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CdTe semiconductor has proven to be a
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Optical constants, dispersion and oscillator parameters of CdTey ¢Seq ¢ thin film depos-
ited onto quartz substrates by the quasi close-space sublimation method is studied. The
study of optical functions is performed on the basis of the experimentally measured
transmission spectrum by the Swanepoel method. The spectral behavior of optical fune-
tions, such as refractive index and dielectric functions is established. The refractive index
was extrapolated by the Cauchy and Sellmeier dispersion relationships over the spectral
range from 900 to 2500 nm. The dispersion of the refractive index is discussed in terms
of the Wemple and Di Domenico single oscillator model. The spectral behavior of optical
dielectric functions was studied in the framework of the Drude free electron model. For a
thin CdTeq¢Sey, film, the optical mobility, optical resistance, relaxation time, plasma
frequency, and carrier concentration are determined for the first time.

Keywords: thin films, refractive index, optical dielectric function, relaxation time,
optical mobility.

IMoxasauk zamomaenns i omrwuni giemexrpuuni ¢ymrnii Tomkoi maiskum CdTej ¢Se ,
ocaJikeHol MeToaoM KBa3izamkHeHoro o6’emy. A. Kawyba, I', Invuyr, I. Cemria, I, Kynvo,
H, IToxnadox, H, Yrpaineys

OnTuyHi KOHCTaHTH, AMCIEPCida Ta mapaMeTpy OCITUJIATOpAa MOCHIAMKEHO AJIS TOHKOI ILTiBKM
CdTeqp gSep ocamxenoi Ha KBapIOBY MiAKIAAKY 3a TOIOMOIOI MeTOLy KBasisaMKHYTOTO
o6’emy. HocmimxeHusa onTUUHNX (PYHKITIHI BUKOHAHO HA OCHOBI €KCIEPUMEHTANLHO BUMIPAHOTO
creKTpy mnpomycKauusa merogoMm Cpelinmosia. BeTaHOBIEHO CHEKTPasbHY IIOBEIIHKY ONTHYHIX
GYHKITIH, TAKNX AK IIOKASHUK 3aJOMJIEHHA Ta TiesqeKTpuuHa (GyHKIiA. [lokasHUK 3aI0MJIeHHS
€KCTPAaIOIOBAIN 34 AOIOMOIOI aucnepcifinux cuiBBismomens Kol ta Sesamaiiepa B crexTt-
panbHOMY miamasoHi Bix 900 mo 2500 M. Hucnepcia moxkasHMKa 3aJI0MJIEHHS OOTOBOPIOETHCA B
MesKax ogHoocruiAaTopHol Moxeni Bemmma i i Homeniko. CroekTpalbHy IOBEAIHKY ONTHYHIX
IienmekTpruHMX GYHKIIN JOCTIIKEHO B paMKaxX Mojeli BimbHUX eneKTpoHiB Hpyze. dna ToHKOI
maiBku CdTeggSeq  Bllepille BCTAHOBIEHO ONTUYHY DYXJHMBICTb, IMTOMMUIT ONTHYHMUIL Omip, Yac
peJaxcaltii, IIa3sMoOBy YacTOTy Ta KOHIIEHTPAITil0 HociiB.

1. Introduction vices. CdTe-based solar cells attract much
attention from researchers since CdTe is

leading compound for manufacturing cost- characterized by a directly forbidden gap
effective second-generation photovoltaic de- with an energy bandwidth of ~ 1.4 eV [1]

332

Functional materials, 30, 3, 2023



A.Kashuba et al. / Refractive index and optical ...

and a high absorbance (above 10% cm™!) [1].
This makes it an excellent light-absorbing
layer for solar cells. When forming high-ef-
ficiency heterojunctions based on p-CdTe
used as window layers of solar batteries,
cadmium sulfide is mainly employed [2].
CdS is characterized by a high absorbance
and high photoconductivity in the visible
region. In the solar cells based on the
CdS/CdTe heterojunctions, the thickness of
the CdS layer in most cases is about 150—
300 nm [3]. In this case, photogenerated
charge carriers almost completely recombine
inside the CdS film and do not generate
photocurrent.

