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Abstract. Problems of semiconductor optical spectrum identification are considered in the paper.
Some model s for description of optical reflection spectrain semiconductors and semiconductor struc-
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Measurement and registration of spectra in each spe-
cific case have their own peculiarities [1-7]. Amongst
known spectroscopic methods, methods of reflection,
transmission and photoconductivity are most often used
[4-7]. For spectrum measurements applied are diffrac-
tion spectrometers and interferometers of various kinds.
The essential progress in the development of spectroscopy
is connected with Fourier spectrometers [8-10].

Improvement of methods and facilities of optical
spectroscopy is highly actual and significant problem. Its
solution cannot be reduced only to tasks of perfecting,
modernizing and revising instruments in the hardware part.
This problem is complex and depends on instruments, al-
gorithms of processing and methods of spectrum analysis.
Certainly, the knowledge of regularities in spectrum changes
and methods of spectrum analysis allows finding, register-
ing, as well as producing an evaluation of qualitative and
quantitative features of an object under investigation. Com-
bining the optical spectrum methods of measurements with
methods of extraction, processing and analysis of informa-
tion opens broad possibilities in studying different solids.

Within the range of the wavenumbers from 10 up to
1000 cm™! in optical reflection spectra of semiconductors
and semiconductor structures observed are bands of re-
sidual rays caused by lattice and plasma vibrations, the
latter being oscillations of free charge carriers: electrons or
holes. Besides, in optical reflection spectra of film struc-
tures, interference phenomena can be pronounced.

In the Fig. 1 shown is the reflection spectrum of the
binary semiconductor — gallium arsenide (n-GaAs) with
the low concentration of free electrons (n ~ 101¢ cm™3).

Within the range of wavenumbers from 250 up to 300 cm !
a band of residual rays (lattice vibrations) is clearly pro-
nounced, while the weak plasma reflection edge can be
observed in the range between 20 to 50 cm ™. In the Fig.1
arrows show frequencies of transversal (TO) and longitu-
dinal (LO) optical phonons.

Identification of the Fig.1 type spectra and obtaining
information on optical phonon frequencies and plasma
reflection frequency is usually made visually on the base
of knowledge about similar material spectra as well as
physical processes caused by optical radiation. Reflec-
tion spectra of the film semiconductor structures, espe-
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Fig. 1. Optical reflection spectrum of n-GaAs.
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cially of multicomponent solid solutions, have more com-
plex appearance and are sufficiently difficult to be iden-
tified visually, sometimes, it seems impossible because of
superposition with phonon and plasma fluctuations.

Along with it, optical reflection spectra of semicon-
ductors and semiconductor structures can be created by
the way of modeling. Tailoring theoretical spectra under
experimental data turns out to be possible to determine
important parameters and features of semiconductors:
plasma frequency w,, transverse optical phonon fre-
quency wr, concentration n and mobility u of free carri-
ers. Besides, spectra of long-wave optical reflection en-
able one to determine a thickness of semiconductor and
dielectric layers.

Dielectric permeability model. When studying long-
wave excitations, a crystal can be considered as continuos
medium. The macroscopic theory of long-wave optical lat-
tice vibrations in ionic crystals was developed for the first
time by Juan Kun [11]. Itis based on assumption that long-
wave vibrations in ionic crystals, containing two ions in
each elementary cell, connected with a relative displace-
ment of positive and negative ion sublattices. Considera-
tion of the motion equation for longitudinal and trans-
verse ion vibrations allows to get the simple relation be-
tween frequencies gf longitudinal wy; and transversal wr
vibrations: COE = _sw% , Where & — steady-state dielec-
tric permeability, &, — dielectric permeability at an
infinitly large frequency.

According to the dielectric permeability model (taking

into account non-harmonic effects) developed by Juan Kun,
the refraction index could be determined by the formula:

1
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where yis the decay parameter; w— a current frequency.

If a photon energy is less then the forbidding gap, then
interaction of electromagnetic radiation with free carriers
becomes essential. The refraction index in this case can be
determined by the formula [12]:
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where @, is a plasma frequency; —an effec-

tive mass of carriers; U —
the charge of the electron.

