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Optical characteristics of boron-doped silicon wafers after rapid thermal

annealing
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Introduction

KDB-12 wafers (silicon doped with boron,p-
semiconductor) are used at JSC ,INTEGRAL®“ (Minsk,
Republic of Belarus) as substrates for depositing planar
structures and are the main component of many electronic
and optoelectronic devices. Modeling and manufacturing of
such structures with ultrathin layers require knowledge of
the optical characteristics of the wafers: band gap width,
dielectric permittivity spectra, refractive and absorption
indices. The manufacturing technology of KDB-12 wafers
does not exclude the appearance of an SiO, layer on the
working surface, whose parameters affect the determined
optical characteristics. Accordingly, great attention is paid
to the development of optical methods for monitoring the
process of wafer surface preparation before forming planar
structures. An important step in this preparation is the
passivation of the semiconductor surface, since in the air
environment oxide films naturally form on the surfaces of
most materials. One possible way to improve the surface
properties of KDB is rapid thermal processing (RTP) by
optical pulses of a duration of seconds. RTP technology is
promising for creating ultrathin layers of underlying gate
dielectrics [1].

Numerous optical characteristics [2,3], are used to in-
terpret the physical properties of semiconductors, which
are determined by spectrophotometry and ellipsometry
methods — methods of electrodynamic models. Since the
number of such models is not limited, optical characteristics,
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for example of c-Si, may not coincide [4,5]. The main char-
acteristic of a semiconductor is the dielectric permittivity

[n(2) — k@), (1)

which in Maxwell’s material equations for nonmagnetic
media (u = 1) determines the equations of applied optical
methods. Moreover, the changes in optical properties of
silicon structures are conventionally interpreted by changes
in €(1) and &(A) in the region of Van Hove singular-
ity points (1; =291.8nm, E; = 4.25¢eV), 1, = 361.5nm,
E;, =3.43eV [6-9]. Besides £(1) the spectra of refractive
indices n(A) and absorption k(1) indices that enter equation
(1), as well as important semiconductor characteristics in
band theory — band gap width Eg and Urbach energy E, —
are of interest. Their values are determined from the
absorption coefficient

e(d) =e(A) —ier(R)

_ 4ak(1)
- @)

based on Tauc extrapolation [10] or extrapolation of an em-
pirical dependence Inja(E)] by means of the function [11]

(3)

where E = 12401! is the photon energy in eV (1 in nm).
The value E; characterizes the degree of imperfection of
the semiconductor’s crystal structure. Note that c-Si has a
band gap width of 1.10eV [12] to 1.16 eV [13] for indirect
interband transitions and 3.4 eV [12] to 4.19eV [13] for
direct interband transitions.

a(2)

f(E) = In{a(1240/Ey) exp[(E — Eg)/Eu] }.
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Studies [14-17] by various physical methods have estab-
lished that the thickness of the surface SiO, layer on KDB-
12 wafers after physicochemical treatment is ~ 1.75nm,
and after RTP is ~ 1nm. The influence of ultrathin
surfaceSiO,, layers, which can cover the surfaces of c-Si-
wafers, on the ellipsometric angles A(4), ¥(4) and on the
optical characteristics has been thoroughly investigated [6-
8]. It was established that spectral features in the region
of singularity points of c-Si weaken with increasing layer
thickness. Since when determining the optical constants of
substrates, such layers can be taken into account but it is
difficult to exclude their influence, in practice a simplified
electrodynamic model is sometimes used, in which the
substrate is considered homogeneous, and itse(1) is called
the pseudo-dielectric function (g(1)). In this particular
case, there exists an analytical determination of function
(e(1)). Changes observed [14-17] by spectral ellipsometry
in (k(1)) and (n(1)) in the UV region containing Van Hove
singularity points allowed considering that RTP leads to
increased structural perfection of the wafer surface layer
as a result of solid-phase recrystallization. Reduction of the
SiO;, layer thickness to less than 3nm is accompanied by
the disappearance of the crystalline silicon structure and the
appearance of an amorphous phase. At the same time, these
changes occur due to crystallization of disturbed silicon
near the Si-SiO,, interface, as well as due to annealing of
radiation defects formed in the SiO, layer. At a temperature
near 950° the process of nanocrystal formation of Si in the
dielectric layer begins.

