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The refractive index dispersion in thin Cdl, and Znl, films has been measured in the
wavelength interval 300—1000 nm and processed using the monooscillator model agreeing
well with experimental data. The optical permittivity ¢, of both compounds has been
determined using the found parameters of this model, the optical permittivity data have
been used in the further analysis of exciton states in Cdl, and Znl,, in particular, for
determination of 1s exciton radius. The found a,, values are close to the unit cell
parameters of the compounds, thus indicating that the excitons in two compounds belong
to excitons of the intermediate electron-hole bond.

B Tomkux miaenkax Cdl, u Znl, usmepena gucmepcus IIOKasaTess IPeJOMJIEHHUS B HHTep-
Baje aauH BoaH 300-1000 HM, um moOJyueHHBIe pe3yJbTATHI 00paboTaHBI ¢ IPUMEHEHUEM
OHOOCIIUJIJIITOPHOM MOJEJIN, XOPOIIO COTJIacyolleiica ¢ JaHHBIMU sKcrnepuMmenra. Ilo Haii-
JEeHHBIM [apaMeTpaM STOM MOJeJid OIpeJesieHa OITUYEeCKas IUDJIEKTPUUYEeCKas IPOHUIae-
MOCTb &, OOOMX COeIMHEHMH, MCIOIL30BAHHAA IJA NajlbHeiIIero aHaun3a 9KCHUTOHHBIX CO-
croaanit B Cdl, u Znl, u, B wacTtHOCTH, ANA OompeseneHua paguyca ls-skcuToHoB. Haiimen-
Hble 3HAYeHHd d,, OJM3KM K IIapaMeTpaM odJeMeHTapHOH AYellKM COeJMHEHWH, dUTO
YKasbIBaeT HA NPUHAJJIEKHOCTh SKCUTOHOB B OOOMX COEIUHEHWSIX K DKCUTOHAM IIPOMEIKY-

© 2010 — STC "Institute for Single Crystals”

TOUHOM 3JIeKTpOH-HBIpO‘IHOﬁ CBA3HU.

1. Introduction

The compounds Cdl, and Znl, are layered
dielectrics consisting of close-packed 1-Me—l
packets with ionic bonding predominating
therein, coupled to other packets by a weak
Van-der-Waals interaction. The crystal
structure of Cdl, was studied by numerous
authors. This compound tends to formation
of polytypes. The most common polytypes
are 2H and 4H. Both polytypes have a hex-
agonal unit cell with a = 4.24 A c=6.24 A
for the 2H polytype and ¢ = 13.68 A for the
4H-polytype (with 2 molecules per unit cell).
All the polytypes are transformed in 4H
under crystal annealing [1, 2]. The structure
of Znl, is less studied. According to some
data [3], Znl, has the structure of the 2H Cdlg

polytype with lattice constants a = 4.25 A
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and ¢ = 6.54 A; other data show that Znl,
forms the CdCl, type crystal lattice with
three molecules per unit cell [4]. The second
structural type (CdCl,) is based on the close
cubic packaging of layers, each 4-th layer
being repeated in an identical position, but
packets-sandwiches in this type are identi-
cal to those in Cdl, [2]. The fundamental
electron spectrum of Cdl, has been investi-
gated explicitly enough in [5—8]. It has been
established that Cdl, is an indirect-gap di-
electric [6, 8], with the gap width E, =
3.473 eV, while the energy gap correspond-
ing to direct transitions between the valence
band and conductance one is close to 4 eV.
In [9], the optical constants have been cal-
culated for Cdl, single crystals in the 4-
10 eV range. In the transparence region,
the refractive index for two polarisations
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has been determined from the transmittance
spectra of a thin Cdl, crystal plate [10]. As
far as we know, there are no data on optical
constants of the thin polycrystal Cdl, films
in the transparence range. The compound
Znl, is highly hygroscopic. This compound
seems to be little studied just for that rea-
son. The absorption spectrum of thin Znl,
films has been studied in [11]. It is estab-
lished that, in contrast to Cdl,, Znl, is an
direct-gap dielectric with the gap width
E, =4.62 eV [11]. However, optical con-
stants (refractive index n and absorption
index «) of thin Znl, films were not calcu-
lated, and we have not met such data in the
literature.

