and the high degree of linear EoE+a, E EvA EE4d E,
polarization of synchrotron radiation are essential for ellip- l/ / ZnSe/GaAs
sometric measurements. The accessible spectral range of the 5

2m-Seya-Namioka beamline is 2.5 to 35 eV.

The VUV ellipsometer operates with two different rotat-
ing analyzers. Below 10 eV, we use MgRochon prisms as
polarizer and rotating analyzer. Above 10 eV there are no
transparent, birefringent materials that could be used as po-
larizers or analyzers. That is why we use the reflection near
the pseudo-Brewster angle to polarize the light; i.e., a fixed
configuration of three reflecting gold surfaces constitutes the
rotating analyzer. Since this is not an ideal polarizer, numeri-
cal corrections must be applied to the measured data above
10 ev>1% The two different analyzers are attached to the
main UHV chamber in two separate chambers at different
angles of incidencep =67.5° and® =45°, respectively.

Up to 10 eV the VUV ellipsometer has the same accuracy
as a conventional one with light sources limited to 6%V.
Above 10 eV, however, we find the polarization nonideali-
ties mentioned above. Furthermore, a significant contribution
effected by second-order diffracted light between approxi-
mately 10 and 13 e\(i.e., 20 to 26 eV photon energijes
shows up in the spectra presented here. Between 10 and 13

N

Y AN

eV, this causes a reduced amplitudeeinand an artificial oo L i i i
broad structure i, . Moreover, diffuse scattered light com- 2 4 6 & 10 12 14 16 18 20 22
ing from the zero order of the monochromator grating gives photon energy (eV)

rise to a feature between 10 and 11 eV. As a consequence, ) )
the absolute values of the dielectric function are not reliable F'C- 1. Real par{e;) (@ and imaginary parte;) (b) of the
between 10 and 13 eV. A more detailed description of thxgseUdOd'elem“.C f”nCt'omR.ef' 30 and the reﬂeCt.'V'tyR (c) of
experimental setup is given in the Refs. 9—11 nSe. The solid curves display our data, the thln curves present
. . : ’ these data scaled vertically by a factor 10. Stray light dominates the
The investigated B&n, _,Se layers were grown on GaAS. measured signal in the hatched section between 10 and 11 eV.

in a Riber 2300 four-chamber MBE-system. First, homoepigeyyeen 10 and 13 eV, the reduction(iep) and the broad peak in

taxial buffer layers were grown on GaAs substrates. Elemen(el> are due to second-order light effediashed segmentsee

tal Be, Se, and Zn effusion cells were employed fore,perimental detaijs The dashed curve ifb) is the imaginary part
Be,Zn,_,Se layer growth. Usually, a substrate temperature the dielectric function as derived from LDA-DFT band-structure
of 300 °C was chosen. Composition and strain of the samplegaiculations(Ref. 17. In (c) the reflectivity calculated from the
were determined by high-resolution x-ray diffraction. Layersellipsometric data is shown as a solid curve, the dotted curve repro-
with a Be content larger than=0.2 were found to be re- duces the reflectivity reported in Ref. 16.

laxed (i.e., not pseudomorphic The sampleg004) reflex

width vary between 150" and 850" full width at half maxi- is observed at 8.22) eV (E;). In the high-energy regime a
mum (GaAs substrate: 17"-38 Layer thickness ranges broad structure appears at around 13 eV. This structure is
between 200 and 800 nm, exceeding the penetration depth aksigned to transitions from the Znd ®ands to the lowest
light above the fundamental bandgap. The samples wereonduction band® which are resolved into three peaks in
transported from the molecular-beam epitaxy chamber to theecond derivatives of the spectra. In addition to these zAn 3
UHV chamber of the VUV ellipsometer in a nitrogen atmo- transitions at 12.3%), 12.845), and 13.1%) eV (from

sphere in order to avoid contamination or oxidation. Zn 3d to I'g, Lg, and X§, respectively, see Table e
observe structures at 151 and 16.91) eV, which have not
IIl. RESULTS AND DISCUSSION been reported in relevant publications to our knowledge. We