The problem of experimental determination of substrate
parameters in the presence of an ultrathin surface layer with
previously unknown characteristics remains unsolved. This
explains the existence of several alternative approaches to
its investigation. These include: i) the model of a plane-
parallel layer of effective medium [6-9]; ii) the Fermi model
to represent the change of dielectric permittivity by layer
thickness [19]; iii) the integral layer model [20]; iv) the
polarized dipole layer model [21].

The ambiguity of the inverse optical problem solution
for determining parameters of structures with surface
layers also occurs in coherent multi-angle ellipsometry.
When determining the thickness and refractive index of
nanoscale films deposited on substrates with unknown
thin transition layers, both real and numerical experiments
with monochromatic ellipsometry (LEF3M, A = 632.8 nm),
show the feasibility of replacing the structure substrate [22]
— transition layer by a substrate with (n) and (k).
The work [23] presents dependencies of A(6) and (6)
measured on LEF3M for silicon wafers of orientation
(100) (hole conductivity, p = 1.5QS). When determining
refractive index and thickness of the surface layer, it was
assumed that the substrate has n = 3.865 and k = 0.018
or n=3.85 and k =0.023. It was found that calculated
parameters for different substrates differ and depend on
the angle of incidence. Calculations of five parameters of
the reflecting structure showed that for a thermally grown
layer d =8.6nm, n=1.46, k=0.00014, and substrate
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Figure 1. Measured (points) and calculated (lines) spectra of
KDB-12 wafer.

characteristics in this case are n=3.81, k=10.021. In
work [21] based on angular dependencies ofA(0) and (6)
measured on LEF3M, the following were obtained for the
KDB-12 wafer n=3.83, k=0.0001, and for thermally
grown SiO; layers of thickness 10 nm and 933 nm, n = 1.46
and k = 0.0001.

In [24] for c-Si (2 =546.1nm, n=4.05, k=0.028)
dependencies of A(0), ¥(0) and an angle of incidence
0 = 76.13° are presented, for which A = 90°, and 1 reaches
a minimum value (min). According to Brewster’s law,

n = tan(0) 4)

is found to be nNn=4.05. The spectral ellipsometry
calculations of quartz glasses based on data by equation
(4) were carried out in [25]. Possibly, Brewster spectral
ellipsometry can be used as an independent method to
assess the refractive index spectrum of semiconductors.

This communication develops a method to exclude the
influence of the surface oxide layer located on KDB-12
wafers after RTP on the optical characteristics determined
by ellipsometry methods. This made it possible to compare
the main optical characteristics of pure and boron-doped
silicon.

Methodology and experimental technique

Samples used were KDB-12 wafers (N = 10" cm—3,
p =12Q8) of orientation (100) with a diameter of
100 mm, obtained by the Czochralski method.  One
surface of the wafers was subjected to mechanical pro-
cessing and etched for (3 4+ 1)min minutes in hydroflu-
oric acid solution. Then rapid thermal processing was
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carried out by irradiating the non-working (matte) side
of the wafer with a light pulse for 7s in an Ar at-
mosphere at annealing temperature (1025 +1)°C. As a
result of such sample preparation, the informativeness of
optical methods is provided by the near-surface wafer
layer with thickness on the order of the light penetra-
tion depth. = When solving inverse ellipsometry prob-
lems for c-Si-substrates with an SiO, layer up to 2
nm thick using Deltapsi2 software installed on a Horiba
UVISEL 2 ellipsometer, the discrepancy x> between
measured and calculated spectra A(1), (1) should not
exceed 0.2.

The spectra A(A1) and (1) of KDB-12 wafers sub-
jected to rapid thermal annealing (RTP) were measured at
room temperature using a Horiba UVISEL 2 ellipsometer
at angles of incidence (6) 70° (200nm< A < 2000 nm),
73°—-80°, (300nm< A < 800nm) and on LEF3M at inci-
dence angles from 72°to 78° (A0 = 2°). The reflection
coefficients of s- and p-polarized lightRs, Rp) of these
wafers were measured on a PHOTON RT spectrophotome-
ter (EssentOptics, Belarus) at incidence angles 30° and 60°
(200nm< 4 < 700 nm). The choice of incidence angles and
spectral ranges for ellipsometry measurements was based on
the recommendations of the DeltaPsi2 software.

Results and Discussion

We apply equation (4) to estimate the refractive indices
of KDB-12 wafers. On the spectra of ellipsometric angles
1(A)measured at 6 from 75° to 80°Brewster intervals
are clearly identified (Fig. 1). Within these intervals,
wavelengths can be determined at which the angle of
incidence equals the pseudo-Brewster angle (¥ = ¥min).
As 0 increases, wavelengths corresponding to the main
and pseudo-Brewster angles move into the ultraviolet (UV)
region. Moreover, the difference between these wavelengths
increases due to the increase in the semiconductor’s absorp-
tion coefficient.

