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Fluctuation analysis of the surface microrelief of silicon-on-insulator
structures after radiation exposure *
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Using the method of two-dimensional fluctuation analysis, images of the surface of ,silicon on insulator

structures were analyzed.

It is found that the Hurst parameter of the non-irradiated surface was Ho = 0.93,

for y-ray irradiation H, = 0.71—0.87 and for neutron irradiation Hn = 0.91—-0.94. This indicates that non-power
correlations of the height function and random walk type processes for all the samples studied. The influence of
radiation on the change in the standarddeviation and correlation length of the microroughness of the surface of

samples at the microscale and the degradation.
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1. Introduction

Surface and layer interface micro-roughness is an im-
portant process parameter characterizing the quality and
electrophysical performance of semiconductor structures.
The influence of the surface on the mobility of charge
carriers using germanium as an example was first discussed
in [1] and generalized in [2]. The importance of this effect
for quantum wells with characteristic thicknesses of the
order of the free path length of charge carriers and less
is shown. When the thickness of the quantum well is
reduced to the scale of the electron or hole wavelength, the
quantization effect begins to appear. In this case, the change
in the profile of the quantum well in different sections
along the channel of the transistor due to fluctuations
in its thickness leads to the emergence of an additional
mechanism of charge carriers scattering, which also leads to
a decrease in their mobility, as was found in [3]. A similar
reduction in mobility can be achieved by splitting the levels
at weak [4] and strong [5] magnetic field.

The development of technology for manufacturing field-
effect transistors based on metal-oxide-semiconductor struc-
tures, on the one hand, made research into the influence
of micro-roughness of interfaces on the electrophysical cha-
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racteristics of semiconductor devices more relevant, and on
the other hand it facilitated obtaining high-quality samples,
which led to a series of application-oriented studies [6-14]
related to bulk silicon structures.

Similarly, the emergence of field-effect transistors with
high electron mobility [15] and the family of silicon-on-
insulator [16] technologies has urged the analysis of the
effect of micro-roughness on the behavior of quantum-
sized [17] and thin-film [18] semiconductor elements. Cur-
rently, the calculation of charge carrier transport in transistor
structures, taking micro-roughness into account, is mainly
carried out ab initio by numerical methods [19]. An impor-
tant issue in this case is not only the numerical value of the
standard deviation A and correlation length A of the micro-
roughness, but also the very kind of its autocorrelation
function [20]. Indeed, according to the theoretical model
set forth, for example, in the monograph [21], the rate
of charge carrier transitions S(p, p’) from the state with
momentum p to the state with momentum p’ at scattering
on micro-roughness is described by the expression

S(p, p) = (1)
where h — Planck constant, q — electron charge, E.x —
longitudinal boundary electric field strength, S(8) — spec-
tral power density as a function of spatial frequency p,
which is related to the autocorrelation function via Fourier
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transform. This leads to a theoretical dependence of the
mobility ¢ on the standard deviation and correlation length
of the micro-roughness of type

1
o~ RTAT @)

An important factor affecting the profile of the potential
well forming the channel of a field-effect transistor is the
bound charge on the surface or layer interface. In [22] a
simple analytical formula has been proposed based on the-
oretical representations and generalization of experimental
data, which relates the mobility of charge carriers in the
silicon layer (u,cm?/(V -s)) to the concentrations of bound
charge (Qf,cm~2) and impurity atoms (Na,cm™3)

__ Ho(Na)
TS f(Na)Qt’

to(Na) = 3490 — 164 - logNa,
f (Na) = —0.104 + 0.0193 - log Na. (3)

In [23], the formula (3) was generalized to the case
of radiation exposure. In this model, the concentration
of bound charge is determined by the absorbed dose of
ionizing radiation.