It is of interest to compare the disper-
sion dependences of refractive index for the
thin Cdl, polycrystal films and crystals as
well as the refractive index dispersion in
structurally similar thin Znl, films. In this
study, the measured data on refractive
index n in thin Cdl, and Znl, polycrystal
films in the transparence range up to
1000 nm are presented as well as the ex-
perimental data processing based on the
monooscillator model. The experimental re-
sults have been used to analyse the exciton
spectra of both compounds.

2. Experimental

The Cdl, and Znl, thin films were pre-
pared by vacuum deposition of Cdl, and Znl,
powders onto quartz substrates heated up to
80°C. Then the samples were annealed for
1 h at the same temperature. This prepara-
tion method seems to provide the formation
of Cdl, 4H polytype [1]. No structure stud-
ies were carried out. However, the above
sample preparation method is similar to
that described in [12], where structure stud-
ies of thin Cdl, films were realized. Accord-
ing to [12], the Cdl, films prepared in that
manner show a high structural perfection.
The crystallites of several micrometers in
size are oriented with their ¢ axes perpen-
dicular to the substrate. Apparently, the
same can be stated for Znl, films, since the
preparation conditions thereof are the same
as for Cdl, and crystal structures of the
compounds are similar. Due to high hygro-
scopicity of Znl,, a strong light scattering
arises in the films removed from vacuum
chamber and cooled to room temperature.
To avoid this, the samples in the heated
state were transferred to a vacuum optical
cryostat with copper finger heated pre-
viously to 70°C. After the cryostat was
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pumped down, the films remained transpar-
ent and suitable for spectral measurements.
The transmission spectra of the films
were measured in the 1.2-4.1 eV spectral
range at room temperature (290 K) using
an SF-46 spectrophotometer with reference
to a quartz plate of the thickness equal to
the substrate one. The film thickness ¢ was
determined from transmission spectra in
their transparence region with taking into
account the light interference by the
method from [18]. The film thickness selec-
tion (300—400 nm for Znl, and 400—-550 nm
for Cdl,) was dictated by the method used
to determine the refractive index dispersion
[13] as a maximum layer thickness at which
there is yet no light scattering in films. The
thickness of Cdl, films was monitored in
addition by a Linnik interferometer.

3. Results and discussion

The transmission of a thin film 7 in the
transparence range where condition n>>« is
met, Kk is the absorption index, is deter-
mined by a expression

16n2nynn, 1)

T =

4nnt
c? + ¢3n? + 2¢ concos

where ¢y = (n+ng)(n;+n), cy = (n—ng)(n;—n),
N = exp(—Kt); n; is the substrate refractive
index; ng, that of the air; K, the extinction
coefficient. In absence of a light scattering,
K = 4nk/\.

In the transparence region, the disper-
sion of constants is as a rule insignificant,
therefore, the transmission extremes are
reached at

4dnnt/ )\ = mm, (2)

where m means even integers for maxima
and odd for minima. For a particular case
n>nq, which is realized for Cdl, and Znl,,
the transmission extremes are determined
by formulas

16nynqnn (32)
max — (Cl + czn)Z’

16n0n1n2n (3b)
min — m

When taking into account the depend-
ences of optical constants on the wave-
length, the condition (2) gives the points of
contact of maxima (m is even) and minima
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Fig. 1. A typical transmittance spectrum of
Cdl, (I) (¢ =520 nm) and Znl, (2) (t=
339 nm) thin films on a quartz substrate.

(m is odd) envelopes in the T(A) dependence
(Fig. 1), while the formulas (3a, b) can be
considered as equations of maxima and min-
ima envelopes. The film thickness is found
from the condition (2), having previously de-
fined the order of interference m from a spec-
tral position of two adjacent maxima or min-
ima. The value n(A) is determined using for-
mula (2) for the points conforming to spectral
position T, and T,,;, and known order m.