Table 1 lists the incidence angles, wavelengths corre-
sponding to min and Brewster refractive indices np, for
the KDB-12 wafer, calculated using equation (4). Optical
characteristics at the wavelength 632.8 nm were numerically
determined from ellipsometric angles measured on the
LEF3M.

Assuming (problem A) that a plane-parallel SiO,, n(4)
layer with refractive index given analytically [26] lies on a
homogeneous substrate. Its complex dielectric permittivity
£(1) is modeled by a 4-oscillator amorphous materials [27]
model with unknown parameters €., Eg, A:, Bs, Cg,
where £ € 1 + 4. These fitting parameters are selected by
DeltaPsi2 software to calculate the layer thickness, material
composition, and spectra K(1), n(1) of the substrate. For
all unknown parameters (Table 2, row A) measured spectra
A(2) and (1) at incidence angles 73° — 80°were used. Ini-
tial approximations for e, Eg, A¢, Be, C: of the 4-oscillator
model were taken from DeltaPsi2 recommendations for c-Si.

Table 1 shows refractive and absorption indices of the KDB-
12 substrate for this ellipsometric inverse problem. Consider
the calculation results (Table 2, row A): i) x* > 0.2; ii) the
fitted parameter Eq = 2.73 eV indicates that boron doping
shifts the absorption edge into the visible region, and for
A > 454.2nm the KDB-12 wafer should be transparent;
iii) theSiO, layer thickness is 2.4 times larger than values
determined by non-optical methods in [14-17]. These
factors indicate the need for a more complex electrodynamic
model of the KDB-12 substrate.

Assuming (problem B) that on a substrate, whose dielec-
tric function €(1) is modeled by a 4-oscillator amorphous
material model, there are five Bruggeman layers. The pa-
rameters of the layers, starting from the one on the substrate,
have indices j € 1+-5. Two-component effective Bruggeman
layers include c-Si (%) and KDB-12 ((100 — f)%), while
the surface layer (j =35) contains SiO, (f%) and c-Si
(100 — f)%) or SiO, (f%) and amorphous silicon (a-
Si, (100 — f)%). Thicknesses and material compositions
of these layers were determined using DeltaPsi2 software.
This electrodynamic substrate model is partly based on
conclusions of [18]. Results of problem B are given in
Table 2. Analysis shows: i) the KDB-12 wafers after
RTP have a surface SiO,, layer of thickness (ds = 1.1nm)
matching values from [14-17]; ii) beneath this SiO, layer
there is a heterogeneous layer 71.4 nm thick in which c-Si
concentration increases from 24.2% toward 100% near the
working surface (with corresponding decrease in KDB-12
content); iii) refractive indices calculated for this model are
close to ng, (Table 1); iv) the fitted parameter Ey = 2.92eV
confirms that boron doping shifts the absorption edge into
the visible and that KDB-12 is transparent at 1 > 424.7 nm.

An attempt was made (problem C) to exclude the plane-
parallel SiO, layer of known thickness (d = 1.1nm) and
known refractive index [26] in the algorithm calculating
spectra N(1) and k(1) of the KDB-12 substrate (Table 1),
whose complex dielectric permittivity (1) is found without
any dispersion model. In the algorithm, ¢ is the root of the
equation

f(e) = tanp exp(iA), (5)

where ¥ and A are experimental polarization angles,

¢ (o)~ "o _ (¥piNacosd — ¥pn3) (siNg cos 6 + 1)
€)= s (¥pina cos O +yn2)(Psing cos 6 — 1)

ro and rs are amplitude reflection coefficients of p- and
s-polarized waves from the layer SiO, KDB-12 substrate
structure,

Yp = (22 + n2 sin’ 9) cos(okod) +izero ! sin(okod),

¥y, = izcos(okod) — (2% + g sin® 0)ae; ! sin(okod),
s = cos(okod) +iza " sin(akod),

Yl =iz cos(okod) — sin(okod),

Optics and Spectroscopy, 2025, Vol. 133, No. 8
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Table 1. Optical characteristics of KDB-12 wafers