Taking into account contributions of lattice (1) and
plasma vibrations (2) the refraction index can be deter-
mined by the formula [4]:

a mobility of carriers; e —
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where €, is a high frequency dielectric permeability;

w,—plasma frequency; wr; —a frequency of j—transver-
sal optical phonons; w—a current frequency; S;—a power
of the j-oscillator; T—a time of relaxation; y; —a decay
parameter. In the case of a solid solution, the high-fre-
quency dielectric permeability £, can be determined by
the linear interpolation of a respective component val-
ues. Power of possible oscillators can be calculated by
the formula: s; = (g4 —€qj)Xj , Where g4, €5 — high
frequency and low frequency dlelectrlc permeablhtles
x; —molar share of the component.

Modeling of optical reflection spectra of semiconduc-
tors and semiconductor structures can be based on general-
ized models of the refraction index (dielectric permeability) (3).

Matrix formalism in optical reflection spectrum cal-
culations for semiconductor structures. Determination of
the reflection index of non-homogeneous semiconductor
structures is required in some cases. To describe of opti-
cal reflection spectrum of the semiconductor structures
consisting of an epitaxial layer on a substrate, one can
use the single-layer model. In this case the reflection in-
dex from the substrate side is [3]:

_|@=n)+@+n)[(n-ng)/(n +ng)] Exp(i 4rrd1)|2
" |@+n)+@-n)[(n-ng) /(n +ng)] lexp(i4mch)|
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where n, ny — indexes of layer and substrate refraction,
respectively, & — a layer thickness, 0 — a wavenumber,
i=J-1.

For modeling the optical reflection spectra of semi-
conductors and semiconductor structures, the matrix
method is the most suitable. The matrix method as ap-
plied to dielectric layers is described in [13]. This method
allows to take into account non-homogeneity of solid
structures by splitting them on separate uniform layers
and describing each layer by a characteristic matrix.

If a multi-layer structure consists of N layers (see Fig.
2), the matrix M for the area, comprised between z = 0 and
z=h, equals to a product of the matrixes M, for these layers:

N
M:IJ:!M

j ®)
In the case of a uniform layer (ny =n, =n) the cha-
racteristic matrix is as follows:
[cosBn
0

M=0 0, (©)
HrinsinBn cosfBn H

(=i /n)sinBn0
O

where B = 2mmoh , 0—a wavenumber, | =v-1.
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Fig. 2. Schematic of the refraction index profile for the multilayer
film structure.

In practice, often used are layers having gradient of
refraction index, the value of which can reflect epitaxial
growth conditions, processes of diffusion or created in-
tentionally to provide required structure features. Hy-
perbolic distribution of the refraction index can be used
for such structure description:
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where n(z) is a refraction index, n; and n, — values of
refraction index at layer boundaries, / — its thickness.
This distribution is rather suitable, because under a small
(nz = ny)
m
when using a matrix formalism, to write a characteristic
matrix of the layer in the following analytical form:

value of it is practically linear and allows,
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where a = mEﬂnEn»lE, m? = 0B [y [y f —l,ﬁ =2mch,
no an - nl) H 4
o—wavenumber, & — layer thickness.

The reflection coefficient as a function of an electric
field strength is expressed through the matrix elements m;;:

My + My Chg)ng —(Mpg + mzzns)|2
(M1 + MyaNg)Ng + (Mpg +MppNg) |
where 1, —a substrate refraction index.

Spectrum modeling. In the Fig. 3, the solid line
presents reflection spectra of the binary semiconductors
InSb (n ~ 10'° cm™3), InAs (n ~ 2.600'° cm3) and InP
(n~10'"°cm), in long-wave IR band. In these spectra, the
bands of residual rays at 185, 220 and 310 cm!, as well as
plasma reflection near 100 cm ™! are clearly pronounced.

Optical reflection spectra shown in the Fig. 3 are well
described using the single oscillator dielectric permeabil-
ity model, according to which refraction index is ex-
pressed by the formula (3), at the number of oscillators
j=1. Theoretical spectra were fitted to the experimental
ones till achieving the best coincidence. Values wp, wr,
T, S= &— &, and y were used as variable parameters.
Parameter values of samples 1,2 and 3 (see Fig.3), deter-
mined as a result of fitting the theoretical spectra to ex-
perimental data, represented in the Table 1.

