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Temperature dependence of the spectra of optical constants of CdTe

in the region of the absorption edge
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In this work, the spectra of optical constants of epitaxial layers of cadmium telluride near the fundamental

absorption edge are studied. For this purpose, ellipsometric measurements of the layers under study were carried

out in a vacuum chamber in the temperature range from T = 38◦C to 275◦C. A numerical algorithm has been

developed for solving the inverse ellipsometry problem for the structures under consideration, with the help of

which the spectral dependences of the refractive index n(λ) and absorption index k(λ) are determined in the

wavelength range from 700 to 1000 nm. The parametric dependences of k(λ, T ) in the fundamental absorption

region and in the transparency region are presented. The presence of an extended absorption tail in the transparency

region was established, presumably associated with imperfections in the crystal structure.
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1. Introduction

Cadmium telluride is a semiconductor with band gap

E0 ≈ 1.5 eV. It finds application in solar power engineering,

the design of X-ray radiation detectors, and several other

branches of industry. Specifically, CdTe layers are used

as a buffer in molecular-beam epitaxy (MBE) of mercury

cadmium telluride solid solutions for matching of lattice

constants. The optical properties of crystalline CdTe

have been examined at room temperature [1] and within

a wide temperature range [2]. The authors of these

papers have presented experimental data and performed

a detailed theoretical analysis of the specific features of

dielectric function ε(E) of crystalline CdTe. Various ways to
define ε(E) analytically have been examined: the oscillator

model, the dielectric function model (MDF), and the

standard critical points model. This ab initio theoretical

description reproduces the overall shape of function ε(E)
within a wide spectral range, but does not provide a close

fit to experimental data.

At the same time, exact values of refraction n(λ) and

absorption k(λ) indices in the chosen spectral region

(specifically, near the fundamental absorption edge) are

required in a number of applied problems. These data are

crucial for material characterization, since optical properties

are sensitive to crystalline perfection, the presence of

impurity inclusions, mechanical stresses, temperature, and

other physical factors.

The specific features of spectra in the region of the

absorption edge for CdTe films synthesized in various

ways have been examined in [3–5]. An ellipsometric

method of in situ temperature measurements for MBE

process monitoring has been developed in [6,7] based on

the temperature dependence of the fundamental absorption

band edge. Absorption band edge λ0 was distinguished

by the onset of interference oscillations of ellipsometric

parameters 9 and 1 on the grown CdTe layer. With

this edge identification technique, the accuracy of the

developed methods was on the order of 0.5 nm. This

accuracy may be enhanced by determining λ0 from the

reconstructed absorption index k(λ) profile instead of 9,

1 oscillations. The shape of the k(λ) dependence near the

fundamental absorption edge and in the Urbach tail region

also provides valuable insights into the crystalline perfection

of the examined material [8]. In addition, a database of n(λ)
and k(λ) is relevant to numerical modeling for photometric

and ellipsometric applications.

All these considerations motivate in-depth research into

the optical constants of CdTe in the indicated spectral

region. In the present study, the results of ellipsometric

measurements for thin cadmium telluride layers grown

by MBE are reported, and a mathematical algorithm for

determining the spectra of optical constants n(λ) and k(λ)
and their temperature dependence near the absorption edge

is detailed.

2. Experimental

An MBE setup discussed in detail in [9] was used to

grow CdTe films on a Si substrate with a 40-nm-thick
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ZnTe buffer layer. The growth process was monitored

with a built-in spectral ellipsometer. The thickness of CdTe

films was estimated at ∼ 6µm based on the growth rate,

which was determined from ellipsometric data, and the

growth time. Ellipsometric measurements were performed

for grown samples without contact with the atmosphere (in
a vacuum chamber under a residual pressure on the order of

10−6 Torr). The samples were heated by thermal radiation

from a furnace positioned in the immediate vicinity. Their

temperature was determined based on ellipsometric spectra

in accordance with the procedure outlined in [6,7].