0° A,nm Np; Problem A Problem B Problem C
n k n k n k
80 403.8 5.671 5475 0.110 5.567 0.042 5.392 0316
79 4224 5.147 5.036 0.026 5.102 0.00005 4998 0.209
78 457.7 4.705 4561 0 4.599 0 4551 0.120
77 4979 4332 4.266 0 4291 0 4276 0.080
76 573.9 4011 3975 0 3.992 0 3982 0.048
- 632.8 3.853 3.848 0.028 3.865 0.028 3.852 0.033
75 7424 3.732 3.705 0 3.727 0 3.711 0.023
r a oF b
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Figure 2. Optical characteristics of KDB-12 wafer andcSi.
ko =21/, z=1/e—nlsin®0, o= /er —sin®0 the short-wave region (A1 > Adkpp > Alcg;) relative to the

Ny = 1.0003 — refractive index of air. To avoid problems
computing complex radicals, it is expedient to choose &
as the unknown quantity in equation (5) instead of z.
Then equation (5) reduces to a cubic equation in z, which
can be solved by the contour integration method [28].
e=2>+n sin® @ is found after calculating z. Spectra A(R)
and (1), measured at 6 = 70°. were used in calculations.
Initial approximations for €;(1) and &,(1) were dielectric
functions of c-Si. Table 2 confirms the known conclusion
that the results of inverse optical problems depend on the
chosen sample models. Figure 2 shows spectra (n(1)),
n(A) (a), and spectra (k(1)), k(1) (b). Spectra of optical
characteristics of c-Si on this figure are taken from [4].

In the visible region (380nm < 4 < 800 nm) inequalities
Npr > Ncsi > Nkpp > (N) and (k) > kxpp > Kcsifor refrac-
tive and absorption indices hold. The refractive indices ng;
are the maximum possible for KDB-12. The maxima of
the spectra (k(1)), Kesi(4) and kkxpg(1) are shifted toward
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corresponding singularity points at 291.8 nm and 361.5 nm.

To determine the band gap width of the investigated
semiconductor, the method proposed in [11] was used.
The experimental dependence In[a;(E)] Fig. 3) shows
two linear regions, whose linear interpolation by lines (3)
in the interval 0.62eV < E < 1.88¢eV gives Eg; = 1.04 ¢V,
Eu1 = 0.32¢V and in the interval 1.88eV < E < 2.8 ¢V the
interpolation yields Eg; = 1.98 ¢V and E, = 0.51eV.

Similar calculations for c-Si are shown in Fig. 3. To
determine In[a;(E)] data from k(1) [4] were used. In this
case, there is one linear region whose linear interpolation by
line (3) yields the characteristic Eg = 1.14 eV of crystalline
silicon. On the curve, two linear regions can also be
distinguished, whose linear interpolation by lines (3) in
the range 0.62 <E < 1.39¢eV gives (Eg1) = 1.08¢V and
(Eu1) = 0.43 ¢V, and in the range 1.39eV< E < 2.8¢eV we
have (Eg) =1.81eV and (Ep) =0.63eV. Close values
of Eg; and (Eg;) for KDB-12 wafers are due to the small
thickness of the near-surface SiO, layer.



840 N.I. Staskov, A.A. Sergeychik, A.B. Sotsky, A.N. Pyatlitsky, V.A. Pilipenko, L.I. Sotskaya,...

Table 2. Results of the inverse problems A and B of spectral ellipsometry

Problem Eg,eV E0o A, eV B:, eV Ce,eV? f,% dj,nm
A 2.73 6.366 0.068 6.863 11.793 100 dy =242
0.165 7.329 13.520
0.546 8.665 18.525
-0.582 7.673 17.263
B 292 8.047 0.122 6.871 11.819 f1 =242 d =222
0.545 7.190 13.092 f, =619 d, =252
0.027 11.578 33.806 f3 =284.0 d; =23.6
0.197 8910 20.010 f4 =100 d; =04
fs =100 ds =1.1

14
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S
T
Ju—
N8}

In(oy); f1, /2
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T
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Figure 3. Calculation of the band gap width of KDB-12 and c-Si.

In [29] Tauc graphs are presented for determining the
optical band gap width of Si@O@AI nanocomposite films
on quartz substrates. The graphs also show two regions: a
short linear region nearE < 2.0eV attributed to absorption
contribution of nanocrystalline silicon(Eq = 1.15¢V), and
a longer almost linear region (E > 2.0eV) due to the
nanocomposite absorption contribution.

The presented data (Fig. 3) show a decrease in the
silicon band gap width upon boron doping for indirect and
direct transitions. This decrease is due to the location of
the impurity acceptor levels in the forbidden gap near the
valence band edge.

