Principal optical constants measurement of
uniaxial crystal CdSe in the wavelength region

between 380 and 950 nm
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The principal optical constants n,, «,, 1., and k. of the hexagonal crystal CdSe are determined in the

wavelength region between 380 and 950 nm at room temperature.

The minimum reflectivities and the

corresponding Brewster angles of parallel polarized light are measured for ordinary and extraordinary
rays in the wavelength region between 380 and 728 nm. At longer wavelengths (k, < 10~%) Brewster-
angle measurements and transmission measurements were applied. A plot of the absorption coefficients
o, and o, versus wavelength indicates deviations from a direct band-gap parabolic absorption dependence.
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1. Introduction

The hexagonal CdSe crystal is a direct-gap II-VI
semiconductor of P6;mc (Cq,*) space group and 6mm
(Ce,) point group symmetry (wurtzite lattice struc-
ture).!? The optical indicatrix is uniaxial. Its en-
ergy gap is E,(0 K) = 1.841 eV = 14 838 cm~! = 674
nm at zero temperature and E,(293 K) = 1.751 eV =
14 112 cm~! = 708.6 nm at room temperature.23

In the transparent near-IR spectral region, below
the energy gap, the dispersion of the principal ordi-
nary n, and the extraordinary index of refraction n, is
well known.24-10  The optical birefringence, An =
n, — n,, was determined with high accuracy mainly by
interference measurements between crossed polariz-
ers.57-9.11-14  The absorption behavior in the subgap-
frequency region depends on the impurity content
and on the charge compensation.®15-17 Detailed ab-
sorption measurements at the band edge are reported
in Refs. 11, 12, 15, 16, 18, and 19.

There is little information about the optical con-
stants of CdSe above the energy gap.2? The principal
refractive indices (n,, n,) and the principal extinction
coefficients (k,, k,) of CdSe have been determined over
a wide energy range from 0 to 10 eV by reflection
measurement and the Kramers-Kronig analysis.2?
The determined dispersion of the optical constants
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confirmed the band-structure scheme of CdSe.20-22
In thin CdSe films the anisotropy-averaged optical
constants 77 and k have been measured in the visible
and the near-IR spectral region.?3-%5 The data were
determined by transmission and reflection measure-
ments. Band-gap data were extracted from the wave-
length dependence of the extinction coefficient.?®

We determine the principal optical constants n,(\),
k,(\), n.(\), and x,(\) of a Se-treated compensated
CdSe hexagonal single crystal (from Cleveland Crys-
tals Company) at room temperature. The wave-
length region that we analyzed is between 380 and
950 nm. For A < 728 nm the absorption is high and
the optical constants are determined from the mini-
mum reflectivity of parallel polarized light R, and
the corresponding angle of incidence ¢p (the general-
ized Brewster angle). The measurement technique
was applied previously to isotropic strongly absorbing
media.?® Here the method is extended to the deter-
mination of the principal optical constants of optical
uniaxial crystals. In our measurements on CdSe an
accuracy of An/n = +0.003 and Ax/k = *0.03 was
achieved. For A > 728 nm the transmission be-
comes measurable and the optical constants are
determined from normal-incidence transmission and
Brewster-angle measurements. Above 800 nm our
refractive-index results are compared with the pub-
lished data obtained by refractive measurements.*>

The measured absorption spectra are discussed in
terms of the band-structure scheme of CdSe. A
detailed knowledge of the dispersion of the refractive
indices is necessary for phase-dependent nonlinear
optical processes such as second-harmonic generation.
The refractive-index data of CdSe were needed in an
analysis of the competition between resonant second-
harmonic generation and two-photon absorption in



CdSe where the resonant second-harmonic suscepti-
bilities were determined.?’

