PHYSICAL REVIEW B VOLUME 53, NUMBER 3 15 JANUARY 1996-I

Optical properties of ZnSe and its modeling
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Spectral data for a ZnSe film grown on G4280 are obtained at room temperature by spectroscopic
ellipsometry(SE) in the photon energy range between 1.5 eV and 6 eV in steps of 5 meV. The optical dielectric
function for bulk ZnSe is successfully extracted from the spectral data utilizing a multilayer analysis. The
resultant data are better than previous data in(thahe real part of the dielectric function below the band gap
decreases smoothly following closely Marple’s data obtained by the beam deviation method, which is more
reliable than SE in this energy rang@) the data reveal four distinctive critical point structuresEat
Eo+Ay, E1, andE;+A,, as is expected from the band structure, 8 the maximum value of the
imaginary part of the dielectric function in ti® region is highest among the reported data. The resultant data
are expressed as a function of critical-point parameters and photon energies using our model, which is more
generally valid than other models. This enables us to calculate the optical dielectric function not only over the
entire photon energy range of the given spectral data, but also below and somewhat above the given spectral
range. The excitonic effects apparently present in the spectral data are incorporated in our model. This enables
us to determine excitonic parameters. The excitonic binding enery & found to be 13 meV at room
temperature.

[. INTRODUCTION tween 1.5 eV and 6 eV for ZnSe films grown on GaAs. Due
to successful etching, the optical dielectric function that they
ZnSe has been an attractive material for various optoelembtained in theE; region is the highest among all previous
tronic devices, especially for laser diodeés: in which it is  data, suggesting that it may be the best representation for
used as the binary end compound of alloy systems, such dmilk ZnSe. However, the real part of the optical dielectric
Zn,_,Cd,Se and Zn_,Mg,S,Se, _, . Recently, it has been function that they reported is not well defined near the band
reported that laser diodes based on these materials operategap and does not show a smooth decrease below the band
a continuous-wave mode for an hour at room temperdtare. gap as it should.
knowledge of refractive indices and absorption coefficients ZnSe films were grown on GaA&l00) by the use of
of these materials is important in the design and analysis afolecular beam epitaxy. Their spectral data were measured
heterostructure lasers and other waveguiding semiconductir steps of 5 meV from 1.5 eV to 6 eV by spectroscopic
devices’ A knowledge of dielectric functions is also valuable ellipsometry'® The data of some samples revealed a distinc-
in controlling the thickness and alloy composition in realtive critical-point structure atEy, Eg+Ay, E; and
time® In such an application, it is essential to calculate thoséE;+A;, whereas those of others did not. The best set of
values as a function of wavelength and alloy compositiondata, which revealed four distinctive critical-point structures,
Spectroscopic ellipsometr{SE) is an excellent technique, was chosen for this work. The effect of the overlayer and
which determines the spectral dependence of the dielectrisubstrate was obvious in the spectral data, and the optical
function, e(w) = €;(w) +ie,(w). However, values foe(w) properties of bulk ZnSe were extracted from the spectral
obtained from the experimental data have a serious defdata, using a multilayer structure analy®i$? The detailed
ciency: they are not expressed as a function of critical-poinprocedures are the subject of another paper, which will be
energiesE;, or even of photon energyw. The SE data in reported elsewhere. The resultant modified data are better
conjunction with modeling, however, allows one to calculatethan any previous data in thét) the real part of the dielec-
the dielectric function as a function of photon energy, tem-tric function below the band gap decreases smoothly follow-
perature, and alloy composition. ing closely Marple’'s data obtained by the beam deviation
The optical properties of ZnSe have been extensivelynethod, which is more reliable than SE in this energy range,
tabulated by Ward.None of them, however, was determined (2) the data reveal four distinctive critical-point structures at
by SE, which does not require the use of the Kramers-Kronideg, Eq+Ag, E;, andE;+ A, as is expected from the band
relationship to determine the optical dielectric function. Ada-structure, and3) the maximum value of the imaginary part
chi and Taguchi measured the optical properties of bulk ZnSef the dielectric function in thé&,; region is highest among
in the photon energy range between 1.5 and 5.3 eV, using the reported values. This point is discussed more fully at the
commercially available spectroscopic ellipsométefhe  end of Sec. Il.
overlayer effect, however, was not removed in their data. The resultant modified data were adopted for modeling.
They modeled their spectral data using a model dielectri©ur model for the optical dielectric function has proven to be
function, in which the contribution of excitons is very more generally valid than any other motfeAnd has been
large—for example, the entire contributiondg(w) between  successfully applied to fit the spectral data of the alloy sys-
E, andE;+A;. Recently, Kimet al® reported SE data be- tem Ga_,Al As!* Recently, we have improved our ap-
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proach in using this model, so that the resultant calculation
for e(w) exactly satisfies the Kramers-Kronig relationsHip.
The optical properties of bulk ZnSe at room temperature
revealed a sharp structure®j and atEy+ A, due to exci-
tons. The optical line shape due to excitons, however, was
not incorporated in the original model. Thus, we developed
an exciton line shape and properly incorporated it in our
model. This enabled us to determine the excitonic parameters
accurately, leading to 13 meV for the room-temperature ex-
citon binding energy aE,. The modeling also led us to
calculatee(w) not only over the given range of the spectral
data used for the fit, but also beyond that range. The values
for e(w) below the lower limit of the spectral data are very
close to those obtained by MargfeThe values fore(w)
above the upper limit appear reasonable in that the maximum
value ofe,(w) in the E, region is on the order of 15, which

is close to the theoretically calculated valde.