The fractal dimensionality of radiation defect clusters in
the channels of GaAs Schottky field-effect transistors after
exposure to the instantaneous neutron flux of the fission
spectrum has been theoretically investigated. The devel-
opment of nondestructive methods of surface investigation,
first of all atomic force microscopy, allowed to experimen-
tally find numerical values of the standard deviation and
correlation length of micro-roughness of the investigated
samples [25]. The emergence of fractal geometry [26] raised
the question of the fractal dimensionality of the standard
deviation and correlation length of micro-roughness [27],
as well as the insufficiency of their point estimates for
calculating the charge carrier mobility. Using fluctuation
analysis [28] to analyze the correlation properties of the
surface [29,30] opens up new opportunities to search for
local disturbances introduced by radiation exposure [31-33]
against the background of natural surface micro-roughness
before irradiation. Note that an important advantage of
fluctuation analysis over alternative approaches of statistical
analysis of the surface as a random process is the possibility
to describe and classify the structural complexity of the
surface taking into account the spatial scale, since the
sizes of radiation disturbances of the surface vary from
fractions (individual point defects at yp-irradiation) to tens
of nanometers (clusters of radiation defects at irradiation by
the flux of instantaneous neutrons of the fission spectrum).

2. Objects and Methods of Experimental
Investigations

In this paper a fluctuation analysis of the correlation
properties of the surface of silicon-on-insulator structures

before and after exposure to pulsed p- and p-neutron
radiation, as well as their influence on the degradation
of charge carrier mobility in the silicon layer after ra-
diation exposure was carried out. Surface correlation
properties were determined from analyzing images ob-
tained with an atomic force microscope [34] at a resolu-
tion of 3.2nm.

The silicon device layer and the hidden dielectric of
the studied silicon-on-insulator structures had the same
thickness of 200 nm, the substrate and the device layer had
p-type conductivity and crystal-lattice orientation (100). The
hole mobility was determined from the volt-ampere char-
acteristics obtained by the pseudo-MDT transistor method
using a mercury probe [35] electrophysical parameter
measurement system, and were o = 250 cm?/(V -s) before
irradiation, u, = 34—60cm?/(V -s) after p-irradiation, and
Un = 30—90cm?/(V - s) after neutron irradiation.

As noted in [33], irradiation of the samples leads to
significant development of micro-roughness on the surface
of silicon-on-insulator structures. Under neutron irradiation,
larger-scale structures are formed than under p-irradiation
due to the higher initial energy of the primary recoil
atoms. However, the number of primary recoil atoms is
higher under p-irradiation, which leads to a locally ,rugged®
surface. Note that the degree of ,,ruggedness™ of a stationary
random process is determined by the Hurst parameter H
(0 < H < 1) [36], while for a nonstationary — the scale
index of the fluctuation function a. For a stationary
random process, the scale index of the fluctuation function
and the Hurst parameter coincide (H = «) while for a
nonstationary one they differ by one (H=a —1). At
small values of the Hirst parameter the random process
has a high ripple, at high values — the ripple is smoother,
which is due to the ppersistence property (preservation
of the existing trend) at H > 0.5 and antipersistence at
H < 0.5. In addition, the Hurst parameter is related to
the aforementioned fractal dimension of radiation distur-
bances D as H =D — 2. Thus, it is of interest to quan-
titatively analyze the changes in surface micro-roughness
of samples of silicon-on-insulator structures after radiation
exposure, taking into account the Hurst parameter and
its generalizing indicator of the scale of the fluctuation
function.

3. Calculation procedure

There are variations of the fluctuation analysis method for
the two-dimensional case, so makes sense to consider the
calculation methodology in detail.

At the first stage of calculations the cumulative surface of

the form
i<N j<M

Yi,j - Z Z hn,m, (4)

n=1 m=1

where h — the height matrix of size N x M.
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Figure 1. The surface height distribution functions of the samples are: 1 — before irradiation, 2 — after y-irradiation, 3 — after neutron
irradiation; solid curves — approximating normal distribution. The inset shows the microrelief of the samples (from left to right): before

irradiation, after neutron irradiation, and after p-irradiation.

At the second stage, the cumulative surface was divided
into non-intersecting square segments of size S x S, and then
a trend function subtraction procedure was applied to each
segment, minimizing the residual function of each segment:

euwi.i = Yawij — Yowij» (5)
where Y, — a segment of the cumulative function,
Yu,w,i,j — its trend function.