2. Experiment

The experimental arrangement for the oblique reflec-
tion measurements is sketched in Fig. 1(a). Details
of the setup are reported in Ref. 26. A tungsten
lamp is used as a light source. The light is polarized
parallel to the plane of incidence with a Glan polarizer.
The angle of incidence ¢ to the CdSe sample S is
varied with the rotation stage R1. The rotation
stage R2 directs the reflected light to the spectrome-
ter SP. The spectral distribution of the reflected
light is recorded with a diode array system (Tracor
type DARSS). For calibration reference spectra are
measured with a glass prism totally reflecting the
incident light. The crystal sizeis 1 x 12 X 12 mm3.
Its optical axis c is parallel to a 12-mm edge. The
minimum reflection R, ,,;, and its angle of incidence
¢p (the generalized Brewster angle) of parallel polar-
ized light are determined and applied to the calcula-
tion of the optical constants.

The crystal orientations are indicated in Figs. 1(b)
and 1(c). The ordinary principal constants n, and k,
are determined with the arrangement in Fig. 1(b).
(The optic axis c is perpendicular to the plane of inci-
dence.) The extraordinary optical constants n,,(dg)
and k,,(dp) are determined with the arrangement in
Fig. 1(c). (Thec axis is parallel to the crystal surface
in the plane of incidence.) The principal extraordi-
nary constants n, and k. are calculated from the mea-
sured values of 71,,(dp), K5,(dp), 1o, and k, by applying
the generalized Snell’s law for absorbing media.28-32

For A > 728 nm normal-incidence transmission
measurements [T'(\)] were carried out on a commer-
cial spectrophotometer, and the Brewster angle ¢g(A)
was obtained by R, i, determination with the experi-
mental arrangement in Fig. 1(a).

The reflection measurements probe the sample
surface down to a thickness dp determined either by
the penetration depth o ! or by the light wavelength
in matter A\/n,i.e.,dp = min (a~!,\/n). An adsorbed
layer of d,y < \ thickness modifies the measured
optical constants by a factor of ~1 + (ny — ngg)
(n — n ,a9)dag/\, where n, = 1isthe refractive index of
air and n,, is the refractive index of the absorbed layer
(Chap. 1.6 of Ref. 31). The modification is generally
negligible. In our experiments we cleaned the crys-
tal surfaces with isopropyl alcohol to exclude contribu-
tions from adsorption layers.
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Fig. 1. (a) Schematic of experimental setup: LS, light source
(tungsten lamp); L1, collimating optics; L2, lens, A1, A2, apertures;
POL, Glan polarizer; R1, R2, aluminum mirrors on rotation stages;
S, sample on the translation and tilting stage; SP, spectrometer;
DA, diode array system. (b) Ordinary ray tracing. (c) Extraordi-
nary ray tracing. k' is the wave vector in crystal.

The optical constants of the crystal surface itself
may deviate from the bulk optical constants within a
thickness dox = 2a.,, where a., = age,m/me, is the
exciton Bohr radius.33 For CdSe it is a,, = 5 nm
(electronic Bohr radius ag = 0.0529 nm, static dielec-
tric constant €, = 9.4,2 effectively reduced exciton
mass ratio me,/m = 0.1,2 where m is the mass of a
free electron, mg,~! = m,”! + m;~1). In this sense
we measure effective optical constants averaged over
the thickness dp. Their deviations from the bulk
values are thought to be small because d., is still
small compared with a~! (= 90 nm at A = 500 nm) or
An (= 190 nm at A = 500 nm).

3. Theory

The extraction of the optical constants from the
measurement of the minimum reflection of parallel
polarized light Rj.i, at the generalized Brewster
angle ¢ and from normal-incidence transmission T'
and Brewster angle &g measurements is considered in
the following.