assign these structures to Zrd 3ransitions to higher con-
A. ZnSe duction bands. Localizing the Znd3band 9 eV below the
The experimentally determined pseudo-dielectric functiorvalence band edd® (9 eV is the value determined by
(€) and the resulting reflectivitik of ZnSe are plotted in Fig. photoemissioff~%), we find corresponding gap energies of
1. Most of the features are well known from previous 16.3 and 16.4 eV (Zn @—T'%,I'g) at the center of the Bril-
work 12~ Table | displays the calculated critical point ener- louin zone as well as 16.7 eV (Znd3-L¢, L3 at thel
gies from Ref. 18 and those of the structures we find in oupoint (see Table)l
ellipsometric spectra. In these spectra Fabry-Perot interfer- The imaginary part of the dielectric function as derived
ences dominate up to 2.@9 eV, where the absorption at the from pseudopotential band structure calculattéislashed
fundamental band gaf, sets in. The imaginary paft,) of  curve in Fig. 1b)] and our measurement show a good overall
the pseudodielectric function shows two strong maxima, onagreement of peak positions; this agreement improves
at 4.771) eV (E;) with a shoulder at 5.04) eV (E;+A;) slightly at lower energietsee Table)l The amplitude of the
and the second one at 6(2beV (E,). A weaker maximum  structures is underestimated at lower energies and overesti-
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TABLE I. Location in the Brillouin zone, symmetry, and energy of the calculated interband critical points for(#o®eRef. 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 energyeV) (eV)
Ref. 19 Calculated for znd@ ZnSe BeSe
Eo ry—Tg Mo 2.77 2.691) 5.551)
Eo+Ap ry—rg Mg 3.22 3.111) 5.81) 2
E, Lis—Lé My 4.72 4.771) 6.151)
(0.5,0.5,0.5
Ei+A; Lg—Lg M, 5.00 5.041) 6.3011)
E, AL—AZ Mo 6.55 6.25%1) 6.561)
(0.5,0.0,0.0
E,+ 48 Ag—Ag My 7.08 6.621)
(0.6,0.0,0.0
Eg rg—rg Mo 7.42 7.2%5) 7.291)
(0.0,0.0,0.0
Eo+Ag ry—rg Mo 7.87
E; Lys—Lis L Mo 8.46 8.272) 8.472)
(0.5,0.5,0.5
Abs—Ays,AG M, 8.48
(0.35,0.35,0.3p
Ei+A; LE—Las,Lg Mg 8.74
(0.5,0.5,0.5
Alé_A415,Ag Ml 876
(0.35,0.35,0.3p
Zn 3d-T'g 11.76 12.345)
Zn 3d-Lg 12.96 12.845)
Zn 3d-Xg 13.54 13.1%)
Zn 3d-I'$ 16.33 15.70)
Zn 3d-T'g 16.42
Zn 3d-Lg 16.68 16.91)
Zn 3d-L3s 16.72

&/alue derived from a fit to the measured valuesEgft A ().

mated at higher energies, a well-known observation usually The band-structure calculatigdensity-functional theory,
attributed to excitonic effects in the calculaticig? local-density approximatiofLDA-DFT) scalar relativistic
The reflectivity was calculated from the ellipsometric datapseudopotential without spin-orbit splittihginderlying the
for comparison with the reflectivity measurement made on &alculated dielectric functidhpredicts that BeSe is an indi-
cleaved ZnSe sampfe[dotted curve in Fig. (c)]. The peak rect band-gap semiconductoF {-X). For this material the
pOSitionS Observed in the measured reﬂeCtiVity are in exceltop Va|ence and the |0west Conduction bands are nearly par_
lent agreement with the normal incidence reflectivity calcu-gjig| along L-I'-X. The calculated gap energy between
lated from our data. Also the absolute values are the same 8lase two bands is 4.5 eV at the point (E,), i.e., 1 eV
high energies. Below 10 eV, however, the VUV ellipsometery g, the measured absorption edge at 5.5 eV in our ellip-

yields significantly highe? reflectiyity, prqbably due to a sometry spectrum. This fact must be a reflection of the so-
higher accuracy of the ellipsometric experiment or more fa-

vorabl of reparation. The structure between 10 and called gap problem associated with the LDA approach to
orable surface preparation. 1he structure betwee a change and correlatidn?® In contrast to ZnSé6.5 eV at
eV results from the artifact of the spectrometer mentione

~bove and 4.72 eV at),!’ the gap energy between the top va-
: lence band and the lowest conduction band is smaller at the

X point (5.1 eV) than at thel point (5.3 eV).

The dielectric function derived from this band-structure

Figure 2 shows similar spectra for BeSe. In the transparealculation is very similar in line shape to the experimental
ent regime up to 5.5 eV Fabry-Perot interferences also domiresults, but the positions of the features are shifted to lower
nate the measured pseudodielectric function. Above 5.5 e\gnergies: the absorption edge appears at 4.5 eV and the
the imaginary part of the dielectric function increases to amaximum at 6 eV, i.e.,, 1 eV and 0.5 eV below the experi-
strong maximum at 6.5 eV followed by a decrease with weaknental features, respectively. A small absorption belgws
superimposed structures. This indicates that the direct barmabserved in the ellipsometry spectra, corresponding to the
gapE, is situated at 5.5 eV. indirect gap found in the calculated band structure.