The ellipsometer was operated in the static mode [10]
within the 350−1100 nm range. The 700−1000 nm spectral

range, which contains the CdTe absorption edge, was

examined in the present study. Measurements were

performed with a spectrum scan step of 1 nm. The spectral

resolution was ∼ 5 nm. The time of measurement of a

complete ellipsometric spectrum was 36 s. The accuracy of

determination of ellipsometric parameters was δ9 = 0.05◦

and δ1 = 0.1◦, and the long-term stability was 0.01◦ .

3. Specific features of solving the
inverse ellipsometry problem

Figure 1 presents the spectra of ellipsometric parameters

for the Si/ZnTe/CdTe sample with CdTe layer thickness

d ≈ 6µm. These spectra are related to optical constants

and layer thicknesses by the well-known ellipsometry

equation [11] that may be presented in a symbolic form:

tg9(λ) ei1(λ) = F(n(λ), k(λ), d). (1)

The optical model characterized by Eq. (1) included a ZnTe

layer with a thickness of 40 nm, a CdTe layer, and a surface

layer that reproduced the roughness of CdTe. The dashed

curve in Fig. 1 is the calculated 1(λ) spectrum in the

absorption region. The optical constants of CdTe and ZnTe

needed for calculations were taken from [12]. The observed

discrepancy between measured and calculated spectra is

rectified by introducing a surface layer with thickness

dox = 1.3 nm, which is needed to factor in the roughness

parameters, into the model. The optical constants of this

layer were determined in accordance with the Bruggeman

model [13].

If the thickness of ZnTe and CdTe layers and the surface

layer is known, the problem of determination of n and k
from Eq. (1) at a given wavelength is a well-posed one and

may be solved numerically. We used a proprietary iterative

algorithm based on the calculation of the target vector in

the domain of required parameters. However, a problem

of uniqueness of solution arises when this algorithm is

executed. Dots in Fig. 2 denote the values of refraction

index n within the interval from 2.95 to 3.15 that are the

solutions of Eq. (1) for the experimental spectra from Fig. 1.

These solutions were found by a straightforward exhaustive

search through the values of n within the indicated interval
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Figure 1. Spectra of ellipsometric parameters measured for the

CdTe 6 µm layer.
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Figure 2. Possible solutions n for the sample with its 9(λ) and

1(λ) spectra shown in Fig. 1 (symbols). The solid curve is one

of the search algorithm execution branches. The dashed curve

represents a probable transition to a neighboring branch, which

crosses the chosen branch at point A.

(with step size δn = 5 · 10−4) and a search through k within

the interval from 0 to 0.2 with the same step.

A pair of (n, k) values was considered

to be a proper solution if target function

S = (9meas −9calc)
2 + 0.5(1meas − 1calc)

2 < 0.005,

where 9meas, 9calc, 1meas, and 1calc are the measured

and calculated values of ellipsometric parameters expressed

in degrees, was obtained by inserting this pair into Eq. (1).
It can be seen from Fig. 2 that several solutions may exist
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Figure 3. Spectral dependences of refraction (a) and absorption (b) indices calculated based on experimental data for various

temperatures that are indicated (in degrees Celsius) next to the corresponding symbol curves. Solid curves represent the approximation of

experimental k(λ) spectra by formula (3).

within a narrow n interval at the chosen wavelength. The

evident multiplicity of solution branches is a manifestation

of a multitude of interference periods attributable to a

considerable thickness of the CdTe layer. The solid curve

represents one possible solution provided by the numerical

algorithm advancing steadily from shorter wavelengths to

longer ones. A problem of numerical searching arises at

the point of intersection between two branches (point A

in Fig. 2). Having reached this point, the algorithm may

switch to a neighboring branch (see the dashed curve in

the figure). A break and a derivative jump then emerge

in the obtained n(λ) dependence. In order to avoid such

transitions to neighboring branches, we applied the criterion

of smoothness of functions n(λ) and k(λ) in execution of

the algorithm.

4. Temperature dependences of the
spectra of optical constants and their
parameterization

Using the calculation method discussed above and ex-

perimental data, we calculated spectral dependences n(λ)
and k(λ) within the temperature range from 38 to 275◦C.