A. Minimum Reflection of Parallel Polarized Light

The light reflection is determined by the Fresnel
laws.2832  For parallel polarized light incident at an
angle ¢ to the crystal the reflectivity is26:34
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where A = [(n2/n,? — k?/n,? — sin? $)? + 4n2x2/n ,4]1/2,
B = 0.5 x arctan|2n«/[ns2(n2/n,2 — k2/n,? - sin? ¢)]},
C=(n2-«k?)/np% and D = 2nk/n,%, i = n — ikis the
complex refractive index of the crystal, and n, is the
refractive index of air. A dispersion formula for
na(N) is given in Ref. 35; n, = 1 is used in our
calculations. The second equality of Eq. (1) is ob-
tained by use of the generalized Snell’s law sin ¢ =
(7i/na)sin x, where x is the complex refraction angle.

The values n and « are determined from the
minimum reflectivity R m, at the generalized Brew-
ster angle ¢p. For the c axis that is perpendicular to
the plane of incidence [Fig. 1(b)], R} min(¢ds) gives the
ordinary refractive index n, and the ordinary extinc-
tion coefficient k,. For the c axis that is parallel to
the plane of incidence [Fig. 1(c)], R min(ds) gives the
extraordinary constants n,, and k,,, which depend on
the angle ¢5. For the determination of the principal
extraordinary optical constants n, and k., the angle
6g = m/2 — o¢p’' between the optic axis ¢ and the
constant-phase propagation direction k' in the crystal
has to be known [Fig. 1(c)], ¢p’ is related to &g by
Snell’s law31:32;

ny sin
¢ép’ = arcsin e e s (2)
nr
with
ny = (n,? sin? g + m? cos? B)1/2, 3)

where m and B are implicitly given by

M2 cos(2B) = ny% — Ky2 — n,lsin? ¢, 4)
M2 sin 28 = 2n4,Kq,- (5)

Explicit equations for B and m are obtained from Egs.

(4) and (5). They read
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The relationship between «,, and the principal optical
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constants is3!
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The absorption coefficient a is related to the extinc-
tion coefficient k by

o = 41k = 4mk/\, (12)

where v = ¢y/v = 1/\ is the wave number, where v is
the frequency, ¢, is the vacuum light velocity, and A is
the wavelength of light in vacuum.

B. Normal-Incidence Transmission and Brewster-Angle
Measurement

In the case of small absorption (x < 10-3) the Brew-
ster angle ¢p is determined solely by the refractive
index n.26 The minimum reflectance R, (¢p) of
parallel polarized light becomes small, and its abso-
lute measurement becomes inaccurate because of
scattering contributions. Therefore k is more pre-
cisely determined by normal-incidence transmission
measurements.

The normal-incidence transmission through the
sample is given by (p. 9 of Ref. 36)

_a- R)%exp(—al) (1 + x2/n?)

1 — R2 exp(—2al) (13)
where the normal-incidence reflection R is
(n — 1)% + &2 (14)
T (n+1)% + k2

The refractive indices are determined by the proce-
dure described in Subsection 3.A (¢p measurement),
and « is calculated from the transmission measure-
ments by solving Eq. (13) numerically.

4. Results

The minimum parallel reflectivities R}, of the ordi-
nary and extraordinary rays versus wavelength A are
shown in Fig. 2. In the long-wavelength region A >
730 nm a background reflection of R; = 4 X 10~* was
obtained for both crystal arrangements. This back-
ground level is assumed to be independent of wave-
length and is subtracted for the calculation of the
optical constants. The normal-incidence transmis-
sions T are included in Fig. 2. The generalized
Brewster angles g are displayed in Fig. 3.

The resulting dispersion of the principal refractive
indices, n, and n,, is shown in Fig. 4. The wave-
length dependence of the principal extinction coeffi-
cients, k, and «,, is displayed in Fig. 5. The absorp-
tion coefficients, a, and a,, are shown by the solid
curves in Fig. 6.
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Fig. 2. Minimum parallel reflectivities Rmin at the generalized

Brewster angle ¢p and transmissions T at normal incidence. The
exciton transition edges A, B, and C are indicated.