In Sec. Il, we explain the experimental details and the
data preparation for bulk ZnSe. The data are compared with
previous data. In Sec. Ill, we develop the exciton line shape
and incorporate it into our model. In Sec. IV, we use the I H
model to determine the critical-point parameters, the exci- PN PRSP UUPUR SRS S OO NS
tonic parameters, and other constant parameters by fitting the 2 3 4 5 6
data from 1.5 eV to 6 eV. Then, we calculatew) between Photon Energy (eV)

0.2 eV and 8 eV. In Sec. V, we present our conclusions.

FIG. 1. Spectral data of ZnSe. The dotted lines show the spectral
Il. EXPERIMENT data for the system overlayer/ZnSe/GaAs. The solid lines show
L(wj)=L1(wj)+L,(w;), which are extracted to represent the di-
ZnSe layers of high quality have been grown on GaAselectric function of bulk ZnSe. The open and closed triangles show
(100 substrates by molecular beam epita@BE) in a  the real and imaginary parts of the dielectric function for bulk ZnSe
RIBER 2300 system. The details of growth were reportecbtained by CardonéRef. 26. The open squares show the real part
previously_18 Briefly, the substrates were chemically etchedof the dielectric function for bulk ZnSe obtained by Margkef.
in a 4:1:1 solution of HSO,:H,0,:H,0, rinsed in HCl and  16). The open and solid circles show the real and imaginary parts of
H,0 and then loaded into the UHV system. The native oxidehe dielectric function for bulk ZnSe obtained by Kiet al. (Ref.
was desorbedh situ by heating the substrate to about 600 9).
°C. Once the desorption was complete the substrate was
cooled down with Zn or Se flux and ZnSe growth was initi- and are not observed for samples with poor quality. The data
ated at 350 °C, using elemental Zn and Se. The growth ratshow a cleaE, andE; + A; structure around 5 eV, revealing
is on the order of 1 A/s. The quality of grown layers wasthat the sample has a high degree of crystalline quality. The
routinely checked by x-ray rocking-curve and photolumines-optical dielectric function for bulk ZnS&grown by a recrys-
cence measurements. The full width at half maximum of theallization traveling-heater methddid not show a clear CP
double-crystal x-ray rocking curve for ZnSe/GaAs was asstructure aE;+ A, indicating that the crystalline quality of
narrow as 27 arcsec. Low-temperature photoluminescencénSe is better for a thin film grown on GaAs by molecular
measurement showed free exciton linewidths as low as 0.98eam epitaxy than for a bulk crystal. The interference pattern
meV. seen below the band gap of ZnSe is expected for a film/
Our spectroscopic ellipsometer uses a photoelastic modsubstrate system and carries information on the film thick-
lator. It has been improved to measure the dielectric functionness. Above the band gap no interference occurs, due to the
especially in the photon energy range up to 6 eV, so that thaigh absorption coefficient of ZnSe, but the values around
E, structure of wide-band-gap materials, which occursthe E; region are generally reduced, due to a thin overlayer.
around 5 eV, may be obtained. The experimental setup, pro- To obtain the optical properties for bulk ZnSe, the effect
cedure, and method of data reduction were reportedfthe overlayer and substrate was removed numerically from
previously'® The measurement was done in steps of 5 me\the spectral data for the overlayer/ZnSe/GaAs system. The
from 1.5 eV to 6 eV, using configuration Il, as defined by details will be reported elsewhere. The procedures for re-
Bermudez and RitZY and zone averaging, which is made moving the effect of one layer from the spectral data for a
easier with our system and improves the accuracy. Thenultilayered structure have been described previodsfin
sample surface was gently rinsed with methanol before théhis approach, the resultant dielectric function is extracted
measurement. The dotted lines in Fig. 1 show the spectrgoint by point, given the information on the thickness and
data for the ZnSe film grown on a GaAs substrate. Fouthe dielectric function of the layer to be removed. First, the
critical-point (CP) structures atE,, Ey+A,, E;, and overlayer effect is removed. The overlayer effect consists of
E,+ A, are apparent in the spectral data. The CP structurethe effect of the oxide layer and of surface roughness. Their
at Eg+ Ay andE;+ A, are weaker than those Bt andE;  natures are different, but their effect on the dielectric func-
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tion is similar, except for a slight change in the thickn®&ss.  TABLE I. Values for e;(w) at 1.5 eV, 2.5 eV, and 2.6 eV, ob-
To simplify the calculation, we ascribed the overlayer effecttained fromL,(w;) and its fit. They are also compared with the data
entirely to the effect of an oxide layer. The optical dielectric Py Marple (Ref. 16.