The dispersion of refractive index n().) of
thin films is determined from the transmis-
sion spectra of Cdl, and Znl, films using the
above method [13] (Fig. 2). Since the Znl,
films is relatively thin and there are few
extrema within the measured A range, sev-
eral samples of different thickness were ex-
amined to increase the accuracy of n(i) de-
termination. Cdl, and Znl, are optically an-
isotropic crystals and birefringence should
be observed therein. But, as it was already
noted above, in our films, the crystallites
are oriented with their ¢ axes perpendicular
to the substrate. At the normal light inci-
dence on the sample, i.e. along an ¢ axis,
there is no birefringence.

The dispersion of the real dielectric per-
mittivity part in the Cdl, and Znl, films in
the transparence range is well described by
a monooscillatory model [14]:

81:n2:1+%, (4)
E5-E

where E = fin, Ey and E; are the monooscil-
latory model parameters. E; determines the
spectral position of the effective oscillator
associated with interband optical transi-
tions; the value Ey>E, and its position is
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Fig. 2. Spectral dependences of the refractive
index n(X) for Cdl, (1) and Znl, (2) thin films.
Points are the experimental data, solid
curves are calculated using formula (4).
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Fig. 3. The dependences (n2-1)"! on E2 for
Cdl, (1) and Znl, (2) thin films.

close to the maximum of the electron ab-
sorption band. E; is the dispersion energy
describing the force of interband transi-
tions. The formula (4) was used to interpret
the experimental n(A) data for different ma-
terials, both crystalline and amorphous [14,
15] and conforms well with experiment.
The dependence (4) is linear in (n?-1)"1-E2
coordinates. The interpretation of (n2-1)"1-E2
(Fig. 3) by the least squares method has al-
lowed to determine the value (EOEd)’1 =
0.011+0.0002; 0.01+0.0002 (using the
straight slope) and value Ey/E;=
0.328+0.0015; 0.407+0.0015 (using the cross-
ing with the ordinate axis) for Cdl, and Znl,
films, respectively. Therefrom, Ej, = 5.46;
6.38 eV and E,; = 16.65; 15.67 eV for Cdl,
and Znl, films, respectively. The n() de-
pendence calculated using the formula (4)
the above Ej and E; is in fair agreement
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Table. The parameters of monooscillator model and excitons in Cdl, and Znl,

Compound| E, eV E; eV Eg, eV [11] | R,,, eV [11] EO/Eg €, goo* [17] go”" [17]
Cdl2 5.46 16.7 4.17 0.2 1.44 4.05 4.41 12.1
Znl, 6.38 15.7 4.62 0.16 1.86 3.46 — —

with experimental dependence (Fig. 2). The
Ey and E; values are listed in the Table.
The ratio Ey/E, indicated is near to 1.5.
This value has been shown [14] to be typical
of many materials. The value E; = 5.46 eV
obtained for the polycrystal Cdl, films is
close to the corresponding value in crystals
Ey, = 5.8 eV for s-polarisation (Egle) [10],
thus confirming the texturing of films with
an ¢ axis perpendicular to the substrate.

According to [14], the oscillator energy
Ey is close to the spectral position of the
absorption band maximum corresponding to
interband transitions. For Cdl,, the ob-
tained value E; = 5.46 eV is close to the
spectral position of the electron band in ab-
sorption spectrum E, = 5.38 eV [12] and is
in agreement with the energy band struc-
ture calculation results for 4H polytype
[16]. For Znl,, the value Ej; = 6.38 eV ex-
ceeds that for Cdl, (AEy; = 0.92 eV), thus
being in agreement with the value of the
absorption edge shift in Znl, with respect to
direct transitions in Cdl; (AE, = 0.45 eV
[11]) (see Table).