The occurrence of photocurrent is also
negatively affected by the lattice mismatch
between CdTe and CdS layers. Despite the
reduction in the lattice mismatch between
the CdTe and CdS layers due to the forma-
tion of CdS,Te,;_, (CdTe,S;_,) solid solu-
tions, a high defect density causes a loss of
efficiency [4]. CdSe can be an alternative
solution to the problems originating from
CdTe/CdS junction. In recent years CdTe,_
«Se, solid solution is one of the promising
materials to improve solar cells [5]. CdTe,_
«Se, thin films with the desired composition
can be easily synthesized by numerous
methods (high-vacuum evaporation of the
certain elements [6] or solid solution based
on them [7]; co-evaporation of CdTe and
CdSe [8]; close space sublimation [9]; hot
wall deposition [10]; molecular beam epi-
taxy [11]; electron beam deposition [12];
electrodeposition [18]). CdTe,_,Se, forms
cubic (zinc blende) and hexagonal (wurtzite)
phases, depending mainly on the choice of
method for its synthesis and on the specific
growth parameters [9, 13, 14, 15]. But for
solar cells, only the cubic structure of
CdTe,_,Se, is acceptable due to its photoac-
tivity and ability to convert light into pho-
tocurrent, while the hexagonal structure is
not photoactive [14].

The aim of the present work is the inves-
tigation of the optical properties of CdTe,_
«Se, thin films produced on quartz sub-
strate by the quasi close-space sublimation
(quasi-CSS) method. The transmittance
spectra in the visible and near-infrared re-
gions (900-2500 nm) are studied at room
temperature. Refractive index and optical
dielectric function are determined from the
measurements of transmittance spectra.
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2. Experimental

CdTe,_,Se, thin films were deposited on
quartz substrates using the quasi-CSS tech-
nique at a pressure of 1.107% Torr [16, 17].
Polycrystalline CdTegsSepgs powder was
used as the source. The temperatures of the
source and the substrate were 900 K and
700 K, respectively. The temperature was
controlled using a PID regulator of tem-
perature PE-202, using a thermocouple of
the "K" type. The relative error in tempera-
ture did not exceed 0.2 %. The substrates
14 mm in diameter were used for deposition
of CdTe,_,Se, thin films. Before the film
deposition, the substrate surface was
cleaned by boiling in a high-purity CCl, so-
lution during 0.5 h.

As a result, CdTe,_,Se, thin films with a
thickness of ~ 1.2 um were obtained (as es-
timated from measurements with a Veeco
profilometer). According to X-ray diffrac-
tion (XRD) analysis, the CdTe,_,Se, thin
film is a single-phase and crystallizes in a
cubic structure (unit-cell dimensions a =
0.6395(3) nm and V = 0.2616(4) nm?2 [17]).
The energy dispersive X-ray (EDX) analysis
was used to estimate the chemical and com-
ponent composition of the thin film. Based
on XRD and EDX, the content of Se was x
= 0.1 in the sample. The Se content in this
polyerystalline film is much lower than that
in the source (i.e., in the polycrystalline
CdTegs5Segs powder). The same situation
was described in [18]. It is also observed
when the Cd,_,Zn,Te and Cd,_Mn,Te films
are deposited. This phenomenon is due to
nonequilibrium deposition in the CSS-growing
process [18, 19]. The results of the XRD and
EDX analysis were reported early in [17].

The optical transmission spectra (Shi-
madzu UV-3600) of the obtained samples
were studied in the visible and near infra-
red regions at room temperature. Spectra of
the optical transmission, reflection and ab-
sorbance in visible and near-infrared re-
gions (400-2500 nm) were discussed in
[16]. Also in [16], absorption and extinction
coefficients were estimated from the spectra
of the optical transmission and reflection.

In this work, the refractive index and
optical dielectric functions were estimated
for CdTey gSeq 1 thin film by the Swanepoel
method [20, 21]. This method is applicable
in the case of a weakly absorbing thin film
on an entirely transparent substrate that is
much thicker than the thin film. These con-
ditions are met in this work.
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Fig. 1. Blue line — the experimentally ob-
tained transmission spectra of CdTeggSeq 4
thin film and substrate in the transparency
region; dashed line — envelope curves for
interference maxima — T, = and minima —
T, green line — linear fitting of experi-
mental transmission spectra.

The refractive index n(l) of the
CdTeggSeg 1 thin film can be calculated
using the following equation:

n=VN+ (N2 - n2'%, (1)

T T . 2. n2+1
N=2ns TmaX'Tm.ln_’_ 28

max min

b

where n, is the refractive index of the sub-
strate:

ns=l+\/T—12 1, (2)
S

TS

T, is the transmittance of the substrate in
the transparent zone. Spectral behavior of
the T, for quartz substrate is described in
[22]. It should be emphasized that Eq. (1) is
valid only within the interference zone. Out-
side this zone, the refractive index can be
determined using an extrapolation of calcu-
lated data [23].