5. Discussion

The ¢p(M) curves (Fig. 3) and n(M) curves (Fig. 4) have
a similar structure indicating that n is mainly deter-
mined by ¢p and only slightly influenced by R | ;,.26
The R min(M) curves (Fig. 2) and k(A) curves (Fig. 5)
also have similar shapes revealing the dependence of
R minonk. InFig. 4 some published refractive-index
data in the transparent spectral region are in-
cluded.#59 Our refractive indices agree within dn =
0.03 with the reported data.

In our measurements three isotropic wavelength
points (inversion points) at A = 825, 730, and 570 nm
are observed where the refractive indices n, and n, are
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Fig. 3. Dependence of the generalized Brewster angles ¢p on
wavelength A. The absorption band edges E1, E2, E3 and the
exciton transition edges A, B, and C are indicated.
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Fig. 4. Principal refractive indices n, and n, of CdSe versus
wavelength. The points are taken from Ref. 4 (O, @), Ref. 5 (A,
A) and Ref. 9(V, V). The open symbols belong to n,, and the filled
symbols belong to n,. The absorption band edges E1, E2, E3 and
the exciton transition edges A, B, and C are indicated.

equal. A crossing or touching of the n, and n, curves
around 410 nm cannot be excluded. An inversion
point at A = 735 nm (709.5 nm) was reported in Ref.
13 (14). The birefringence data, n, — n,, of Ref. 8
indicate an inversion point at 800 nm.

The reported thin-film studies did not distinguish
between ordinary and extraordinary optical con-
stants.23-25 The average n and « data agree qualita-
tively with our measurements. The optical con-
stants determined by a Kramers-Kronig analysis
over a wide energy range from 0 to 10 eV (Ref. 20) are
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Fig. 5. Principal extinction coefficients k, and . of CdSe versus
wavelength. Band edges E1, E2, and E3 are indicated. Solid and
long-dashed curves are our own measurements. The dashed-
dotted curve k, and the short dashed curve «, are redrawn from Ref.
18. The inset shows part of the energy band structure of CdSe at
I point (the center of the Brillouin zone): CB, the lowest lying
conduction band; VB, the topmost-lying three valence bands; EX,
the indication of exciton-binding energy; g, the Brillouin zone
coordinate.
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Fig. 6. Principal absorption coefficients o, (a) and o, (b) of
CdSe. The solid curves are experimental results. The dashed
curves are parabolic direct-gap theoretical fits [Eq. (15)] to the
experimental data at 600 and 500 nm. The fit parameters are
Boa’ = Bo2’ = 2.0126 x 105 cm~! nm!’2, B,3’ = 7.395 x 10° cm™!
nm'/2, 8,1 =0, B2’ = 4.977 x 106cm~! nm'/2, and B, 3’ = 6.303 x
105 cm~! nm!/2, The short-dashed curves show contributions of
the E1 and E2 band transitions. The dashed-dotted curves
indicate the contribution of the E3 band transition. The exciton
band edges A, B, and C are indicated.

more crude than our data in the energy range from
1.3 to 3.25 eV. Some absorption coefficients above
the energy gap were derived in Ref. 37 from photolu-
minescence measurements in an electrochemical cell
by application of a dead-layer model.

Part of the band structure of CdSe around the I'
point is included in Fig. 5.2 The transition from the
topmost light-hole valence band to the conduction
band is E1, the transition from the crystal-field,
split-off, heavy-hole valence band to the conduction
band is E2, and the transition from the spin-orbit,
split-off valence band to the conduction band is E3.
The corresponding free exciton transitions are A, B,
and C. According to Ref. 3 their transition frequen-
cies at room temperature (293 K) are g, = 14,112
cm™! (AEI = 708.6 nm), I.IE2 = 14,274 cm™! (AE2 = 700.6
nm), vgs = 17,638 cm~! (\g3 = 570.2 nm), ¥, = 13,983
cm~! (A4 = 715.1 nm), v = 14,145 cm"!
(Ag = 707 nm), and Vo = 17,409 cm~! (\c = 574.4
nm). The exciton binding energies are E.(A) =
EyB) = E,(C) = 16 meV (= 129 cm~!). Bound
exciton transitions occur at slightly longer wave-
lengths.238  Even at room temperature, exciton tran-
sitions were identified in reflection measurements.?
All the transitions are allowed for ordinary and
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extraordinary polarized light except the transitions
E1 and A, which are allowed for only ordinary
polarized light.213940 The binding energy of Se do-
norsis0.14 eV (= 1128 cm~!).2