Certain example curves are presented in Fig. 3. As the

temperature increases, the spectra of n and k shift toward

longer wavelengths and broaden around λ0. It is noteworthy

that weak oscillations manifest themselves in the trans-

parency region at λ > λ0 in the calculated spectra. These

oscillations are attributable to the ellipsometric measurement

uncertainty arising due to restrictions associated with the

coherence length of a spectral line. The spectral band of the

ellipsometer (5 nm) does indeed cover a considerable part

of an interference period, which, according to the data from

Fig. 1, is on the order of 20 nm. This affects the accuracy of

measurement of ellipsometric spectra and leads to distortion

of calculated n(λ) and k(λ) functions. In subsequent

interpretation of the measurement data, smoothing and

averaging of oscillations was performed.

The absorption index spectrum is of principal interest in

the context of characterization of the material properties. A

k(λ,T ) dependence in a parametric form is useful in various

applied problems. According to the Kane model, absorption

coefficient α = 4πk/λ for direct-gap semiconductors in the

region of photon energies E = hc/λ exceeding band gap

energy E0 is given by [14]

α(E) ∼
√

E − E0

E
.

The wavelength dependence of the absorption index then

takes the form

k ∼ λ2

√

hc
λ

− E0. (2)

The obtained experimental k(λ) curves are characterized

well by this formula only in the immediate vicinity of λ0
(within ∼ 10 nm). Conspicuous is the fact that experimental

dependence k(λ) remains linear with a fair degree of

accuracy within the 700−800 nm range. If one discards

band theory calculations and instead tries to find a proper

analytical dependence to characterize experimental data, a

fine fit is provided by the following empirical formula:

k(λ) =
b(1− A|λ − λ0|)
1 + exp

(

λ−λ0
δλ

) , (3)

where A, b, and δλ are adjustable constants. Their physical

meaning is simple: b = 2k(λ0), product Ab sets the slope of

the linear spectrum part, and δλ specifies the broadening of

the step. Fitting of the model curves was performed for all

measured k(λ) spectra, and the temperature dependences

of A, b, and δλ were found. Quantity λ0, which characterizes

the optical band gap, was also treated as an adjustable

parameter in the process. As was noted in [15], the value

of λ0 may be determined by establishing the position of the

maximum steepness of dependence k(λ). We determined
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Figure 4. Temperature dependences of absorption edge λ0
and broadening parameter δλ (symbols) determined from the

approximation of experimental k(λ) spectra by formula (3).
The dashed line is the linear approximation of experimental

dependences. The leftmost vertical scale presents the values of

λ0 in electronvolts.

all four parameters of formula (3) by minimizing difference

F = 6λ(kcalc − kexp)2 between calculated and experimen-

tal k values in the λ < λ0 region. The criterion of maximum

steepness of experimental k(λ) spectra at point λ = λ0 was

satisfied automatically in this case.

The solid curves in Fig. 3 represent the approximations

of two experimental k(λ) dependences corresponding to

the temperatures of 38 and 275◦C by formula (3) with

the determined optimum values of fitting parameters. This

formula provides a very accurate description of behavior

of k(λ) in the CdTe absorption region at λ < λ0. The mean-

square deviation between the calculated and experimental

curves is 10−4, and the maximum deviation does not exceed

2·10−3 . The temperature dependences of parameters δλ

and λ0 are shown in Fig. 4 with approximations by linear

functions (temperature is expressed in degrees Celsius)

δλ = 3.55 + 0.0297T, (4)

λ0 = 823.8 + 0.207T. (5)

The leftmost vertical scale presents the values of λ0 in

electronvolts. The linear dependence coefficient for λ0(T )
is 3.45·10−4 eV/◦C, which is close to the value of

3.57·10−4 eV/◦C derived from the experimental data pre-

sented in [2].
The temperature dependences for coefficients A and b

take the form

A = 1.51 · 10−3 + 1.28 · 10−6T − 3.3 · 10−09T 2, (6)

b = 0.137 − 2.44 · 10−05T. (7)

Combined with (4)−(7), formula (3) specifies the para-

metric temperature dependence of the absorption index of

CdTe within the wavelength range from 700 nm to λ0.