function for the oxide layer on ZnSe, supposedly Zn$e@

not known. As a trial, both the optical dielectric function of This work _

SiO, (Ref. 22 and that of GaAsQ (Ref. 23 were tried, Photon energyeV) Data Fit Ref. 16
with no significant difference observed below 4 eV. Thus,1 5 6.379 6.183 6.277
our lack of knowledge of the dielectric function of ZnSgO 5 5 7.635 7.532 7515
did not pose a serious hindrance in determining the opticaj g 8.003 7.936 7777

dielectric function of bulk ZnSe below 4 eV. However, a
significant difference on the order of 1 was observed above 4

eV. Assuming that the [1-VI compound has optical propertieshjs at 2.5 eV are 7.635 and 7.515, respectivéBee also
closer to those of the Ill-V compound than to those of theTaple I) We conjecture two reasons for such discrepancies.
elemental semiconductor, the dielectric function of GafAsO SE is a reflection technique; thus, the higher values might
was adopted to represent that of ZnSeQs well as the have been caused by the effect of surface termination on the
surface roughness of ZnSe. The overlayer thickness was dgeflection coefficient$®?’ Otherwise, they may reflect the
termined from evaluating the average valugs(w)), ob-  quality difference between two materials. Around 3 eV,
tained fore,(w) between the interference peaks below theLz(wJ) is on the order of 1.2, close to the values found by
band gap of ZnSe, sinoge,(w)) becomes zero in the ab- Cardona, but lower than those found by Adaehal. and by
sence of an overlayéf.Assuming a 30 A GaAsfor the  Kim et al, which are on the order of 2. Notice that the values
overlayer producede,(w)) values close to zero. Coinciden- found by Adachiet al. and by Kimet al. are close to ours
tally 30 A is a typical thickness for the native oxide layer of before the effect of the oxide layer is removed. The differ-
GaAs® ence between our values and the values found by Adachi
After removing the overlayer effect, the effect of the et al. may be due to the effect of the surface overlayer. The
GaAs substrate was removed. The optical dielectric functioifference between our values and the values found by Kim
for GaAs is well known and was adopted from previouset al. may be due to surface roughening during chemical
work.*® Knowing the film thickness accurately and choosingetching, or due to the surface roughness inherent in the
proper initial values for the dielectric function of the film are sample. Above the band gab(w;) is closer to the values
the keys to obtain the right solution. They were determinedound by Cardona up to 4 eV, and begins to show a differ-
as follows. We have developed a simple model, which deence from his values from 4 eV to 6 eV. It is known that the
scribes the dielectric function of bulk semiconductors aroundptical dielectric function for bulk semiconductors is better
the band gap. Then the total dielectric function for the film/represented by higher experimental valuesesffw) in the
substrate system was constructed, using this model for the, region?® or in the E; region for wide-band-gap
film and the known values for GaAs. In this approach, thematerials® The maximum value 0k,(w) in the E; region
thickness was treated as a parameter. A film thickness gbund by Adachiet al, Kim et al, and ourselves are on the
about 2um was deduced from the first peak position at 1.64grder of 11.3, 11, and 12, respectively.
eV, the next-nearest peak position at 1.76 eV, and the average
value of the refractive index, as determined by Malpla
this spectral region, and was initially used in the fitting. The
best fit led to a film thickness of 1.937m. This result was The optical dielectric functiori'* of solid state materials
used in the point by point solution. For other assumed thickwith Lorentzian line broadening is given by the equation
nessese;(w) became further away from the data of Marple,

lll. THEORY

or even unphysical. 8mh2e? ( W(E)dE 1
The solid lines in Fig. 1 show the real and imaginary parts e(w)=1- mZ2 J EZ |hw—E+il
of the extracted optical dielectric ~ function,
L(wj)=L1(wj)+iL,(w;), obtained for bulk ZnSe. The open 1
and solid triangles show the results of Cardétahich were Ao+ EFXIT! @

tabulated by Ward.The open squares show the results of

Marplel® also tabulated by Ward. The numerical data of Kim where

et al® were not available to us. Several points are obtained

from their graphical data and are presented by the open and _ _ 2

solid circles. In general. (w;) is similar to the data of Ada- W(E)—% WCV(E)_E, Pl B)"Jel B),

chi et al. and Kimet al,, except for several points discussed

below.L,(w;) below the band gap is slightly higher than the ¢ and v stand for conduction and valence bands, respec-
values found by Marple and very close to the values foundively, E=E_ (k) is the energy difference between a pair of
by Cardona. On the other hand, the values determined fdvands at the poirk in the Brillouin zoneJ.(E) is the joint
€,(w) by Kim et al. are even higher than ours. Our experi- density of states between the pair of bands, BpdE) is the
ence suggests that their results could arise from the wrongeighted-average matrix element of the momentum operator
value for the film thickness and/or ill-conditioned initial val- between states differing in energy By Similarly, the opti-
ues for e,(w). We wonder why our values foe,(w) are  cal dielectric function of solid state materials with Gaussian
slightly higher than those of Marple. For example, ours androadening is given by the equation
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f ds é(ha) E+2i 72 S)s

