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Abstract In this paper, a non-contact method that allows

to determine the carrier concentration in CdSe crystals is

presented. The method relies on the measurement of the

effective infrared absorption coefficient by means of the

photothermal infrared radiometry (PTR). In order to obtain

the effective infrared absorption coefficient and thermal

diffusivity, the frequency characteristics of the PTR signal

were analyzed in the frame of a one-dimensional heat

transport model for infrared semitransparent crystals. The

carrier concentrations were estimated using a theory

introduced by Ruda and a recently proposed normalization

procedure for the PTR signal. The deduced carrier con-

centrations of the investigated CdSe crystals are in rea-

sonable agreement with those obtained using Hall

measurements and infrared spectroscopy. The method

presented in this paper can also be applied to other semi-

conductors with the carrier concentration in the range of

1014–1017 cm-3.

1 Introduction

Electrical characterization techniques of bulk semicon-

ductors using conventional methods are very often incon-

venient as electrical contacts are needed. For industrial

applications, on-line inspections are required. In this con-

text, non-contact, non-destructive and fast methods for the

measurement of thermal and electrical properties of semi-

conductors seem to be more appropriate. Photothermal

radiometry (PTR) is a non-contact method which enables

to measure optical and thermal parameters of materials [1,

2]. In the case of semiconductors, PTR additionally yields

information about the recombination parameters [3, 4].

Recently, it was found that for infrared (IR) semitrans-

parent semiconductors, it is possible to obtain information

on the carrier concentration with quantitative values after

calibration to Hall carrier concentration [5]. In this paper, a

simple normalization procedure of the PTR spectra, which

allows to determine the carrier concentration in CdSe sin-

gle crystals using the normalized effective IR absorption

coefficient measured by means of the PTR method and the

theory proposed by Ruda [6], is presented.

2 Materials preparations and experimental methods

2.1 Materials

n-type CdSe single crystals were grown by the high-pres-

sure Bridgman method without a seed under an argon

overpressure. The crystals were cut perpendicular to the

growth direction into 0.9- to 1.3-mm-thick plates. Next, the

plates were mechanically polished and chemically etched

in a mixture of K2Cr2O7, H2SO3 and H2O in the proportion

3:2:1. Then, they were treated in CS2 and hot 50 % NaOH

solution and finally rinsed in water and ethyl alcohol.

2.2 Experimental setups

The PTR experimental setup is presented in Fig. 1. The

thermal waves were excited using an argon ion laser

(LASER) with an output power of 200 mW and a photon

energy of 2.41 eV (the operating wavelength k = 514 nm).

The laser beam of about 2 mm diameter was intensity
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modulated by means of an acousto-optical modulator (A-O

M) in the frequency range 1 Hz–100 kHz and focused onto

the sample. Two BaF2 lenses (L1, L2) were used to collect

IR radiation from the sample (S) on the photoconductive

mercury cadmium telluride (MCT, HgCdTe) detector with

a detectivity peak at 10.6 lm. The IR transmittance of the

BaF2 lens was about 90 %. The MCT detector covering the

IR range from 2 to 12 lm was supplied with a ZnSe cutoff

filter (F) in the front having a transmittance of about 90%

in the wavelength range of the detector. The signal

(amplitude A and phase u) of the MCT detector was

amplified and filtered by a lock-in amplifier (LIA, Stanford

830 DSP) and analyzed by a personal computer (PC). The

IR spectra were measured using the IRScope II, attached to

a IFS 66 IR spectrometer (Bruker GmbH, Ettlingen, Ger-

many) equipped with the liquid N2 cooled mercury cad-

mium telluride (MCT) detector. The detailed description of

the IR spectrometer and an experimental procedure were

presented elsewhere [7]. The IR absorption coefficients

were calculated from the transmission spectra under the

assumption that the optical reflection coefficient is constant

in the investigated spectral range.

3 Theoretical model

In the Drude theory, the free carrier absorption is propor-

tional to the carrier concentration N and can be written as

follows [8]

b kð Þ ¼ e2 � N � k2

4 � p2 � me � e0 � c3 � nr � s
; ð1Þ

where e is the elementary charge, me is the effective mass

of an electron, e0 is the electric permittivity, c is the speed

of light and s is the relaxation time of the scattering pro-

cesses. For semiconductors, however, the dependence of

the optical absorption coefficient on the wavelength of the

absorbed radiation is rather of the type of b(k) * kp, where

2 \ p B3.5. The parameter p depends on the scattering

mechanisms. There are three main types of scattering

mechanisms: acoustic phonons, optical phonons and

impurity scattering mechanisms. Using the quantum

mechanical approach, it is possible to calculate the free

carrier absorption coefficient. The IR absorption coefficient

can be written as a sum of all scattering mechanisms as

follows [9]

b kð Þ ¼ Aacoustic � k1:5 þ Aoptical � k2:5 þ Aimpurity � k3:5;

ð2Þ

where Aacoustic, Aoptical, Aimpurity are proportionality coeffi-

cients for particular scattering mechanisms.