The defined criteria for verifying solutions of inverse
ellipsometry problems A—C are: i) the smallest discrepancy
value %2 equal to 0.07, between measured and calculated
reflection coefficients Rs, R, at two incidence angles is
achieved with an SiO, layer thickness of 1.1nm using
spectra k(1), n(1) of the KDB-12 wafer from solu-
tion C; ii) the refractive indices of the KDB-12 wafer at
A =632.8nm (Table 1), determined by spectral (problem

C) and monochromatic ellipsometry methods, almost co-
incide; iii) width of bandgaps (Fig. 3) KDB-12 and c-Si
(% was used to determine them)k(1) from problem C);
iii) satisfactory correlation of values for ¢-Si k(1), n(1) for
A =632.8nm (Table 1) agree well with data from [23].

In [30] photoacoustic spectra for KDB with boron con-
tent (N =4.-10"®cm—>) determined Eg = 1.06¢V. With
increasing boron impurity concentration N = 4 - 102 cm =3
a red shift of (e;(1)) and (e5(1)) toward longer wave-
lengths and an increase in lifetime at two singularities E;
and Eywere observed.

Figure 4 shows dielectric permittivity spectra of the KDB-
12 wafer and c-Si. The first Van Hove singularity point
(A1 = 291.8 nm) for c-Si is characterized by &, = —4.24for
KDB-12 by & =1.08 and (g;) = —3.36. The second
Van Hove singularity point (1, = 361.5 nm) is characterized
for ¢-Si, € =29.69 and for KDB-12 by ¢ = 31.17 and
(e1) = 25.19. The wavelengths characterizing maxima &, of
the two Van Hove singularity points for c-Si and KDB-12
do not coincide. Near the first singularity point for c-Si
€2(291.8) = 46.82 and for KDB-12 ¢£,(290.2) = 44.16 and
(€2(291.1)) = 38.58 are observed. Maxima of the &(1)
function for KDB-12 relative to maxima of c-Si are shifted
toward shorter wavelengths or higher energies (blue shift).
Near the second point for c-Si €,(361.5) = 36.43 and for
KDB-12 £,(360.3) = 34.47 and (e,(362.2)) = 35.64 are
observed. The maximum of function &(A;) for KDB-12
relative to the corresponding maximum forc-Si is shifted
toward shorter wavelengths or higher energies (blue shift).
However, the maximum of function (e;(1,)) for KDB-12
relative to the corresponding maximum ¢;(4,) ¢-Si is shifted
toward longer wavelengths or lower energies (red shift),
similarly to [31].

Conclusion

By excluding a known plane-parallel surface layer in
the algorithm calculating the main optical spectra of
the semiconductor substrate using spectral ellipsometry
without any dispersion model, the following functions
and characteristic parameters have been determined for
KDB-12 wafers after RTP: ¢;(4) and &(1); n(1) and

Optics and Spectroscopy, 2025, Vol. 133, No. 8
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Figure 4. Dielectric permittivities of KDB-12 and c-Si.

k(1); band gap widthsE™" = 1.04¢V and EJ" = 1.98¢V;
Urbach energies E/™" = 0.32¢V and EJ" = 0.51eV. The
technological process of producing KDB-12 wafers, which
includes boron doping of silicon during crystal growth,
physicochemical treatment, and rapid thermal annealing for
surface passivation, leads to the formation under the SiO;
layer of a thickness-nonuniform layer with uneven boron
incorporation into the crystal lattice of c-Si. The main cause
of nonuniformity is the rapid thermal annealing of KDB-
12 wafers. Differences between KDB-12 and c-Si: i) in
the visible range (380nm < 2 < 800 nm) refractive and ab-
sorption indices satisfy inequalities Ng; > Ncsi > Nkpp > (N)
and (K) > kkpp > Kcsi; 1) maxima of the spectra (k(1)),
Kesi(A) and kgpg(4) are shifted towards the short-wave
region ({(Al) > Adkpp > Alcsi) relative to Van Hove sin-
gularity points at 291.8 nm and 361.5 nm; iii) boron doping
decreases the silicon band gap widths for indirect and direct
transitions; iv) & (1) and &,(1) spectra of KDB-12 are
shifted relative to c-Si spectra toward short wavelengths;
v) the function &;(1) near the second singularity point has
a complex structure.

Brewster-angle spectral ellipsometry may be used for
rapid estimation of refractive index dispersion of wafers in
the visible spectral region.
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