In Fig. 4 the refractive-index maxima coincide
reasonably well with the band-edge transition wave-
lengths Ag;, Ago, and Ags. Above the band edges
anomalous dispersion occurs (Chap. 4 of Ref. 36).
The increase in the refractive indices for A < 460 nm
is due mainly to a transition from the highest valence
bands at the I' point to the next higher conduction
band and from the heavy-hole and spin-orbit, split-off
valence band at the A point to the lowest conduction
band. (Energy gaps are ~4 eV, see Fig. 1 on p. 442
in Ref. 2.)

In Fig. 5 the extinction coefficients k and in Fig. 6
the absorption coefficients begin ~400 cm~! below
the band edges to rise roughly exponentially as
expected from Urbach’s rule.4142 The absorption

-below the band gaps E1, E2, E3 is though to be due to

free-exciton (A, B, C),3 impurity-bound-exciton (I, I,,
I5),? and defect-bound-exciton transitions,?18 to tran-
sitions involving impurity states, and to phonon-
assisted exciton transitions.!83543 Detailed absorp-
tion measurements at the band edge are given in
Refs. 12, 15, 16, 18, and 19. The absorption curves
of Ref. 18 are included in Fig. 5. The exponentially
rising absorption is shifted by ~10 nm to longer
wavelengths compared with our crystal results, which
indicated a higher concentration of impurities or
crystal defects in the crystal of Ref. 18.

Neglecting impurity absorption and excitonic tran-
sitions, we expect the following frequency and wave-
length dependences of the absorption and extinction
coefficients for direct-gap semiconductors with para-
bolic bands?5-36.42;

a= E Bithv — hvg)V20(v — vg;)

= 2B/ = AgTDM20(hg, - ), (15)
1
= dmcgy 2 Bi(hv — hvg)V28(v — vg,)
A
== 2 B/ (N1 = Ag; DV20(Ng,; — M), (16)

where i runs over the band transitions with Ag; > A,
B; and B;' = B,hc, are characteristic constants, and
0(x) is the step function [6(x) =0 for x < 0 and
8(x) = 1for x > 0]. In Fig. 6 the dashed curves are
calculated by fitting Eq. (15) to the experimental
curves at 600 and 500 nm. The short dashed curves
show the contributions of the E1 and E2 transitions,
and the dash—dotted curves show the contribution of
the E3 transition. The enlarged experimental ab-
sorption coefficients below 500 nm are thought to be a
result of deviations of the involved bands from a
parabolic shape (the change in the density of states).



6. Conclusions

The principal optical constants n,, k,, n., and , of the
uniaxial crystal CdSe have been determined in the
strongly absorbing region above the valence band—
conduction band energy gap by measuring the mini-
mum reflectivity of parallel polarized light at the
generalized Brewster angle. In the transparent sub-
band gap region optical constants have been derived
from normal-incidence transmission and Brewster-
angle measurements. The applied special crystal
orientations with the ¢ axis perpendicular to the
plane of light incidence (ordinary optical constants)
and the ¢ axis in the plane of incidence (extraordinary
optical constants) permitted a separation of the prin-
cipal optical constants from the measurements.

The described method may be applied to the deter-
mination of the principal optical constants of any
optical uniaxial crystal.
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