#2e? [ W(E)dE
e(w)=1+i8ﬂ-mzef ( )d {

Lo())

_fo dsé(ﬁw+E+2irzs)S , 2)

where 7 is the root-mean-square scatterihgnatrix. Our
model is based on these two equations: @¢.and Eq.(2).
The model is obtained first by constructing(E) and then
by integrating it overlE analytically. Last, the excitonic line
shape is added to produce the final model.

Qe esesse

¢ First derivative

L4 L3
eoeo 0000

A. Optical line shape for excitons

05 .
Excitonic effects are usually stronger in 1I-VI compounds o
than in llI-V compounds, because of the larger binding en- 1 . N coea,
ergies due to the smaller values of the static dielectric con- 10 S o
L : . Second derivative

stant. The excitons in the neighborhood of the lowest direct
band edge significantly change the optical respdns.
These effects are also obvious In,(w;) near E, and L % .

&,(0) and its numerical derivaties

Eo+ Ay and require the incorporation of excitonic effects in > *
our existing mo_del. I_:or |II_ustrat|on, 'ghe_resultant_flt to oL s . Third derivative
Lo(w;) nearE, without including the excitonic effect will be .
shown first. The fit is performed by minimizing the root- I o
mean-squarérms) fractional error, L
265 2.70 2.75
o= _2 on (3) Photon Energy (eV)

FIG. 2. FittoL,(w;) and its derivatives by the use of E@).
The solid lines are the fits. The closed circl@)(areL,(w;) and
its numerical derivatives. The first three derivatives shown are nor-
(4) malized and shifted for comparisoa.is 54%.

where

2 Sl Tl 5y Tl
" =508 T

numl

f; denotes a theoretical mode, denotes the data, the su- WhereHy(w) has been defined previousfyFigure 2 shows
perscrlptn denotes amth order derlvatlve and the subscript the best fit of Eq.(6) to L,(w;) and its derivatives, where
num denotes numerical differentiation. The numerical differ-po, Eo, andI'q are free parameters. Herey(w;) and its
entiation is performed using a formula suggested by Savitf_lerivativeS, noL (w;) and its derivatives, are chosen, since
and Golay*! Notice that the numerical differentiation is ap- L1(w;) has a contribution far above the band gap and(gx.
plied both to the model and to the data, so as to compensa&one is not suitable to descrilhg(w;). The solid lines and

for numerical distortiori?33 closed circles in Fig. 2 show the best fit and the spectral data,
The spectral data near the band gap are usually modelgéspectively.o is 55%. The model has a square root singu-
by a 3DM type CP atE,. This has the form larity as intended, but,(w;) shows a sharper structure, due
to the excitonic effects, indicating that a 3@, type CP
W(E)=poVE—Ey, (5) alone is not sufficient for describinig,(w;) near the band
. - . gap.
wherepy is a constant. Substituting E) into Eq.(1) leads The formalism for the excitonic contribution to the imagi-
to nary part of the optical dielectric function is given by
- Elliott.>* For Lorentzian line broadening, the discrete series
e(w)=1— h-e PoHo(®), 6) of exciton lines below a given critical-point ener§y gives

a contribution

[}

el 0)[E; ]——cexE

nln

1 1
fhiw—(Ei—Eey/nd) +i(FQ—-TD/N?)  fiw+(E—Eg/n?)+i(I'Q—T'D/n?)

| hw—E+iTy 1 ho+E+il'Y) } @
- n . y
Ee— il hw—(Ei—Eex)Jru(rgg)—rng)) Ee +|F1> hw+ Ei—Ee) +i(I'Y—T)

0O
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TABLE Il. Values of the critical point and excitonic parameter€EgtandEy+ A,. They are determined

through the fitting as described in the text.

Ho(w) €ey( W)
CP 8rh2e?po/m?>  E; (eV) T;(meV) Cgl2 EgmeV) T mev) TE(mev)
Eg 8.71 2.711 5 0.020 13 40 35
Eot+Ag 7.10 3.139 37 0.023 13 120 83

wherel' @ andTI'(Y) are exciton linewidthsC,, is the exciton
strength parameteE,, is the exciton binding energy. Notice
thatI"(}) takes into account the variation of exciton linewidth

binding energy at low temperature. Our result 13 meV is
lower than 19 meV and can be understood in light of the
temperature effect. Excitons are thermally unstable at 300 K

asn varies. It has been known that the exciton linewidthin emission, and severely broadened in absorption by LO

increases am increases. We conjecture tﬁég() is inversely
proportional ton?. In this schemel' Y- is the line