For semiconductors with the carrier concentration N, in

the range of 1014–1017 cm-3, Ruda [6] found the following
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Fig. 1 PTR experimental setup
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Fig. 2 IR absorption spectra as a function of wavelength k for CdSe

crystals with the best fits using formula (4) (lines) to the experimental

data. For clarity, the experimental points were reduced
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relationship between the IR absorption coefficient mea-

sured at k = 10 lm, the p coefficient and the carrier con-

centration for n-ZnSe:

N ¼ 6:7 � 1015 � 3:5� pð Þ � b kð Þ; k ¼ 10lm: ð3Þ

4 Experimental results and discussion

According to the validity range of the Ruda formula, the

method presented should be applicable for the carrier

concentration in the range 1014–1017 cm-3. Two samples

that possess a concentration within almost this range were

available for this study. Figure 2 presents the IR absorption

coefficients for CdSe crystals. As one can observe with an

increasing excitation wavelength, the IR absorption coef-

ficient increases monotonically. This behavior is typical for

an absorption caused by free carriers. In Fig. 1, the

experimental data are displayed together with a fit using the

relation:

log b kð Þð Þ ¼ aþ p � log kð Þ ð4Þ

The obtained fitting parameters p for a-CdSe and

b-CdSe are 2.43 and 2.30, respectively. The absolute error

in determination of the p parameter is Dp = 0.02 and 0.03,

respectively. This means that the dominating scattering

mechanism in these crystals is the phonons scattering

mechanism. Assuming that the formula (3) can be applied

to the n-CdSe crystals, the carrier concentration can be

estimated. The carrier concentrations for a-CdSe and

b-CdSe crystals calculated with the formula (3) are

1.38 9 1017 and 3.54 9 1016 cm-3, respectively.

The effective IR absorption coefficient and the thermal

diffusivity of CdSe crystals were estimated using the one-

dimensional heat transport model for IR semitransparent

crystals [5]. The experimental procedure consists in

measuring the PTR signal in the transmission and reflec-

tion configurations with the PTR signal obtained in

reflection configuration used as the reference signal. The

applied theoretical approach is valid only for semicon-

ductors with very short recombination lifetime (with a

direct energy bandgap). For semiconductors with an

indirect energy bandgap, such as silicon, the influence of

plasma waves has to be taken into account. In paper [5],

authors found the very good agreement between the

experimental values of the thermal diffusivity obtained

using the PTR method and the photopyroelectric tech-

nique [10]. The good agreement of the data obtained by

the two different techniques proved the reliability of the

PTR data and of the theoretical approach based on the

adjustment of the two parameters, i.e., the thermal diffu-

sivity Dt and the effective IR optical absorption coefficient

bIR,eff. The obtained results of the effective IR absorption

coefficient for a-CdSe and b-CdSe crystals were 7.5 ± 0.2

and 0.9 ± 0.1 cm-1, respectively.

The effective IR absorption coefficient bIR,eff represents

the IR absorption coefficient averaged over the wavelength

range of the MCT detector, in this case, in the wavelength

between 2 and 12 lm. When the IR absorption coefficient

increases monotonically along with the increasing excita-

tion wavelength in the detection wavelength range, one can

normalize the effective absorption coefficient to the IR

absorption coefficient measured at k = 10.6 lm. Figure 3

presents a proposed normalization procedure.

Figure 3 shows that the relation between the effective IR

absorption coefficient and the IR absorption coefficient

measured at k = 10.6 lm using the IR spectrometer for the

samples investigated can be linear in the first approxima-

tion. The slope coefficient is 2.6 ± 0.2. A limitation of this

procedure is worth to be discussed here. In the case of

semiconductors with the carrier concentration higher than

2 9 1017 cm-3, this procedure failed. For example, for

Cd1-xMgxSe crystals, the free carrier absorption region

moves toward smaller wavelengths of about 6 lm [7].

Multiplying the values of the effective IR absorption

coefficient of CdSe crystals and the slope coefficient, one

can calculate the normalized effective absorption coeffi-

cient bn,IR,eff. Assuming that the Ruda formula can be

rewritten (3) as follows

N ¼ 6:7 � 1015 � 3:5� pð Þ � �bn;IR;eff ; ð5Þ

the carrier concentration in CdSe crystals can be calcu-

lated. Table 1 presents the values of the carrier concen-

tration obtained using Hall measurements, the IR

spectroscopy and the PTR method.

As one can see in Table 1, the carrier concentrations

obtained using the three techniques for a-CdSe are in very
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Fig. 3 Relation between the effective IR absorption coefficient and

the IR absorption coefficient measured at k = 10.6 lm using the IR

spectrometer
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good agreement. However, for b-CdSe, the value obtained

from the PTR experiment does not match with the other

values within the experimental uncertainty. The estimated

errors shown in Table 1 were obtained using the exact

differential method taking into account errors in determi-

nation of the normalization slope, p coefficients and

effective IR absorption coefficients. Compared to the Hall

method, the results obtained are in reasonable agreement.

Although the Hall method usually has smaller errors

(1–2 %), the error strongly depends on the sample prepa-

ration procedure (contacts) [11]. The PTR method pre-

sented in this paper does not suffer from the sample

preparation procedure.

5 Conclusions

A simple normalization procedure of the IR spectra is

proposed which allows to determine the carrier concen-

tration in CdSe crystals using the effective IR absorption

coefficient deduced from PTR experiments has been pre-

sented in this paper. The results obtained are in reasonable

agreement with the results obtained from the Hall mea-

surement and the IR spectroscopy. The proposed method

can be used for IR semitransparent semiconductors and

with the carrier concentration in the range between 1014

and 1017 cm-3.
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