It can be shown that regardless of the type of trend
function, the following condition must be satisfied

(euw) = 0. (6)

At the third stage, the standard deviations of the residual
function were calculated for each segment as a function of
its size:

Fuw(s) = \/(&dw)- (7)

The fluctuation function is found as the average of the
standard deviations of the residuals functions of all segments
of the cumulative surface:

F(s) = (Ruw(s)) ox s (8)

Semiconductors, 2024, Vol. 58, No. 12

Table 1. Point estimates of the mean values and standard
deviations of the surface height of the samples

Sample
Parameter Before After After
irradiation y-neutron irradiation
Average value, nm 0.547 2612 1.496
RMS deviation, nm 0.148 0.711 0.508

The simplest trend function is a horizontal plane whose
height is the mean of the segment of the cumulative
function, which is a generalization of Hurst’s method to
the two-dimensional case for a stationary random process.
For the two-dimensional nonstationary random process,
the trend plane is inclined along both coordinates [37],
which leads to a mismatch of the scale index with the
known scale for the one-dimensional case. To solve this
problem, a method of line-by-line or column-by-column
trend compensation that preserves the scale of the scale
index is proposed in [29,30]. The disadvantage of this
approach is that it ignores the correlation of heights between
columns in line-by-line compensation or the correlation of
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Table 2. Values of the scale index of the fluctuation function of the surface micro-roughness of the samples. The square of the Pearson

correlation coefficient is shown in brackets

Calculation method

Sample

before irradiation

Aftery-irradiation

After neutron
irradiation

Hurst method™

Plane Campbell’s method
with axes OX and OY compensation

Plane Campbell’s method
with axis OX compensation

Plane Campbell’s method
with axis OY compensation

Line-by-line trend compensation
Campbell’s method

Line-by-line trend compensation

0.926 (R* = 0.995)
1910 (R* = 0.993)

1.161 (R* = 0.997)
0.950 (R* = 0.996)
1.892 (R* = 0.995)

1926 (R* = 0.992)

0.870 (R* = 0.990)
1.740 (R* = 0.983)

1.051 (R* = 0.995)
0.890 (R* = 0.994)
1.963 (R* = 0.996)

1705 (R* = 0.977)

0.944 (R* = 0.995)
1.896 (R* = 0.993)

1384 (R? = 0.995)
0.947 (R* = 0.995)
1.551 (R* = 0.995)

1911 (R* = 0.993)

Campbell’s method

Note. * For a non-stationary random process, the value of the scale index in the Hurst method is one less than that of the line-by-line and column-by-column

Campbell’s method.

Table 3. Values of the scale index of the standard deviation of the surface micro-roughness of the samples. The square of the Pearson

correlation coefficient is shown in brackets.

Sample

Calculation method

before irradiation

After neutron

After p-irradiation irradiation

Hurst method

Plane Campbell’s method
with axes OX and OY compensation

Plane Campbell’s method
with axis OX compensation

Plane Campbell’s method
with axis OY compensation

Line-by-line trend compensation
Campbell’s method

Line-by-line trend compensation
Campbell’s method

heights between rows in column-by-column trend compen-
sation.

4. Results and discussion

At the preparatory stage of the calculations we analyzed
the surface height distribution functions of the samples
(Figure 1); the inset shows the microrelief of the sam-
ples before irradiation, after neutron irradiation and after
y-irradiation. The regions considered are typical for the
wafer as a whole. It can be seen that the experimental
results are well described by a normal distribution, the
parameters of which are given in Table 1. Although fluctu-

0.726 (R* = 0.981)
0.940 (R* = 0.965)

0.796 (R* = 0.984)
0.769 (R* = 0.985)
1.041 (R* = 0.966)

1.032 (R* = 0.959)

0.728 (R* = 0.977)
1.040 (R* = 0.992)

0.780 (R* = 0.988)

0.983 (R* = 0.985)
0.888 (R*> = 0.981) 0.822 (R* = 0.982)
0.742 (R* = 0.981) 0.828 (R* = 0.986)
1.015 (R* = 0.986) 0.747 (R* = 0.922)

1.108 (R* = 0.980) 1.138 (R* = 0.986)

ation analysis can be used to analyze random processes
with arbitrary statistics, the use of models relating the
mobility of charge carriers to the spectral power density or
the autocorrelation function of micro-roughness implicitly
requires a near-Gaussian random process, since it is fully
described by its second statistical moment and ignores
higher order statistical moments.