width of the fundamental exciton. This quantif)) was not

introduced, or equivalently was set to zero, in the model fo
the exciton line shape proposed by Adachi and Tagfichi.
Besides, their exciton line shape considered only the firs

order term instead of summing ovar The excitonic line
shape of Eq(7) is asymmetrical ifl'))+#0, but becomes
symmetrical asI'{})
shifts down fromE; by an amountE.,. Equation(1) is

r

phonons. We are not aware of any literature valueEgrat
room temperature. We, however, can roughly estimate the
temperature effect. The change in the excitonic binding en-
ergy is given by the temperature dependence of the effective
mass and the dielectric constaffrhe former is mainly due
o the change in the band gap from 2.82 to 2.67 eV, implying
bout a 5% reduction in the effective mass. The dielectric
constant changes from about 8.8 to 9.25. These values imply
a binding energy of about 14.9 meV at 300 K, if 17.4 meV is

approaches zero. The peak positionyalig at 0 K. Our result 13 meV appears to confirm such a

trend. A lower value than 14.9 meV may imply a further

unigue in that it not only describes the spectral data, but alsgduction of the effective mass from about 5% to about 15%

its derivatives simultaneously. So is ET), because it pre-

at room temperature. The accuracy of our value, however, is

serves the correct analytical properties of the excitonic efnot expected to be as good as that of those determined at low

fect.

Since the effect of excitons is additional, not substitu-

tional, to the optical dielectric function arising from elec-
tronic transitions between the bandi;(w) and e, ( w) are
combined to describe the spectral data riegr The combi-
nation leads to the model

2,2
e(w)zl—TpoHo(w)+eex(w)[E0]. (8
This equation contains four more parameters than (Bg.
The fit to L,(w;) was performed by minimizing-. During
the fitting, E¢, was initially fixed at 17 meMVRef. 35 and
was gradually released. If the initial value &g, were ill-
conditioned E, increased indefinitely for a better fit, leading

temperature, since the spectral data are obtained in steps of 5
meV and are broad at room temperature. We expect an un-
certainty of 1 — 2 meV in our value.

Figure 3 shows the resultant fit kg,(w;). The solid lines
and circles in Fig. 3 show this fit and the spectral data, re-
spectively. The large nonzero values below the band gap are
due to the usual, but incorrect, assumption of Lorentzian
broadening, as discussed previousliyhe effect of Gaussian
broadening is considered in subsection B below. The better
fit to the derivative spectra by Eq7) than that of Eq.6)
proves that the excitonic effect in the spectral data is prop-
erly taken into account by Eq7). The dotted lines in the
figure show the contribution froma.,(w) and Hy(w) sepa-
rately. A similar result is found in fitting the spectral data and
its derivatives neaEy+A,. So, in preparing the model for

to unphysical values. The best fit led to 13 meV oy, .
Initially, T'{Y) was set at zero and was gradually released t
achieve a better fit. The value bf, was not well determined
during the fit, being buried under the exciton line shape. It
was constrained to be the same as the linewidth of the fun-
damental exciton. Other constraints were tried, but led to Let us construct the final model for ZnSe, taking excitonic
worse fits. Finally,oc=27% was achievedSee Table Il for effects into account. We first construw¥.(E). Because
the final values. This is a significant improvement from P¢/(E) is a slowly varying function oE with no singulari-
o=55%, obtained from the fit without the effect of excitons. ties, only the analytic structure @k, (E) is considered. A
Although the spectral data were taken in steps of 5 me\and structure for ZnSe was calculated by Chelikowski and
and the excitonic effect is buried under other band-to-bandohen®” Although J.(E) can be calculated from the band
transitions, Eq.(8) enables us to determine the value for structure, a rigorous calculation is not necessary for our pur-
E., at room temperature. Venghaus reported 17.4 meV fopose. In order to obtain the analytic structureJgf(E), a
E.,, Which was obtained by the magnetoreflectance measchematic representation &,(E) with a correct description
surement at liquid He temperatuteThe accurate determi- of the analytical properties for each critical point suffices for
nation was made possible, since the spectral peaks from titketermining the analytic structure oW (E). The four
first and second excited state of the excitons were clearljowest-energy CP’s Eq, Eq+Aq, E;, andE;+ A, are ap-
distinguished at low temperature. From the same paper, thearent in the derivative spectra. Table Ill summarizes the
average value of 19 meV could be deduced for the excitoni€P’s in order of increasing energy and the associated transi-

L(w;) in the whole rangee.,( ) of Eq. (7) is introduced at
®he critical pointsEy andEg+ Ay .