The real and imaginary parts, €; and &,,
of the complex dielectric permittivity €,

E=¢g + i82, (3)

are related to the refractive index n and
extinction coefficient k£ by Egs. (4) and (5),

€ = n2 — kz, 4)

€9 = 2nk. (5)
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Fig. 2. Refractive index n(A) as a function of
wavelength for CdTejoSey thin film. Inset
— refractive index in coordinates (n? — 1)7!
= f(hv)?, red line — linear fitting.

3. Results and discussion

Fig. 1 shows the combination of the
transmission spectra of the CdTeggSeq4
thin film and substrate in the transparency
region (900-2500 nm). The total transmis-
sion spectrum of the CdTeygSey 4 thin film
and substrate in the range between 400 and
2500 nm was given in [16]. The transmis-
sion coefficient strongly depends on the
film structure, which is determined by the
preparation methods, film thickness and
deposition conditions. The transmission
spectra of the thin films exhibit periodic
peaks and minima associated with interfer-
ence effects, indicating the high structural
perfection of thin films. A very rough surface
will destroy the interference due to multiple
reflections. The envelop curves of T,,,, and
T nin can be obtained by extrapolation of ex-
perimentally determined points of location of
interference maxima and minima (Fig. 1).

The dependence of the refractive index
on wavelength is shown in Fig. 2. The re-
fractive index of the thin film decreases
with increasing wavelength. The dispersion
spectrum of the refractive index was fitted
using the Cauchy formula [24]:

n=A+ﬁ+F,

where A, B and C are the Cauchy’s parame-
ters. For A — o, the significance of the A
parameters appears immediately as n.. Also,
we note that for the analysis of the refractive
index by Eq. (6) we used two representations

of the Cauchy formula, with and without the
inclusion of the parameter C.
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Table I. Cauchy and Sellmeier parameters obtained from approximation of the spectral depend-
ence of the refractive index for CdTejSeq ¢ thin film

Model Parameters n, R?
Cauchy | -4 | A=3.1993 B = —24488.5996 C = 6.82626-10" 3.1993 0.996
~A 2| A=38.18731 B = 54361.52729 - 3.18731 0.965
Sellmeier o=2.18761 B =24169.63439 3.18761 0.967

Table II. Wemple and Di Domenico parameters obtained from approximation of the spectral
dependence of the refractive index for CdTej4Seq ¢ thin film

E,, eB E,, eB ng

M4

M_5, eB2 7, eB2? B, eB

6.50 59.59 3.19

9.17

0.28 387.885 0.93

Another model used in studying the dis-
persion of the refractive index is the Sell-
meier model [25], which gives:

(7

n=1+7b2_[3’

where o and P are the Sellmeier parame-
ters. Under these conditions we can see
that n_ = (1 + o), and the calculated values
are given in Table I.

The dispersion of the refractive index is
normal (An/AA <0) and it is well described
by the single oscillator model. In the inset
of Fig. 2, the lines show the fitting of ex-
perimental points using the single oscillator
model in the form proposed by Wemple and
Di Domenico [26]:

E, - E,
E§ — (hv)?

n(hv)? — 1 = (8)

were E, is the single oscillator energy; E; is
the dispersion energy; and Av is the photon
energy. Both Wemple parameters can be ob-
tained from the slope and y-intercept of the
plot, (n2 — 1)™1 = f(hv)2. The values of these
parameters are summarized in Table II.

The refractive index ng=n (hv =0 eV)
can be determined by Eq. (9).

N1+-¢

Ey”

9

n0=

The M_; and M_3; moments of the optical
spectra can be obtained from the following
relations [27]:

M_,
M_g°

M3

M_g

(10)

B3 =gt B3
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The oscillator strength (f) is expressed
according to Wemple and Di Domenico via
the following formula [28]:

f=E.E,. (11)

Also, E; is the measure of the strength
of interband optical transitions that obeys
the simple empirical relationship:

E;=BN,Z,N,

ca e

(12)

N, is the coordination number of the cation
closest to the anion, Z, is the formal chemi-
cal valency of the anion, N, is the effective
number of valence electrons per anion. In
our cause, N, =4, Z, = 2 and N, = 8. Using
Eq. (12) we obtained the value B = 0.93 eV.
B essentially takes on two wvalues: the
“ionic” value B; = 0.26 + 0.04 eV for hal-
ides and most oxides, and the "covalent™
value B, = 0.87 4+ 0.05 eV for ANBSN type
structures [29]. We can assume that this
behavior is associated with a decrease in the
dispersion of energy levels [30] upon going
from 3D crystal to 2D thin film.