In the Fig. 4 shown are the reflection spectra of n-
InAs samples having different free carriers concentra-
tions. The sample 2 has larger free carrier concentra-
tion, than the sample 1. Influence of free carriers on the
reflection spectrum is graphically illustrated. The edge of
plasma reflection with increasing concentration of free car-
riers is displaced to short waves (greater wavenumbers).
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Fig. 3. Reflection spectra of n-InSb, n-InAs and n-InP at 300 K.
Lines show experimental data, dots — calculated ones. Spectra 2
and 3 are shifted along the vertical axis. Origins are marked to
the right.

Table 1. Values of parameters for three samples of semiconductor compounds

Sample Eo £g wr sem ! S y, cm ! Ol)p,cm’1 T,cm
1 —n-InSb 15.7 17.9 180 2.2 4.0 78 0.08
2 —n-InAs 11.8 14.6 219 2.8 8.0 73 0.04
3 —n-InP 9.6 12.6 306 3.0 5.5 65 0.02
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Fig. 4. Reflection spectra of n-InAs for two values of free charge
carrier concentrations: / — n = 2.600'6 cm™3 (w, =73 cm ) 2 -
n = 2600 cm™ (w, = 550 cm™!). Line — experiment, dots —
calculation.

In the Fig. 5 depicted are changes of minimum posi-
tions in the reflection spectrum depending on plasma fre-
quencies w,. Reduction of the relaxation time 7 with in-
crease w, taken into account in all calculations. Change
was supposed to be linear, but numeric values were based
on data obtained when analysing experimental curves of
Fig. 4. Strong interaction (coupling) between LO phonons
and plasmons appears in the case of w,= wy o. Herewith,
lower minimum is displaced below wy g (refer to the curve
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Fig. 5. Change of minima positions in n-InAs spectrum in de-
pendency on the plasma frequency w,.

1 in the Fig. 5), while the upper one above wy g (the curve
2 in the Fig. 5).

In practice often used are multi-layer structures and
layers having a gradient of composition, concentra-
tion and mobility of free carriers. In the Fig. 6, optical
reflection spectra of the epitaxial structure p-
InAsg ¢35bg 12Pg.25:Zn/n-InAs are shown. The main fea-
ture of these reflection spectra is that they cannot be de-
scribed by means of single-layer model because of the
deep penetration of zinc into the substrate during the dif-
fusion process. To describe the spectrum of optical re-
flection, we used the two-layer model. The refraction in-
dex was calculated by the formula (3) at the number of
oscillators j = 3. The characteristic matrixes of layers
and substrates were determined by the formula (6), the
characteristic matrix of the structure — by the formula
(5), the reflection coefficient — by the formula (9). Values
of layer parameters, determined due to procedures of fit-
ting the theoretical spectra to experimental data, are rep-
resented in the Table 2.

The first figure in the index (see Table 2) indicates a
layer number, the second one — an oscillator number (for y).
Notice that first from the surface layer is a solid solution,
while the second layer is formed in the substrate due to diffu-
sion of Zn impurity. It is ascertained that the first layer
thickness is 7; = 2.2 pm, but the second one /1 = 18 um. The
parameter /1, defines a period of oscillation in the part of
the spectrum below 200 cm™!. These oscillations are
caused by interference in the layer between the space
charge area and epitaxial layer. By the parameter

hs = h; + hyitis possible to evaluate the position of the p-
n transition in this structure.

Some better coincidence between theoretical and ex-
perimental results (as compared to Fig. 6, approximately
by 5 %) is reached when using the two-layer model with
gradient layers, in which the hyperbolic distribution (7)
and characteristic matrix (8) are used.

The quality of information obtained using the calcu-
lating models of optical spectra can be judged consider-
ing the validity and accuracy of determined parameters
of semiconductor structures. On the base of parameters
of calculating models, it is possible to quantitatively evalu-
ate different semiconductors features.