B. Modeling
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where PI(E)=Znpy,nE", ai(E)=Z2n0,nE", and
r(E)==.r, ,E". The structure oW,(E) betweenE,; and
: La(op) E,+A; is determined by the 2M, type CP atE; and the
1 AR AL ES S 3D M, type atE;+A;. In this region, Adachi and Taguéhi

: o o ascribed the entire optical response to excitons, ignoring the
contribution from band-to-band transitions, and thus greatly
overestimated the contribution from excitons. In our model
for this high-energy region, the excitonic effect is not explic-
itly taken into account, since its effect, if present at all, is
considered to be much smaller than that of the lower band
transitions. Also, the 2DM, nature of the CP &E,, which
leads to a discontinuity, effectively masks any exciton effect.
Thus, in the second segmemi(E) is taken to have the
form

First derivative

ey Wy(E)=py(E) +au(E)VE1 +A,—E. (10)

Second derivative The structure oW, (E) betweenE,+A; andE, is deter-
mined by the 2DM type CP atE; + A, and the 3DM; type
atE,. Again, neglecting exciton effects in the same way as,
in this segmentW,(E) has the form

-1 ¢

g,(®) and its numerical derivaties

2 Third derivative Wi (E)=py(E) +au(E) VE2—E. (11
v Here,W(E)=="Z!"W,(E) is terminated aE, although it is,

T in principle, not limited. This cutoff required the introduction
2.65 2.70 275 of polynomial terms ine;(w) in our first applicationg®*

Obviously, the polynomial terms were added to compensate
for the contribution toe;(w), from W(E) above the upper
limit of the spectral data. As discussed previodslyt is

FIG. 3. FittoLy(w;) and its derivatives by the use of E@®).  plausible to mimice,(w) above the given spectral range by
The solid lines are the fits. The closed circl@)(areL,(w;) and  setting a two-dimensional discontinuity at 10 eV. Then, the
its numerical derivatives. The dotted lines show the contributionp M, type CP atE, leads to the form
from e, andHgy(w). The first three derivatives shown are normal-
ized and shifted for comparisomn. is 27%. W (E)=pw(E), 12

Photon Energy (eV)

tions as calculated by Chelikowski and Colémccording  for We(E) in the fourth segment. ,
to this table and from the band structure calculation, a sche- /e now consider the integration over energy in Ed3.
matic diagram ofl,(E) for each pair of bands can be drawn, aljd(_Z). For the case (ifIVLorentmgn line broadening, the sub-
which leads to the total ()= J.(E). Since the details Stitution of W(E)=2,=;"W,(E) into Eq. (1) leads to the
have been shown previous{;*® the diagrams are not €guation
shown in this paper. , 87262

CombiningJ(E) with P(E)“ leads toW(E). The struc- -1—
ture of W, (E) betweenE, andE; is determined by the 3D “w(w)=1 m % L{PoHn+ QnFot ToHu) i+ (PrGo
Mg type CP’s atE, and atEy+ Ay, and the 3DM, type at

E,. Thus, in the first segmew,,(E) has the form FAnKn)i+ (PaGnt GaKn)u+ (PaGr)iv]. (13
whereH,, F,,, G,, andK,, are functions ofv, as defined in
W, (E)=p,(E) VE—Ep+0q,(E) VE-EoVE;—E the previous papéf Now we add the excitonic line shape at
Ey andEg+A,. This leads to the final model,
+1(E)VE—=(Eo+Ay), )

€(w)= ew(w) + € )[Egl + €e()[Eg+Ag]. (14
TABLE Ill. Critical-point (CP) types and their energy values ) ] o )
based on the band structure calculation by Chelikowski and Cohen The case of Gaussian line broadening is not as simple,
(Ref. 37. CP’s are selected in order of increasing energy. since the integral in Eq2) cannot be performed analytically.
However, the substitution of the quantity

Energy gapeV) Transition CP 3D type

ﬁw—Ei 2
2.76 eV | R Eo Mo Di:FieXF{ - ai(T) } (15
3.21eV rv—TIg Eo+ A, M, !
4.72 eV Lys—Lg E, M, forI'; in H,, F,, G,, K,, and e, leads to analytic func-
5.00 eV Li—LS E,+A; M, tions, which closely mimic the numerical results for the
6.50 eV XY— XS E, M, Gaussian case, for appropriate valuesa9f The value of

«; , which most closely mimics the exact results of Gaussian
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FIG. 5. Fit to[L(w;)]%), in the E; region. The open®) and
2r closed @) circles show[L;(w;)]1%), and [Ly(w;)1$Z),. respec-
[ T R tively. The solid lines show the best fits. The inverted triangles
3.0 3.1 32 show the positions of critical points.

Photon Energy (eV)
three_ derivatives ot ;(wj). Th_e solid lines and c_ircles are
FIG. 4. Fit to the first three derivatives bf(w;) by the use of the fits and the data, respectivelyr,(t o+ 073)/3 is 19%.
Eq. (8) nearEq+A,. The solid lines are the fits. The closed circles The contributions fromee,() andHo(w) are shown sepa-
(®) are L,(w;) and its numerical derivatives. The dotted lines rately by the dotted lines. Their summation shown by the
show the contributions frona,, andHo(w). The first three deriva-  SOlid line is not the result of the direct fit thy(w;), but
tives shown are normalized and shifted for comparison.resembles closely the spectral data after removing a constant
(o1+ 05+ 03)/3 is 19%. background. Table Il summarizes values for the critical point
and excitonic parameters By andEgy+Ay.