B. BeSe
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EO'Balc photon energy (eV) FIG. 3. The imaginary pafte,) of the pseudodielectric function
E o (Ref. 30 for eight BgZn, ,Se samples with different composi-

0 tions. The beryllium contert is indicated for each spectrum. The

FIG. 2. Real parte;) () and imaginary par{e,) (b) of the thin lines mark the positions of the main structures.
pseudodielectric functiofRef. 30 of BeSe. The solid curves show
the measured pseudodielectric function; the dielectric function a§reasing Be content from 1.5 eV in ZnSe to 0.4 eV in BeSe,
derived from LDA-DFT band structure calculation®ef. 8 is  butthere is clearly no crossing of these gaps as the calculated
shown by dashed lines. The thin curves represent our experimentBiand structure predidgsee BeSe: in contrast to ZnSe, for
results scaled vertically by a factor 10. Stray light dominates theBeSe the calculated gap energy at ¥hpoint is smaller than
measured signal in the hatched section between 10 and 11 ethe one at the point).
Between 10 and 13 eV, the reduction(ie,) and the broad peak in The valence-band spin-orbit splitting at the zone center
(1) are due to second-order light effeddashed segmentsee A, is 0.422) for ZnSe, while for BeSeé\,=0.25(10) is sig-
experimental detai)s nificantly smaller. This might be due to the fact that the

_ _ hybride covalencysee Ref. 1 of BeSe is largef0.79 than
The assignment of the structures in the BeSe spectra

is difficult because they appear in a very small energy
range and are therefore not resolved. This problem can iak B6Zn,,5€ /GRS |
be overcome by investigating the compositic_m dependence B B —
of the structures observed in the mixed crystals 16 P higher |
BeZn,_,Se [Ecp(x)]- cori&rjxu’cii?ibands
14|73 See
C. BeZn,_,Se o R ]
The spectra of B&n, _,Se (Fig. 3 show a clear compo- 12} m a7 //’

sition dependence for most of their structures. The structures
are reduced in amplitude and broadened in the composition
range arounc= 0.5, similar to what is known for other ter-

energy (eV)
—
o

nary alloy systemssee e.g., Ref. J1A more detailed analy- gl Eiewese v =]

sis based upon the second derivatives of the spectra leads to L fa"‘ WD

the diagram shown in Fig. 4. 6L }"T v * _
The structures assigned tde,, Eq+Aq, Eq, E; E‘+AM ]

+A4, E,, Ej, andEj in ZnSe are observed in all of the il |

samples and with increasing beryllium content their spectral E+4

positions systematically shift towards higher energies. The 2 ) s s . ! !

critical points show different slopedE/dx, E,, and E, 00 02 04 06 08 1.0

. . . ZnSe composition x BeSe
+ A, having the steepest slope and show a bowing that is
known for most ternary semiconductor mixed crystdi$he FIG. 4. The critical energies of the observed structures as a

bowing parameteb=1.1(1) eV for E; and Eo+Aq, b function of the composition. Stray light dominates the measured
=0.8(1) eV forE;, andb=0.6(1) eV forE;+A{E(X)  signal in the hatched section between 10 and 11 eV. Between 10
=E(0)+[E(1)—E(0)]Xx+bXxX(x—1)}. The energy and 13 eV, second-order light influences the spete® experi-
separation of thée; and E, transitions decreases with in- mental details
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that of ZnSe(0.66).! This should result in a more important IV. CONCLUSION
contribution of the atomic spin-orbit splitting of Be=(0) to . . . .
Ao andA,. For ZnSe, the ratio betweeky, and the valence- The dielectric function of B&n; ,Se mixed crystals has

band spin-orbit splitting in thé111) direction (A;) Ag/A; been determlned' as a function mfln. the VUV spectral
is about 1.61), for BeSeA,/A, is about 1.61). This is the range._The energies found for the optical gaps of ZnSe agree
standard situation in most tetrahedrally coordinatedVell with previously published data. In addition to the tran-
semiconductor&® sitions from Zn 3 to the lowest conduction band at 12.34,
The assignment of the observed structures in BeSe ank2-84, and 13.15 eV we observe structures at 15.7 and 16.9
ZnSe to interband transitions is displayed in Table I. Addi-€V, Which we assign to Zn dtransitions to higher conduc-
tional structures in the higher energy regime are observed 4ion bands. The spectral structures in the dielectric function
11-14 eV for all compositions, i.e., they are not related toof BeSe were interpreted by investigating the ternary system
the Zn content. The structure at 12 eV could possibly beBe,Zn; _,Se. The lowest direct gaB, of BeSe has an en-
attributed to the second-order light contributie®ee experi- ergy of 5.5 eV. We assign the structures observed between
mental details Most likely, however, it is related to the 13 and 14 eV to transitions from the top valence bands to
samples since no features appear in the spectra above 20 eMgher conduction bands.
The Se 3@ states are located 59 eV below the conduction
band® and therefore do not cause any structures within our
experimental spectral range. The inspection of the calculated
BeSe band structufereveals that the corresponding inter-
band transitions cannot result from transitions of sHéke We greatly appreciate the support of Dr. F. Fleszar, espe-
(lower) valence band into the lowest conduction band. Wecially for supplying band-structure and dielectric function
therefore conjecture that these structures come from transgalculations of BeSe prior to publication. We would like to

tions from thep-like (uppe) valence bands to higher con- acknowledge financial support from the BMBF under 05 622
duction bands. ESA 2.
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