At λ > λ0, formula (3) provides an adequate fit to

experimental k(λ) spectra only in the high-temperature

region. The dependence of the absorption coefficient on the

photon energy in the transparency region for a direct-gap

semiconductor is specified by the Urbach equation [16]:

α(hν) = α0 exp

(

hν − E0

W

)

,

where E0 = hc
λ0

is the optical band gap and W is the

Urbach energy that sets the rate of decay of the exponential

function. It follows that the absorption index should satisfy

equation

k(λ) = Cλ exp
((λ0 − λ)E0

λW

)

. (8)

Constant C in (8) is determined from the matching con-

dition for formulae (3) and (8) at point λ = λ0: C = b/2λ0.
Attempts at characterizing the experimental k(λ) curve in

the transparency region with this exponential dependence

failed. The dashed curves in Fig. 5 are the result of

calculations by formula (8) at different Urbach energy values

for T = 38◦C and T = 275◦C. The exponential dependence

is fitting only within the initial section of experimental

curves near λ0; the rate of subsequent decay of the

absorption coefficient is much slower.

Absorption near the band gap edge is governed by the tail

of the density of states and depends on the electron–phonon
interaction, crystal structure defects, and the presence of a

background impurity and other crystal lattice imperfections.

Dynamic (governed by the phonon spectrum) and static

(associated with defects and temperature-independent)
components are distinguished here [17]. Following this

concept, we tried to present experimental dependence k(λ)
as a sum of two terms that are similar to (8) and have

different Urbach energies W1 and W2:

k(λ) = C1λ exp
( (λ0 − λ)E0

λW1

)

+ C2λ exp
( (λ0 − λ)E0

λW2

)

.

(9)
Formula (9) contains three fitting parameters, since it still

follows from the matching condition that C1 + C2 = b/2λ0.
The solid curves in Fig. 5 are the result of approximation

of experimental data by a sum of two exponential functions

(formula (9)) with the optimum values of W1 = 9.5meV

and W2 = 120meV (for T = 38◦C) and W1 = 21meV and

W2 = 81meV (for T = 275◦C). The temperature depen-

dences of W1 and W2 are shown in Fig. 6. Energy W1

increases by a factor of 2.5 within the considered temper-

ature interval. This is quite explicable if one assumes that

the first term characterizes the contribution of the electron–
phonon interaction. In contrast, the value of W2 decreases

slightly as the temperature grows. It is fair to assume that

the second term in (9) corresponds to the contribution

of structural imperfections. The presence of an extended

absorption tail in the band gap may characterize the degree

of crystalline perfection of epitaxial CdTe layers. There

is no need to solve the inverse ellipsometry problem and

calculate dependence k(λ) if only a qualitative estimate is

required. As was proposed in [6], the decay of absorption
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Figure 5. Spectral dependences of absorption index k(λ) for

T = 38◦C and T = 275◦C. Experimental data are represented

by symbols, and dashed curves are the result of calculations by

formula (8) at different Urbach energy values: W = 10 (1), 15 (2),
30 (3), 24 (4), 35 (5) and 70meV (6). The solid curve is the

approximation by a sum of two exponential functions with different

Urbach energies.
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Figure 6. Temperature dependences of energies W1 and W2 .

Experimental data are represented by symbols, and dashed lines

are their linear approximations.

may be evaluated by examining the rate of enhancement

of interference oscillations of ellipsometric parameters that

occurs as one ventures deeper into the transparency region.

5. Conclusion

Spectra of optical constants of semiconductors contain

a wealth of data on their electrophysical characteristics

and structural perfection. The method for solving the

inverse ellipsometry problem for film structures, which was

developed here, provided an opportunity to calculate the

spectra of optical constants of epitaxial CdTe layers near

the fundamental absorption edge and their temperature

dependences.

Analytical formulae presenting the temperature depen-

dence of absorption index spectra in a parametric form

were derived. The presence of a weak absorption tail in

the transparency region was established. The wavelength

dependence of absorption is characterized by a sum of

two exponential functions. The first function is associated

with the electron–phonon interaction, while the second one

specifies the contribution of structural defects. The presence

of an extended absorption tail may characterize the degree

of crystalline perfection of a material.
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