Evaluation of validity and accuracy. Validity and
accuracy of parameters obtained from calculating mod-
els, were estimated using sensitivity to such parameters of
the layer w,, 7, x and /A taking as an example the p-
InAs ¢3Sby.12Pg.25/n-InAs structure. The calculated model
has sufficiently high sensitivity to changes of plasma fre-
quencies w,. Moreover, it is observed practically a linear
dependency. So, with changing w, by 10%, the maxi-
mum value of the reflection coefficient R varies by ap-

Table 2. Parameters of layers for the semiconductor structure p-InAs 3Sbg 12P¢.25:Zn/n-InAs

Wpr,em™ Wpo,emt T 10°, cm T, 103, cm yip, em™ yp,, em! Viz, cml A, um Ao, pm
220 55 2.0 0.11 16 25 27 2,2 18
SQO, 5(3), 2002 291
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proximately 10%, too. It should be noted that the largest
change of the reflection coefficient takes place in the
range of lattice vibration frequencies and is connected
with plasmon-phonon interaction. Analysis of other pa-
rameter deviation shows that the time of relaxation T
weakly influences upon the reflection coefficient R, and
when 1 changes by 50 %, the reflection coefficient R is
changed not more than by 8 %. The model is sufficiently
well sensitive to changing the parameters # and x. The
change of /1 by 50 % results in the change of the reflection
coefficient R up to 15 %, but x by 10 % — to changing the
reflection coefficient R up to 25 %. If the lower limit of
sensitivity is taken as ~ 3 %, we can get estimates of rela-
tive inaccuracies of determined parameters. The relative
inaccuracy of parameter determination for a semicon-
ductor layer is summarized represented in the Table 3.
Evaluation of free carrier concentrations and
mobilities. Fitting parameters obtained from the calcu-
lating models and accumulated in tables 2 and 3, ena-
bled us to eventually determine such important features
of semiconductors as a concentration of free charge car-
. . . w%mueosm Tl
riers and their mobility: n=————— and U= —-
e m
Here, &) is a dielectric constant, m* — effective mass of

charge carriers; — mobility of charge carriers; e — charge
of the electron. Values n and u obtained from optical
measurements sufficiently well coincide with n and pval-
ues determined using the Hall e.m.f. measurements.
Evaluation of the penetration depth for electromagnetic
radiation. The formula 1(x) = | exp(-ax) is known in
physics as the Bouguer-Lambert-Beer law, where

Table 3. Relative inaccuracy in determined parameters of the
semiconductor layer

Parameter Relative Basic value
inaccuracy
W, 0.03 210 cm™!
T 0.5 0.03cm
h 0.15 2.4 um
X 0.05 0.25
R
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Fig. 6. Reflection spectrum of the epitaxial structure p-
InAsg ¢3Sb0 1Py 25:Zn/n-InAs. Line — experimental, dots — calcu-
lation.
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a=2

is an absorption coefficient, I, — intensity of

light entering through a surface into a sample. It follows
from the formula that the value inverse to the absorption
coefficient a! is numerically equal to the layer thickness
that provides weakening the intensity of passing light by
e times. The depth of electromagnetic penetration can be
evaluated using the formula:

-1
2rman"(w) °

(10)

where n" () is the imaginary part of the refraction index,
0— wavenumber.

In the Fig. 7 illustrated are dependencies of the pen-
etration depth of electromagnetic radiation on the fre-
quency for different values w, calculated using the for-
mula (10). The imaginary part of the refraction index
n"(w) was determined by the formula (3). The lowest value
of the penetration depth takes place near w;. With in-
crease of the plasma frequency the penetration depth de-
creases. So, under w, = 550 cm ™! (that corresponds to
n ~ 10'8 cm™3), curve 1 (Fig.7), the penetration depth
does not exceed some micrometers.

As seen from the presented material, optical reflec-
tion of semiconductors and semiconductor structures is
rather informative. The developed way of modeling the
spectra of optical reflection of semiconductor structures
allows to take into account an arbitrary amount of lay-
ers, both uniform and the gradient ones. The method is
applicable for the broad class of semiconductor struc-
tures on the base of A3B3 solid solutions and other com-
pounds.
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Fig. 7. Depth of optical emission penetration into n-InAs: [ —
@, =550 cm™'; 2 — @, = 300 cm!; 3 — @, = 75 cm L.
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