The calculated spectral distributions of
the optical dielectric function are shown in
Fig. 3 and 4. For the values of n much
greater than %, the value of ¢, is approxi-
mately equal to n2, and the dependence of
€(A\) can be fitted using the relation [31]
valid for the free electron light absorption,

() o
m*

where ¢ is the speed of light, m™ is the
effective mass of the carrier, N, is the car-
rier density, e is the electron charge, and
€. is the high-frequency dielectric constant.
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Table III. Energy properties of the CdTe, ¢Seq ¢ thin film

e, (N,/m*), kg7l m™3 N, m3 ®, s1 T, s Hopts m2/V-s Popr QL1
10.31 1.62:1047 4.8.10%8 2.16-1010 8.76-108 4.75-10°62 3.63-10°11
10.7

10.6

10.5

10.4

10.3

10.2
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A, nm

Fig. 3. Real part of the optical dielectric

function (1) as a function of wavelength for

CdTeqp gSeg ¢ thin film. Inset — real part of

the optical dielectric function in coordinates

g, = f(\%), red line — linear fitting.

To obtain the high frequency dielectric con-
stant €. e plot a graph 7> 28 a function of A2
and extrapolate the linear part of the curve
to A2 = 0 (Fig. 8, inset).

Furthermore, the dispersion of the
imaginary part of the dielectric function
€5(A) is used to estimate the relaxation time
(1), optical mobility (uopt) and optical resis-
tivity (popt) in the Drude free electron
model [31, 32] using the relation,

oo ) (M) (L) 9
2 deqmd - 3| |m* | (T]

The parameter T is found from the slope
of the plot €,(A)%, where the value of N,/m"
is taken from Eq. (18). Afterwards, the op-
tical mobility Hop¢ and optical resistivity
Pop: ©f the CdTep ¢Seq 4 thin film are calcu-
lafed by the relations (15) and (16) [81, 32],

et 15
Hopt = ;’ (13)
1 (16)

Popt = e—uop tNC.

The calculated values of the relaxation
time T, optical mobility Hope and optical re-
sistivity p,p; are given in Table IIL.
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Fig. 4. Imaginary part of the optical dielec-
tric function ey(A) as a function of wave-
length for CdTeggSep thin film. Inset —
imaginary part of the optical dielectric funec-
tion in coordinates e, = f(A%), red line — lin-
ear fitting.

Additionally, the electron plasma fre-
quency ((Dp) is calculated using the relation
[31]:

9 1/2 (17)
o, = {;Zi} }

Carrier concentration of the CdTeg ¢Seq 4
thin film can be calculated using the well-
known relation of the semiconductor theory:

3/2
N =2 2nm*kT (18)
c hz ’

where T is thermodynamic temperature. In
our case, measurement was made at room
temperature (T ~ 293 K). The effective mass
of the carrier m” was taken from Eq. (13). As
result, we obtained the value of carrier con-
centration near 4.8109 m™3 in the
CdTeg gSep 4 thin film at room temperature.

4. Conclusions

The refractive index and optical dielec-
tric functions of the CdTeg¢Seq 4 thin film
are determined as functions of the wave-
length using the Swanepoel method. The
dispersion of the refractive index is normal

Functional materials, 30, 3, 2023
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and was successfully fitted with the Cauchy
and Sellmeier dispersion relationships, and
good agreement between the models is ob-
served. Also, the dispersion of the refrac-
tive index was studied in the framework of
the Wemple and Di Domenico single oscilla-
tor model. Based on this model, single oscil-
lator energy, dispersion energy, oscillator
strength and moments (M_; and M_j3) of
the optical spectra were obtained. It has
been established that the “covalent™ value
of B for polycrystalline thin films is higher
than for single crystals. The optical mobil-
ity, optical resistivity, relaxation time,
plasma frequency and carrier concentration
were obtained from the spectral distribution
of optical dielectric functions in the frame-
work of the Drude free electron model. These
parameters (optical mobility, optical resistiv-
ity, relaxation time and carrier concentra-
tion) for the studied CdTe,_,Se, (x =0.1)
thin film have been estimated for the first
time.
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