The results of calculating the fluctuation function for the
samples of silicon-on-insulator [33] structures are shown in
Figure 2, the values of the scale parameter for different
versions of the procedure of subtracting the average value
of the cumulative surface segments are given in Table 2.
For all the studied samples, regardless of the applied

Semiconductors, 2024, Vol. 58, No. 12
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Table 4. Values of the scale index of the correlation length of the micro-roughness of the sample surface in the exponential (top row)
and Gaussian (bottom row) approximations. The square of the Pearson correlation coefficient is shown in brackets.

Sample

Calculation method

After neutron

Before irradiation

After p-irradiation

irradiation

Hurst method

0.846 (R* = 0.995)
8.880 (R* = 0.996)

0.830 (R* = 0.998)
0.839 (R* = 0.999)

0.897 (R* = 0.998)
0912 (R* = 0.998)

Plane Campbell’s method
with axes OX and OY compensation

0.9823 (R* = 0.999)
0.9807 (R* = 0.999)

Plane Campbell’s method 0.789 (R* = 0.986) 0.848 (R* = 0.995) 0.836 (R* = 0.978)
with axis OX compensation 0.823 (R* = 0.992) 0.860 (R* = 0.997) 0.866 (R* = 0, 985)
Plane Campbell’s method 0.824 (R*> = 0.991) 0.821 (R* = 0.997) 0.904 (R*> = 0.997)
with axis OY compensation 0.857 (R* = 0.994) 0.832 (R* = 0.998) 0.922 (R* = 0.998)
Line-by-line trend compensation 0.980 (R* = 0.999)
Campbell’s method 0.981 (R* = 0.999)
Line-by-line trend compensation 0.968 (R* = 0.998)
Campbell’s method 0.957 (R* = 0.998)

-1 L P S S S R R | L R SR

10 100
W, nm

Figure 2. The fluctuation function of surface micro-roughness of
the samples as a function of segment size: dotted line — Hurst
method; solid line — line-by-line fluctuation trend compensation
method; 1 — before irradiation, 2 — after y-irradiation, 3 — after
neutron irradiation.

algorithm of subtracting the average value of the cumulative
surface segments, there is a linear dependence of the
fluctuation function on the scale parameter in the log-log
scale, which indicates monofractality. Thus, the insensitivity
of the method to the clusters of radiation defects appearing
after radiation exposure is apparently explained by their
stochastic distribution in size and position on the surface
of irradiated samples, which ,blurs“ a small break at the
beginning of the curves.

The Hurst method and the column-by-column trend com-
pensation Campbell’s method give close values of the Hurst

Semiconductors, 2024, Vol. 58, No. 12

parameter, which for the unirradiated surface is Hy = 0.93,
irradiated by y-quanta H, = 0.71—0.87 irradiated by neu-
trons Hp = 0.91-0.94, indicating non-degenerate correla-
tions of the height function and processes of the random
walk type for all the studied samples. Apparently, the
obtained result is due to the discreteness of the surface
height map both at the physical level (self-similarity cannot
continue at scales smaller than the interatomic distances)
and at the level of the initial data of the mathematical
algorithm due to the spatial resolution of the atomic force
microscope probe. In this case, the difference from most

Figure 3. RMS deviation of surface micro-roughness of samples
as a function of segment size: dotted line — Hurst method, solid
line — line-by-line fluctuation trend compensation method; 7 —
before irradiation, 2 — after p irradiation, 3 — after neutron
irradiation.
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Figure 4. Correlation length of surface micro-roughness of

samples as a function of segment size: dotted line — Hurst
method, solid line — line-by-line fluctuation trend compensation
method; 1 — before irradiation, 2 — after p-irradiation, 3 — after
neutron irradiation; @ — in exponential approximation, b — in
Gaussian approximation of autocorrelation function.