Of interest is to compare the data on E,
and E; with the values measured for single
crystals interest. It is established [10] that
at the polarisation Egle in Cdl, Ej =
5.8 eV and E;| = 23.1 eV. In [14], the pro-
portionality of E; to the material density p
was shown. The ratio of E; /E; in Cdl, film
is 0.725. The density reduction indicates
the film porosity, as the specific volume
occupied by pores ¢ = 1-ps/py,. Therefrom,
q = 0.272. The high porosity should result
in an appreciable light scattering in the
film in a visible band, that is not observed
in our experments. Let other data be consid-
ered concerning the refractive index meas-
uring in Cdl, single crystals. In [17], the
optical constants were measured at Eglc in
the wavelength A range including the band
connected with excitation of TO phonons at

hopg = 0.0075 eV. At ZTo>hopg, the refrac-
tive index dispersion is absent in the Cdl,

transparence range and n; = 2.1 at %o =
0.0375 eV. An assessment of n| using our
measurements and formula (4) gives n| =
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2.02 at the same 7w value. Thus, the E,
value from the data [17] is 18.7 and is
closer to E; = 16.7 from our measurements
in a film. Apparently the value E; in [10]
is overrated because of an error in determi-
nation of interference bands order m, origi-
nating in rather thick (~ 5 um) single crys-
tal plates. Nevertheless, the comparison
with data [17] also indicates the film poros-
ity, but at the same time ¢~0.1.
Approximating of formula (4) to a low-
energy limit gives the optical dielectric con-
stant value g, =1+E, ;/E;=4.05 in Cdl,
and 3.46 in Znl,; it is an important constant
used at analysis of the exciton spectra. The
absorption exciton spectrum of Cdl, and
Znl, thin films was investigated in [11, 18].
The parameters of long-wave exciton band
in the spectra (the position E,,, the half-
width I" and g5,, — the imaginary part value
of permittivity in the band maximum) were
determined by approximating it by a sym-
metrical mixed contour representing a lin-
ear combination of Lorentzian and Gaussian
ones, using the method [19]. The exciton
band parameters were selected such that the
calculated contour and experimental de-
pendence of optical density D(E) were con-
formed in the best way on the band long-
wave branch. After this band corresponding
to the 1s exciton was subtracted, a new
weaker band was observed adjasent to an
edge of interband direct transitions and
coresponding to excitation of the exciton
with a main quantum number n = 2 (the 2s
exciton). From the spectral positions of 1s
and 2s bands, the exciton binding energy
R,, and the band-gap energy E, = E, +R,, is
determined. Let the determination of E, and
R,, for Cdl, [11] be taken as an example.
Apparently (Fig. 4), the introduction of
ions Zn into Cdl, film in a low concentra-
tion (x = 0.05) changes cardinally the ab-
sorption spectrum of Cdl,: the absorption
associated with the indirect transitions giv-
ing E,=3.43 eV at 80 K [8] disappears
while the 1s exciton band X; appears at
3.97 eV. The weaker 2s exciton band X' is
located at the short-wave side of this band
at 4.12 eV. R,, = 0.2 eV and the band-gap
energy for direct transitions E,=4.17¢eV
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Fig. 4. Absorption spectra of Cdl, activated with
ions Zn (x = 0.05) at 290 K (dotted line) and
90 K (solid line), dash-and-dot line shows the ab-
sorption edge after separation of the X; band.

are determined basing on these data. The
latter value agrees perfectly with theoreti-
cal evaluation of E, =4.3 eV at 30 K [7]
for direct allowed transitions. A similar
analysis of exciton bands in Znl, in [11]
gives R,, = 0.16 eV and E, = 4.62 eV (see
Table). This analysis has been carried out
using the model of Wannier-Mott excitons
(large radius excitons). A number of the
difficulties due to the crystal anisotropy
and an the intermediate character of exci-
tons between the Wannier-Mott ones and
Frenkel excitons (small radius excitons)
arises when studying the exciton states in
layered crystals with large E, and ionic
character of interatomic bond.

When considering the anisotropy influ-
ence on the exciton spectrum of layered
crystal, the parameter y= g 1) /guy, is in-
troduced taking into account the permittiv-
ity difference at E, perpendicular and par-
allel to ¢ and reduced electron and hole
masses || and w [20]. At y<<1, the excitons
acquire two-dimensional (2D) character and
are located in one layer. But at y=1, the
model of 2D exciton will not be realized
because of & >¢ and p>p; and, as experi-
ments have evidenced, the excitons show 3D
character in many crystals. Besides, even at
y<1, the anisotropy influences assessment
R,, and E, only a little [11].