broadening, is not exactly the same for the four functions The second step is to determine the critical-point param-

H,, F,, G,, andK, and depends slightly on the valuergf ~ ©ters atE,, andE,+A,. In this step, the number of coeffi-
but is approximately 0.2 in all cases. cientsp, ., g,,, andr,  is reduced to a minimum, since the
major interest is in the determination of the critical-point
parameters. In order to achieve faster convergence,
IV. FITTING OF L(@) AND EXTRAPOLATION OF €(w) [L(wj)]ﬁ)m is chosen for the fit. If necessary, the photon
TO HIGHER AND LOWER ENERGIES energy range is also reduced just to include the critical-point
structures of interest. Figure 5 shows the resultantfjtis
19%. The fit is obtained by using three parameters for each
; CP -C,, E;, andI';. The total number of parameters is 6,
and Eo+ 4o, Those values aE, are determined through . G0’ e lo o than those used in the cﬁtical-point model,

fitting L,(w;) and its derivatives over the photon energy ) ; ;
range near the band gap, as described previously. For t%h'Ch requires a total of eight paramefbfur two CP's. The

determination of critical-point parameters, either the second@ues forE, andI'e, are not determined by the fit, since
derivative or the third derivative of the spectral data is suf-Ez is located above the spectral dal. is calculated to be
ficient. The main reason for introducing the spectral data an§-5 €V by Chelikowski and Coheti.The CP energies up to
its first derivative in the fitting is to determine accurately theE1+ A1 reported by them are consistently lower by about
strengthC., in the first step. The critical points and excitonic 100 meV than are our values. SB, is fixed at 6.6 eV.
parameters dE,+ A, are determined through fitting the first I'g, is fixed at 156 meV, following approximately the order
three derivatives ol ,(w;) over the photon energy range of increase among the linewidths as a function of photon
nearEq+A4,. Ly(w;) itself is not used in this fitting, since it energy.

contains a large background from other band-to-band transi- Table IV shows the values d&; andI’; obtained in the
tions. Ey at Eg+ Ay is slightly larger for the best fit than its first two steps and compares them with the values reported
value atE,, but is fixed at the same value Bs, atE,, since by others. Kimet al® reported values for all of th&; and

it is expected to be either lower than or equal to that valud™;, from the analysis of their spectral data. They fitted the
for E., at Eq. Figure 4 shows the resultant fit to the first second derivative of their data with the appropriate theoreti-

Three steps are taken to fitf(w). The first step is to
determine the critical-point and excitonic parameter&gt
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TABLE IV. Comparison of literature values &; andI’; with

CHARLES C. KIM AND S. SIVANANTHAN

ours. The values oE; andT’; are given in units of eV and meV,
respectively. The first two columns of values were found from Ada-
chi and Taguchi{Ref. 8 and Kimet al. (Ref. 9.

CP Ref. 8 Ref. 9 This work

Eq 2.69 eV 2.69 eV 2711 eV
Eo+Ag 3.10 3.11 3.139

E, 4.92 4.83 4.853

E,+A, 5.22 5.10 5.125

E,+A, 5.22 5.10 5.125

E, 6.6

FEO 30 meV 69 meV 5 meV

T s, 30 80 37

FEl 370 140 74

Tg va, 370 170 98

g, 156

cal line shap&®3°Notice the large discrepancy in the values

IS ERETETES RS N

of Eq andEy+ A between theirs and ours. Their theoretical
line shape did not explicitly include the effect of excitons.
Their critical-point energies &, andEy,+ A, are generally
lower than ours and become close to our values after sub-

-
N

3
Photon Energy (eV)

4 5

tracting E,, from ours. Besides, their method does not take FIG. 6. Comparison oL (w;) and other data withe(w) ex-
account of the errors, due to the distortion by numericatended beyond the spectral limit. The open)(and closed @)
differentiation®? The large discrepancy between their valuesCircles showl,(wj) andLy(w)), respectively. The boundaries at
for linewidths and ours, especially at the band gap, where thé-> €V and 6.0 eV indicate the photon energy limitidio;) used

linewidth is very small, arises from those errors. The value%
reported by Adachi and Taguéhare obtained from fitting
their undifferentiated spectral data. So, their critical point

or the fit. The solid lines show the calculation efw) extended
eyond the spectral data limit. The open and closed triangles show
the real and imaginary parts of the dielectric function for bulk ZnSe
obtained by CardongRef. 26. The open squares show the real part

parameters are not expected to be accurately determined Ughe dielectric function for bulk ZnSe obtained by MargRef.

less they are fixed to the known values. The vaIuest,g)lr 16).
andl“ElM1 found by Adachi and Taguchare extraordinary

high. The differences between our values and theirs are dug,. The result is considered to be only a poor fit, but the fit
to the different approaches used in determining the CP pas close to the data of Marpi&in that region. Table I lists the

rameters.