self-similar natural processes is the larger value of the Hurst
parameter, which is usually in the range of 0.72—0.73 [38].
This indicates a smoother change in the surface height
of the unirradiated sample compared to ,natural® micro-
roughness, which is due to technological processing, as
well as irradiated by the instantaneous neutron flux of the
fission spectrum due to radiation annealing. On the contrary,
the micro-roughness of the sample after y-irradiation tends
to the natural value, which is explained by insufficient
energy of primary y primary atoms for significant radiation
annealing. The line-by-line Campbell’s method of trend
compensation gives significantly different values of the scale
exponent of the fluctuation function from those presented
above, which is due to the direction of the fast scanning

axis of the atomic force microscope implemented during
the experiments.

As noted above, the values of the scale index for the
Campbell’s method in the plane with trend compensation
in one or both axes are irreducible to the Hurst parameter.
Nevertheless, it can be observed that the values of the scale
index for the Campbell’s method on the plane with trend
compensation on both axes are close to the values obtained
above at H =~ ayy — 1, and for the Campbell’s method on
the plane with trend compensation on axis OY — at H ~ ay.

In order to estimate the RMS deviation of the surface
micro-roughness of the samples (Figure 3, Table 3), the
height matrix was directly subjected to the segmentation
procedure and subtraction of the mean value. It can be seen
that the RMS deviation of surface micro-roughness increases
after radiation exposure, which is one of the mechanisms
of charge carriers mobility decrease in the silicon layer of
silicon-on-insulator structures after irradiation. Note that the
point estimates of the RMS deviation of micro-roughness of
the samples given in Table 1 are the limit for the whole
surface (W = 2303.3 nm, 1g(s) = 2.84).

Unlike the standard deviation, the correlation length of
the micro-roughness surface of the samples (Figure 4,
Table 4) changes little after irradiation. The correlation
length of surface micro-roughness of each segment was
found by least-square method for exponential and Gaussian
functions. The calculation results were confirmed to be
correct by comparison with data obtained using open-source
software [39] for the complete surface.

The results of measuring the hole mobility in the
samples of “silicon-on-insulator,, structures before and after
irradiation show the presence of correlation (the square
of Pearson correlation coefficient varies in the range
R? = 0.922—0.993) with the root-mean-square deviation of
micro-roughness (Figure 5) with the degree exponent in the
range § = —(1.214—1.048) depending on the segment size.
The difference from the theoretical dependence S = —2
according to expression (2) seems to be due to additional
charge carrier scattering mechanisms playing an important
role at normal temperature of the samples.

5. Conclusion

The calculation results show the influence of irradiation
on the correlation properties of the surface micro-roughness
of silicon-on-insulator samples. The appearance of an
additional scattering mechanism predictably reduces the
mobility of charge carriers, but the obtained index of
the degree of calculation-experimental dependence differs
from the theoretical value, which is due to the influence
of additional scattering mechanisms, manifested at normal
temperature of the samples. The obtained results show
the importance of taking into account the non-ideality of
layer interfaces when modeling the charge carrier trans-
port in bulk, quantum-dimensional and thin-film structures
subjected to irradiation, and can serve as initial data for

Semiconductors, 2024, Vol. 58, No. 12
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Figure 5. Hole mobility in the silicon layer of the silicon-on-insulator structure as a function of the standard deviation of the micro-
roughness of the samples: / — before irradiation, 2 — after y-rradiation, 3 — after neutron irradiation at different segment sizes: 1 —
10 x 10nm, 2 — 60 x 60nm, 3 — 120 x 120nm, 4 — 573 x 573 nm. The inset shows the dependence of the approximation degree
index and the square of the Pearson correlation coefficient on the segment size.

numerical models of semiconductor elements with complex
consideration of radiation effects and micro-roughness.
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