It follows from the above that it is nec-
essary to assess the exciton radius a,, to
clear up the exciton states character in Cdl,
and Znl,. To calculate a,,, let the data be

used from [17] on energies fiogg = 0.075 eV
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and fiopg = 0.0124 eV for transversal and
longitudinal optical phonons at Egle. The
static dielectric permittivity gy is calculated
using these values and the known value gg:

o (5)
g0 = sw[m—;ﬂ - 12.1.

Since the effective permittivity g,r>¢,,
but g,4<gy for excitons of an intermediate
coupling, then

R (6)
Rexgeff

Qex = ap

where ap = 0.529:1078 ¢m is the Bohr ra-
dius; R=183.6 eV, the Rydberg constant;
R,, = 0.2 eV for Cdl,. The value g,/ is un-
known, therefore, let its extreme limits be
used. At g,qr = &), we get a,, = 2.98-10°8 cm,
and at €,; =€, @, =8.15-107% cm. The
first assessment is in a full inconsistency
with the large radius exciton model, because
for this model a,,.>a; of Cdl, lattice parame-
ters, while for Frenkel exciton, a,,.<a;. The

second assessment is more realistic, as a,,~a;
and we have excitons of an intermediate band

for which g,y it is close to &, A similar
calculation using formula (6) at Eoff = €0
gives a,, = 12.9:1078 cm for Znl,.

4. Conclusion

The refractive index and its dispersion
has been measured in thin Cdl, and Znl,
films. It is shown that the spectral depend-
ence n(A) consists with the monooscillatory
Wemple model within the 300-1000 nm
range. The n()\) data for Cdl, are compared
with data for single crystals obtained by
other authors, and it is found that the Cdl,
films are textured with the texture axis
being parallel to ¢ axis and have a low po-
rosity. The found parameters E,; for the
Wemple model are compared to theoretical
calculations of the electron spectrum and
measurements of the Cdl, fundamental band
spectrum. The band gap energy found from
the measurings for direct allowed transi-
tions (4.17 eV, 90 K) agrees well with theo-
retical calculations (4.3 eV). The optical
permittivity is found also using the monoos-
cillatory model parameters. The radius of 1s
exciton in Cdl, and Znl, is calculated using
the optical permittivity. It is shown that
the excitons in these compounds belong to
excitons of an intermediate bond.
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Optika i

Jducnepcia MoOKasHMKA 3aJOMJIEHHS
y Torkux miiskax Cdl, Tra Znl,

O.H.FOnaxoea, B.K.Munocnaécekuii, E.H.Kosanenkxo

VY romkmx mriskax Cdl, Ta Znl, Bumipaso aucmepcio mMOKasHHKa 3aJOMJEHHS B iHTe-
pBani poexkuHu XBuiIb 300—-1000 HM, i omep:kaHi pesynbTaTu 00pOOJIEHO 3 3aCTOCYBaHHAM
OTHOOCIIUJIATOPHOI Mojesi, fAKa QoOpe Y3rofKyeThbCAd 3 €KCIePUMEeHTAJLHUMH TaHUMU. 3a
3HalileHNMH IIapaMeTpaMH Iiiei Mozesi BH3HAUEHO ONTHUYHY [ieeKTPUYHY NPOHUKHICTB €
000X CIIONYK, AKY BUKOPHCTAHO JJIf IIOJAJBIIOrO aHANisy ekcuToHHMX cradis y Cdl, Tta Znl,
i, soxkpema, AJa BUSHAUEHHA pajiyca l1s-excuToHiB. 3HalifleHi sHaUeHHSA a,, € OIU3LKUMH [0
nmapamMeTpiB eJeMeHTapHOI KOMipKH CIIOJIYK, IO BKasye Ha HaJIEKHICTh eKCUTOHIB B 060X
CHOJIYKaX [0 €KCHUTOHIB IPOMiKHOTO €JIeKTPOH-IipPKOBOTO 3B’A3KY.
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