Having found the values for thE;, T';, Cg, Eqy, and
I'ex, we proceed to the final step. In this step, the,,
dn,,, andr, , are redetermined by minimizin@g, using Eq.
(13) and the values foE;, I'j, Cqy, Eey andIe, deter-
mined in the first and second steps. This is done in order to
obtain a best fit td.(w;) with the critical point and excitonic

results at 1.5 eV, 2.5 eV, and 2.6 eV for numerical compari-
son. The better agreement between the fit and the data of
Marple suggests that the calculateqw) constrained to sat-
isfy the Kramers-Kronig relationship may be better than the

TABLE V. Values of the coefficientp,, ,, q,.,, andr, ,, de-

parameters fixed at their correct values. The final step is verigrmined in each region through fittind w;), which are multiplied

quick because(w), as in Eq(13), is a linear function of the
Pyns Qun, andr, ,, so that they are determined exactly in

by 87#.2e?/m?. The zero values were fixed to reduce the number of
free parameters.

only one iteration. The value far , is fixed at the value

. . . . ; o olynomial Order

determined in the first step, since its contribution is small. 1 unction 0 1 5
free parameters among the ,, g, ,, andr, , are chosen. A
further increase in the number of free parameters results ip, -0.19596<10°  0.7470% 10*  -0.70365< 1C°
only a small decrease im,. Upon keeping Lorentzian q,, 0.9185<10*  -0.2703% 10"  0.16824< 1C°
broadening, we find the fit tb(w;) shown as the solid lines r,, 0.71056< 10 0 0
in Fig. 6 between 1.5 eV and 6.0 e¥, is 1.8%. The corre- p, , 0.16274 10° 0 0
sponding best-fit values of th®, ,, g, ,, andr, , are given g, , -0.18906< 10° 0 0
in Table V. Pun 0.2361%10°  -0.3406% 10" 0

Discrepancies are notable betwdej{w;) and the fit be- A n -0.1103% 10°  0.11750<10* 0
low the band gape;(w) shows a strong cusp aroulig as Piv.n 0.88943< 107 0 0

in Ly(w;), but is consistently lower thah,(w;) below
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data in this region. Higher values @&f(w) than those of V. CONCLUSIONS
L(w;) are observed right above the band gap. This is caused We have obtained the spectral data of thin film ZnSe

by trying to fitL,(w;) belowEo, where most of the discrep- o\un on GaAg100), using spectroscopic ellipsometry. The

ancies occur. Thus, the fit was further improved when thegpeciral data show four distinctive critical-point structures,
fitting range was limited to the range above 1.5 eV. For ex‘mcluding the weak structures B+ Ao andE,+ A, indi-

ample,oo was 1.6% in the range between 2.5 eV and 6 eV¢ating that the sample has a high crystalline quality. The
Clearly, the fit toL (w;) above the band gap was improved. gptical dielectric function for bulk ZnSe is deduced, using
In any case, the deviation is substantially smaller than theéne standard multilayer analysis together with our technique,
rms deviation in the fit made by Adachi and Tagut#is  which will be presented elsewhere. The resultant data are
previously discussetf:'* the resulting fit toLy(w;) with better in several points than those reported by Kitral®
purely Lorentzian broadening did not yield a good fit, espe-The spectral data reveal the evidence of excitonic effects at
cially below Ey. The introduction of Gaussian broadening Eq andEy+ Aq, which cannot be described by the usual 3D
was necessary to improve the calculationeg{w) below M type critical point. We have developed the excitonic line
Eo. The method and results were discussed in detaishape and have incorporated it properly in our existing
previously>~*®and are not presented in this paper. model. This enables us to determine 13 meVHgy at room
Having calculateds(w) in the spectral range, it is easily temperature. As embodied in our original model(w) is

extrapolated beyond the spectral limit. The solid lines in Fig.2lso capable of describing the spectral data and its deriva-
6 showe(w) between 0.2 eV and 8 eV. The boundaries at 1 dives simultaneously. Having incorporated the excitonic ef-

eV and 6.0 eV show the limits of the(w;) data used for the fect in the existing model, we have not only determined the
fit. The open squares in this figurejshow the results ofP0om-temperature CP and excitonic parameters accurately,

Marplel® e, () below the lower limit down to 0.2 eV is also ut have also obtained an accurate analytical expression for

-t ’ . .~ €(w). The calculation automatically satisfies the Kramers-
close to the results of Marple_(w) above the spectral limit Kronig relation between the real and imaginary parts of
a!so _sh(l)yv ﬁ a freaaonablg O?tg?a: respofnse groun_Eztrr:g- e(w). This expression is accurate from 0.2 eV up to 6 eV, as
gion in light of other optical dielectric functions In the, ¢ /65164 by comparison with other spectroscopic data, and is
region. The ratio ofe;(w) in the E; region to that in the

e Talt h : ) i approximately valid even above 6.0 eV.
E, region is similar to that in the dielectric function of other
semiconductor materials. The maximum valuegfw) is on
the order of 15 in theE, region, which is commensurate to ACKNOWLEDGMENTS
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